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Preface

Peptide and protein self-assembly phenomena are endemic in biological systems. The
regulated self-assembly and disassembly of cytoskeletal and extracellular matrix proteins
form the bedrock of cellular structure and function. The dysfunctional assembly of proteins
and peptides underlies a growing number of amyloid pathologies that include Alzheimer’s
disease, Parkinson’s disease, and bovine spongiform encephalopathy. These disorders are
marked by the aberrant self-assembly of peptides into one-dimensional cross-β amyloid
fibrils. It has also been recognized that amyloid aggregates are not only related to disease
states but have also evolved to be functional biomaterials. This recognition has inspired
extensive efforts to develop novel biomaterials derived from natural and designed self-
assembling peptides. This volume attempts to capture modern methods that span the
breadth of the exciting and expanding field of peptide self-assembly. The contributions to
this volume are divided into three categories: (1) Methods for the interrogation of the
structure and function of self-assembled peptides, (2) Functional peptide materials with an
emphasis on β-sheet peptide materials, and (3) Methods for the investigation of pathological
amyloid.

Correlation of the emergent properties of self-assembled peptides with the structure of
the self-assembled material and the mechanism of self-assembly has been exceptionally
challenging. The first section of this volume is focused onmethods that have been developed
to enable studies that establish these correlations and thus deepen our understanding of self-
assembled peptides in the fields of biomedicine and biomaterials. The contributions in this
first section include discursive reviews that provide a survey of spectroscopic methods that
have been adapted for the study of self-assembled peptides and a more focused discussion of
the expanding use of solid-state NMR as a powerful method to enhance structural under-
standing of self-assembled peptide materials. Methods for the application of theoretical
computational approaches to the understanding of peptide self-assembly are presented as are
novel spectroscopic methods that improve functional analysis of peptide self-assembly
phenomena.

The design and development of functional self-assembled biomaterials is a rapidly
burgeoning field of study. The second section of this volume focuses on methods for the
design, synthesis, and application of self-assembled peptide materials. This volume focuses
primarily on β-sheet assemblies, although collagen materials are also represented. The
applications of these materials are diverse and include hydrogels for tissue engineering, fibril
assemblies in vaccine development, self-assembled peptides with novel photophysical prop-
erties, and cell-penetrating materials for delivery of therapeutic agents. Collectively, these
methods focus on both the synthetic and operational aspects of the novel materials.

The understanding of amyloid self-assembly has also been a significant research chal-
lenge that has received intense attention. Specifically, it has been difficult to elucidate how
the self-assembly of dysfunctional amyloid is related to the observed functional cytotoxicity
of the assemblies due to their complicated self-assembly pathways, which include metastable
oligomeric intermediates as well as mature cross-β fibrils. It is clear that the properties of the
folding intermediates and the ultimate fibril assemblies are distinctive. In the final section of
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this volume are presented methods focused on structural and mechanistic analyses of
pathological amyloid systems that provide novel ways to assess function of the various
possible aggregates as well as to determine how the structure of these materials correlates
to function/dysfunction in the biological context.

Rochester, NY, USA Bradley L. Nilsson
Minneapolis, MN, USA Todd M. Doran

vi Preface



Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Contributors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

PART I FUNDAMENTAL METHODS FOR CHARACTERIZING

PEPTIDE SELF-ASSEMBLY

1 Methods to Characterize the Nanostructure and Molecular Organization
of Amphiphilic Peptide Assemblies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
V. Castelletto and I. W. Hamley

2 Solid-State NMR Structural Characterization of Self-Assembled
Peptides with Selective 13C and 15N Isotopic Labels. . . . . . . . . . . . . . . . . . . . . . . . . 23
Danting Huang, Benjamin C. Hudson, Yuan Gao, Evan K. Roberts,
and Anant K. Paravastu

3 ATR-FTIR Analysis of Amyloid Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
Jean-Marie Ruysschaert and Vincent Raussens

4 Imaging Protein Fibers at the Nanoscale and In Situ . . . . . . . . . . . . . . . . . . . . . . . . 83
Angelo Bella, Michael Shaw, Emiliana De Santis, and Maxim G. Ryadnov

5 Replica Exchange Molecular Dynamics: A Practical Application
Protocol with Solutions to Common Problems and a Peptide
Aggregation and Self-Assembly Example. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
Ruxi Qi, Guanghong Wei, Buyong Ma, and Ruth Nussinov

6 An Aggregate Weight-Normalized Thioflavin-T Measurement Scale
for Characterizing Polymorphic Amyloids and Assembly Intermediates . . . . . . . . 121
Ronald Wetzel, Saketh Chemuru, Pinaki Misra, Ravi Kodali,
Smita Mukherjee, and Karunakar Kar

7 Nanoparticle Tracking for Protein Aggregation Research . . . . . . . . . . . . . . . . . . . . 145
Xiaomeng Lu and Regina M. Murphy

8 Peptide Self-Assembly Measured Using Fluorescence Correlation
Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
Judith J. Mittag, Joachim O. Rädler, and Jennifer J. McManus
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Chapter 1

Methods to Characterize the Nanostructure and Molecular
Organization of Amphiphilic Peptide Assemblies

V. Castelletto and I. W. Hamley

Abstract

Methods to characterize the nanostructure and molecular organization of aggregates of peptides such as
amyloid or amphiphilic peptide assemblies are reviewed. We discuss techniques to characterize conforma-
tion and secondary structure including circular and linear dichroism and FTIR and Raman spectroscopies,
as well as fluorescence methods to detect aggregation. NMR spectroscopy methods, especially solid-state
NMR measurements to probe beta-sheet packing motifs, are also briefly outlined. Also discussed are
scattering methods including X-ray diffraction and small-angle scattering techniques including SAXS
(small-angle X-ray scattering) and SANS (small-angle neutron scattering) and dynamic light scattering.
Imaging methods are direct methods to uncover features of peptide nanostructures, and we provide a
summary of electron microscopy and atomic force microscopy techniques. Selected examples are high-
lighted showing data obtained using these techniques, which provide a powerful suite of methods to probe
ordering from the molecular scale to the aggregate superstructure.

Key words Peptides, Conformation, Secondary structure, Characterization methods, X-ray diffrac-
tion, Fluorescence spectroscopy, Circular dichroism, Linear dichroism, FTIR spectroscopy, NMR,
Light scattering, Small-angle X-ray scattering (SAXS), Small-angle neutron scattering (SANS), Atomic
force microscopy (AFM), Electron microscopy

1 Introduction

Peptides are one of the key classes of biomolecules with many roles
in nature. Peptides are short chains of amino acids linked via amide
bonds. Amino acids are the natural building blocks which make up
both proteins and peptides. Amino acids consist of an amine,
carboxylic acid, as well as distinctive side chains. There are approxi-
mately 20 different amino acids, with the same number of different
side chains, which give rise to their unique characteristics and
variability. Differences in the amino acid side chains allow them to
be grouped into different categories according to their chemical
composition such as hydrophobic/hydrophilic/aliphatic/aro-
matic/ or neutral/positively/negatively charged [1]. The numer-
ous interactions between amino acids allow for complex self-
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assembled nanostructures to develop. These types of interactions
include hydrogen bonds, electrostatic interactions, hydrophobic
interactions, aromatic interactions (π-π stacking), and van der
Waals forces. The varying properties of amino acids can therefore
be manipulated in the design of peptides to control self-assembly to
produce novel functional biomaterials.

There are two main classes of amphiphilic peptides; those are
[1] designed purely peptidic systems with amphiphilic properties
arising from sequences of hydrophobic and hydrophilic (charged)
residues, and [2] peptides modified by attachment of hydrophobic
lipid chains, these are termed peptide amphiphiles (PAs) or
lipopeptides.

This chapter is focussed on methods to characterize the molec-
ular conformation and self-assembly (leading to defined nanostruc-
tures) of amphiphilic peptides, with a particular focus on amyloid
and sequenced peptides and lipopeptides. Other classes of peptide
such as coiled coils may have amphiphilic properties (helix facial
amphiphilicity contributes to coiled-coil formation), but this is
discussed elsewhere [2–4]. Research on the self-assembly of amphi-
philic peptides has been the subject of several reviews [5–13].

This chapter is organized as follows. The first sections deal with
methods to probe the structure of amphiphilic peptide assemblies
through X-ray diffraction (XRD, Subheading 1) and the determi-
nation of the critical aggregation concentration through fluores-
cence probe methods (Subheading 2). Then spectroscopic methods
to characterize peptide secondary structure are considered includ-
ing circular and linear dichroism (CD, LD; Subheading 3), Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy
(Subheading 4), and NMR spectroscopy (Subheading 5). We
then turn to methods to investigate fibrillization and the morphol-
ogy of amphiphilic peptide self-assemblies. Subheading 6 is
concerned with light scattering, Subheading 7 with small-angle
scattering methods, and Subheading 8 with microscopic imaging
techniques. The chapter concludes with some brief summarizing
remarks.

2 X-ray Diffraction

With a very few exceptions, amyloid peptides and lipopeptides do
not crystallize, prohibiting single crystal X-ray diffraction. This is
because fibrillar assemblies are by their nature noncrystalline, one-
or two-dimensional arrays with a low degree of molecular ordering.
A very few studies have succeeded in obtaining single crystal XRD
patterns from small amyloid peptide fragments [14–16].

Peptide fibrils typically contain bundles of β-sheets with
backbones orthogonal to the fiber axis, in the so-called “cross-β”
structure [17–21]. Figure 1 shows a representative “cross-β”
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XRD pattern from a peptide YYKLVFFC [22] containing a key
aggregation sequence (KLVFF) from the amyloid β peptide, which
itself is the subject of a detailed review [23]. This is obtained from a
stalk dried from a concentrated solution at the end of a wax-coated
capillary [24]. The signature in an X-ray scattering pattern of the
cross-β structure is a 4.7 Å meridional reflection corresponding to
the spacing between peptide backbones and at least one equatorial
reflection at 8–12 Å which is broader and which corresponds to the
stacking periodicity of β sheets (the range of values reflects different
side chain dimensions). In the case of the pattern in Fig. 1 there are
additional equatorial reflections. In general, multiple such reflec-
tions come from molecular and β-sheet periodicities [20]. It is
possible to estimate unit cell parameters by indexing cross-β fiber
XRD patterns and this can be done using automated software such
as CLEARER [25]. Most X-ray diffraction work that showed cross-
β structure has been performed on dried films. Since hydration can
affect the structure of β-sheet containing fibrils, Squires and cow-
orkers have examined whether the cross-β structure is retained in
flow-aligned solution [26]. The wide angle X-ray scattering
(WAXS) results for a synthetic peptide (fragment of transthyretin)
and hen egg white lysozyme indeed showed the same pattern as for
a dried sample, indicating that the cross-β structure is present in
solution and is not an artifact caused by dehydration. Fibrils may be
formed by other classes of peptides such as those adopting coiled-
coil conformations but these have distinct XRD patterns [27, 28].

As mentioned above, fiber XRD is performed on dried samples,
in the form of films or “stalks,” the latter being dried threads of
solution. Other methods of alignment include use of stretch frames

Fig. 1 Fiber XRD pattern obtained from a dried stalk of amyloid peptide
YYKLVFFC [22]
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or cryo-loops, the latter producing a dried flat film or “mat”
[29]. Stalks may also be dried in the presence of a magnetic field
to improve alignment [30, 31].

3 Fluorescence Methods Including Dye Staining and Critical Aggregation
Concentration Determination

Congo red staining provides a method that, by definition, identifies
amyloid [32]. Under polarized light, amyloid samples exhibit green
birefringence when stained with Congo red. Thioflavin T is a
fluorescent dye widely used to study amyloid formation. Excitation
at 450 nm produces fluorescence at 482 nm [33, 34].

Peptide amphiphiles behave in some respects like conventional
amphiphilic molecules (surfactants, lipids) [35] in that they are
observed to undergo aggregation (often into fibrils) above a critical
aggregation concentration (cac). The critical aggregation concen-
tration may be detected via fluorescence methods. Pyrene is a
fluorescent probe molecule which is used to locate the cac for
conventional amphiphiles, as its fluorescence is sensitive to the
local hydrophobic environment [36, 37]. It has also successfully
been used to determine the cac for several PA systems [38–46]. Pyr-
ene fluorescence measurements of cac usually involve determina-
tion of the ratio of third and first vibronic band intensities, I373/
I383 or I1/I3, although sometimes I1 itself shows discontinuities at
the same concentration [45, 47]. For conventional amphiphiles,
I1/I3 decreases at the critical micelle concentration, from a typical
value around 1.7–1.8 to a lower value 1.0–1.2 [see, for example
[48, 49]], although this is not always observed for lipopeptides, in
particular if they contain an aromatic residue which contributes to
UVabsorbance. Figure 2 shows a representative cac curve obtained
from concentration-dependent pyrene fluorescent measurements
for a lipopeptide studied by our group [41]. Pyrene derivatives
such as 1-pyrene carboxylic acid offer lower toxicity than pyrene
itself and have been successfully used in amyloid peptide cac
determination [50].

In contrast to the use of pyrene, the fluorescence of Thioflavin
T (ThT) is dependent on the formation of amyloid-like structures
(β-sheet fibrils) [33, 51] and has been used for amyloid fibril-
forming peptides. We have recently shown that ThT can be used
to determine the cac of lipopeptide PAs, the value obtained being
similar to that obtained from pyrene fluorescence techniques
[40, 44, 45]. Other fluorescent dyes such as Nile red have been
used to determine the cac of amyloid-forming peptides [52, 53]
but have not yet been widely employed in studies of PA systems.
The fluorescent probe DPH [1,6-diphenyl-1,3,5-hexatriene] has
also been used to locate the cac of lipopeptides [54].
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In principle, other physicochemical methods sensitive to the
state of molecular aggregation, such as light scattering [55, 56] and
proton NMR solubility measurements [57, 58], may also be used
to determine the cac. The cac will, as for conventional surfactants,
depend on the hydrophile-lipophile balance (HLB) although in
addition for PAs it will be influenced by hydrogen bonding as well
as electrostatic interactions. A detailed model for this is still lacking
and this presents an interesting future challenge for researchers.

The kinetics of fibril formation by amyloid peptides and PAs
may be also followed using techniques well established for amyloid
peptides such as ThT fluorescence [23, 32].

Förster resonance energy transfer (FRET) has been used to
investigate the binding of dye to amyloid fibrils [59].

4 Circular and Linear Dichroism

Circular dichroism (CD) refers to the differential absorption of
right- and left- circularly polarized light. Electronic CD in the UV
region of the spectrum is sensitive to the presence of chiral groups
in organic molecules and is a primary technique to characterize
protein secondary structure. The usual method is based on “finger-
printing” of features in the 190–250 nm far UV region [60]. Fig-
ure 3 shows schematic spectra in this regime for some common
secondary structures. Data in the near UV region can provide

Fig. 2 Determination of critical aggregation concentration (cac) for a lipopeptide C16-βAH [carnosine dipeptide
headgroup, βA: beta-alanine] from pyrene fluorescence ratio I1/I3 (representative fluorescence emission
spectra shown in inset) [41]
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information on the conformation of peptides containing aromatic
residues with absorption features in the 250–310 nm range. In the
far UV region, characteristic minima are observed in the absorption
spectra at (approximately) 208 and 222 nm (α-helix) or
216–220 nm (β-sheet) or a broad weak minimum in the
range 195–200 nm (disordered, sometimes known as random coil
conformation). The polyproline II (PPII) conformation is charac-
terized by a deep minimum in a CD spectrum at around
190–205 nm, along with a broad positive maximum at around
210–220 nm [61–64]. Examples showing the comparison between
CD spectra for PPII and disordered conformation can be found in
the literature [63, 65]. The CD spectra for these structures are
characterized by typical values of the molar (or alternatively mean
residue) ellipticity [60, 66], as well as the position of the maxima/
minima. In fact, CD spectra should be normalized in this way
(Eq. 1) for this reason, and also to facilitate comparison between
samples at different concentration or measurements in different
path length cells. The molar ellipticity is given by

θ½ � ¼ θ

10cl
ð1Þ

Here [θ] is the molar ellipticity (in units deg cm2 dmol�1), θ is
the measured CD signal amplitude in millidegrees (mdeg), c is the
molar concentration, and l is the path-length of the cell in cm.

Fig. 3 Schematic CD spectra for peptides with common secondary structures.
Solid line: α-helix, dashed line: β-sheet, dotted line: disordered conformation.
Adapted from [60]
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CD spectra for proteins are usually analyzed using algorithms
based on databases compiled for proteins for which the X-ray
crystal structure is known [60]. This permits an accurate determi-
nation of secondary structure content which can be used to “cali-
brate” CD spectra. Several algorithms are available based on various
databases. Most consider only larger proteins although there are
limited reference data sets (and curve fitting programs) for shorter
peptides [67]. This type of analysis is of little use for amphiphilic
peptides such as amyloid peptides and lipopeptides for which indi-
vidual residues (especially aromatic residues) and specific conforma-
tions (e.g., turns) can dominate the CD spectrum.

Linear dichroism refers to the differential absorbance of
(UV) light parallel and perpendicular to a reference axis. It can be
used to provide information on the alignment of extended objects
resulting from peptide self-assembly. Since amyloid fibrils and
nanotapes are highly anisotropic, they can orient under flow or
other fields and this can be probed using LD which in particular
provides information on the orientation of the peptide backbone
and of chromophores such as aromatic residues [22, 66, 68, 69].

5 FTIR and Raman Spectroscopy

Since a full quantum chemical analysis of the vibrational modes of
peptides or proteins is not usually possible, analysis of FTIR data
relies on “fingerprinting” or peak fitting methods [70, 71]. These
are prone to uncertainty associated with the overlap of features in
the spectra [70–72] although in our experience clear features of
secondary structures such as β-sheets can be resolved by performing
measurements in transmission mode on a modern FTIR instru-
ment, with sufficiently concentrated samples in D2O in narrow
path-length cells.

The amide I region of the FTIR spectrum is the primary one
used to identify peptide secondary structures as it is associated with
amide group stretching modes, primarily C¼O stretch but with a
contribution from CN and NH deformations. A band typically in
the 1620–1640 cm�1 range is associated with β-sheets
[70–74]. A band in the typical range 1648–1657 cm�1 is associated
with α-helix structure while disordered peptides give a peak in the
typical range 1642–1650 cm�1 [71, 72, 75]. The narrow intense
band observed for some peptides at 1675–1695 cm�1 is usually
ascribed to antiparallel β-sheet structure, although there is still
controversy around this assignment [75], for example, ab initio
calculations [76] suggest that it may be due to vibrational coupling
of residues. Tables of specific side-group FTIR bands are available
[75, 77]. Figure 4 shows representative FTIR spectra for two
amphiphilic alanine-rich peptides studied by our group. A peak
near 1705 cm�1 may be assigned to carbonyl stretch, e.g., in acidic
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side residues or from the C terminus [43, 75, 78, 79]. All band
positions mentioned above are slightly downshifted if measure-
ments are performed in D2O [75], this then being referred to as
an amide I0 spectrum. In fact, measurements in D2O are beneficial
since water absorption features around 1650 cm�1 can be avoided.
Our group always perform measurements in D2O solutions. In our
experience, peptide concentration must be 0.5 wt% or more typi-
cally to obtain a reliable signal. It is also quite common to perform
FTIR on dried samples in the form of films for transmission mode
measurements or via ATR (attenuated total reflectance)
measurements.

A peak in the amide I region of an FTIR spectrum at
1673 cm�1 is due to trifluoroacetic acid (TFA, a common compo-
nent of peptide cleavage media and/or HPLC eluents) bound to
peptide cations [70, 74, 80–82]. Similar band positions are
observed in peptide Raman spectra, although this technique is
much more rarely employed.

The amide II band around 1550 cm�1 mainly results from the
N–H bending vibrations which are responsive to deuteration (the
deuterium from D2O exchanges positions with hydrogen from the
N–H bond). As a consequence the amide II’ band is shifted by
approximately 100 cm�1 to 1450 cm�1 in D2O.

Isotope labeling of peptides enables specific features in the
FTIR spectrum to be resolved as bands associated with deformation
modes of labeled residues will be shifted [83–86]. Typically, isoto-
pic substitution using 13C-labeled peptide splits amide I bands for
β-sheets into higher and lower frequency peaks. The magnitude of
the wavelength shift depends on the extent of perturbation of the
12C carbonyl coupling induced by 13C substitution and strongly

Fig. 4 FTIR spectra measured for a disordered peptide (0.3 M KA6K) and a
peptide under conditions where β-sheet formation is observed (7 mM KA6E)
[128]
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coupled β-sheets are generally sensitive to such isotopic substitu-
tion [84]. This can be used to infer information on the registry of
β-strands [83, 84].

FTIR can be extended to study linear dichroism (polarized
FTIR) on aligned samples with isotope labeling [85, 87] and can
be adapted to study vibrational circular dichroism (VCD)
[73]. VCD is analogous to (UV) electronic CD, but evidently
extended to the IR mode, sensitive to bond vibrations
[88, 89]. The analogous technique using Raman scattering is
Raman Optical Activity (ROA) [88]. Polarized Raman spectros-
copy can provide information on the orientation of specific residues
such as aromatic residues [22].

6 NMR Spectroscopy

Solid-state NMR (ssNMR) has provided much detail on amyloid
fibril structure. Various high resolution experiments employing
magic angle spinning may be performed using 13C or 15N labeled
peptides [90–93]. For example, the Aβ(16–22)] peptide KLVFFAE
has been found to adopt an antiparallel β-sheet arrangement
through solid-state NMR [94], and isotope-edited FTIR on
labeled peptides (combined with ssNMR) [83, 84] and computer
simulation [95]. In another example, solid-state NMR on aligned
films of labeled variants of the surfactant-like peptide A6K including
measurement of 2H and 15N spectra for peptides labeled with these
isotopes at specific alanine residues provided information on pep-
tide β-strand alignment within nanotubes (based on line-shape
analysis) [86].

Homo-nuclear and hetero-nuclear 2D and 3D NMR spectros-
copy may be performed. These techniques enable information on
interatomic distances and torsion angles to be obtained for isotopi-
cally labeled peptides in the dried state [96, 97].

Hydrogen/deuterium exchange techniques have also been
employed to probe structural changes during amyloid formation
[96]. Exchange rates provide information on structural rearrange-
ments of sub-segments of a protein or peptide during folding,
unfolding, or fibrillization. This method has also been used to
provide a 3D structure for the Amyloid β peptide Aβ42 [98].

Solution 1H NMR has been used to probe the aggregation
state of many peptides. For example, in collaboration with the
Miravet and Escuder groups, we examined the degree of ionization
of the C terminus of a model amyloid peptide as a function of
concentration [65]. In collaboration with this group, 1H NMR
solubility measurements have been used to obtain solubility phase
diagrams and related diffusion measurements have enabled the
critical micelle concentration of a lipopeptide to be obtained
[58]. Specific chemical information, for information on metal ion
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binding to peptides, can also be obtained from solution 1H
NMR [99].

7 Dynamic and Static Light Scattering

In dynamic light scattering (DLS, sometimes known as photon
correlation spectroscopy), analysis of the intensity autocorrelation
function of scattered light from a particle undergoing translational
or rotational diffusion enables determination of a diffusion coeffi-
cient, and hence via the Stokes-Einstein equation, the effective
hydrodynamic radius. There are several approximate methods to
relate this quantity to the fibril length and diameter [100, 101].

Static light scattering (SLS) can be used to obtain the molecular
weight of peptide aggregates and also to provide an indication on
particle shape, via measurements of the angular dependence of the
scattered intensity. The angular dependence of the scattered light
from amyloid fibrils in an SLS measurement can provide informa-
tion on the conformation of amyloid fibrils, for example, whether
stiff, flexible, or branched. Murphy and coworkers have applied
linear and branched wormlike chain models to describe static light
scattering data from Aβ alone and also from mixtures of Aβ with Aβ
fragments [including Aβ(16–20)]] [102]. They also reported a
branched wormlike chain form factor [102, 103]. We have used
this method to fit SLS data from Aβ fragment peptide
KLVFF [104].

Dynamic light scattering has been used to monitor the forma-
tion of amyloid protofilaments and fibrils [105–108] in the sense
that it can distinguish between monomers, oligomers, and larger
structures. However, since DLS provides information based on the
assumption of spherical particles (in the case of the usual Stokes-
Einstein) equation, it cannot reliably be used to obtain the dimen-
sions of highly anisotropic particles such as amyloid fibrils and is
therefore not discussed in further detail in this chapter.

8 SAXS and SANS

Small-angle X-ray scattering (SAXS) and small-angle neutron scat-
tering (SANS) are powerful complementary techniques to probe
the nanostructure of self-assembled objects. SAXS can be per-
formed in the laboratory or at a central synchrotron facility, whereas
SANS is performed using either a spallation or nuclear reactor as
the source of neutrons. In either technique, the dependence of the
scattered intensity at low angle or low wavenumber q ¼ 4πsinθ/λ
(2θ is the scattering angle and λ is the wavelength) provides infor-
mation on the interaction between self-assembled objects via the
structure factor, and also on the shape and scattering density profile
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(from the form factor). Since X-rays are scattered by electrons, a
SAXS form factor depends on the electron density profile, whereas
SANS provides information on the scattering length density profile
(this depends on the nuclear scattering factors). In dilute solution,
only form factor scattering is obtained and this is used to obtain the
dimensions of peptide fibrils, lipopeptide tapes, etc.

For amyloid fibrils, a uniform [109] or core-shell [110] cylin-
der form factor can be used to fit SAXS or SANS data. Figure 5
shows the parameters for model uniform cylinder and (lipo)peptide
bilayer form factor fits, along with representative fits to data
obtained with such models. A core-shell model is required when
there is significant contrast difference between the core of the
peptide fibril and the exterior, for instance, in the case of
PEG-peptides with a PEG corona [110, 111]. For nanotapes
formed in particular (but not exclusively) by lipopeptides we have
found that a form factor developed for lipid bilayers can successfully
be employed. This so-called Gaussian bilayer form factor comprises
three Gaussian functions, one of which represents the electron
density (in the case of SAXS) of the lipid-chain rich core (negative
amplitude), the other two being (positive amplitude) Gaussians
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representing the electron density of the charged head-groups
(Fig. 5b). The corresponding parameters are shown in Fig. 5b
and the form factor equations and definitions can be found in the
original paper where this form factor was reported [112], or our
papers utilizing this form factor [41, 43, 113]. We have found that
the software SASfit [114] is very useful in fitting form factor data
from amphiphilic peptide assemblies, as it incorporates many dif-
ferent form factors including those described above and many
others, and it also has a powerful least-squares fitting algorithm.
It also incorporates several model structure factors, and in some
cases for lipopeptide bilayer systems we have used the Caillé struc-
ture factor [115] to represent multi-bilayer ordering [41]. In sev-
eral cases, we have observed multiple polymorphisms of lipopeptide
layer structures such as those shown in Fig. 6 [41].

The remarkable assembly of amphiphilic peptides into nano-
tubes has also been observed, and data have been fitted with
corresponding form factors [113, 116]. If the nanotube radius
R » t, where t is the tube wall thickness (e.g., of a bilayer), then
the Gaussian bilayer form factor used above can be used to fit the
high q portion of the small-angle scattering data [117].

Lipopeptides and amphiphilic peptides can also self-assemble
into spherical micelles, SAXS data from which has been fitted
using a core-shell (two electron density level) sphere form factor
[47, 58, 118–120].

Fig. 6 Different layer structures observed for lipopeptide C16-βAH [41]. (a) Hydrated bilayer, (b) monolayer,
(c) dehydrated bilayer
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9 Atomic Force Microscopy and Electron Microscopy

These methods provide direct imaging of peptide fibrils. Atomic
force microscopy (AFM) which is a scanning probe microscopy
provides images of the surface. To date the method has mainly
been used to image fibrils from solutions dried onto planar solid
substrates such as mica. A nice recent review on the study of
amyloid fibrils by AFM is available [121]. Recent developments
include sophisticated analysis software which can be used to quan-
tify the properties of amyloid fibrils including conformation, stiff-
ness, orientation, etc. [122–124]. Measurement of fiber
mechanical properties using peak force microscopy with an AFM
instrument has now yielded values of the elastic modulus for many
amyloid fibril systems [121, 125].

Electron microscopy includes transmission electron micros-
copy (TEM) of dried films on carbon grids (these are usually stained
with heavy-metal-containing compounds to enhance contrast) or
scanning electron microscopy (SEM) of surfaces. Cryo-techniques
are often preferred as a method to avoid artifacts caused by slow
drying. Indeed, we have found cryo-TEM to be the best imaging
technique for amphiphilic peptide nanostructures. A review of the
topic is available [126]. In our experience, SEM will provide an
image of a “fibrillar network” morphology for many peptide struc-
tures which does not resolve the individual nanostructure elements
on the 1–10 nm lengthscale, which is possible using cryo-TEM.
Figure 7 shows a representative cryo-TEM image of nanotapes
formed by self-assembly of a β-sheet-forming peptide.

Fig. 7 Cryo-TEM image obtained from a 2 wt% solution of peptide
GNNDESNISFKEK [130]
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In some cases, amphiphilic peptide assemblies such as fibrils or
nanotapes are large enough to be imaged by optical microscopy—
see for example [127].

10 Summary

In summary, a variety of methods are available to investigate the
self-assembly of amphiphilic peptides. Often it is first of interest to
determine the critical aggregation concentration, if present, from
concentration-dependent fluorescent probe intensity measure-
ments. Spectroscopic methods can be used to probe molecular
conformation (NMR), chiral ordering (CD), and hydrogen bond-
ing (FTIR). Molecular packing can be studied using fiber XRD
which is appropriate to the typical extended fibrillar and tape struc-
tures formed by β-sheet amphiphilic peptide assemblies. Small-
angle scattering is an in situ technique to determine the morphol-
ogy and dimensions and scattering density profile of self-assembled
structures. We generally complement SAXS or SANS data with
cryo-TEM images or AFM images to provide a comprehensive
characterization of nanostructure.
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DE, Revilla-López G, Alemán C (2011) Self-
assembly of fmoc-tetrapeptides based on the
RGDS cell adhesion motif. Soft Matter
7:11405–11415

80. Pelton JT, McLean LR (2000) Spectroscopic
methods for analysis of protein secondary
structure. Anal Biochem 277:167–176

81. Gaussier H, Morency H, Lavoie MC, Subir-
ade M (2002) Replacement of trifluoroacetic
acid with HCl in the hydrophobic purification
steps of pediocin PA-1: a structural effect.
Appl Environ Microbiol 68:4803–4808

82. Eker F, Griebenow K, Schweitzer-Stenner R
(2004) Aβ1-28 fragment of the amyloid pep-
tide predominantly adopts a polypropyline II
conformation in acidic solution. Biochemistry
43:6893–6898

83. Liang Y, Pingali SV, Jogalekar AS, Snyder JP,
Thiyagarajan P, Lynn DG (2008) Cross-
strand pairing and amyloid assembly. Bio-
chemistry 47:10018–10026

84. Mehta AK, Lu K, Childers WS, Liang S,
Dong J, Snyder JP, Pingali SV,
Thiyagarajan P, Lynn DG (2008) Facial sym-
metry in protein self-assembly. J Am Chem
Soc 130:9829–9835
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Chapter 2

Solid-State NMR Structural Characterization
of Self-Assembled Peptides with Selective 13C
and 15N Isotopic Labels

Danting Huang, Benjamin C. Hudson, Yuan Gao, Evan K. Roberts,
and Anant K. Paravastu

Abstract

For the structural characterization methods discussed here, information on molecular conformation and
intermolecular organization within nanostructured peptide assemblies is discerned through analysis of
solid-state NMR spectral features. This chapter reviews general NMR methodologies, requirements for
sample preparation, and specific descriptions of key experiments. An attempt is made to explain choices of
solid-state NMR experiments and interpretation of results in a way that is approachable to a nonspecialist.
Measurements are designed to determine precise NMR peak positions and line widths, which are correlated
with secondary structures, and probe nuclear spin–spin interactions that report on three-dimensional
organization of atoms. The formulation of molecular structural models requires rationalization of data
sets obtained from multiple NMR experiments on samples with carefully chosen 13C and 15N isotopic
labels. The information content of solid-state NMR data has been illustrated mostly through the use of
simulated data sets and references to recent structural work on amyloid fibril-forming peptides and designer
self-assembling peptides.

Key words Solid-state NMR, Self-assembling peptide, Selective isotopic labeling, Dipolar redou-
bling, Two-dimensional NMR

1 Introduction

This chapter aims to be a practical guide to solid-state nuclear
magnetic resonance (NMR)-based structural measurements of
self-assembled peptide systems. We focus on well-established
experiments with detection of 13C or 15N NMR signals, performed
on isotopically labeled peptide samples produced by chemical syn-
thesis (Fig. 1). These nuclei have low natural abundances (1% for
13C and 0.4% for 15N), such that isotopic labeling at specific sites
makes it possible to obtain localized structural information. This
information is extracted from observed effects of structure on
NMR spectra and nuclear spin dynamics. Our descriptions of
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solid-state NMR methods do not assume in-depth understanding
of NMR theory. However, we do not attempt to explain basic
operation of an NMR spectrometer. NMR spectroscopy involves:
(1) placement of samples into large static magnetic fields
(~10 Tesla); (2) excitation of nuclear spins (nuclei with magnetic
moments) by resonant radio frequency magnetic fields delivered via
induction by a coil around the sample; and (3) detection of current
induced in the coil by time-dependent nuclear magnetization. We
will describe a toolkit consisting of a series of NMR experiments,
each with radio frequency excitations designed to obtain specific
structural information from samples with deliberate patterns of
isotopic labeling. We will also mention important complementary
methods, including sample preparation, computational molecular
modeling, and nuclear spin simulations.

Solid-state NMR is often the method of choice for structural
biology of self-assembling peptides because such samples usually
lack the solubility and crystalline order necessary for solution-state
NMR spectroscopy and X-ray crystallography, respectively. Solid-
state NMR refers to NMR techniques that are specially designed for
analysis of samples with highly constrained molecular motions, i.e.,
with correlation times for molecular orientation that are long on
the measurement timescale (milliseconds per scan). The noncrys-
talline nature of self-assembled peptides further restricts experi-
ments to those designed for random distributions of molecular
orientation (“powder” samples). Solid-state NMR experiments
involve hardware and methods designed to compensate for
orientation-dependent effects and selectively manipulate local
nuclear magnetic interactions. Observables provide information
on backbone torsion angles (see Fig. 1a), proximity maps for

Fig. 1 (a) Schematic representation of a polypeptide chain. The ϕ and ψ torsion angles specify secondary
structure and molecular fold. (b) Uniformly 13C/15N-labeled valine. (c) Selectively 13C-labeled alanine, labeled
at Cβ or CO. Sites labeled with

13C are highlighted in gray ovals
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different amino acids (residues), and three-dimensional
(3D) arrangements of isotopically labeled sites. The direct obser-
vables are peak positions, peak line widths, and decays in intensity
under the influence of nuclear spin–spin dipolar couplings.

In practice, data obtained by other techniques are used to
complement information which is uniquely attainable by solid-
state NMR. While the implementation of these techniques is
beyond the scope of this chapter, understanding them can be
essential to the rationalization of NMR data. Molecular dynamics
computer simulations can be instrumental in understanding
NMR-derived structural constraints by identifying reasonable
molecular structures [1–3]. These simulations can be performed
with artificial force fields inspired by NMR results [4–8]. Electron
microscopy and atomic force microscopy [4, 5, 7, 9–11] can quan-
tify structural features at larger length scales (nanometers) than are
typically accessible by NMR. Quantitative measurements of fibril
mass have been reported using scanning transmission electron
microscopy [4, 11–14] and tilted-beam transmission electron
microscopy [15]. Secondary structure (β-strands and α-helices)
may be probed by Fourier transform infrared spectroscopy
[16–19] and circular dichroism [20–22]. Fluorescent dyes, i.e.,
Thioflavin-T [23–26] and Congo Red [27–29], are effective indi-
cators for monitoring β-sheet formation. Distinction of quaternary
structure by cryogenic electron microscopy has been reported in
the characterization of peptide nanofibers [13, 30–32]. Molecular
folding and intermolecular packing (e.g., β-sheet stacking) can be
measured using many diffraction-based techniques [33–37], H/D
exchange [38, 39], electron paramagnetic resonance (EPR)
[40–44], and proteolysis [45, 46].

Important background and insights are revealed by previous
scientific contributions based on solid-state NMR of self-assembled
peptides. For each experiment presented here, we reference prece-
dent applications. A majority of these techniques were originally
developed to study naturally occurring peptide self-assembly, which
is most often associated with pathological amyloid deposition
[47–52]. The study of designer peptides presents a promising
new area of application for solid-state NMR [5, 7, 53]. For
non-natural self-assembling peptides, solid-state NMR plays the
indispensable role of “closing the design loop” by providing a
means of comparing hypothesized structures with those that are
actually produced. The following sections review general solid-state
NMR methodologies, requirements for sample preparation, and
specific descriptions of key experiments. The NMR data presented
in this chapter are illustrated using simulated data sets based on
previously published results.
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2 Overview of Solid-State NMR Structural Investigations

2.1 Unique

Characteristics

of Solid-State NMR

Equipment

The experiments discussed here require an NMR system (magnet,
spectrometer, and probe) that is equipped for solid-state NMR
measurements. As illustrated in Fig. 2, the NMR magnet estab-
lishes a uniform static magnetic field ð ~B0Þ throughout the volume
of the sample, while the NMR probe produces a time-dependent
radio frequency magnetic field ð ~B1Þ. The NMR probe contains a
resonant radio frequency circuit to induce ~B1 by means of a current
delivered through a coil surrounding the sample; the coil is the only
part of the probe that is drawn in Fig. 2. The experiments described
here require magic-angle spinning (MAS) of samples and double-
resonance (simultaneous excitation of 1H and 13C) or triple-
resonance (simultaneous excitation of 1H, 13C, and 15N) NMR
probes. In addition, solid-state NMR experiments tend to require
higher powers for radio frequency excitation compared to most
solution-state NMR experiments.

MAS refers to sample rotation about an angle

θ ¼ cos �1 1ffiffi
3

p � 54:7
�
relative to ~B0 (Fig. 2) [54]. Typical MAS

rotation frequencies range from 5 to 30 kHz. MAS improves
spectral resolution (narrows NMR peaks) by eliminating molecular
orientation-dependent effects on spin dynamics. NMR probes
designed for MAS require that samples be placed inside special
sample holders, called rotors, which are designed to withstand the
forces involved in sample spinning. Specific probes are designed to
work with specific rotors, with typical rotor diameters ranging
between 2.5 and 4 mm. Probes designed for larger MAS rotor
sizes make it possible to perform experiments on larger sample

Fig. 2 Depiction of the sample (cylinder), coil, and magnetic fields involved in the
NMR experiment. The sample is orientated at the magic angle relative to the
static magnetic field ~B0 . A tuned radio frequency probe circuit, to which the coil
is connected, produces a time-dependent ~B1 field and detects the NMR signal
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volumes, producing stronger NMR signals. However, larger rotors
correspond to lower maximum MAS rotation rates, which in turn
limit the capacity to attenuate line-broadening mechanisms.

The high radio frequency power requirements for solid-state
NMR are necessitated by two special experimental features: cross
polarization and decoupling. Cross polarization is a signal enhance-
ment method in which the polarization of 1H is transferred to 13C
or 15N [55]. Decoupling is the application of high-power radio
frequency excitation of 1H in order to eliminate 1H-13C or 1H-15N
dipolar couplings that are not fully removed by MAS [56]. Decou-
pling is often necessary when applying pulses to excite 13C or 15N
spin states and when detecting 13C or 15N NMR signals. Probes
with larger coils (to accommodate larger rotors) have lower limits
on radio frequency pulse powers.

2.2 Requirements

for Samples

Preparation of peptides with selective 13C and 15N isotopic labels is
accomplished by chemical peptide synthesis using isotopically
labeled amino acids that are available commercially [57]. Individual
amino acids could be uniformly labeled with 13C and 15N (Fig. 1b),
or selectively labeled (Fig. 1c). The choice of isotopic label depends
on the planned NMR experiments. A widely used toolkit for solid-
phase peptide synthesis is based on fluorenyl-9-methoxycarbonyl
(FMOC) chemistry [58]. Peptide synthesis produces practical
yields for most peptides with up to ~50 amino acids [59]. Required
steps following peptide synthesis include chemical cleavage from
the solid-support resin, precipitation of product from the cleavage
solvent (e.g., cleavage by trifluoroacetic acid followed by precipita-
tion in diethyl ether), and purification. Purification is usually carried
out using high performance liquid chromatography. Product qual-
ity can be tested using matrix-assisted laser desorption or electro-
spray ionization mass spectrometry [60–62].

Preparation of samples with well-defined molecular structures
is critical to the success of a solid-state NMR structural investiga-
tion. The phenomenon of peptide self-assembly is complex, often
promoting structural inhomogeneity in samples. Naturally occur-
ring amyloidogenic peptides are known to assemble along multiple
energetically similar pathways to distinct amyloid fibril structures
[4, 63]. The formation of multiple fibril structures by self-assembly
of a single peptide is often called polymorphism, because fibrils with
different molecular structures exhibit distinct morphologies (nano-
fiber width, width modulation, and protofilament substructure)
when observed by electron and atomic force microscopy
[9, 41]. Amyloidogenic peptides are known to also form
non-fibrillar species that have been described as oligomers and
protofibrils [64–66]. There have been fewer studies of assembly
pathways for designer peptides, but it is likely that they are similarly
capable of self-assembly along multiple pathways. Therefore,
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researchers must take special care to control molecular structure
during sample preparations.

Experimental protocols designed to prepare structurally homo-
geneous self-assembled peptide samples rely on a combination of
controlled self-assembly conditions and seeded assembly. Fibril
structures in samples are known to depend on solution conditions
during self-assembly, such as pH, ionic strength, access to surfaces,
and solution agitation [67–70]. Fibrils also exhibit seeded propa-
gation, such that dissolved peptide molecules can be induced to
self-assemble by addition of fibril fragment solutions aliquoted
from sonicated fibril hydrogels [71–73]. Furthermore, seeding
results in propagation of molecular structure, such that fibrils pro-
duced by seeding have structures that match those of the fibril
fragments used as seeds. When seeded self-assembly is applied
repeatedly to polymorphic fibril samples, fibril polymorphs that
propagate most rapidly can be purified [4, 11, 74]. In contrast to
fibril studies, structural analysis of non-fibrillar aggregates of
amyloid-forming peptides (oligomers and protofibrils) have not
relied on seeded assembly. Instead, achievement of structural
homogeneity has relied on careful production of monomeric pep-
tide and control of subsequent assembly conditions. Since
non-fibrillar aggregates are often distinguished based on their
sizes, size exclusion chromatography has been used to separate
specific aggregates from monomers and fibrils [64, 75]. -
Environment-dependent self-assembly has been reported for the
RADA16-I designer peptide [76], and evidence of polymorphism
has been observed in solid-state NMR of MAX8 designer peptide
nanofibers [53]. It is possible that the relative simplicity of designer
peptides facilitates establishment of thermodynamic equilibrium
structures rather than kinetically trapped states [77, 78].

From the spectroscopic point of view, structural stability and
uniformity of the sample affect NMR sensitivity, resolution, and
data interpretation. Stability is important because NMR measure-
ments often require days to weeks of repeated scanning. Unstable
samples may be especially affected by radio frequency fields that
elevate sample temperature [79]. Decoupling fields tend to be the
largest contributor to sample heating because of their relatively
high power and long duration. Structural uniformity is also impor-
tant because samples containing multiple molecular structures
would exhibit multiple NMR peaks for each labeled site. Such
heterogeneity would result in more NMR peaks overall, promoting
reduced spectral resolution due to spectral overlap. Furthermore,
since peak intensity is approximately proportional to the number of
atoms contributing to each NMR signal, increased structural
homogeneity promotes stronger signals. Finally, the presence of
multiple distinct molecular structures in a sample complicates inter-
pretation of experiments based on measurement of spin dynamics
[53, 57].
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2.3 General

Description of Solid-

State NMR

Measurements

NMR is a spectroscopic technique used to probe nuclei with mag-
netic moments (nuclear spins) in a magnetic field ~B0

� �
. The

magnetic moment is a fundamental property of each NMR-active
nucleus, such that all nuclei of a specific isotope possess the same
magnetic moment. The magnetic moment for each nuclear isotope
has been measured precisely and is proportional to the gyromag-
netic ratio MHz

T

� �
: γ10H

0 ¼ 42:576, γ130C
0 ¼ 10:705, and

γ150N
0 ¼ �4:316 [80]. Populations of nuclear spins are perturbed

by radio frequency excitation, and subsequent spin dynamics are
then measured by magnetic induction (see Fig. 3). Measured cur-
rent in the coil as a function of time is a decaying waveform referred
to as the free induction decay (FID). Observed signals depend on
local magnetic interactions and thus report on structure. Local
interactions include the chemical shift and nuclear magnetic dipolar
couplings. Chemical shift is a change in the effective strength of ~B0

experienced by each NMR-active nucleus, due primarily to mag-
netic field-induced distortion of orbitals of paired electrons local to
each nucleus. For example, NMR signals from 13C atoms at car-
bonyl sites are distinguishable (different frequencies) from NMR
signals from 13C atoms at methyl sites because of the significant
differences in the local electronic orbital structures. Nuclear mag-
netic dipolar couplings are analogous to interactions between clas-
sical magnetic dipoles, which depend on relative position and the
magnetic moments involved. If nuclei are separated by ~1 nm or
less, their spin dynamics will be measurably affected by dipolar
couplings.

NMR experiments involve the following general steps shown in
Fig. 3:

1. An initial delay, d1, allows nuclear spin populations in the
sample to reach thermal equilibrium population distributions
in the ~B0 field. At equilibrium, nuclear magnetization is collin-
ear with ~B0 and (by convention) the z-axis.1 The initial delay d1
must be sufficiently long to achieve thermal equilibrium and is

Fig. 3 Diagram of a single scan in an NMR experiment. Time-varying heights of radio frequency pulses or FID
waveforms correspond to time-dependent voltage or current in the coil (not drawn to scale)

1Nuclear magnetization is induced by population differences in nuclear spin states.
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set based on the relaxation time T1 of the peptide
sample (d1 ffi 5 � T1).

2

2. Radio frequency pulses of current are applied to the coil, pro-
ducing a time-varying magnetic field ~B1 tð Þ inside the sample
volume (see Fig. 2). The transverse component of ~B1 tð Þ
(on the xy-plane) induces changes in quantum mechanical
nuclear spin states, resulting in detectable transverse nuclear
magnetization [81–83]. A resonance condition occurs such
that ~B1 tð Þ induces a change in nuclear spin state if it oscillates
close to the resonant or Larmor frequency of the target
nucleus.3,4 NMR signals also depend on the pulse duration,
power, and phase for ~B1 tð Þ.5 Radio frequency pulses are often
described by the angle of deflection (tip angle) of nuclear
magnetization they induce. For example, applying an “on-
resonance” π

2 pulse to a sample initially at thermal equilibrium
would deflect magnetization from the z-axis onto the xy-
plane.6 We express pulse powers in units of frequency, such
that pulse power corresponds to 1

τ2π
, where τ2π is the duration of

a 2π pulse.7

3. The measured FID is a time-dependent current induced in the
coil. Magnetic induction occurs because the nuclear magneti-
zation component on the xy-plane will precess about the z-axis
at the Larmor frequency (due to quantum interference effects).
NMR signals decay because stochastic atomic-scale fluctuations
in nuclear spin interactions destroy bulk-averaged phase coher-
ence in NMR signal throughout the sample [81, 82]. Fourier
transform of the FID produces the NMR spectrum.

4. Since NMR experiments tend to produce weak signals relative
to typical noise levels in detection circuitry [85], a single appli-
cation of steps 1–3 is often insufficient to obtain desirable

2 Shorter values for d1 are sometimes used for faster scanning and better signal-to-noise, at the expense of some
distortion in relative peak intensities.
3 The energy splitting between nuclear spin energy levels isΔE ¼ hγn � ~B0

���
���, where h is Planck’s constant and γn is

the gyromagnetic ratio. Local nuclear magnetic interactions have very small (but measurable) effects on these
energy splittings.
4 The Larmor frequency νL ¼ ΔE

h ¼ γn � ~B0

���
���. It is common to refer to a magnet in terms of its 1H Larmor

frequency rather than its magnetic field strength.
5 Pulse, duration, power, and phase are independent parameters that define a radio frequency pulse. Pulse
duration is the time over which the pulse is applied. Pulse power (energy input to the probe per unit time) is
proportional to the second power of the voltage (or current) input to the probe. Pulse phase is the phase of the
radio frequency waveform (sinusoid) for the pulse. Unless otherwise specified, the frequency of the pulse
waveform is set to the spectrometer carrier frequency. In some experiments, pulse frequencies, phases, and powers
can vary during the pulse.
6 This description does not capture the implications of “off-resonance” pulses that are not perfectly at the Larmor
frequency. The Bloch equations capture the effects of off-resonant pulses on nuclear spin magnetization in the
absence of local spin interactions [81, 84].
7 Pulse power in frequency units is proportional to ~B1

���
��� and the current in the coil during the pulse. Pulse power in

Watts would be proportional to ~B1

���
���
2

.
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signal-to-noise ratios. Therefore, experiments typically require
repeated scanning: steps 1–3 are repeated andmeasured signals
from successive scans are added together. If n repeated scans are
applied for an experiment, the signal-to-noise ratio would be
proportional to

ffiffiffi
n

p
[83].

5. NMR experiments employ phase cycling [86], since NMR is a
phase-sensitive spectroscopic technique. Phase cycling is the
systematic modulation of pulse and signal detection (receiver
reference, ϕReceiver) phases between scans so that co-addition of
data from successive scans minimizes effects of experimental
imperfections (e.g., spatial inhomogeneity of ~B0

���
���) or selects

for specific signal components (e.g., 13C signal exclusively
corresponding to transferred magnetization from 1H).

The following is a list of special experimental features for solid-
state NMR experiments:

l MAS is employed to eliminate most effects of chemical shift
anisotropy and magnetic dipolar couplings that do not involve
1H [87].

l High-power 1H decoupling can be used to eliminate the effects
of dipolar couplings between 13C or 15N and 1H atoms. The
effects of couplings involving 1H are not usually eliminated by
MAS alone at typical rotation frequencies [88–91].

l Some radio frequency excitations are designed to take advan-
tage of the non-random nature of molecular reorientation
under MAS. In contrast to liquid state molecules, which
undergo uncorrelated rotations, molecules in solid samples
reorient in synchrony as the sample rotates. As a result, NMR
signals from 13C or 15N can be enhanced through transfer of
polarization from the 1H spin system (cross polarization)
[92, 93]. In addition, techniques involving application of
pulses timed in synchrony with sample rotation can temporarily
reintroduce orientation-dependent spin interactions such that
structural information can be extracted.

The solid-state NMR methods to probe self-assembled peptide
molecular structure depend primarily on the following character-
istics of nuclear spins:

l Each 1H, 13C, or 15N nucleus is a spin-12 particle (total angular
momentum quantum number ln ¼ 1

2). Its behavior is described
by two energy levels (quantum mechanical eigenstates)
[81, 82, 94].

l In the presence of a static magnetic field ~B0, energy differences
between spin eigenstates will scale in proportion to the strength
of the magnetic field. At a specific magnitude of ~B0, the Larmor
frequency of each type of nucleus can be predicted accurately.
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For example at ~B0

���
��� ¼ 11.75 Tesla, the Larmor frequencies of

1H, 13C, and 15N are 500 MHz, 126 MHz, and 51 MHz,
respectively.8

l Radio frequency excitation near the Larmor frequency is
required to induce nuclear spin transitions. Consequently, a
single radio frequency pulse can only directly affect the spins
of a single nuclear isotope (e.g., 13C). However, heteronuclear
(e.g., 13C-15N) spin–spin couplings could lead to effects on
other spin systems.

l Long lifetimes (related to durations of FIDs) of NMR signals
(ms) allow for accurate measurements of NMR frequencies.
NMR signals from nuclear spins in chemically inequivalent
sites are usually distinguishable by chemical shift.

l Molecular conformation and intermolecular packing affect the
chemical shift. Thus, precise NMR peak positions, especially for
atoms near peptide backbones, can report on secondary struc-
ture. NMR line width is also an indicator of structural order
within a sample.

l Dipolar couplings between adjacent (proximities within
~1 nm) nuclei with magnetic moments perturb nuclear spin
energy levels and affect spin dynamics. Dipolar couplings can
therefore report on 3D arrangements of NMR-detectable
atoms.

l Dipolar couplings depend strongly on distances between nuclei
with magnetic moments: these couplings scale with r�3, where
r is the distance between a pair of nuclear spins. When more
than two nuclear spins are separated by multiple interatomic
distances less than ~1 nm, spin dynamics tend to be dominated
by the smallest interatomic distance [5, 57].

2.4 Formats

for Data Sets

Figures 4, 5, and 6 illustrate three different formats of data sets that
could be obtained from the NMR experiments described in this
chapter. These figures are intended to provide a basis for under-
standing what types of information can be extracted from NMR
experiments. The radio frequency pulse sequences used to obtain
these data sets will be discussed in more detail subsequently.

Themost basic NMR data set is a spectrum that relates intensity
to frequency, such as that shown in Fig. 4. This is a simulated 13C
NMR spectrum from the nanofibers of an isotopically labeled
RADA16-I peptide sample [5]. For Fig. 4, all 13C-labeled sites

8 It is common to refer to static magnetic field strength in terms of the 1H NMR Larmor frequency. For example,
an 11.75 Tesla magnet would often be called a 500 MHz magnet.
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Fig. 4 (a) Simulated 13C NMR spectrum of RADA16-I nanofiber sample labeled at R9, A10, and D11. (b)
All-atom depiction of R, A, and D residues connected by peptide bonds

Fig. 5 A simulated 2D-fpRFDR spectrum for RADA16-I nanofiber sample labeled at R9, A10, and D11. The
chemical shift values shown in the table on the right are adopted from [5]. Single-bond correlations are
marked by dashed lines. Solid circles, solid squares, and empty triangles indicate positions of crosspeaks
within the D11, A10, and R9 residues, respectively. Since crosspeaks are expected only for directly bonded
13C atoms, crosspeak patterns (highlighted with different dashed lines) are unique to each amino acid. A solid
line highlights the diagonal
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are assumed to produce an NMR peak with equal intensity and a
1 part per million (ppm)9 line width (full width at half maximum).
The peak positions were taken from experimental data [5].10 In this
chapter, 13C NMR frequencies are reported relative to the peak
position for 13C within tetramethylsilane (TMS) [95]. Another
commonly used 13C NMR standard is 4,4-dimethyl-4-silapen-
tane-1-sulfonic acid (DSS), which has higher water solubility than
TMS; to adjust 13C NMR frequencies for referencing to the stron-
gest 13C NMR peak of DSS rather than that of TMS, add 1.7 ppm
[96].NMRsignals fromaliphatic 13Cnuclei appear in the 10–70ppm
region, aromatic 13C signals appear in the 100–150 ppm region, and
13C signals from atoms with double bonds to electronegative atoms
(O or N) appear in the 160–180 ppm region. The 65–150 ppm
region of Fig. 4 has been omitted because there are no aromatic
groups in the RADA16-I peptide. Although each of the peaks in
Fig. 4 is labeled with the corresponding 13C nucleus, this spectrum
alone is insufficient to determine correspondence between NMR

Fig. 6 (a) Simulated dephasing curves for PITHIRDS-CT experiments. The vertical axis corresponds to
integrated intensity of an NMR peak corresponding to a selectively 13C-labeled sample (e.g., with 13C only
at a single carbonyl or methyl site). The solid and dashed lines represent predicted decays in peak intensity as
a function of time under the influence of a pattern of radio frequency pulses designed to reintroduce 13C-13C
dipolar couplings that are normally averaged away by MAS. The dephasing curves are the results of numerical
simulations of spin dynamics for 7 13C atoms arranged in a straight line separated by the constant interatomic
distance, d. The arrangement of atoms is illustrated in (b)

9 Frequency in ppm is defined as the frequency of an NMR signal in Hz divided by a reference frequency (near the
spectrometer carrier) in MHz. In ppm frequency units, many features of NMR spectra become independent of

~B0

���
���.

10 The NMR spectra of RADA16-I nanofibers exhibited three sets of NMR peaks for each 13C atom labeled within
alanine residues. These spectral features indicate the coexistence of multiple distinct molecular structures. We have
simplified the schematic representations of NMR data in Figs. 4 and 5 to indicate only one set of alanine 13CNMR
peaks.
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peaks and 13C-labeled sites (spectral assignments). Assignment of
NMR spectra usually requires multidimensional NMR spectroscopy.

Multidimensional NMR spectroscopy is employed to probe
exchange of nuclear magnetization between atoms that correspond
to different NMR frequencies. Such an exchange would require
magnetic interactions between atoms, and therefore spatial
proximity. In multidimensional NMR spectroscopy, the number
of dimensions refers to the number of frequency axes in a spectrum.
Each frequency axis corresponds to the Fourier transform of NMR
intensity as a function of a corresponding time domain in the
experiment. Every NMR spectrum includes a direct dimension,
which is the frequency determined by Fourier transform for a
detected FID. Multidimensional NMR spectra are characterized
by additional indirect dimensions, which correspond to Fourier
transforms of NMR intensities as a function of variable time delays
within radio frequency excitations. The scope of this chapter does
not include NMR experiments with more than two dimensions.
Figure 5 shows a sample two-dimensional (2D) exchange 13C-13C
NMR spectrum, in which symbols emulate contours that would
define intensity relative to two axes, both corresponding to 13C
NMR frequency. By convention, the horizontal frequency axis
corresponds to the direct dimension. Off-diagonal peaks (cross-
peaks) that correspond to distinct frequencies on the horizontal
and vertical axes are generated through magnetization exchange
between distinct 13C atoms. In this particular spectrum, crosspeaks
are observed between 13C atoms that are directly bonded to one
another, allowing determination of spectral assignments through
comparison of crosspeak patterns to configurations of atoms within
each labeled amino acid. Different 2D NMR techniques produce
different patterns of crosspeaks, including “homonuclear” correla-
tion experiments for which both frequency axes correspond to a
single type of nucleus and “heteronuclear” correlation experiments
that probe interactions between different NMR-detectable nuclei
(e.g., 15N and 13C).

An additional scheme for solid-state NMR experiments is the
quantitative measurement of decays in NMR signal intensity under
the influence of dipolar recoupling pulses. By applying dipolar
recoupling techniques for variable durations, one can measure a
decay in NMR intensity that depends on the 3D arrangements of
NMR-active atoms in the sample (13C or 15N). Decays can be
simulated by calculating nuclear spin dynamics based on postulated
atomic positions [97, 98]. As an example, Fig. 6 shows a set of
simulated decay curves for normalized NMR signal intensity (peak
integral) for a sample labeled with 13C at a single site. The simula-
tions employed consider seven 13C atoms arranged in a straight line
and separated by a constant distance [99]. For these experiments,
samples are selectively 13C- or 15N-labeled so that measureable
dipolar couplings provide specific information about molecular
structures.
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2.5 Framework

for Radio Frequency

Pulse Sequences

NMR experiments are described in terms of pulse sequence dia-
grams such as that shown in Fig. 7. This “single pulse” experiment
is the simplest pulsed NMR experiment. Symbols representing
different parts of the experiment are arranged on a horizontal
time line, which is labeled to specify a nucleus (1H). Radio fre-
quency pulses (rectangles) and signal detection periods (decaying
waveform symbol) are performed at a carrier frequency that is set
equal to the Larmor frequency of the nucleus specified to the left of
the horizontal line. Although we normally employ the single pulse
experiment to detect 1H signal for our samples, the experiment can
be used on any NMR-active nucleus. The rectangle marked pH, 1

represents a radio frequency pulse. The power, phase, and duration
of the pulse are specified in Table 1. The pulse is marked with “π/
2” because optimal signal is obtained when the pulse corresponds
to a π/2 tip angle. The delay d1 is necessary for the establishment of
thermal equilibrium magnetization when multiple scans are per-
formed. When multiple phases are listed in correspondence with a
pulse, the list specifies how the pulse phase should be changed with
each application (between scans or when a pulse appears more than
once in a pulse sequence). When multiple receiver phases are listed,
the list corresponds to receiver phase to be applied for successive
scans. The phase lists are cyclic: phases should return to those
specified at the beginning of a list after the list is completed.
An example of a double-resonance NMR experiment is shown in
Fig. 8. We refer to this experiment as a 1H-13C cross polarization
magic-angle spinning (CPMAS) experiment. The “CP” or cross-
polarization pulses are aligned vertically because they require simul-
taneous excitation at 1H and 13C Larmor frequencies. These pulses
induce transfer of 1H magnetization to the 13C spin system. The
wide rectangle marked with “dec” indicates 1H decoupling during
acquisition of 13C NMR signal (continuous wave radio frequency
input to 1H or a pulse sequence, depending on the decoupling
method), to eliminate broadening of 13C NMR peaks by 1H-13C
dipolar couplings. The dotted “flip-back” pulse is only used for
calibration of 13C pulse powers; signal intensity is maximized in the
absence of this pulse. Detailed parameters are specified in Table 2.

Fig. 7 Pulse sequence diagram for single pulse NMR with 1H signal detection
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Spectra such as that shown in Fig. 4 would normally be obtained
using this experiment because of the enhanced 13CNMR sensitivity
relative to single-pulse 13C experiments. Cross polarization from
1H to 13C produces more 13C NMR signal per scan because each
1H atom has a larger magnetic moment than each 13C, and 1H
atoms outnumber 13C atoms within each amino acid. Furthermore,
the use of the 1H spin system as the source of detected magnetiza-
tion allows for more rapid scanning, since T1 is usually shorter for
1H than 13C in peptide samples.

More complex NMR experiments include 2D NMR experi-
ments and measurements of decay under dipolar coupling. Simpli-
fied versions of these pulse sequences are shown in Fig. 9, with
details provided when specific 2D and dipolar coupling experiments
are discussed later. The 2D NMR experiment requires acquisition
of a set of FIDs corresponding to series of delay values (t1) in the
pulse sequence (see Fig. 9a). The frequency indicated by the verti-
cal axis in Fig. 5 corresponds to the Fourier transform of NMR peak
intensity as a function of t1, and is referred to as the “indirect

Fig. 8 The 1H-13C CPMAS pulse sequence

Table 1
Typical parameters for single pulse NMR experiment on 1H

MAS rate: 25 kHz (rotor period, τr ¼ 40 μs)

Pulse Power (kHz) Duration (μs) Phase

pH, 1(π/2) 110 2.27 x, y, � x, � y

ϕReceiver y, � x, � y, x

Delay Duration

d1 2 s
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Table 2
Typical parameters for a 1H-13C cross-polarization experiment

MAS rate: 25 kHz (rotor period, τr ¼ 40 μs)

Pulse Power (kHz) Duration (μs) Phase

pH, 1(π/2) 110 2.27 y, � y

pH, 2 Linear ramp: 50–100 2000 x

pC, 1 50 5 x, x, y, y, � x, � x, � y, � y

pC, 2 0a 5 y, y, � x, � x, � y, � y, x, x

ϕReceiver x, � x, y, � y, � x, x, � y, y

Delay Duration

d1 2 s

Decoupling period Power (kHz) Method

dec1 100 TPPM

aComments: zero except during calibration

Fig. 9 General schemes for the 2D (a) and dipolar recoupling (b) NMR pulse
sequences presented in this chapter
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dimension.” The frequency indicated by the horizontal axis of the
2D NMR spectrum in Fig. 5 (direct dimension) corresponds to the
Fourier transform of each detected FID. For phase sensitivity in the
indirect dimension, two FIDs must be collected for each value of t1,
each corresponding to a different phase for the pulse following the
t1 delay [100]. Dipolar recoupling pulses are used in “mixing”
periods between the t1 periods and the signal acquisition periods
in order to introduce the effects of spin–spin couplings necessary to
produce crosspeaks.11 Figure 9b illustrates the general scheme for
pulse sequences of experiments that measure decay of NMR peaks
under the influence of dipolar couplings. The vertical axis of the
simulated data in Fig. 6a corresponds to integrated peak intensities
for acquired NMR signals. The horizontal axis corresponds to
effective time for spin dynamics under the effects of dipolar cou-
plings. Dipolar evolution time does not necessarily correspond
directly with a delay in the recoupling pulse sequence: different
evolution times could be achieved by applying a variable number
(N) of repeated blocks of dipolar recoupling pulses, or by varying
positions of pulses within the recoupling period. Dipolar recou-
pling experiments that involve variation of effective dipolar cou-
pling times without changing the overall duration of applied pulses
are called “constant time” pulse sequences. Constant time pulse
sequences are designed to compensate for time-dependent loss of
NMR coherences during application of the pulse sequence.

2.6 Strategy

for Structural

Characterization

The process of structural investigation generally follows an iterative
procedure, such as that depicted in Fig. 10, in which NMR experi-
ments and corresponding isotopic labels are each chosen to probe
specific structural features. Formulation of NMR-constrained
structural models for self-assembling peptides thus requires a series
of experiments on samples with different isotopic labels. As sample
preparation can be expensive and time consuming, it is desirable to
obtain maximal structural information from each isotopically
labeled sample. The largest contributors of sample costs include
costs of isotopically labeled materials and peptide synthesis costs.12

Choice of isotopic labeling requires a reasonable hypothesized
structure (or set of candidate structures), which can be revised as
more experimental data are obtained. For 2D NMR experiments,
we desire minimal overlap of peaks and informative crosspeaks.
Overlap of NMR peaks can lead to ambiguity in spectral assign-
ments and interpretation of crosspeaks.13 Informative crosspeaks

11 It is possible to detect crosspeaks in 2D spectra even if dipolar recoupling is not employed during mixing
periods, since MAS does not completely eliminate spin–spin couplings.
12 The most expensive FMOC-protected amino acids are those with acidic or basic sidechains, because of the need
for sidechain production during peptide synthesis.
13 Isotopic labeling with 13C or 15N sites within sidechain aromatic or functional groups is often advantageous,
because these sites often correspond to spectrally isolated NMR signals.
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tend to be those between amino acids that are nonadjacent in the
primary structure but adjacent in the molecular structure. For
dipolar recoupling measurements, isotopic labels are chosen so
that decays in NMR signal intensity inform on unknown inter-
atomic distances. Choice of labels (and interpretation of NMR
data) can be facilitated significantly by computer modeling, which

Fig. 10 Flowchart showing an overall approach for assignment and structure determination in peptide/protein
structure characterization by solid-state NMR
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includes molecular modeling (constrained molecular dynamics
simulations) and modeling of nuclear spin dynamics during dipolar
recoupling experiments [97, 98].

NMR observables that can be interpreted in terms of structure
include positions and line widths of NMR peaks, crosspeaks in 2D
NMR spectra, and peak decay curves for dipolar recoupling experi-
ments (see Fig. 11). Peak positions and line widths report on
secondary structure (backbone conformation) and structural
order, respectively. Crosspeaks indicate sets of spatially proximate
atoms. Dipolar recoupling decay curves provide more quantitative
information about 3D arrangements of atoms. Our nucleus of
choice for detection of NMR signals is usually 13C. Samples can
be selectively labeled with 13C, and spectral resolution (separation
of different peaks) can be achieved with MAS and 1H decoupling
(see Fig. 12). Although 1H NMR spectroscopy is more sensitive
(larger magnetic moment, higher natural abundance, shorter T1),
1H NMR spectra of typical samples do not exhibit resolved peaks
from different sites (Fig. 13). Poor 1H resolution makes it difficult

Fig. 11 An overall summary of spectroscopic and structural information that can be obtained from different
solid-state NMR techniques
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to extract structural information from 1H spectra, but we do collect
1H spectra when it is important to monitor levels of sample hydra-
tion [101]. Signals from 15N also contain important structural
information, but lower NMR sensitivity for 15N (smaller magnetic
moment than 13C) often makes it preferable to measure 15N signals
indirectly via interactions with 13C. The choice of isotopic labeling
scheme for a sample depends on the intended NMR experiment.
Samples studied by 2D NMR tend to have uniform 13C and 15N
isotopic labels at a small number (~7 or less) of amino acids (see
Fig. 1b). Isotopic labeling schemes chosen for dipolar recoupling
experiments tend to avoid more than one labeled site per amino
acid (Fig. 1c). Multiple labeled sites within a single amino acid
would be undesirable because inter-amino acid atomic distances
tend to be longer, and decays in dipolar recoupling curves tend to
be dominated by the shortest distances between labeled sites.

Fig. 12 1H-13C cross-polarization NMR spectra of amyloid fibrils of the 40-residue isoform of the Alzheimer’s
amyloid β-peptide, acquired on a 400 MHz magnet. The sample was uniformly 13C- and 15N-labeled at seven
amino acids: F19, V24, G25, A30, I31, L34, and M35. (a) A 13C NMR spectrum acquired without MAS or 1H
decoupling. (b) A spectrum acquired with 20 kHz MAS and no 1H decoupling. (c) A spectrum acquired with
20 kHz MAS and 110 kHz 1H decoupling

Fig. 13 1H NMR Spectra comparison between dry (solid) and hydrated (dashed)
sample
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Commonly employed 2D NMR experiments include 2D finite
pulse radio frequency driven recoupling (fpRFDR) [91, 102], 2D
dipolar assisted rotational resonance (DARR) [103], 2D-CHHC
[104], and 2D transferred echo double resonance (TEDOR)
[105]. Spectral assignments for 13C peaks are normally determined
using 2D-fpRFDR (Fig. 5) or 2D-DARR with a short mixing
period (~10 ms), for which crosspeaks would correspond mostly
to bonded 13C atoms.14 An advantage of 2D-DARR over
2D-fpRFDR is that long (up to 1.5 s) mixing periods are possible,
because high decoupling powers are not required during these
periods. Longer mixing periods make it possible to observe inter-
amino acid crosspeaks. The 2D-CHHC experiment is advanta-
geous for the analysis of antiparallel β-sheets. These 2D spectra
can exhibit specific Cα-Cα crosspeaks because of a unique structural
feature: when distinct amino acids are brought in close proximity by
hydrogen bonding within antiparallel β-sheets, their Hα atoms
(H covalently linked to Cα) are separated by only ~0.2 nm. When
interpreting inter-amino acid crosspeaks for any 2D NMR tech-
nique, it can be unclear whether these crosspeaks are between
atoms within the same molecule, or atoms that reside on different
molecules. This ambiguity can be resolved by preparing samples
that contain mixtures of isotopically labeled and unlabeled peptide
(e.g., where 30–50% of the molecules in a sample are labeled) and
observing the effects of isotopic dilution on crosspeak intensity
[4, 6, 106]. Attenuation of crosspeak intensity relative to diagonal
signals and intra-amino acid crosspeaks indicates magnetic interac-
tions between atoms on adjacent molecules.

Dipolar recoupling NMR experiments can be used to probe 3D
arrangements of isotopically labeled sites more quantitatively. Sam-
ples labeled for these experiments tend to be more selectively
labeled than samples prepared for 2D NMR experiments. Samples
are usually characterized by a small number of NMR peaks, for
which spectral assignments are unambiguous. We are interested in
measuring peak intensity decay as a function of time under the
influence of dipolar coupling. The scheme in Fig. 9b illustrates
how this measurement could be accomplished. However, this fig-
ure does not show experimental features that are necessary to
compensate for relaxation-induced loss of NMR coherence that
would depend on the overall time of application of a dipolar recou-
pling sequence. Our method of choice for measuring 13C-13C
dipolar couplings is PITHIRDS-CT (not an acronym) [57]. For
probing 13C-15N dipolar coupling, we use rotational echo double
resonance (REDOR) [107]. Frequency-selective REDOR

14 In our experience, 2D-fpRFDR tends to more selectively produce crosspeaks between directly bonded 13C
atoms at MAS speeds above 20 kHz, when compared to 2D-DARR experiments with short (10 ms) mixing times.
It is also possible to observe these crosspeaks at shorter mixing times (2 ms) with 2D-fpRFDR, such that overall
signal is stronger due to less T2 relaxation.
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(fsREDOR) [108] has the added feature of frequency-selective
pulses that are used to eliminate the effects of intra-amino acid
dipolar couplings to sites with peaks that are isolated in frequency.
This experiment can be used to measure dipolar couplings between
sidechain carbonyl 13C and sidechain 15N atoms.

3 Solid-State NMR Experiments

3.1 Calibration It is necessary to calibrate precise frequencies of NMR peaks, set the
sample rotation angle to the magic angle, and establish the rela-
tionship between radio frequency pulse powers and ~B1 field
strength. Our descriptions of calibration experiments assume that
the reader has a basic understanding of NMR spectrometer opera-
tion and possesses the skills listed below.

1. Knowledge of how to tune an NMR probe.

2. Shim the ~B0 magnetic field so that it is homogeneous over the
volume of the sample. Homogeneity of ~B0 could be assessed by
measuring 13C line widths for adamantane, which should be
much less than the narrowest lines expected from the samples
being studied [86].

3. The ability to measure the necessary duration for a pulse of a
specific tip angle, or set the power of a pulse if a specific
duration and tip angle are required. For a fixed tip angle,
pulse duration would scale linearly with ~B1

���
��� and proportional

to the square root of pulse power [83].

4. An understanding of the conventions for reporting NMR fre-
quencies (referenced ppm scale) and setting spectrometer
frequencies [83].

5. The ability to measure spin-lattice relaxation time T1 and set
the initial delay for each scan (d1) appropriately [83, 85].

Magnet shimming, or the adjustment of current through elec-
tromagnets in order to tune the homogeneity of ~B0, is usually
performed on liquid samples [86, 109]: 2H NMR could be per-
formed on D2O, or 31P NMR could be performed on phosphoric
acid [110].

NMR peak frequency calibration of NMR signal from any
nucleus (1H, 13C and 15N) is equivalent to precise measurement
of the ~B0 field strength. Once NMR frequency is calibrated for a
single nucleus, frequency calibrations necessary for other nuclei
studied on the same magnet can be determined by calculations
[111]. Frequency calibrations are typically performed through
measurements on standard samples that exhibit NMR signals with
known and stable frequencies (chemical shifts in ppm) [95]. TMS is
a common standard sample for 13C NMR, with a single 13C peak
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set at 0 ppm. A single-pulse experiment would be sufficient to
measure the NMR spectrum of TMS. However, this liquid is not
routinely used for frequency calibration with solid-state NMR
spectrometers because of its volatility and the inconvenience of
loading it into sample rotors. Instead, a more common solid-state
13C standard is adamantane, which reliably exhibits peaks at 38.48
and 29.45 ppm. The NMR signal of adamantane can be measured
using a single pulse or 1H-13C CPMAS experiment (Fig. 8). The
13C NMR signal is strongest for a 1H-13C CPMAS experiment
when the 1H carrier is at the central frequency of the 1H NMR
spectrum; this spectrum can be measured using a single-pulse
experiment.

Calibration of the sample rotation angle is readily performed
using samples with NMR line shapes that are sensitive to this angle.
The magnitude of quadrupolar spinning sidebands for 79Br NMR
KBr powder are maximized for sample rotation at the magic angle;
this measurement can be performed with single-pulse NMR
[86, 112]. The sample rotation angle can also be calibrated using
1H-13C CPMAS NMR of polycrystalline Gly selectively labeled
with 13C at the carbonyl site (13CO Gly). The 13C NMR line
width of this sample is minimized at the magic angle [113]. The
same sample could be used for peak frequency calibration, as long as
the 13CO peak frequency from this sample is calibrated against
adamantane. When using an amino acid to calibrate spectrometer
frequency, it is important to be aware that peak positions are
sensitive to the possible coexistence of multiple crystal structures
with sample-dependent abundances [113]. It is also common prac-
tice to use an NMR rotor containing a mixture of adamantane and
KBr powers, so that the same sample could be used to calibrate
both NMR peak frequency and the sample rotation angle.

The powers of radio frequency fields can be calibrated using
CPMAS experiments. With the 1H-13C CPMAS experiment, the
1H radio frequency field can be calibrated by varying the power of
the pH, 1 pulse. Calibration of 1H pulse power is most easily per-
formed by doubling the duration of this pulse so that it corresponds
to a π pulse at the desired power level; the desired input power
would correspond to the lowest power that would yield no
detected 13C signal. The optional flip-back pulse could be used to
calibrate the power of the 13C pulses in a similar manner. When
multiple 13C peaks are observed in a spectrum, the 13C carrier
frequency should be placed on resonance with a peak that is strong
and relatively isolated (such as a carbonyl 13C peak); off-resonant
effects could lead to inaccurate measurements of pulse tip angle. A π

2
flip-back pulse would eliminate observed signal for a peak that is on
resonance. Analogously, the 1H-15N CPMAS experiment could be
employed to calibrate 15N pulse powers.
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When working with a self-assembled peptide sample, our
laboratory routinely performs the calibration experiment in the
following order:

1. Insert a standard adamantane/KBr sample. Spin the sample at
the speed that is expected for the experiment to be performed.

2. Tune the probe for 79Br NMR. Employ single-pulse 79Br NMR
to measure the 79Br NMR signal. Adjust the sample rotation
angle to maximize the 79Br quadrupolar sidebands.

3. Tune the probe for a double-resonance experiment (pulses on
1H and 13C, with detection of 13C NMR).

4. Employ a single-pulse 1H NMR experiment to determine the
1H carrier frequency that is centered on the adamantane 1H
spectrum. Use a single pulse experiment to measure the 1H
NMR spectrum (Fig. 7). This experiment does not require
precise calibration of the 1H radio frequency field strength.
We usually use a short pulse (e.g., 2 μs) and an input power
within the limit specified by the probe manufacturer. We typi-
cally use a delay d1 of 5 s. Use this spectrum to determine the
1H carrier frequency, which should be at the center of the 1H
spectrum.

5. Employ CPMAS experiments to calibrate radio frequency pulse
powers and NMR peak frequencies. Before the 1H pulse
powers are calibrated, use a conservative 1H pulse power (par-
ticularly for decoupling) to protect the NMR probe electronics.

(a) Calibrate the 1H pulse power by varying the power
(or duration) of the pH, 1 pulse. Once the 1H pulse
power calibration is known, the 1H pulse powers can be
set. Our laboratory typically employs 110 kHz powers for
1H pulses, including decoupling pulses. For cross polari-
zation, polarization transfer efficiency is typically maxi-
mized when the average power of the simultaneous 1H
and 13C pulses differ in power by the sample rotation rate
[55, 114]. For example, if the sample is spinning at
25 kHz and a 50 kHz 13C pulse is used for cross polariza-
tion, then the average power for the 1H cross-polarization
pulse should be 75 kHz. In our experience, the use of a
ramped 1H pulse during cross polarization ensures little
sensitivity of the polarization transfer efficiency to the
average 1H pulse power.

(b) Calibrate the 13C pulse power using the 1H-13C CPMAS
experiment. By setting the 13C carrier frequency to the
frequency of the left 13C peak, it is possible to calibrate
13C pulse power by adjusting the power or duration of
pC, 2 flip-back pulse. Use the obtained 13C pulse calibra-
tion to set the powers of the 13C pulses. Our laboratory
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typically uses 50 kHz pulse power for 13C pulses (5 μs π
2

pulses).

(c) Set the frequency calibration so that the adamantane 13C
NMR peaks are at their known NMR frequencies. Record
the 13C carrier frequency that corresponds to 100 ppm.
This is the carrier frequency that we typically employ for
13C NMR measurements because it is approximately at
the center of the chemical shift range of 13C signals.

(d) If the intended experiment involves 15N NMR, calibrate
the 15N pulse power using a 1H-15N CPMAS experiment
on a Gly or comparable sample (adamantane and KBr do
not contain 15N atoms).

6. Insert and spin the sample to be studied. Retune the probe.
Recalibrate the radio frequency field strengths using CPMAS
experiments. It will not be necessary to recalibrate NMR peak
frequencies, since these depend on ~B0

���
��� and not the sample.

The pulse sequence in Fig. 14 (typical parameters in Table 3)
shows how to calibrate a frequency-selective Gaussian 13C π pulse.
The Gaussian pulse is drawn with a dashed line because it appears in
the pulse sequence every second scan. The 13C carrier frequency of
the experiment (or just the Gaussian pulse) should be on-resonance
with the peak to be selectively inverted. Alternation of the receiver
phase would ensure that any 13C NMR peaks not inverted by the
Gaussian pulse would be averaged away after even numbers of
scans. The duration and power of the Gaussian pulse can be opti-
mized to maximize the intensity of the selectively inverted peak and
achieve the desired frequency selectivity. For the selective pulse, a
trade-off should be expected between selectivity (increased for
longer pulses) and sensitivity, which is reduced by relaxation effects
for pulses that are too long.

3.2 2D Experiments Multidimensional NMR methods are unified by a single concept:
multidimensional spectra are correlation maps that indicate the
presence of interactions between nuclear spins with distinct NMR

Fig. 14 Pulse sequence for calibration of a frequency-selective 13C pulse
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frequencies. In the solid-state NMR methods discussed here, these
interactions are eliminated (or greatly attenuated) by MAS and 1H
decoupling. To produce informative crosspeaks, dipolar recoupling
pulse sequences are applied during mixing periods to temporarily
reintroduce spin–spin interactions. Spectral frequencies are
encoded during time periods t1 and t2, during which nuclear mag-
netization precesses about the z-axis under minimal influence of
orientation-dependent or spin–spin interactions. This scheme max-
imizes spectral resolution while providing a means of identifying
couplings that inform on structure. The 2D methods described
here all involve direct detection of 13C NMR signals, so all the
horizontal frequency axes correspond to 13C NMR frequency. The
13C-13C 2D NMR experiments described here involve precession
of 13C magnetization during t1 and report on couplings between
13C nuclei. The 13C-13C 2D NMR experiments described here
have peaks on the diagonal with intensities that depend on fre-
quency in a way that approximately resembles 1H-13C CPMAS,
such as that shown in Fig. 4. There are 13C-13C 2D methods that
do not exhibit peaks on the diagonal, but we do not discuss them
here [115–118]. Heteronuclear (15N-13C) 2D NMR spectra do
not have diagonal signals.

Choice of MAS speed is important for 2D NMR experiments.
Atomic sites with large anisotropies (orientation dependences) in
chemical shift (large line widths without MAS) exhibit spinning
sidebands, or satellite peaks, under MAS. Spinning sidebands will

Table 3
Typical parameters for calibration of frequency-selective pulse

MAS rate: 10 kHz (rotor period, τr ¼ 100 μs)

Pulse Power (kHz) Duration (μs) Phase

pH, 1(π/2) 110 2.27 (x)8, (�x)8

pH, 2 Linear ramp between 40 and 80 2000 y

pC, 1 50 2000 y

pC, 2 (π/2) 50 5 x, � x

pC, 3 (π, Gaussian) 0.5a 1000 x

pC, 4 (π/2) 50 5 x, x, y, y, � x, � x, � y, � y

ϕReceiver x, � x, y, � y, � x, x, � y, y, � x, x, � y, y, x, � x, y, � y

Delay Duration

d1 2 s

Decoupling period Power (kHz) Method

dec1 110 TPPM

aComments: The power designated for the Gaussian pulse is the average power
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occur at frequencies of the primary NMR peak plus and minus the
sample rotation rates. It is possible to detect crosspeaks between
spinning sidebands and other coupled atoms. In practice, sidebands
are most easily detected for carbonyl 13C signals and are also readily
detectable for aromatic 13C peaks. Care must be taken to avoid
overlap between spinning sidebands and crosspeaks of interest. If
such overlap is unavoidable, desired information can be obtained by
performing a 2D NMR experiment at multiple spinning speeds.
Furthermore, polarization transfer efficiencies for recoupling meth-
ods used during mixing periods can be highly dependent on MAS
speed.

4 2D Finite Pulse Radio Frequency Driven Recoupling (2D-fpRFDR)

Figure 15 and Table 4 specify the pulse sequence and typical
experimental parameters for the 2D-fpRFDR experiment
[91]. This experiment produces 13C-13C 2D exchange spectra
with signals on the diagonal and crosspeaks that are approximately
symmetric about the diagonal. This symmetry occurs because
polarization transfers can occur in both directions between coupled
pairs of spins: for example, Fig. 5 includes crosspeaks at coordinates
(53, 32.2) and (32.2, 53) because polarization transfers fromR9Cα
to R9 Cβ occur at the same rate as transfers from R9 Cβ to R9 Cα
during the fpRFDR mixing period. At mixing times near 1.28 ms
(N ¼ 32), crosspeaks are observed primarily between directly
bonded 13C atoms (e.g., between 13C-labeled Cα and Cβ sites), as
with the simulated spectrum depicted in Fig. 5. Weak crosspeaks
could also be observed between 13C atoms connected by two bonds
(e.g., between 13C-labeled Cα and Cγ sites). The 2D-fpRFDR
technique has been used to obtain 13C spectral assignments and
precise NMR peak positions for each labeled site for self-assembled

Fig. 15 2D Finite Pulse Radio Frequency Driven Recoupling (2D-fpRFDR) pulse
sequence
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peptides labeled with uniform 13C at select amino acids. Analysis of
secondary chemical shifts (values relative to the same atoms on the
same amino acids within random coil peptides) for 13C atoms near
the peptide backbone (carbonyl, Cα, Cβ) has been used to assess
secondary structure [119–121]. Analysis of line widths is a basis for
evaluating structural order, and this analysis has been used to
identify unstructured regions of peptide assemblies [122, 123]. In
addition, comparisons of crosspeak positions and line shapes have
been used as a basis for evaluating structural variation between
different samples [73, 106, 124].

5 2D Dipolar Assisted Rotational Resonance (2D-DARR)

The 2D-DARR technique produces 13C-13C 2D exchange spectra
that are similar to those produced by the 2D-fpRFDR experiment,
but without the need for high-power 1H decoupling during the
mixing period. Consequently, the experiment can be performed
with a wider range of possible mixing times. At mixing times of
~10 ms or less, 2D-DARR spectra exhibit crosspeaks that

Table 4
Typical parameters for 2D-fpRFDR experiment

MAS rate: 25 kHz (rotor period, τr ¼ 40 μs)

Pulse Power (kHz)
Duration
(μs) Phase

pH, 1 110 2.27 (x)8, (�x)8

pH, 2 Linear ramp between
50 and 100

2000 y

pC, 1 50 2000 y

pC, 2 (π/2) 50 5 x, � x and y, � y for each t1

pC, 3 (π)
a 37.5 τr

3 ¼13.33 x, y, x, y, y, x, y, x, � x, � y, � x, � y, � y, � x,
� y, � x

pC, 4 (π/2) 50 5 x, x, y, y, � x, � x, � y, � y

ϕReceiver x, � x, y, � y, � x, x, � y, y, � x, x, � y, y, x, � x, y, � y

Delay Duration (s)

d1 2

t1 Varied for 2D acquisition

Decoupling
period

Power (kHz) Method

dec1 110 Two-pulse phase modulation (TPPM)

aComments: N ¼ 32
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correspond mostly to 13C atoms within a single amino acid
[125]. As mixing times are increased to 50 ms, additional cross-
peaks can be observed that correspond to adjacent amino acids
within the primary structure. With mixing times at 500 ms or
above, crosspeaks include those that report on amino acids brought
into close proximity by molecular folding. Typical parameters for
setting up a 2D-DARR experiment are shown in Table 5 and the
corresponding pulse sequence is shown in Fig. 16.

Figure 17a shows a simulated 2D-DARR spectrum (for
~500 ms mixing) detailing the expected crosspeaks (“+” markings)
corresponding to contacts between I32 and V40 brought together
by antiparallel arrangement of β-sheets (Fig. 17b) [6]. To further
determine if the contact is intramolecular or intermolecular, an
isotopically diluted sample could be probed using the same tech-
nique. If the inter-amino acid crosspeaks are between atoms on
different molecules, the crosspeaks shown at positions marked by
“+” will be attenuated in the isotopically diluted sample when the
spectra are normalized to the intra-amino acid crosspeaks. At lon-
ger mixing times, crosspeak patterns in 2D-DARR spectra can
become crowded. For this reason, isotopic labeling of aromatic

Table 5
Typical parameters for 2D-DARR experiments

MAS rate: 10 kHz (rotor period, τr ¼ 100 μs)

Pulse Power (kHz) Duration (μs) Phase

pH, 1 110 2.27 (x)8, (�x)8

pH, 2 Linear ramp between 40 and 80 2000 y

pC, 1 50 2000 y

pC, 2 (π/2) 50 5 x, � x and y, � y for each t1

pC, 3 50 5 x, x, y, y, � x, � x, � y, � y

ϕReceiver x, � x, y, � y, � x, x, � y, y, � x, x, � y, y, x, � x, y, � y

Delay Duration (s)

d1 2

t1 Varied for 2D acquisition

Mixing time Duration (ms)

τ 10–1500

Decoupling period Power (kHz) Method

dec1 110 TPPM

aComments: During mixing, 1H continuous wave radio frequency should be applied with power equal to the MAS

rotation rate (10 kHz)
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amino acids (e.g., F) is advantageous, because aromatic 13C NMR
peaks are spectrally isolated from carbonyl and aliphatic signals.
Concerns about spectral overlap with spinning sidebands are also
relevant to 2D-DARR spectra. In addition, magnetization transfer
can be enhanced when the spinning sidebands are near crosspeaks
of interest. Crosspeaks corresponding to longer distances (above
~0.5 nm) are also more difficult to detect whenMAS speeds are too
fast (above ~20 kHz).

Fig. 16 2D Dipolar Assisted Rotational Resonance (2D-DARR) pulse sequence

Fig. 17 (a) A schematic of the expected 2D-DARR spectrum (aliphatic region) for oligomers of the 42-residue
isoform of the Alzheimer’s amyloid-β peptide [6]. The sample is uniformly 13C-labeled at the I32 and V40
residues. Empty diamonds and empty circles represent on-diagonal peak positions as well as intra-sidechain
crosspeaks within I32 and V40, respectively. The cross marks represent expected inter-residue crosspeaks
between the I32 and V40. b) Schematic picture showing I32 and V40 are brought into proximity by an
antiparallel β-sheet arrangement
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6 2D-CHHC

An antiparallel β-sheet structure will place Hα atoms in close prox-
imity (<0.3 nm) for specific pairs of amino acids [104]. This con-
figuration predicts a strong 1H-1H dipolar coupling between these
Hα atoms. The presence of this coupling can be indirectly detected
using the 2D-CHHC measurement through the detection of
Cα-Cα crosspeaks. Typical parameters for setting up a CHHC
experiment are shown in Table 6 and the pulse sequence is shown

Table 6
Typical parameters for 2D-CHHC experiments

MAS rate: 10 kHz (rotor period, τr ¼ 100 μs)

Pulse Power (kHz)
Duration
(μs) Phase

pH, 1 110 2.27 ( y)16, (�y)16

pH, 2 Linear ramp: 40–80 2000 x

pH, 3 Linear ramp between 66.67 and 53.33 150 x, x, y, y, � x, � x, � y, � y

pH, 4 110 2.27 y, y, � x, � x, � y, � y, x, x

pH, 5 110 2.27 �y, � y, x, x, y, y, � x, � x,
y, y, � x, � x, � y, � y, x, x

pH, 6 Linear ramp between 66.67 and 53.33 150 x, x, y, y, � x, � x, � y, � y

pC, 1 50 2000 x

pC, 2 (π/2 pulse) 50 5 y

pC, 3 50 5 �y, y and �x, x for each t1

pC, 4 50 5 x

pC, 5 50 5 x, x, y, y, � x, � x, � y, � y

ϕReceiver x, � x, y, � y, � x, x, � y, y, � x, x, � y, y, x, � x, y, � y,
�x, x, � y, y, x, � x, y, � y, x, � x, y, � y, � x, x, � y, y

Delay Duration (ms)

d1 2

td (z-filter) 3

t1 Varied during 2D acquisition

Mixing time Duration (μs)

τ 2τr ¼ 200

Decoupling
period

Power (kHz) Method

dec1 110 TPPM
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in Fig. 18. Figure 19 is a simulated spectrum from a 2D CHHC
experiment corresponding to results obtained previously for an
Aβ42 oligomer sample [6]. Expected Cα-Cα crosspeaks are shown
in half-filled circles. The labeling scheme for 2D-CHHC experi-
ment should be carefully chosen to avoid spectral overlap. While
spectral overlap is a concern with all 2D NMR experiments, the
2D-CHHC experiment is particularly sensitive to this issue because
all Cα sites have similar chemical shifts. As a result, expected 2D

Fig. 18 2D-CHHC pulse sequence

Fig. 19 Positions of diagonal peaks (solid/empty diamonds and circles) and
crosspeaks (half-filled diamonds and circles) for α-carbons for the 2D-CHHC
experiment of oligomers of the 42-residue isoform of the Alzheimer’s amyloid-β
peptide [6]. The crosspeaks between I32 and V40 and between M35 and G35 are
anticipated because of antiparallel arrangements of β-strands; these residues
were uniformly labeled with 13C and 15N. In the experimental data, we were
unable to clearly resolve the I32 Cα-V40 Cα crosspeaks because of the close
peak positions observed for the two sites
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CHHC crosspeaks may become undetectable due to overlap with
the diagonal. For example, in Fig. 19 chemical shifts for Cα sites in
M35 and G37 are better separated and crosspeaks show less overlap
with the diagonal than those for I32 and V40. Also, it is important
to use short cross-polarization pulses before and after the mixing
period (pC, 3 and pH, 3) to achieve selective polarization transfers
between Cα and Hα atoms. The efficiency of cross-polarization
transfer tends to decrease as MAS rate is increased above 10 kHz.

7 2D Transferred Echo Double Resonance (2D-TEDOR)

The 2D-TEDOR [105] experiment produces a 15N-13C 2D
exchange spectrum. For this experiment, 13C is normally the
directly detected nucleus (horizontal axis) because of higher sensi-
tivity. Figure 20 shows a recent version of this experiment
[105]. Typical parameters for setting up a 2D-TEDOR experiment
are shown in Table 7. This experiment has been used to establish
inter-sidechain proximity, providing information similar to that
offered by 2D-DARR experiments (see Fig. 21) [4]. The technique
can also be used for spectral assignments [126]. By varying the
mixing time, it is possible to analyze heteronuclear dipolar interac-
tions between 13C and 15N in order to assess 13C-15N distances
[127, 128].

7.1 Dipolar

Recoupling

Experiments

Dipolar recoupling NMR measurements refer to the measurement
of peak intensity as a function of evolution time under the influence
of dipolar couplings. These measurements are sometimes called
NMR distance measurements, but the shapes of measured decay
curves are not determined solely by distance when interactions are
more complex than what would be expected for coupled pairs of
spins. Since magnetic dipolar couplings are strongly dependent on
distance (r�3), decays are influenced most significantly by the
spacing between the most proximate pairs of spins. When groups
of more than two spins are arranged at similar interatomic dis-
tances, the shapes of observed decay curves are influenced by the
3D arrangements of atoms [56, 129, 130]. Data from dipolar
recoupling measurements are most readily interpreted when they
are compared to predictions of computer simulations of nuclear
spin dynamics. Commonly used spin nuclear simulation software
packages include SIMPSON [98] and SPINEVOLUTION
[97]. Since a dipolar recoupling measurement is usually only
concerned with only one NMR peak, NMR sensitivity to this
peak may be enhanced by pulsed spin-locking [131].

The time-dependent loss of coherences that underlie detectable
signals is a commonly encountered challenge with dipolar recou-
pling experiments. The loss of signal could be caused by relaxation
phenomena or imperfections in the pulse sequence. As a result,
NMR signal could decay as dipolar recoupling pulses are applied for
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varying length of time, even if the nuclear spins being probed are
not coupled to one another. For the heteronuclear (15N-13C)
dipolar recoupling techniques REDOR and fsREDOR, data are
plotted as a ratio of measured 13C intensity (S) scaled to the peak
intensity measured for the same experiment conducted without the
15N pulses (S0). This method of data collection assumes that any

Table 7
Typical parameters for 2D ZF-TEDOR experiments

MAS rate: 9 kHz (rotor period, τr ¼ ~110 μs)

Pulse Power (kHz)
Duration
(μs) Phase

pH, 1 (π/2) 110 2.27 (x)16, (�x)16

pH, 2 Linear ramp:
39.33–78.67

2000 x

pC, 1 50 2000 x

pC, 2 (π) 50 10 x, x, y, y

pC, 3 (π/2) 50 5 x

pC, 4 (π/2) 50 5 y, y, � y, � y

pC, 5 (π/2) (x)4, ( y)4, (�x)4, (�y)4

pN, 1 (recoupling) 50 10 �y, y, y, � y, x, � x, � x, x, y, � y, � y, y,
�x, x, x, � x, y, � y, � y, y, � x, x, x, � x,
�y, y, y, � y, x, � x, � x, x

pN, 2 (π/2) 50 5 x, � x

pN, 3 (π/2) 50 5 x, � x

ϕReceiver �y, y, y, � y, x, � x, � x, x, y, � y, � y, y, � x, x, x, � x,
y, � y, � y, y, � x, x, x, � x, � y, y, y, � y, x, � x, � x, x

Delay Duration (s)

d1 2

t1 Varied for 2D acquisition

τzf 0.0002

Decoupling
period

Power (kHz) Method

dec1 110 TPPM

dec2 110 PM

dec3 110

Comments: Two pN, 1 pulses are applied per rotor period. The number of pN, 1 applied at a time depends on the choice of
tmix, which is typically between 1 and 20 ms
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mechanism for loss of 13C intensity that occurs during application
of the pulse sequence would affect S and S0 in the same way. For the
homonuclear dipolar recoupling method PITHIRDS-CT, effective
time for evolution of 13C-13C dipolar couplings is varied by chang-
ing placement of pulses within a pulse sequence that does not
change in overall duration.

8 Rotational Echo Double Resonance (REDOR) and Frequency-Selective
REDOR (fsREDOR)

Rotational Echo Double Resonance (REDOR) reports on the
strength of the heteronuclear dipolar coupling and the dipolar
evolution time to infer spatial proximities [107, 132]. This tech-
nique has been used to measure distances for samples that are
selectively labeled with different nuclei (13C and 15N). The pulse
sequence of REDOR is shown in Fig. 22 and typical parameters for
setting up a REDOR experiment are shown in Table 8 [132]. Fig-
ure 23 shows simulated REDOR curves for different atomic dis-
tances. REDOR experiments have been used to determine the
register of constituent β-strands within amyloid fibrils
[133–135]. The technique has also been used to detect the pres-
ence β-hairpin conformation in the MAX1 nanofiber structure [7].

Frequency-selective REDOR (fsREDOR) [108] introduces a
frequency-selective spin echo to selectively recouple the 13C-15N
dipolar interaction samples with multiple 13C and 15N isotopic
labels (Fig. 24 and Table 9). The frequency-selective pulses can be
used to isolate pairs of spectrally resolved 13C and 15N atoms by
eliminating the effects of interactions involving other nearby 13C
and 15N atoms. This feature extends the utility of REDOR to
samples with uniformly 13C and 15N and amino acids with func-
tional sidechains. Sidechain carboxylic acid 13C and 15N atoms

Fig. 21 Simulated 2D-TEDOR data for amyloid fibrils of the 40-residue isoform of the Alzheimer’s amyloid-β
peptide [4]. The peptide was uniformly 13C- and 15N-labeled at I31 and V39 and other amino acids for which
signals are not shown. The solid diamonds and solid squares indicate positions of the intra-residue 13C-15N
crosspeaks for I31 and V39, respectively. The cross marks correspond to the inter-residue 13C-15N crosspeaks

58 Danting Huang et al.



often correspond to NMR peaks at frequencies that are distinct
from signals from other labeled sites. The fsREDOR technique has
been applied on uniformly 13C/15N-labeled Aβ fibril samples to

Fig. 22 Rotational Echo Double Resonance (REDOR) pulse sequence

Table 8
Typical parameters for REDOR experiment

MAS rate: 10 kHz (rotor period, τr ¼ 100 μs)

Pulse Power (kHz) Duration (μs) Phase

pH, 1(π/2) 110 2.27 y, � y

pH, 2 Linear ramp: 40–80 2000 x

pC, 1 50 2000 x, x, y, y, � x, � x, � y, � y

pC, 2 (π) 50 10 x, x, y, y, � x, � x, � y, � y

pN, 1 (π) 50 10 x, y

ϕReceiver x, � x, y, � y, � x, x, � y, y

Delay Duration

d1 2 s

Decoupling period Power (kHz) Method

dec1 110 CW

dec2 110 TPPM

Comments: Loop parameter N: 1, 2, 3,. . .
The experiment is run as a pseudo-2D sequence, where instead of t1 the loop parameter n is increased from 1 to 2, 3,. . .
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probe the interaction between the positively charged sidechain 15N
(e.g., K28) and negatively charged sidechain carbonyl 13C atoms
(e.g., D23), which can form salt bridges in Aβ fibrils [4, 8, 136].

9 PITHIRDS-CT

PITHIRDS-CT [57] is a constant-time homonuclear (13C-13C or
15N–15N) dipolar recoupling technique that has been used to probe
3D arrangements of 13C or 15N atoms in selectively labeled samples
(see Fig. 25 and Table 10). For PITHIRDS-CT experiments on
13C, samples are usually labeled selectively at carbonyl or methyl
sites. Since carbonyl and methyl sites have very different 13C

Fig. 23 Simulated REDOR dephasing curves indicating different atomic distances
between a pair of 13C and 15N atoms, as shown by different solid and dashed
lines

Fig. 24 Frequency-Selective Rotational Echo Double Resonance (fsREDOR) pulse sequence
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chemical shifts, it is possible to label a sample with 13C at a carbonyl
site and a methyl site [5, 99]. If such a labeling scheme is used, the
labeled carbonyl site should be sufficiently far from the labeled
methyl (>1 nm) so that it can be assumed that there is no dipolar
interaction between carbonyl and methyl 13C atoms.

Table 9
Typical parameters for fsREDOR experiments

MAS rate: 10 kHz (rotor period, τr ¼ 100 μs)

Pulse Power (kHz)
Duration
(μs) Phase

pH, 1(π/2) 110 2.27 y

pH, 2 Linear ramp:
40–80

2000 x

pC, 1 50 2000 (x)4, ( y)4, (�x)4, (�y)4

pC, 2 (Gaussian,
π)

0.5 1000 x, y, � x, � y, y, � x, � y, x, � x, � y, x, y, � y, x, y,
� x

pN, 1 (π) 50 10 x, y, x, y, y, x, y, x, � x, � y, � x, � y, � y, � x, � y,
� x

pN, 2(Gaussian,
π)

0.5 1000 x

ϕReceiver x, � x, x, � x, y, � y, y, � y, � x, x, � x, x, � y, y, � y, y

Delay Duration

d1 2 s

Decoupling
period

Power (kHz) Method

dec1 110 TPPM

Comments: Loop parameter N: 1, 2, 3. . .

Fig. 25 PITHIRDS-CT pulse sequence
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The PITHIRDS-CT experiment is particularly useful for iden-
tifying in-register parallel β-sheets. In such a molecular configura-
tion, equivalent backbone sites on adjacent molecules are arranged
within 0.5 nm of one another. PITHIRDS-CT data can also pro-
vide a basis for studying samples with structures that deviate from
in-register parallel arrangements of β-strands, including those with

Table 10
Typical parameters for PITHIRDS-CT experiments

MAS rate: 20 kHz (rotor period, τr ¼ 50 μs)

Pulse Power (kHz) Duration (μs) Phase

pH, 1(π/2) 110 2.27 y

pH, 2 Linear ramp: 46.67–93.34 2000 x

pC, 1 50 2000 x, x

pC, 2 (π)
a 30 τr/3 ¼ 16.67 x, y, x, y, y, x, y, x, � x, � y, � x, � y,

� x, � y, � x, � y

ϕReceiver x

Delay Duration

d1 2 s

Decoupling period Power (kHz) Method

dec1 110 TPPM

aComments: The xy-16 phase cycle is applied to pC, 2
The constants k1 ¼ 4, k2 + k3 ¼ 32, for 38.4 ms total recoupling time [57]

Fig. 26 (a) The solid curve shows PITHIRDS-CT simulated data for eight 13C nuclei at the V3 CO and V18 CO
positions within MAX8 β-sheets as shown in (b) [53]. Dashed curves show how the curve changes upon
incorporation of the indicated percentages of MAX8 molecules in minor conformations that do not exhibit
13C-13C dipolar couplings
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registry shifts, antiparallel β-sheets, and structural heterogeneities
[5, 7, 53, 99]. As an example, Fig. 26 shows simulated PITHIRDS-
CT curves for a sample of MAX8 nanofibers with 13C at two
carbonyl sites. The two labeled carbonyl sites produce NMR
peaks at the same frequency. The curves show the expected behav-
ior for molecules in β-hairpin conformations (solid line) and the
effect of the presence of molecules in conformations that do not
correspond to measurable 13C-13C dipolar couplings (dashed
curves). PITHIRDS-CT technique can also be used to measure
backbone torsion angles [57].
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Chapter 3

ATR-FTIR Analysis of Amyloid Proteins

Jean-Marie Ruysschaert and Vincent Raussens

Abstract

Attenuated total reflection FTIR (ATR-FTIR) has been used for decades to study protein secondary
structures. More recently, it reveals also to be an exquisite and sensitive tool to study and discriminate
amyloid aggregates. Based on the analysis of specific spectral features of β-sheet structures, we present here a
detailed protocol to differentiate oligomers vs. fibrils. This protocol, applicable to all amyloid proteins,
demonstrates the power of this inexpensive, rapid, and low protein material-demanding method.

Key words Amyloid, Aggregates, Oligomers, Fibrils, FTIR, ATR, Structure

Abbreviations

ATR Attenuated total reflection
FTIR Fourier-transform infrared
FWHH Full width at half height
HFIP Hexafluoro-isopropanol
IRE Internal reflection element
MCT Mercury-Cadmium-Telluride
TFE Trifluoroethanol

1 Introduction

One of the major differences between the different aggregated
forms of amyloid proteins is their secondary structure (antiparallel
β-sheet for oligomers and parallel β-sheet for fibrils) and this is
related to their respective cytotoxicity [1–6]. We, and others, have
demonstrated that ATR-FTIR is an exquisite and versatile method
in the study and distinction of the different amyloid aggregated
forms that overcome some of the limitations of high-resolution
techniques [4, 7–9]. ATR-FTIR can also provide an almost contin-
uous structural view of protein conversion during the aggregation
process [8]. Furthermore, we demonstrated that the presence of

Bradley L. Nilsson and Todd M. Doran (eds.), Peptide Self-Assembly: Methods and Protocols, Methods in Molecular Biology,
vol. 1777, https://doi.org/10.1007/978-1-4939-7811-3_3, © Springer Science+Business Media, LLC, part of Springer Nature 2018

69

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7811-3_3&domain=pdf


lipids does not prevent the analysis of the amyloid sample [10]. The
interaction of these proteins with membranes is known to be a
major cause of their toxicity [11, 12]. In addition, while the
major component of amyloid deposits is the protein responsible
for the disease, other components, such as other proteins, are also
present in the deposits. ATR-FTIR allows studying the effects of
these proteins on the amyloid aggregation process [13–15].

Briefly, these capabilities come from two main advantages of
ATR-FTIR. First, infrared spectroscopy, through the analysis of the
amide I (~1700–1600 cm�1) and less informative amide II
(~1600–1500 cm�1) regions, is a sensitive and accurate method
to address protein secondary structure [16, 17]. It is one of the few
low-resolution structural methods that can distinguish between
antiparallel and parallel β-sheet arrangements, which is of the
utmost importance in the study of amyloid proteins [18–21]. A
full analysis of the protein structure will require a complete study of
the amide I band by either curve-fitting or other means
[22, 23]. These have been described elsewhere, and thus will not
be addressed here. The analysis that we present here will focus on
the spectral signatures of β-sheet structures that define aggregates
in a fibrillar or oligomeric state. In antiparallel β-sheet structures,
the amide I region displays two stretching frequency absorptions: a
major one located at �1630 cm�1, and a minor component char-
acterized by an average wavenumber around 1695 cm�1 caused by
a strong dipolar coupling, approximately fivefold weaker than the
absorption at 1630 cm�1

. Because the 1695/1630 intensity ratio
has been suggested to be proportional to the percentage of antipar-
allel arrangement of the β-strands within a β-sheet, this ratio will be
the most useful criterion for the characterization of oligomers. For
parallel β-sheet structures, the amide I region features the major
component only. Amyloid fibrils typically display absorbance
between 1611 and 1630 cm�1, while for native β-sheet proteins it
extends from 1630 to 1643 cm�1. These differences are attributed
to more extended β-sheets and/or longer β-strands formation as
well as more planar sheet formation for amyloid fibrils.

Finally, attenuated total reflection (ATR) [24] is a sampling
method particularly suitable for infrared spectroscopy because of
the reflection of the light into a high refractive index crystal. This
crystal, called the internal reflection element (IRE, see Fig. 1),
creates an evanescent wave perpendicular and outside the surface
of the IRE at the point(s) of reflection. In the mid-infrared range,
this evanescent wave extends ~1–2 μm from the surface and can
interact with a sample in close contact with it. For biological and
macromolecular samples ATR-FTIR has multiple advantages:
(1) because the sample is in close contact with the surface and
excess water can be removed, liquid water signal in the spectrum
can be reduced or eliminated; (2) working directly at the surface of
the IRE, there is no drawback to using aggregated or insoluble
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samples neither lipids, as is the case with other biophysical techni-
ques. These properties are exquisitely adapted to amyloid protein
study and circumvent major problems encountered with most
high-resolution methods (3).

In this protocol, we detail a procedure to analyze the parallel
and antiparallel b-sheet content in amyloid protein aggregates. We
also describe the steps necessary to determine the relative amounts
of oligomer and fibril in the sample. While this analysis is general to
almost all amyloid proteins, we recommend that other biophysical
techniques be performed in-parallel to characterize the species
formed during amyloid aggregate assembly.

2 Materials

1. Fourier-transform infrared (FTIR) spectrophotometer with
mid-infrared capabilities and equipped either directly or
through a special accessory for attenuated total reflection
(ATR).

2. A liquid nitrogen-cooled MCT detector. If available, a thermo-
statized room will improve the spectral quality of the results
(see Note 1).

3. An internal reflection element (IRE), such as either Ge or
diamond (see Note 2).

4. Amyloid fibril sample containing a low salt concentration
(see Note 3).

Evanescent wave

DetectorSource

IR beam

Sample

IRE

Fig. 1 Schematic representation of ATR principle. Upon reflection inside the IRE, an evanescent wave is
produced outside the IRE crystal that can interact with the sample. The IRE can be a prism (as represented) or
a hemisphere giving rise to a single reflection or longer bars with bevel-edges allowing multiple reflections.
The crystal can be made of diamond, germanium, ZnSe, silicon, or KRS-5
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3 Methods

3.1 Preparation of

the FTIR Spectrometer

and the IRE

1. If necessary for your particular instrument, place the ATR
accessory in position.

2. Check that all the optical parts of the spectrometer are purged
with dried air (see Note 1).

3. Fill the MCT detector with liquid N2 (see Note 4) and wait
~30 min to reach a stable signal.

4. Load your recording parameters (see Note 5).

5. Clean the IRE according to the manufacturer’s notices. We
strongly recommend cleaning the IRE crystal just before the
experiment. Usually aggregated amyloid proteins do not
require a specific cleaning procedure (see Note 6).

6. If needed, put the cleaned IRE back to its correct position in
the IR beam.

7. Check if enough signal reaches the detector.

8. Record a background spectrum with the parameters used to
record the sample spectrum (only the number of scans can be
modified but there is usually no reason to do so). The back-
ground spectrum should be recorded just before sample
recording (see Note 7).

3.2 Sample

Spreading and

Spectrum Recording

1. Prepare protein sample(s) according to your own experience or
from protocols found in literature (see Note 8).

2. Spread the sample using a micropipet tip. Do not hesitate to
touch the IRE with the tip. Volume of the sample to spread
depends strongly on the IRE used (e.g., for a 2 mm � 2 mm
single reflection prism IRE, 1 or 2 μL are sufficient, for longer
(3–5 cm) trapezoidal IRE 10–20 μL might be spread at once,
see Note 9).

3. Under a soft N2 (or another nonreactive gas) flow (see Note
10) evaporate the liquid water (or solvent) excess in the sample.
To control the evaporation process, start the spectrum “record-
ing” in a previsualization, and not acquisition, mode. Display
the full spectrum, watch the intensity of the major water band
(~3000–3500 cm�1) decreasing until it reaches a stable level
(see Note 11). If your spectrometer does not allow a previsua-
lization mode, the best way to know if the excess water is
removed and your sample is correct for recording is to check
the visual appearance of the sample film. With low volume and
low salt concentration the film should be smooth and clear
sometimes with iridescence (due to thin-film interference).
For larger volumes and/or higher salts, the film usually looks
smooth and matte (see Note 12).
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4. When the excess liquid water is removed and the signal is stable
(see Note 13), start recording the sample spectrum.

5. If not done automatically, store the spectrum file(s) on a com-
puter in a format compatible with your analysis program.

6. Record a water vapor spectrum. To obtain a water vapor spec-
trum matching the water vapor features appearing in your
sample, do not displace, remove, clean, or open anything on
your spectrometer. Record a new background, then open
slightly the sample compartment for a few seconds, and then
record a new spectrum. Store the resulting water vapor spec-
trum (see Note 14).

3.3 Spectral

Processing

All processing steps described here can be done on any spectral
analysis software including those coming with recent spectro-
meters. Most of these steps can be automatized to some extent
using macro recording. Thanks to Prof. Erik Goormaghtigh, our
laboratory has developed a piece of software entirely dedicated to
these kinds of analyses, and all the described steps can be done in
just one step for multiple spectra. This software, called “Kinetics,”
runs under Matlab©, and is available upon request from Erik Goor-
maghtigh (egoor@ulb.ac.be) or the corresponding author.

1. Subtract water vapor spectrum from your sample spectrum
(Fig. 2a, b). An easy and convenient way to find the subtraction
coefficient is using the area of a specific water vapor peak. We
use one of the most intense peaks in the amide I and II region,
the 1559 cm�1 peak. This peak appears on the side of the amide
II band and is usually quite distinct from other features (black
peak in Fig. 2a). Using your favorite analysis software, integrate
the peak between 1562 and 1555 cm�1 on both sample and
water vapor spectra. The ratio of the two areas gives you the
subtraction coefficient to be applied to correctly remove the
water vapor contribution in your sample spectrum.

2. Apply a linear baseline subtraction on the entire spectrum (Fig.
2c for the amide I and II region, see Fig. 2 legend for baseline
selected points). The points to apply for the baseline should be
selected according to sample spectrum (seeNote 15). The same
baseline points should be kept throughout your analyses for
consistency.

3. Smooth the spectrum to 4 cm�1 by convolution (Fig. 2c).

4. For better visualization, especially when the protein is not
extremely rich in β-sheet (<50%), the resolution can be
increased by Fourier self-deconvolution (using a Lorentzian
line shape with a full width at half height (FWHH) of
20 cm�1 and a Gaussian line shape for apodization with a
FWHH of 13.333 cm�1 resulting in an enhancement factor
K ¼ 1.5) [26] (Fig. 2e). This allows a visualization of bands
otherwise difficult to assess, especially the 1695 cm�1 band
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which, when concomitant with the intense ~1630 cm�1 band,
indicates an antiparallel β-sheet and the presence of oligomers.

3.4 Spectral Analysis

3.4.1 Case 1: Samples

Have High β-Sheet Content

(�55–60%) (Specific and

Simplest Case, Fig. 3, Left)

1. Locate the two main components (seeNote 16) of the antipar-
allel β-sheet on the self-deconvoluted spectrum (corresponding
to step 4 in Subheading 3.3).

2. Measure the spectral intensities at these two wavenumbers on
the non-deconvoluted spectrum (corresponding to step 3 in
Subheading 3.3, see also legend of Fig. 3).

3. Calculate the 1695/1630 cm�1 intensity ratio (see Note 16).

4. Inspect the amide II region; if a shoulder or an increased
intensity appears around 1530 cm�1, it indicates the presence
of oligomers (black arrows in Fig. 3).

3.4.2 Case 2: Samples

Have Low β-Sheet Content

(<50%) (General Case,

Fig. 3 Right)

1. Locate the different amide I components using self-
deconvolution with a higher enhancement factor (for example,
using a Lorentzian line shape with a full width at half height
(FWHH) of 30 cm�1 and a Gaussian line shape for apodization

Fig. 2 Example of spectral processing in the amide I and II region. (a) original recorded spectrum of Aβ40
oligomers (the black area peak at 1559 cm�1 is the one used to compute the subtraction coefficient of the
water vapor spectrum); (b) spectrum A after water vapor subtraction; (c) spectrum B after baseline subtraction
(baseline points applied in the displayed windows are located, respectively, at 1711, 1599, and 1482 cm�1;
other baseline points used are positioned at 3990, 3700, 2450, 2245, 1744, 1430, 1160, and 810 cm�1 (not
shown)); (d) spectrum C after smoothing by convolution at 4 cm�1; (e) spectrum D after resolution
enhancement by self-deconvolution. All spectra have been shifted for better visualization except for
spectrum C
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with a FWHH of 16.666 cm�1 resulting in an enhancement
factor K ¼ 1.8) [26].

2. Using all the identified components, proceed to curve-fitting
(see Note 17) of the non-deconvoluted spectrum
(corresponding to step 3 in Subheading 3.3, see also legend
of Fig. 3).

3. Measure the area of the curves corresponding to the ~1695 and
~1630 cm�1 contributions and calculate the 1695/1630 band
area ratio (see Note 16).

4. Inspect the amide II as in step 4 in Subheading 3.4.1.

Fig. 3 Examples of oligomer vs. fibril quantifications for Aβ42 (left) and α-synuclein (right). Aβ42 (left)
represents a case where the percentage of β-sheet is high (>60%). Therefore, a “simple” intensity (gray
dashed vertical lines) ratio measurement at 1695 and 1630 cm�1 will conveniently differentiate oligomers (a)
from fibrils (b). The black arrows in the amide II region show the characteristic shift when going from
oligomers to fibrils with the disappearance of intensity around 1530 cm�1. In the case of α-synuclein (right),
the β-sheet percentage is lower (�40%). A curve-fitting of the amide I regions shows that for both oligomers
(c) and fibrils (d) overlapping structures (represented by curves in black under the spectrum amide I bands)
have significant contributions in the recorded intensities (gray dashed vertical lines). The ratio should be
measured by the area of the curves corresponding to the two contributions of β-sheet (gray dashed curves). In
the case of fibrils (d), the curve supposedly corresponding to the 1695 cm�1 band is significantly displaced
(gray dashed curve) and is probably not representative of β-sheet anymore. Here again, the black arrows show
the characteristic change in the amide II region
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3.4.3 Interpretation of

the Results

1. If the 1695/1630 cm�1 intensity or band area ratios are�0.25
(see Note 18), it means that the β-sheet in your sample is fully
antiparallel. In the case of an amyloid protein this corresponds
to oligomeric species.

2. If this ratio is close to zero (at least �0.05) (seeNote 18), then
the β-sheet is entirely parallel, and it corresponds to fibrils
(see Note 19).

3. The inspection of the amide II region (if available) as indicated
should confirm this interpretation.

4 Notes

1. Alternatively, with nitrogen, be extremely cautious with nitro-
gen in a closed room.

2. Many crystals might be used for ATR in infrared spectroscopy
(e.g., Germanium, ZnSe, KRS-5, Silicon, Diamond) and all
will give good results. For practical reasons, we will recommend
to use either Ge or diamond for their higher refractive index
and especially hardness allowing easier handling and cleaning
procedures.

3. The rule of thumb is that the sample should contain less salt
than protein (i.e., in a given volume, the total weight of all the
salts or other components should be equal or inferior to the
weight of the protein). For fibrils, simple washing after pellet-
ing the fibrils by centrifugation, with few changes of the super-
natant into a low salt buffer or water, is the easiest way to
achieve this. For oligomers, it is more difficult to devise a
general recipe. A tip to remove most of the salt from any sample
quickly and easily is to use 0.025 μm pore size MF-Millipor-
e© membrane (25 mm in diameter) composed of mixed cellu-
lose (VSWP02500 MF-Millipore© Membrane Filter). To wash
out salts, fill a beaker with distilled or deionized water, let one
of the Millipore filters float at the surface with the glossy side
facing up, and gently deposit a drop (10–20 μL) of your sample
to be desalted on the filter (in the middle to avoid it falls in the
beaker). Wait 30–45 min, recover you sample, and it should be
desalted enough to record a good infrared spectrum. This
“method” is neither analytical nor quantitative, but in our
hands it produces good results. The drawbacks are the follow-
ing: your sample will be slightly diluted at the end; if your
sample contains small peptide(s), they might be lost. Con-
versely, the latter may be advantageous should one wish to
remove short peptide monomers from your sample.

4. First, you must always apply security rules specific to liquid N2

handling; liquid N2 can be extremely harmful! Second, the
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liquid N2 reservoir of the MCT detector is not always easily
accessible, and it may be difficult to follow the filling process. It
is therefore easy to overfill the reservoir. If this happens, then
the liquid N2 will accumulate at the bottom of the detector
compartment and quickly cause water to condense on the
mirrors and detector window. This will cause the signal to
drop dramatically and cause water to accumulate on the optic
parts, which is detrimental to the instrument. If you are familiar
with the spectrometer you can open the detector compartment
and flow N2 gas over the optic parts to remove all the conden-
sation and bring the parts to room temperature. If you are not
confident enough, you will have to wait until the excess liquid
N2 evaporates and the detector compartment warms up. This
can be a long process.

5. These parameters should be for proteins or biological samples.
Do not load specific ATR parameters provided by the manu-
facturer, this is not needed.

Here are example spectral parameters used to obtain the
spectra displayed in Figs. 2 and 3 and acquired using an Equi-
nox 55 spectrometer (Bruker).

(a) Recording:

l Resolution: 2 cm�1.

l Number of scans: 256.

l Data saved: absorbance, single channel, background.

(b) Optic:

l Source setting: MIR-source.

l Beamsplitter: KBr.

l Optical filter setting: OPEN.

l Iris aperture: 3500 μm.

l Detector setting: MCT.

l Scanner velocity: 8, 40.0 kHz.

l Sample signal gain: Automatic.

l Background signal gain: Automatic.

l Switch gain: ON.

l Window in points: 350.

l Delay before measurement: 1 s.

(c) Acquisition:

l Wanted high frequency limit: 5266 cm�1

l Wanted low frequency limit: 0 cm�1

l Low pass filter: 1, 16 kHz

l Acquisition mode: Double sided; Forward-backward

l Correlation mode: Around peak, Low.
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(d) FT (Fourier Transform):

l Phase resolution: 16.

l Phase correction mode: Mertz.

l Apodization function: Blackman-Harris 3-term.

l Zerofilling factor: 1.

(e) Display:

l Display single scan before measurement: ON.

l Window: 4000–800 cm�1.

6. If you notice any problems with specific proteins, use a mixture
(50:50 vol:vol) of strong detergent and methanol. If still not
working, then trifluoroethanol (TFE) or 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) can be used with caution.

7. The question arises whether one should record a new back-
ground for each sample if using the same setting and the same
IRE each time. The answer is that if you plan to record only a
limited number of spectra on the same day, we will advise to
record a new background. On the contrary, if you need to
record a big number of spectra on the same day (e.g., when
following a time-dependent aggregation process requiring an
important number of time points), then just cleaning the IRE
crystal well and checking that the baseline spectrum returns to
zero after cleaning is sufficient.

8. Preparation is highly dependent on the type of amyloid protein
considered and if both fibrils and oligomers are needed sepa-
rately or as a mixture. Check the literature to find most appro-
priate preparation conditions. If none exist so far, you will have
to develop your own protocol.

If the preparation conditions of your amyloid protein have
been previously fully optimized, then you can move to the
ATR-FTIR experiment without any further requirements.
Otherwise, a complete and complementary characterization
(e.g., thioflavin T fluorescence, conformational antibodies rec-
ognition, electronic microscopy, AFM) [25] will be mandatory
to be sure you are indeed working with the correct and
expected sample(s).

9. If not enough protein is available in the volumes required to
obtain a good quality spectrum, do not try to increase the
volume to spread. After evaporation of the excess solvent, a
new volume can be spread again on top of the previous one.
However, be careful of the final salt content!

10. The N2 flow should be strong enough to evaporate the excess
water or solvent in a few minutes but soft enough to avoid
displacing the sample.
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11. It is better to monitor this intensity at ~3400 cm�1, which is
“on the side” of the band. This is because the maximum of the
water band is close to the amide A band and may cause
confusion.

12. If the film is not smooth, there is probably too many salts from
the buffer left in your sample.

13. Due to buffer composition and IRE material, in some occur-
rences we note a significant increase in liquid water spectral
intensity upon N2 flow removal. In these cases, we suggest to
leave a light N2 flow on the sample during the acquisition of
the spectrum.

14. You do not need to record a water vapor spectrum for each
sample. However, you should know that vapor spectra are
extremely influenced by atmospheric conditions, especially
temperature. If between experiments the time is short and
the general conditions are similar, you do not need to record
each time a new vapor spectrum. Nevertheless, we will recom-
mend recording at least one vapor spectrum for each day of
experiments and more if, during the day, the atmospheric con-
ditions drastically changed.

15. For example, in the presence of lipids, the point on the side of
the amide I will probably be displaced. Select points close to
the edge of the bands or at the lowest intensity between bands
if the intensity does not return to zero or close (see legend of
Fig. 2 for an example).

16. For simplicity reasons, we always use the ~1695 and
~1630 cm�1 wavenumbers to talk about the two main spectral
components of β-sheet. Amyloids typically display absorbance
between 1611 and 1630 cm�1, and the 1695 cm�1 band might
also be displaced due to differences in the dipolar coupling
between the two bands.

17. A description of the entire curve-fitting procedure is beyond
the scope of this protocol. Curve-fitting has been described in
many good articles and reviews (e.g., [22]), and the reader is
referred to these for further explanations.

18. These values have been experimentally assessed using well-
defined soluble protein structure and different amyloid protein
preparations [4, 7–9].

19. Recently, Wang et al. have demonstrated that it is possible to
calculate the quantity of fibrils in a complex protein mix based
on many different band area ratios [27].
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Chapter 4

Imaging Protein Fibers at the Nanoscale and In Situ

Angelo Bella, Michael Shaw, Emiliana De Santis, and Maxim G. Ryadnov

Abstract

Protein self-assembly offers a rich repertoire of tools and technologies. However, despite significant
progress in this area, a deterministic measure of the phenomenon, which might lead to predictable relation-
ships between protein components, assembly mechanisms, and ultimately function, is lacking. Often the
challenge relates to the choice of the most informative and precise measurements that can link the chemistry
of the building blocks with the resulting assembly, ideally in situ and in real time. Using the example of
protein fibrillogenesis—a self-assembly process fundamental to nearly every aspect of biological organiza-
tion, from viral assembly to tissue restoration—this chapter demonstrates how protein self-assembly can be
visually and precisely measured while providing measurement protocols applicable to other self-assembly
systems.

Key words Molecular self-assembly, Nanometrology, Real-time imaging, Super-resolution micros-
copy, Nanoscale biophysics, Protein fibrillogenesis

1 Introduction

The ability to construct biological matter from the molecule up
holds promise for technologies that are set to shape our future
[1]. Synthetic biology, regenerative medicine, and advanced mate-
rials are just a few areas where engineered self-assembling systems
can contribute effective solutions [2]. Such solutions are not lim-
ited to commercial adaptations, and can be insightful to advance
the mechanistic understanding of biomolecular assembly [3]. From
infection to tissue restoration, self-assembly mechanisms underpin
a variety of biological processes by encoding the hierarchical orga-
nization of predominantly protein molecules into the complex
architectures of viruses, cells, and tissues.

There exist different forms and shapes of self-assembled sys-
tems. Most of them can be grouped into the generic units of
particles (viruses) and tubes or fibers (microtubules, collagen fibers)
[4]. These units alone can support specialist functions or can
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arrange into higher-order functional systems (extracellular matri-
ces, cells). Arguably, however, protein fibers present the richest
repertoire of functional assemblies that are involved in both normal
and pathogenic processes.

Indeed, diverse information including, but not limited to, cell
proliferation and tissue development as well as neurodegeneration
and viral assembly is realized through protein fibrillogenesis
[5–9]. Resulting structures are near crystalline [10], which implies
a nanoscale order, and grow hierarchically [11], which implies their
assembly is polar and directional [12]. To understand the process
and link it with the assembled structures requires suitable fibrillo-
genesis models that would be free of other events and modifica-
tions, which are not necessarily involved in fiber formation. De
novo amino-acid sequences based on archetypal folding motifs
provide a straightforward solution [13]. This so-called reductionist
approach allows distinguishing folding-assembly pathways from
unrelated events, thereby helping to reveal fiber formation as a
cooperative process at the nanoscale. To achieve this, high-
resolution and real-time imaging approaches are necessary.

Since this chapter is a practical guide to the imaging of protein
fibers, it starts with basic design principles to enable protein fibril-
logenesis, for which we focus on helical assemblies. It then
describes microscopy methods, traditional and innovative, which
can be used for the visual characterization of fiber formation in situ
and in real time (Fig. 1).

1.1 Basic Principles

for Designing Protein

Fibers

Naturally occurring fibers use monomeric subunits whose amino-
acid sequences support particular oligomerization states and prop-
agation modes. Longitudinal assembly appears to dominate and
often occurs at the expense of complementary subunits placed
axially out of register. Examples may include α-helical intermediate
filaments assembled from staggered monomers [20]. β-Pleated

Fig. 1 Examples of naturally occurring protein fibers. (a) Actin fibers (green) forming cytoskeleton with nuclear
DNA highlighted in blue [14]. (b) Transthyretin-derived amyloid fibrils (scale bar 200 nm) [15]. (c) Tobacco
mosaic virus (scale bar 100 nm) [16]. (d) Type I collagen extracellular matrix (scale bar 1 μm) [17]. Repro-
duced: by permission of the Royal society of chemistry (a, c), from [15], copyright (2002) National Academy of
Sciences, USA (b) and by permission of the Journal of Cell Science by Company of Biologists Ltd (d)
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amyloid fibrils that grow from out-of-register β-sheets [21] or
collagen fibers consisting of tropocollagen molecules held together
side by side in an offset fashion [22].

Over the last decade a number of de novo designs based on
α-helical coiled-coil motifs applied the same principles of staggered
assembly. Coiled coils are rope-like bundles of two or more helices
that interdigitate into a super-helix. The sequences of coiled coils
show an amphipathic heptad repeat of polar (P) and hydrophobic
(H) residues, namely PHPPHPP [25]. The repeat is often desig-
nated gabcdef and depicted schematically using coiled-coil helical
wheels with 3.5 residues per turn (as opposed to 3.6 residues per
turn for non-oligomerizing helices). A clear advantage of coiled
coils is that the heptad repeat, which spans 1 nm, can be used as a
construction module [26] and when combined with staggered
assembly, the sequences comprising as few as 4 heptads, each giving
two two-heptad overhangs, can assemble into micron-long fibers
(Fig. 2) [13, 23].

To ensure complementary sequence offsets, designed coiled
coils use charge-charge interactions at g and e sites of successive
heptads (g-e0 interactions) [27]. Specifically, each of two generic
heptads that use cationic (lysines) and anionic (glutamates) residues
can be paired sequentially to provide the oppositely charged sticky
ends [10]. The choice of hydrophobic residues in a and d defines
the oligomerization state of the self-assembling subunit (Fig. 2)
including fiber-forming sticky-ended dimers [10, 14], trimers
[23, 28], and pentamers [29].

The other sites of the heptad unit (b, c and f ) are usually polar
(glutamines) or small (alanines) amino acids having high helical
propensities. Single aromatic residues (tryptophans, tyrosines) in
f are often used as chromophores for accurate concentration mea-
surements. Additionally, to fine-tune inter-stagger interactions
tryptophans can be regularly spaced at super-helix pitch distances
(1.63 nm), thereby promoting the zippering up of coiled-coil ropes
into discrete filaments while arresting fiber thickening (Fig. 3) [30].

1.2 Morphology

on Demand

In contrast to β-structured and collagen-like fibers, α-helical
designs allow for a better control and substantial orthogonality
over the assembly. This property has been successfully used to
rationally engineer nanoscale order [10] and nano-to-microscale
morphologies into resulting fibrous materials including kinked
[31], branched [32], and network-like [24, 33] architectures
(Fig. 2). The head-to-tail cyclization of coiled-coil sequences was
shown to guide the arbitrary propagation of self-assembling sub-
units resulting in matrices and nets that can span unprecedented
nano-to-sub-millimeter dimensions [24, 33]. Unlike fibers derived
from other folding types, helical designs are strongly prone to
thickening by maturation. Yet, by carefully tuning interfacial
coiled-coil contacts, it is possible to limit the lateral association of
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Fig. 2 Coiled-coil heptad repeats, gabcdef, configured into helical wheels for dimeric (T2, a) [14], trimeric
(FiM, b) [23], and dimeric cyclized (Cycl_one, c) [24] self-assembling subunits (upper) together with the
resulting fibrillar structures (lower). Reproduced by permission of the Royal society of chemistry (a), Adapted
by permission from Macmillan Publishers Ltd.: Scientific Reports, [23] Copyright 2014 (b) and Angew Chem
Intl Ed, John Wiley and Sons [24] (c)
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coiled-coil bundles [30]. Moreover, the length and thickness of
resulting fibers can be empirically correlated with the length of
designed peptide sequences [14].

1.3 Material

Requirements

for Imaging

Protein fibers exhibit nanoscale order which can be engineered
rationally [10]. The accurate characterization of the assembled
structures requires high-resolution methods. These provide end-
point measurements that do not depend on the knowledge of
intermediate steps in fiber formation or growth kinetics. X-ray
fiber diffractions (XRD) from oriented and partly dried fiber assem-
blies are obtained to gain detailed insights into fiber ultrastructure
[34]. XRD data is used to complement the visual evidence of fiber
assembly providing structural correlations with fiber morphology.
Transmission electron microscopy (TEM) is the most commonly
used visualization technique in this regard.

Fig. 3 Zippering up of coiled-coil ropes into individual filaments via interfacial aromatic interactions. (a)
Transmission electron micrographs (top) and X-ray diffraction patterns (bottom) for a filamentous coiled-coil
zipper (FiZ, a), which gives individual filaments bundled together without maturation, and its orthogonal
version (FiZortho, b), whose filaments are less prone to bundling up. Reproduced from [30] with permission
from the PCCP Owner Societies
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Figure 3 gives an example of correlations between coiled-coil
structure, packing, and assembly. The XRD patterns for the two
designs of coiled-coil fibers show typical intra-helical distances for
discrete coiled coils and close packing distances between coiled coils
in assembled filaments. The pattern for the orthogonal design
matches closely the size of 3D hexagonal lattices for axially packed
coiled-coil staggers, which confirms super-helix contiguity despite
the orthogonal (via a side chain) linkage of two two-heptad over-
hangs. TEM confirm the filamentous assembly of the coiled-coil
staggers with consistent differences in the bundling of individual
filaments [30].

TEM provides a nanometer spatial resolution, but does not
allow for trade-offs with temporal measurements. Cryogenic
TEM coupled with tomography offers a somewhat more advanced
approach in gaining more precise and less biased structural infor-
mation that is free of sample staining and drying. However, self-
assembly is a living mechanistic process, the complete understand-
ing of which demands imaging capabilities with sufficient temporal
resolution to monitor fiber growth [12, 22]. Optical microscopy
methods are minimally invasive and well suited for imaging live
processes under ambient conditions, but are limited in spatial reso-
lution (�200 nm), which often prevents from detecting small
structural changes. Super-resolution fluorescence imaging
improves spatial resolution beyond the diffraction limit (approxi-
mately half the wavelength of light used for imaging), with
structured illumination microscopy (SIM) being of particular inter-
est for the present application owing to its fast image acquisition
rate [35], low sample light exposure, compatibility with conven-
tional fluorescent labeling methods. SIM works by illuminating the
sample with spatially patterned light, causing previously undetect-
able high spatial frequency image information to be visible as low
frequency moiré fringes [36]. By capturing a series of images under
different illumination patterns this high frequency information can
be shifted back to its origin in Fourier space allowing reconstruc-
tion of a “super-resolved” image with lateral spatial resolution
down to �100 nm [37]. Such images can be used to track micro-
scopic self-assembly in real time; however for further insights in the
process which can be gained through even higher spatial resolution
it is necessary to consider alternative methods. Atomic force
microscopy (AFM), in particular, can be performed in water and
does not require the use of labels to generate image contrast.
However, AFMmeasurements are position- and surface-dependent
and subject to sample drifting. A compromise therefore is often
proposed in materials themselves.

For example, to delineate fibrillogenesis as a mechanistic pro-
cess, homogeneous assembly models are crucial. Naturally occur-
ring structures, taken out of their native context, are not suitable
for the purpose. Large heterogeneities can be observed in

88 Angelo Bella et al.



reconstituted fiber morphologies (extracellular matrices) or in
growth rates derived from inherent structural polymorphism (amy-
loids) [38]. In contrast, archetypal designs based on simplified
sequence templates (coiled-coil heptads) and generic assembly
modes (staggers) can give relatively uniform fiber structures of
statistically significant densities to allow for the analysis of growth
kinetics [23]. Peptide designs can readily accommodate orthogonal
modifications to incorporate fluorophores (i.e., f positions in coiled
coils), thereby supporting in situ and real-time imaging of fiber
formation. More complex fibrous assemblies including branching
matrices and knotted networks are far less predictable. Their
designs can only be partly satisfied by deliberately introduced pro-
miscuity in fiber formation, which provides a level of control over
resulting structures (networked as opposed to straight fibers). All in
all, the SIM imaging of an archetypal protein fiber appears as an
obvious solution to the real-time measurements of fiber growth
kinetics.

2 Materials

2.1 Peptide

Synthesis

2.1.1 9-Fluorenylmeth-

oxycarbonyl (Fmoc) Solid

Phase Peptide Synthesis

1. Solvents: Dimethylformamide (DMF),N,N-diisopropylethyla-
mine (DIPEA), dichloromethane (DCM), trifluoroacetic acid
(TFA), tri-isopropyl silane (TIS).

2. Fmoc-amino acids: Fmoc-Ala-OH, Fmoc-Gln(Trt)-OH,
Fmoc-Glu-(OtBu)-OH, Fmoc-Glu-OAll, Fmoc-Ile-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Leu-OH, Fmoc-Lys(Aloc)-OH,
Fmoc-Tyr(tBu).

3. Activating agent: O-benzotriazole-N,N,N0,N0-tetramethylur-
onium hexafluorophosphate (HBTU).

4. Resins: (100–200 mesh 0.36–0.67 mmol/g) Fmoc-Gln(Trt)-
Wang resin or Rink Amide MBHA.

5. Fmoc deprotection: 20% piperidine in DMF.

6. Allyl deprotection: Tetrakis(triphenylphosphine)palladium
(0) (4 eq) in CHCl3/AcOH/DIPEA 3.6/0.2/0.2 mL.

7. Coupling mixture: 0.5 M HBTU and 1 M DIPEA in DMF.

8. Cleavage cocktail: TFA/TIS/water (95:2.5:2.5).

2.1.2 Peptide Labeling 1. Alexa Fluor 488-carboxylic acid, succinimidyl ester.

2. DIPEA (2 eq) in DMF.

2.1.3 Reversed Phase

High-Performance Liquid

Chromatography

1. Mobile phases: 5% acetonitrile (AcN) þ 95% water (buffer A),
5%Waterþ 95% AcN (buffer B) both containing 0.1% TFA. All
solvents are HPLC grade.
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2. Stationary phase: Vydac C8 and C18 reverse-phase columns.
Analytical (5 μm, 4.6 mm i.d.� 250 mm) and semi-preparative
(5 μm, 10 mm i.d. � 250 mm).

3. High-Performance Liquid Chromatographic (HPLC) system
(Jasco-2080 with UV 2072 detector).

2.1.4 Mass Spectrometry 1. MALDI ToF (Bruker Daltonics) Autoflex III smartbeam, with
flex control as proprietary software.

2. 2,5-Dihydroxybenzoic acid or sinapinic acid as matrix.

2.2 Fiber Assembly Peptides described in Table 1 below are incubated in MOPS
(10 mM, pH 7.4) overnight prior to endpoint imaging (TEM,
AFM). All solutions use filtered (0.22 μm) water with a resistivity
of 18.2 MΩ.

2.3 Spectroscopy

2.3.1 Circular Dichroism

1. Quartz cuvettes (0.1 and 0.05 cm from Starna UK).

2. Chirascan Plus spectropolarimeter (Applied Photophysics Ltd.)
equipped with a Peltier temperature controller.

2.3.2 Linear Dichroism 1. Micro-volume quartz cuvette flow cell with 0.5 mm annular
gap and quartz capillaries (Kromatec Ltd., UK).

2. Jasco 810 spectropolarimeter using a photoelastic modulator
½ wave.

2.3.3 Fourier-Transform

Infrared (FT-IR)

1. Tensor-37 series FTIR spectrophotometer with a BioATR II
unit (Bruker Optics) with photovoltaic MCT detector and a
Bruker optics workstation equipped with OPUS software.

2.4 Microscopy

2.4.1 Structured

Illumination Microscopy

1. Custom-built structured illumination microscope [18, 19]
based on an inverted microscope body (IX71, Olympus) with
high numerical aperture (UAPON 100XOTIRF, Olympus)
and silicone immersion (UPLSAPO 60XS, Olympus) objective

Table 1
Sequence template with varied integral module numbers

Namea Sequence

FiZ KLAALKWKLAALKQKLAALKWELAALEQELAALEWELAALEQ

FiZortho KLAALKWKLAALKQKLAALKX(ELAALEQELAALEWELAALEQ)b

FiM KLAALKQKLAALKKELAALEQELAALEQ

FiM(Alexa) KLAALKQKLAALKK(Alexa488)ELAALEQELAALEQ

T2 KIAALKQKIAALKKEIAALEYEIAALEQ

Cycl_one cyclo(KIAALKYEIAALEQKIAALKGGGEIAALEQKIAALKQEIAALEGGG)
aOriginal names
bX is a glutamate forming an isopeptide (orthogonal) bond with the first glutamate of the anionic domain
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lenses for total internal reflection fluorescence (TIRF) and wide
field epifluorescence imaging, respectively. Images are captured
with a scientific CMOS camera (Flash 4.0 v1, Hamamatsu
Photonics).

2. Time-lapse imaging: performed in TIRF mode using a �100/
1.49 objective lens with a typical exposure time of 100 ms.
Super-resolution images of the assembled fibers are captured
using a �60/1.3 objective lens.

3. Sample mounting: samples are mounted in a high precision
z-stage (NanoScan, Prior Scientific Ltd.) in closed loop with a
focus stabilization system (CRISP, Applied Scientific Instru-
mentation). Illumination patterns generated using a spatial
light modulator (SXGA-3DM, Forth Dimension Displays) illu-
minated using a 488 nm laser (Sapphire, Coherent Inc.). Addi-
tional optics and optomechanics are from Thorlabs and
Qioptiq. All hardware is controlled using custom software
that is written in LabVIEW 2013 (National Instruments).
Software can be tailored to specific hardware requirements for
bespoke microscopes or can be proprietary for commercial
instruments.

4. Super-resolution image reconstruction: custom software writ-
ten in Matlab (MathWorks) as detailed elsewhere [18, 19].

5. Filament segmentation: ImageJ software.

6. Sample chambers: chambered cover glass with 8 wells (NUNC
Lab-TEK II, Thermo Scientific).

2.4.2 Transmission

Electron Microscopy

1. Support grid: formvar/carbon coated copper/palladium sup-
port grids or copper grids coated with pioloform and carbon
film. All subjected to plasma glow discharge before use.

2. Staining reagent: 2% phosphotungstic acid or 1% uranyl acetate
in distilled water filtered through a 0.2 μm pore size
Minisart unit.

3. Microscope: Philips BioTwin transmission electron microscopy
with 80 kV accelerating voltage or FEI Tecnai 20 with 200 kV
accelerating voltage.

4. Image analysis: ImageJ software.

2.4.3 Cryo-Transmission

Electron Microscopy

1. Support grid: lacey carbon grids (EM Resolutions Ltd.) sub-
jected to plasma glow discharge before use.

2. Sample freezing: plunge freezing into liquid ethane cooled
with liquid N2 and performed using a VITROBOT mark IV
(FEI Company).

3. Microscope: FEI Tecnai 20 with 200 kV accelerating voltage
and fitted with an Eagle 4k � 4k camera (FEI).

4. Image analysis: ImageJ software.
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2.4.4 Atomic Force

Microscopy

1. Clean silicon wafer 7.0 mm � 5.0 mm with 100 μm diameter
and 525 μm thickness.

2. Cypher AFM instrument (Asylum research).

3. AFM tips: super sharp silicon probes (nanosensors) with reso-
nant frequency of �330 kHz. 5 nm radius of curvature, force
constant 42 N/m.

4. Proprietary imaging software SPIP 6.0.2.

2.5 Fiber Diffraction

of Partially Aligned

Samples

2.5.1 Partial Alignment

of Fibers: Stretched Frame

Procedure

1. Borosilicate thin-walled capillaries (1.5-mm outer diameter,
1.17-mm inner diameter) (Harvard Apparatus).

2. Cutting stone (Hampton Research).

3. Standard beeswax: break into pieces, transfer the pieces into a
glass beaker.

4. Mounting clay (Hampton research).

5. Petri dishes, 90-mm diameter.

6. Parafilm®.

2.5.2 Fiber Diffraction 1. Rigaku CuKα rotating anode X-ray source (wavelength
1.5418 Å) and R-AXIS IVþþ diffractometer.

2. Instrument control and data collection through the Crystal-
ClearTM software (Rigaku).

3. Data handled and converted to image files in Tiff formats.

3 Methods

3.1 Synthesis

of Model Fiber-

Forming Subunits

Model peptide sequences are relatively short and straightforward
for chemical synthesis. These are assembled on a solid support
(polymer resin beads) using fully automated peptide synthesizers.
Site-specific modifications including fluorescent labeling, branch-
ing, and cyclization can be performed manually on the same sub-
strate. After the modifications are complete, which can be
confirmed by mass spectrometry, the assembly of the sequence
can continue till completion, if necessary, and the synthesized
product is then cleaved from the support for post-synthetic purifi-
cation and analysis.

3.1.1 Peptide Synthesis Solid-phase peptide synthesis is performed using standard
Fmoc/tBu protocols that allow significant flexibility regarding cou-
pling efficiencies, synthesis scale and time, solvent and reagent use
and ultimately product yields. The same protocols were used for the
incorporation of orthogonal protecting groups (allyl for Cycl_one,
Mtt for FiZortho) to allow site-specific side-chain modifications.
Uronium salts (HBTU, HCTU) together with DIPEA were used
as coupling reagents to assemble the sequences reported in Table 1.
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1. Perform peptide synthesis at a 100 μM scale on a MBHA rink
amide resin (100–200 Mesh)

2. Use an automated peptide synthesizer (CEM Liberty) accord-
ing to the following synthesis cycle

(a) Deprotect Fmoc-protected resin/amino acids by 20%
piperidine in DMF (7 mL) for 5 min.

(b) Wash (4�) the resin with DMF (7 mL).

(c) Perform amino-acid coupling (10 min) using Fmoc-
protected amino acid (2.5 mL, 0.2–0.4 M) with HBTU
or HCTU (0.5M, 1 mL) and DIPEA (1 mL, 1M). All are
in DMF.

(d) Wash (4�) the resin with DMF (7 mL).

3. For Orthogonal Allyl/Alloc Deprotection

(a) Add tetrakis (triphenylphosphine) palladium (0)
(400 μM) in chloroform/DIPEA/AcOH (36:0.2:0.2)
containing phenylsilane (4 eq.) as a scavenger.

(b) Incubate for 2–16 h with gentle agitation in the dark.

(c) Wash with 0.5% sodium diethyldithiocarbamate (w/v in
DMF), 0.5% DIPEA (v/v in DMF) and DMF.

(d) Repeat washing (3�).

4. For Post-synthesis Cleavage

(a) Per-wash resin with DCM to remove residual DMF.

(b) Keep the resin under cleavage cocktail (10 mL/g of resin)
for 3–4 h.

(c) Recover the liquid phase by filtration (main filtrate) and
the resin rinsed with another 5 mL of the cocktail (second
filtrate).

(d) Add a threefold excess of diethyl ether to each filtrate.

(e) Centrifuge the filtrates at 3500 rpm for 45 min at 4 �C.

(f) Discharge the supernatant to give peptide precipitates.

5. Lyophilization

(a) Dissolve the obtained precipitates in distilled water and
freeze.

(b) Freeze-dry the solidified sample under vacuum.

3.1.2 Labeling

and Cyclization

Side chain modifications (fluorophores—FiM-Alexa), orthogonal
conjugation (FiZortho), and cyclization (Cycle_one) are carried out
by applying Fmoc/tBu/Mtt or Fmoc/tBu/Allyl protocols
(Table 1). Fmoc-Lys(Aloc)-OH, Fmoc-Lys(Mtt)-OH, and Fmoc-
Glu(OAl)-OH derivatives are used to incorporate modification
sites in fully protected sequences directly on resin. Allyl and Mtt
chemistries are orthogonal to the Fmoc/tBu protocols and do not
affect other residues.
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Fluorescent Labeling

of FiM-Alexa

1. Mix an equivalent of orthogonally deprotected resin (-Lys
(Aloc)-) with Alexa Fluor 488 succinimidyl ester/DIPEA
(1.1 eq. in DMF).

2. Perform the reaction at 60 �C for 10 min in a microwave unit
(CEM Corp.).

Backbone Cyclization 1. Load Fmoc-Glu-OAll onto the MBHA resin as the first residue
through the γ-carboxylate.

2. Assemble the sequence using the cycle described in Step 2 of
Subheading 3.1.1 and when complete remove the allyl group
using the mixture in Step 3 of Subheading 3.1.1 which will
leave the other residues protected.

3. Once the Alloc group is removed cyclize the peptide directly on
the resin using a fourfold excess of HBTU and DIPEA (total
4 mL) at 60 �C (10 min).

4. Repeat the cyclization step twice.

5. Cleave the resin and process the product using the protocol
described in Steps 4 and 5 of Subheading 3.1.1. Note: Upon
cleavage the glutamate is converted into glutamine.

3.1.3 Reverse Phase-

HPLC and Mass

Spectrometry

1. Solubilize the crude peptide in distilled water.

2. Inject 5 mL of the obtained peptide solution on a semi-
preparative RP-HPLC column (Vydac C18, 5 μm).

3. Run a 10–70% gradient of 95% aq. CH3CN containing 0.1%
TFA over 50 min, with the flow rate of 4.7 mL/min.

4. Monitor the gradient at different wavelengths: 214 and
230 nm (peptide bonds), 280 nm (aromatic side chains), and
495 nm (Alexa Fluor 488).

5. Collect eluted fractions every 30 s.

6. Mix 1 μL of DHBmatrix (10 mg/mL in CH3CN/water 50:50
containing 0.1% TFA) with peptide (1 μL) and spot 1 μL of the
obtained mixture on a MALDI-TOF plate to confirm peptide
identity.

7. Combine pure fractions, freeze, and freeze-dry as per Steps 4
and 5 of Subheading 3.1.1.

8. Solubilize an aliquot of the purified peptide to confirm and
quantify its purity by analytical RP-HPLC (Vydac C18, 5 μm) at
the flow rate of 1 mL/min.

3.2 Fiber Assembly

3.2.1 Fiber Preparations

for TEM Imaging

1. Prepare a stock solution (0.5–1 mL) of a pure peptide
(2–3 mM).

2. Determinate peptide concentration by UV-Vis for FiM(Alexa)
at 495 nm (ε of 71,000 M�1 cm�1), for FiM at 214 nm
calculating an extinction coefficient as described elsewhere
[39] and at 280 nm for all other peptides (Table 1).
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3. Prepare peptide samples (200 μL, 100 μM) in 10 mM MOPS
or 10 mM phosphate buffer, pH 7.4.

4. Incubate at room temperature overnight.

3.2.2 Fiber Preparations

for Optical Microscopy

1. Prepare a 10 μM solution of FIM (Alexa) in 10 mMMOPS, pH
7.4.

2. Prepare FiM(Alexa)/FiM samples at a 1:104 molar ratio using
the obtained solution and the stock (FiM).

3. Place the resulting solution into a well of an 8-well chamber
(Nunc™ Lab-Tek™).

3.2.3 Transmission

Electron Microscopy

(Staining)

1. Deposit 8 μL of a fiber preparation (as above) on a glow-
discharged TEM grid.

2. Let the content of the droplet settle for 1 min.

3. Remove excess solution carefully by blotting paper from one
side of the grid.

4. Alternatively, deposit a TEM grid upside down on a droplet
placed on a piece of clean Parafilm®.

5. Remove excess water by blotting.

6. Stain the sample grid for 10 s with uranyl acetate, phospho-
tungstic acid, or ammonium molybdate (8 μL, 1% w/v).

7. Remove excess stain by blotting, and transfer the grid into a
TEM microscope for imaging.

3.2.4 Cryo-transmission

Electron Microscopy

(No Staining)

1. Prepare samples in a climate chamber with 100% relative
humidity.

2. Load a droplet (5 μL) of a peptide solution on a glow-
discharged lacey carbon grid.

3. Let the content of the droplet settle for 2–10 s before blotting.

4. Plunge into liquid ethane cooled with liquid N2 for freezing.
Peptide nanostructures become embedded in a vitreous ice
suspended inside the holes of the carbon grid.

5. Transfer the sample grid (without warming) into a Gatan
626 cryo-holder filled with liquid N2 and image.

3.3 Spectroscopy

3.3.1 Circular Dichroism

spectroscopy

CD Spectra

1. Prepare peptide sample (50–300 μM) in 10 mM MOPS or
phosphate buffer, pH 7.4.

2. Place the sample in a quartz cuvette with 0.05 or 0.1 cm path
length.

3. Record far-UV CD spectra in the 190–260 nm wavelength
range collecting data points at 1 nm step, 1 nm bandwidth
with 4 acquisitions.
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4. Convert all the measurements, after baseline correction, into
mean residue ellipticities by normalizing for the concentration
of peptide bonds and cuvette path length (MRE,
deg cm2 dmol�1 res�1).

Thermal Denaturation

Curves

1. Record unfolding curves at 222 nm in the range of 5–90 �C at
1 �C intervals with a ramp of 1 �C/min and 16 s equilibration
time for each temperature point.

2. Record CD spectra in the 190–260 nm wavelength range after
the melt and cooling.

3. Plot the thermal unfolding curves as a function of temperature
in mean residue ellipticities.

3.3.2 Linear Dichroism

Spectroscopy

1. Place a peptide aliquot (60 μL, 100 μM in 10 mM MOPS, pH
7.4) into a micro-volume quartz Couette flow cell.

2. Achieve molecular alignment by setting up a constant laminar
flow of the sample solution between the two coaxial cylinders, a
stationary quartz rod and a cylindrical capillary rotating at
3000 rpm.

3. Record all spectra in the 260–190 nm wavelength range at a
1 nm step size, 1 nm bandwidth, 50 nm/min scan speed, with a
4-s response time and three acquisitions.

4. Process the spectra by subtracting nonrotating baseline spectra
and normalizing for the concentration of peptide bonds with
conversion to amean residue delta epsilonΔε (M�1 cm�1 res�1).

3.3.3 Fourier-Transform

Infrared Spectroscopy

1. Place a peptide aliquot (20 μL, 100 μM in 10 mM MOPS, pH
7.4) in a circular sampling area of a 2-mm radius with a path
length of 6 μm. The multi-reflection ATR accessory used is
based on a dual-crystal technology, which has an upper silicon
crystal and a hemispherical zinc selenide (ZnSe) lower crystal
that does not come into contact with the sample.

2. Maintain the temperature of the sample at 20 �C.

3. Collect FTIR spectra in the range of 4000 and 850 cm�1 with a
resolution of 4 cm�1, a scanner velocity 20 kHz, 128 scans, a
phase resolution of 32, and a zero filling factor 4.

3.4 Fiber Diffraction

of Partially Aligned

Samples

3.4.1 X-Ray Fiber

Diffraction

1. Prepare XRD specimens by suspending a droplet of a peptide
solution between the ends of wax-coated capillaries and allow
them to dry.

2. Examine the peptides dried on the wax head forming a
protuberance.

3. Compare all XRD patterns versus the XRD of the wax heads
supporting the samples.
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4. Mount XRD specimens vertically onto the four-axis goniome-
ter of a RAXIS IVþþ X-ray diffractometer (Rigaku) equipped
with a rotating anode generator.

5. XRD data (rings) for samples with no positional ratio between
reflections correspond to average distances between objects.
The average distance is the spacing calculated from the position
of the ring: spacing is equal to d ¼ 2 � 3.14/q, where q is a
scattering vector for the position of the ring.

3.5 Microscopy

3.5.1 Optical Microscopy

Wide-Field Fluorescence

Microscopy

1. Deposit a peptide aliquot (6 μL) on a microscope slide and
cover the slide with a glass slip.

2. Image fluorophore-labeled fibers using an �40 lens.

3. Use the DIC imaging mode to optimize the focus and record
fluorescence using relevant excitation wavelengths.

4. Process the images using Carl Zeiss Vision imaging software
before overlaying.

Structured Illumination

Microscopy

1. Perform fiber imaging using a custom-built (or commercial)
SIM system as described in Subheading 2.4.1.

2. Immediately prior to imaging, transfer peptide solution to a
well of an 8-well chambered coverslip mounted on the micro-
scope sample stage.

3. Capture time-lapse images under illumination of the sample
with a series of nine sinusoidal irradiance patterns, with the
corresponding phase gratings displayed on the SLM set such
that the first diffracted orders fell inside the TIRF ring of the
objective lens [18, 19].

4. Acquire endpoint images with a coarser grating displayed on
the SLM to allow illumination of the full depth of the sample.

5. Reconstruct the images of fibers formed at the endpoint of the
self-assembly process as described in [18].

Note: Fig. 4a, b shows a typical SIM image reconstruction
of densely packed fibers, illustrating how the improved image
contrast and spatial resolution of SIM enable a clearer visuali-
zation of individual fibers against the fluorescent background.
For time-lapse imaging, owing to the relatively low signal-to-
noise ratio in the raw images, each sequence of raw images is
summed up to create a diffraction-limited TIRF image with
improved illumination uniformity and signal-to-noise.

6. Analyze time-lapse TIRF images to determine fiber growth
kinetics.

7. Prior to segmentation, correct lateral offsets between images in
each image series using intensity-based registration (using fluo-
rescent clusters as markers), Fig. 4c.
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8. Normalize the intensity of each image and apply a top-hat filter
to increase image contrast.

9. Segment Individual fibers and track them through the time-
lapse sequence using open active contours implemented in the
ImageJ plugin JFilament [40].
Note: Values for foreground and background are defined indi-
vidually for each fiber tracked in the sequence. All other con-
tour parameters are empirically optimized once and assigned
the same values for all fibers in the sequence.

3.5.2 High-Resolution

Microscopy

Transmission Electron

Microscopy

1. Record micrographs using an FEI Tecnai 20 twin lens scanning
transmission electron microscope, operated at 200 kV and
equipped with an Eagle 4k � 4k CCD camera.

Atomic Force Microscopy 1. Clean a silicon wafer using ethanol and dry the substrate under
nitrogen.

2. Immerge the clean silicon wafer in 100–300 μM of peptide
solution in MOPS at pH 7.4 and incubate overnight at room
temperature.

Fig. 4 In situ and live imaging. (a) Composite SIM (center circle) and diffraction-limited wide-field image
(outside the circle) showing protein fibers assembled from staggered coiled-coil trimers labeled with
Alexa488. (b) Montage showing diffraction-limited wide-field (left) and SIM (right) images of the same region,
emphasizing how the removal of the out-of-focus light and improved spatial resolution in SIM allows clearer
visualization of individual fibers against the fluorescent background. (c) Time-lapse TIRF images of a self-
assembling protein fiber. The bright round feature in the upper part of each image is a fluorescent aggregate
used for image registration. Adapted by permission from Macmillan Publishers Ltd: Scientific Reports, [23]
Copyright 2014
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3. Record topographic, amplitude, and phase AFM images using
tapping mode AFM. All images are flattened with a first-order
line-wise correction fit.

4. Process Images using proprietary software (SRIP 6.0.2).
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Chapter 5

Replica Exchange Molecular Dynamics: A Practical
Application Protocol with Solutions to Common Problems
and a Peptide Aggregation and Self-Assembly Example

Ruxi Qi, Guanghong Wei, Buyong Ma, and Ruth Nussinov

Abstract

Protein aggregation is associated with many human diseases such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), and type II diabetes (T2D). Understanding the molecular mechanism of protein aggregation
is essential for therapy development. Molecular dynamics (MD) simulations have been shown as powerful
tools to study protein aggregation. However, conventional MD simulations can hardly sample the whole
conformational space of complex protein systems within acceptable simulation time as it can be easily
trapped in local minimum-energy states. Many enhanced sampling methods have been developed. Among
these, the replica exchange molecular dynamics (REMD) method has gained great popularity. By combin-
ing MD simulation with the Monte Carlo algorithm, the REMD method is capable of overcoming high
energy-barriers easily and of sampling sufficiently the conformational space of proteins. In this chapter, we
present a brief introduction to REMD method and a practical application protocol with a case study of the
dimerization of the 11–25 fragment of human islet amyloid polypeptide (hIAPP(11–25)), using the
GROMACS software. We also provide solutions to problems that are often encountered in practical use,
and provide some useful scripts/commands from our research that can be easily adapted to other systems.

Key words Replica exchange method, Molecular dynamics simulations, Free energy landscape, Pro-
tein aggregation, Human islet amyloid polypeptide, GROMACS, REMD

1 Introduction

1.1 Replica

Exchange Molecular

Dynamics Study

of Peptide Aggregation

and Self-Assembly

Proteins and peptides can self-assemble into β-sheet rich filaments
that form naturally in bacteria and abnormally in tissues of patients
with neurodegenerative diseases. Such assemblies also have remark-
able mechanical properties with potential nanotechnological appli-
cations [1, 2]. The pathological self-assembly of amyloidogenic
proteins is related to many human diseases such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and type II diabetes
(T2D) [3–5]. Revealing the mechanism of protein self-assembly is
essential for the development of effective inhibitors against amy-
loidosis and designing new biological materials. Computational
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approaches are powerful tools to study the early self-assembly step
of protein aggregation, which is challenging to characterize experi-
mentally due to the fast aggregation process and the transient
nature of oligomers. Conventional molecular dynamics
(MD) simulations can hardly explore the complete free energy
surface of biomolecules as the simulated system could be easily
trapped in local free-energy-minimum conformations. Thus,
enhanced sampling methods have been developed in recent years
[6, 7], such as metadynamics [8] and replica exchange molecular
dynamics (REMD) [9]. Here we focus on the REMD method, a
highly practical and efficient algorithm to study peptide self-
assembly.

The REMD method was first introduced in the study of bio-
molecules by Okamoto and coworkers [9]. It is a hybrid method by
combining MD simulations with the Monte Carlo algorithm. In
REMD simulations, several copies (replicas) of the same system are
simulated in parallel using MD simulations at different tempera-
tures or at the same temperature but using different Hamiltonians.
Swapping between neighboring replicas is periodically attempted
with a probability given by the Metropolis criterion (Fig. 1). This
method generates a generalized ensemble of the simulated system.
In this way, REMD is capable of overcoming high-energy barriers
easily and sampling conformational space sufficiently, which allows
exploration of the free energy landscape of protein aggregates.
Furthermore, the parallel feature of the REMD method makes it
suitable for the highly parallel computer cluster resources that are
often available nowadays.

In this chapter, we present a brief introduction to REMD
method and a practical application to study the initial dimerization

Fig. 1 Illustration of replica exchange molecular dynamics (REMD) method
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step of the 11–25 fragment of human islet amyloid polypeptide
(hIAPP(11–25)) aggregation [10]. We describe the detailed proto-
col for performing a REMD simulation and data analysis, and
discuss the problems that are often encountered in REMD simula-
tions. We also provide some useful scripts/commands from our
research experience that can be easily adapted to other biomolecu-
lar systems.

1.2 REMD Method The methodology of REMD was presented in detail in a previous
study [9]. Here, we provide a brief description. Considering a
system withN particles of massmk(k¼ 1, . . ., N), with coordinates
q � (q1, . . ., qN) and momenta p � ( p1, . . ., pN), the Hamiltonian
of the system is

H q; pð Þ ¼ K pð Þ þ V qð Þ
where K( p) is the kinetic energy K pð Þ ¼ PN

k¼1

p2
k

2mk

� �
, and V(q) is the

potential energy.

In the canonical ensemble at temperature T, the probability of
finding the system in state x � (q, p) is

ρB x;Tð Þ ¼ exp �βH q; pð Þ½ �
where β ¼ 1/kBT, and kB is Boltzmann constant.

The simulation system has the generalized ensemble, where
M non-interacting copies (replicas) of the above system are
distributed atM different unique temperatures Tm(m ¼ 1, . . ., M).
The replica i(i ¼ 1, . . ., M) corresponds to the temperature
m (m ¼ 1, . . ., M).

Let X ¼ x
i 1ð Þ½ �
i ; . . . ; x

i Mð Þ½ �
i

� �
¼ x

i½ �
m 1ð Þ; . . . ; x

M½ �
m Mð Þ

� �
denotes the

state of the generalized ensemble, andX is specified by theM sets of
coordinates q[i] and momenta p[i] of N particles in replica i at
temperature Tm:

x i
m � q i½ �; p i½ �

� �
m

Since each replica is independent from others, the probability
of the generalized ensemble in state X is

ρREM Xð Þ ¼ exp �
XM
i¼1

βm ið ÞH q i½ �; p i½ �
� �( )

¼ exp �
XM
m¼1

βmH q i mð Þ½ �; p i mð Þ½ �
� �( )

where i(m) and m(i) are connected by
i ¼ i mð Þ
m ¼ m ið Þ

�

The simulation tends to exchange replica i (at temperature Tm)
and j (at temperature Tn):
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X ¼ . . . ; x i½ �
m ; . . . ; x

j½ �
n ; . . .

� �
! X

0 ¼ . . . ; x j½ �0
m ; . . . ; x i½ �0

n ; . . .
� �

or in detail,

x i
m � q i½ �; p i½ �� �

m
! x

j½ �0
m � q j½ �; p j½ �0

� �
m

x j
n � q j½ �; p j½ �� �

n
! x

i½ �0
n � q i½ �; p i½ �0

� �
n

8><
>:

Note that exchanging temperature between two replicas is
equivalent to exchanging two configurations at adjacent tempera-
tures. In this REMD protocol, the momenta should also be rescaled,

p i½ �0 �
ffiffiffiffiffiffiffi
T n

Tm

r
p i½ � p j½ �0 �

ffiffiffiffiffiffiffi
Tm

T n

r
p j½ �

�

This scheme rescales uniformly the momenta of all particles to
keep at a proper temperature, and furthermore, provides a neat way
to satisfy the detailed balance condition by canceling out the kinetic
energy terms, as shown below.

For transition probability w(X ! X
0
), the detailed balance

condition requires

ρREM Xð Þw X ! X 0ð Þ ¼ ρREM X 0ð Þw X 0 ! Xð Þ
Thus, we have

w X ! X
0� �

w X
0 ! X

� � ¼ exp �βm K p j½ �0
� �

þ V q j½ �
� �h i

� βn K p i½ �0
� �

þ V q i½ �
� �h in

þβm K p i½ �� �þ V q i½ �� �
 �þ βn K p j½ �� �þ V q j½ �� �
 ��

¼ exp �βm
Tm

T n
K p j½ �
� �

� βn
T n

Tm
K p i½ �
� �

þ βmK p i½ �
� �

þ βnK p j½ �
� ��

�βm V q j½ �� �� V q i½ �� �
 �� βn V q i½ �� �� V q j½ �� �
 �� ¼ exp �Δð Þ

where Δ � [βn � βm](V(q
[i]) � V(q[j])).

This can be satisfied by introducing theMetropolis criterion [11]:

w X ! X 0ð Þ � w x i½ �
m jx j½ �

n

� �
¼ min 1; exp �Δð Þð Þ

2 Materials

2.1 GROMACS-4.5.3

[12]

The REMD simulation can be performed using popular MD simu-
lation packages including GROMACS [12], AMBER [13],
CHARMM [14], NAMD [15], etc. For this case study we use
GROMACS-4.5.3. The implementation in other GROMACS ver-
sions is straightforward. When using other simulation packages, we
recommend referring to the documents or tutorials provided by the
official sites of these packages.
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2.2 High

Performance

Computing (HPC)

Cluster

REMD simulations are highly parallel and resource demanding.
HPC cluster installed with the GROMACS-4.5.3 and a standard
message passing interface (MPI) library are required. Typically two
cores per replica can give nice productivity in a HPC cluster
equipped with Intel Xeon X5650 CPUs or above.

2.3 Visual Molecular

Dynamics (VMD)

In this protocol, the versatile package VMD [16] is used for molec-
ular modeling and structure visualization. VMD supports compu-
ters running MacOS X, Unix, or Windows systems, and is
distributed free of charge.

2.4 Linux Shell Some shell scripts coded in Bash are provided for data preparation
and file processing. These scripts can run on a normal Linux distri-
bution or a virtual Linux environment such as Cygwin on
Windows.

3 Methods

Here we illustrate how to perform a REMD study from scratch
using the GROMACS-4.5.3 and VMD packages via a case study of
hIAPP(11–25) dimer system at a constant pressure and tempera-
ture (NPT) ensemble. The peptide with amino acid sequence of
RLANFLVHSSNNFGA is capped by an acetyl (CH3CO) group at
the N-terminus and a NH2 group at the C-terminus, as done
experimentally [17]. Note that the REMD algorithm was initially
developed for canonical ensemble (NVT, constant volume and
constant temperature). It can be easily adapted to the NPT ensem-
ble with the Hamiltonian of the system as

H q; pð Þ ¼ K pð Þ þ V qð Þ þ PV

where P and V are the pressure and volume of the system, respec-
tively. The contribution of volume fluctuations to the total energy is
negligible [18].

The REMD method combines the replica exchange algorithm
with multiple MD simulations. Thus, the initial step of the REMD
simulation is identical to that of the conventional MD simulation.
In the final step, a series of parallel MD replicas at different tem-
peratures are created. Here we illustrate the major processes of
carrying out a REMD study without too much details, unless
there are some key issues needing further clarification.

3.1 Construct

an Initial Configuration

of hIAPP(11–25) Dimer

The first step in performing a REMD study is to construct a starting
configuration (in some cases, more than one initial configurations
are needed) (see Note 1).

1. Use VMD TCL console to construct a configuration in which
the two hIAPP(11–25) molecules have a vertical chain distance
of 1.4 nm, i.e., with no atomic contacts (see Note 2).
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To construct the desired configuration, one can construct a
configuration by manipulating the molecules via modifying
and combining the following TCL commands (# comments):
set chainA [atomselect 0 "all"] # Select chain A

set chainB [atomselect 1 "all"] # Select chain B

measure center $chainA # Measure the center of mass of chain A

measure center $chainB

$chainA moveby {0 0 5} # Move chain A by 5 Angstrom in Z
direction

$chainAmove [transaxis z 30 deg] # Rotate chain A by 30 degree
around Z axis

$chainA writepdb chainA.pdb

$chainB writepdb chainB.pdb

2. Merge the two chains into one pdb file, e.g., dimer.pdb, by
Linux Shell commands, such as cat, and then use the Gromacs
command editconf to convert it to proper pdb format (Fig. 2).

3. Use pdb2gmx command tool to create the coordinate and topol-
ogy files.
pdb2gmx -f dimer.pdb -o dimer.gro -p dimer.top -inter –ignh

3.2 Choose

a Simulation Box

1. After we created an initial configuration, now we need to solvate
the molecule in a water box by the following command.

editconf -f dimer.gro -o dimer_box.gro –c -box 5 5 5

Note that the box should be big enough so that the molecule
will not interact with its neighboring mirror (i.e., within the
potential distance cutoff) under periodic boundary condition
(PBC). Beware that the protein molecule rotates in solution.
As a general rule of thumb, the rotational correlation time τc
(time taken to rotate by one radian) of a monomeric protein in
solution in nanoseconds is approximately 0.6 multiplying its

Fig. 2 The initial conformation of hIAPP(11–25) dimer
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molecular weight in kDa [19], which means that a 90� rotation
of a protein takes time ~[0.94 � molecular weight (in kDa)]
ns. For a globular protein system a more spherical box shape
such as dodecahedron is highly recommended, which saves as
much as 29% water molecules (see Note 3).

3.3 Do Energy

Minimization

and Equilibrium

1. After creating a simulation box, we need to do the energy
minimization and equilibrium in both vacuum and solvent.
The following commands do the job.

grompp -f em.mdp -c dimer_box.gro -p dimer.top -o dimer_-
em_vac.tpr

mdrun -v -deffnm dimer_em_vac

genbox -cp dimer_em_vac.gro -cs spc216.gro -p dimer.top -o
dimer_sol.gro grompp -f em.mdp -c dimer_sol.gro -p
dimer.top -o dimer_em_sol.tpr

mdrun -v -deffnm dimer_em_sol

2. Now add counter ions and extra salt ions to get a neutral system
usually with a final salt concentration of 0.1 M.

grompp -f em.mdp -c dimer_em_sol.gro -p dimer.top-
-o dimer_ions.tpr

genion -s dimer_ions.tpr -p dimer.top -o dimer_ions.
gro -neutral -conc 0.1

Prompt selection: SOL

grompp -f em.mdp -c dimer_ions.gro -p dimer.top-
-o dimer_em_ions.tpr

mdrun -v -deffnm dimer_em_ions

3. Equilibrate the system in NVT ensemble first and then in NPT
ensemble to further relax the system and reduce the possibility of
system exploding in production run afterwards.

grompp -f NVT.mdp -c dimer_em_ions.gro -p dimer.top-
-o dimer_nvt.tpr

mdrun -v -deffnm dimer_nvt

grompp -f NPT.mdp -c dimer_nvt.gro -p dimer.top-
-o dimer_npt.tpr

mdrun -v -deffnm dimer_npt

3.4 Set Temperature

Distribution and Create

Replicas

Now that we have a well-equilibrated system, it’s time to construct
replicas for the REMD simulation. A key step in the REMD
method is to set a proper temperature distribution, which should
give a sufficiently high temperature and similar acceptance ratio
between all adjacent replica pairs over the entire temperature
range [9, 20]. In addition, for efficiency each replica should spend
equal amounts of time at each temperature [21]. The upper limit of
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the temperature distribution should be high enough so that no
trapping in a local minimum-energy state occurs. However, this is
not straightforward to verify even though random walks among
replicas are observed. Typically one can examine the selection of the
highest temperature by comparing the energy distribution with a
classical MD run at an expected temperature, which should not
produce a significant deviation. Previous studies showed that the
maximum temperature should be just above the temperature where
the activation free energy vanishes and any replicas higher than that
would decrease the efficiency due to non-Arrhenius behavior
[22, 23]. In the REMD study of hIAPP(11–25) dimer, 453 K
was chosen and verified as a sufficient temperature upper limit.
The lower limit temperature is usually near the temperature of
highest interest (mostly at the physiological temperature of 310 K
for the study of peptide aggregation).

Temperatures that are distributed exponentially usually provide
a uniform acceptance ratio in the limit of constant heat capacity
[24]. Different algorithms have been developed to further optimize
this distribution. Here we recommend an algorithm derived by
Patriksson and van der Spoel [20] where the energy distributions
are assumed to be Gaussian. A temperature distribution can be
provided once the number of atoms in the system, upper and
lower temperature limits, and a desired exchange probability are
given. No further prior knowledge about energies or temperatures
is needed.

1. Generate the temperature distribution ranging from 310 to
453 K using the web server (http://folding.bmc.uu.se/remd).

It should be noted that the temperature differences between
adjacent replicas should not be too large in order to obtain
sufficient potential energy overlaps between the two replicas,
thus the acceptance ratio between them is not too small (as a
rule of thumb, 0.2~0.3 is good). A short (e.g., 1 ns) REMD test
is practicable to check the acceptance ratio.

2. Generate the replicas of the hIAPP(11–25) dimer system.
With a selected temperature distribution, the replicas can be
generated using the following Bash script create_replicas.sh
(with instructions on how to prepare files in # comments):

#---------Begin---------

#! /bin/bash

# First prepare the file temperature.dat with your temperature
distribution arranged in two columns as:

# 0 310.0

# 1 312.84

# 2 315.7
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# . . .

# Then in remd.mdp file, specify any temperature value with the
“TEMP” string, e.g.

# ref_t ¼ TEMP TEMP

# gen_temp ¼ TEMP

# and specify the remd.mdp file directory here.

mdpFile¼/DIRECTORY/TO/YOUR/REMD.MDP

# Execute this script by:

# ./create_replicas.sh < temperature.dat

while read replica temp

do

sed -e ’s/TEMP/’$temp’/g’ $mdpFile > rep_$replica.mdp

# Option 1. Generate *.tpr with single starting structure, mod-
ify it if needed

grompp -f rep_$replica.mdp -c dimer_npt.gro -p dimer.top -o
dimer_$replica.tpr

# Option 2. Generate *.tpr with 4 (or any other number) start-
ing structures (should be named as dimer_npt_0.gro
dimer_npt_1.gro dimer_npt_2.gro dimer_npt_3.gro etc),
modify it if needed

# grompp -f rep_$replica.mdp -c dimer_npt_$(($replica%4)).
gro -p dimer.top -o dimer_$replica.tpr

done

rm \#* mdout.mdp

#---------End---------

3. Run a 1-ns REMD simulation to check whether the acceptance
ratio between two adjacent replicas is within 0.2~0.3. Adjust the
temperature limits and/or the exchange probability to regener-
ate the desired temperature distribution.

3.5 Running

the Simulation

1. Now, run the REMD simulation by the following command
(suppose we have 44 replicas):

mdrun -s dimer_.tpr -multi 44 -replex 1000 -maxh 240 -noappend
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For data safety and subsequent ease-of-coding, we recommend
using the parameters –noappend to save the output data separately,
and –maxh to gracefully terminate REMD jobs before reaching the
HPC cluster wall time limit (e.g., 10 days) that can easily corrupt
data. To extend or restart a normally terminated/crashed job,
checkpoint (.cpt) files are needed. However, data outputs including
.cpt files are not always saved at the same pace among all replicas (see
Note 4). A practical trick to avoid corrupting a .cpt file is to use the
parameter –cpt, e.g., 60 (min) and set long enough time intervals of
writing out .cpt file.

The -replex 1000 was used in our REMD simulation, which
means we make the exchange trial between a pair of replicas every
1000 integration steps (with an integration time step of 2 fs).
Different swap time settings can affect the sampling efficiency of
REMD simulation. Details on this issue are discussed in Note 5.

3.6 Data Analysis

3.6.1 Convergence

Check of REMD Simulation

The first step to analyze the data after finishing REMD run is to
check the convergence of the simulation, as physical variables can
only be correctly calculated based on a converged sampling. There
are several ways to assess the convergence (Figs. 3, 4, and 5),
including checking physical properties between two independent
time intervals and checking whether a replica spans full temperature
space multiple times by tracing a selected replica with simulation
time.

1. Monitor the time evolution of hIAPP(11–25) dimer replicas by
tracing one replica (replica 1) in temperature space.

The time evolution of replica 1 shows that the peptide visited
sufficiently the entire temperature space (Fig. 3).

Fig. 3 Convergence check of the REMD run of hIAPP(11–25) dimer. The time
evolution of replica-1 in temperature space
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2. Calculate the percentage of dwell time at each temperature for
each of the 44 replicas.

Figure 4 demonstrates each replica samples all of the 44 tem-
peratures through the 300-ns simulation time, indicating suffi-
cient sampling. The overall standard deviations also show an
appropriate sampling of the REMD simulation. For rigorous
results, we need to check the distributions of some physical
variables within two or more independent time intervals. For

Fig. 4 The percentage of dwell time at each temperature for all of the
44 replicas. The overall standard deviations are shown in bars. With a certain
exchange probability, a good sampling efficiency requires that the time a replica
spends at every temperature site should be similar. So that the unbiased random
walk of a replica through the whole temperature space is guaranteed

Fig. 5 Convergence check of the REMD run of hIAPP(11–25) dimer. Probability
distributions of Rg within two different time intervals of 50–175 ns and
175–300 ns are overlapped very well
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example, in our hIAPP(11–25) dimer system, the convergence
of the REMD run was checked using the probability distribu-
tions of Rg generated within two independent time intervals:
50–175 ns and 175–300 ns. As seen from Fig. 5, the two
probability distribution curves overlap very well, indicating a
good convergence of the REMD simulations.

3. Compare simulation results with experimental data if available.
A comparison of simulation with experimental results is neces-
sary if experimental data are available. A good agreement
between them can validate the reliability of the simulation
results. As in our hIAPP(11–25) monomer REMD simulation,
we calculated the Hα chemical shifts of each amino acid residue
using SPARTA+ [25], and compared it with solution NMR data
[17]. As shown in Fig. 6a, b, our simulations essentially repro-
duced the experimental Hα chemical shifts. The calculated Hα

secondary chemical shifts were also in agreement with solution
NMR experimental observations, with a Pearson correlation
coefficient of 0.57. These results demonstrate that our REMD
simulations reasonably converged.

3.6.2 Fix the Periodic

Boundary Condition (PBC)

Problem

Simulations are normally performed under PBC. Molecules are
often seen in a bond-broken state if they cross the PBC boundaries.
We need to restore all atoms into the same unit cell to avoid bond-
broken state. Generally the following steps can do the job.

1. Make a group in .ndx file using make_ndx to select a group of
atoms or molecules as center, which will make the whole system
gathered into one unit cell. Then do the following command:

trjconv -f traj.xtc -o center.xtc -n index.ndx -center -boxcenter
rect

Fig. 6 Comparison between calculated and experimental chemical shifts of hIAPP(11–25) monomer along with
representative REMD-generated α-helical and β-structures at 310 K. (a) Hα chemical shifts (δ), (b) Hα

secondary chemical shifts (Δδ)
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2. trjconv -f center.xtc -o inbox.xtc -ur compact -pbc atom.

3. trjconv -f inbox.xtc -s topol.tpr -o final.xtc -pbc mol.

Then we need to check the final.xtc with VMD. If there are still
molecules that diffuse away (often encountered with multi-peptides
system), repeat the steps 1~3 and use a different center group in
the step 1.

3.6.3 Calculate Chain-

Independent RMSD

for Multi-Peptide System

It is often useful to cluster all the conformations sampled in the
REMD simulation, either for charactering the conformational
ensemble or for further use in other analyses (such as Markov
State Model (MSM)) [26, 27]. However, a common issue fre-
quently encountered with the RMSD-based clustering is the
exchange effect of topologically identical peptide chains in the
coordinate files. As more typically shown in our previous REMD
study on Aβ(16–22) octamer system [28], the eight chains are not
covalently connected, and their relative spatial positions in one
conformation may be different from those of another. The RMSD
value calculated directly using the coordinate file from the REMD
run may not be the smallest and cannot be used for structure
similarity comparison. In this situation, the permutation of all
chains should be considered, although this may drastically increase
the computational cost. While there is no such issue with single
peptide/protein, ignoring the chain exchange effect in multi-pep-
tide/protein system will cause errors in RMSD calculation.

3.6.4 Calculate

the Connectivity Length

to Characterize the Degree

of Peptide Aggregation

Oligomerization is the initial process of protein aggregation and
fibrillation, in which a quantity capable of capturing the degree of
aggregation would be very useful. We have introduced a mathemat-
ical parameter—connectivity length (CL) to characterize the order-
ing of the β-sheet-rich oligomers in our previous study [29]. This
method can also be used to characterize the extent of aggregation.
CL is defined as the sum of the square root of the sizes of all
oligomers (or β-sheet sizes in the characterization of oligomer
ordering). For example, for an octa-peptide system, the resulting
two-tetramer aggregate (4,4) will give a CL ¼ ffiffiffi

4
p þ ffiffiffi

4
p ¼ 4; while

another arrangement (1,3,2,2) (i.e., a system consisting of one
monomer, one trimer, and two dimers) will give a

CL ¼ ffiffiffi
1

p þ ffiffiffi
3

p þ ffiffiffi
2

p þ ffiffiffi
2

p ¼ 5:56. Therefore, CL reflects the
extent of oligomerization (or the ordering the oligomers). The
smaller the CL is, the stronger the peptide oligomerization
becomes (or the more ordered the oligomer is).

3.6.5 Construct the Free

Energy Landscape

REMD simulations sample the conformational space more effi-
ciently than conventional MD simulations, making it quite suitable
to investigate peptide aggregation. Here, taking the hIAPP(11–25)
dimer system as an example, we illustrate the procedure of free
energy landscape construction.
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1. Choose two variables that can reflect the essential information of
the system as order parameters.

2. Calculate the free energy of different states based on binned-
state-statistics using �RT ln P(x, y), where R, T, P are, respec-
tively, the gas constant, temperature, and probability of specific
state.

For the hIAPP(11–25) dimer (Fig. 5), the two-dimensional free
energy surface is constructed using �RT ln [P(Rg, RMSD)],
where P(Rg, RMSD) is the probability of a conformation having
a certain value of Rg and RMSD. Here, Rg and RMSD denote
the radius of gyration of the dimer and the root mean square of
deviation of the configuration referenced to the structure E in
Fig. 5 of [10]. Five minimum energy basins are observed in free
energy landscape. The corresponding representative snapshots
show hIAPP(11–25) dimers mostly adopt disordered conforma-
tions and to a lesser extent antiparallel β-sheet conformations.
However, caution should be taken when explaining the result of
a free energy landscape, as the information reflected by just two
reaction coordinates could be incomplete.

3. Use different reaction coordinates to construct the free energy
landscape.
To optimize the free energy analysis, the landscape based on
different reaction coordinates should be plotted. For the hIAPP
(11–25) dimer study, the free energy landscape based on Rg and
Hydrogen bond was also constructed and are in good agreement
with the one described here (Fig. 7).

3.6.6 Tips on REMD Data

Manipulation

REMD simulation generates large data set, often in hundreds of
gigabytes. Data transfer and manipulation should be taken care-
fully. We recommend a Linux tool rsync for data upload/download,
which is better than the typical scp tool (see Note 6). In addition, a
practical trick to save space in GROMACS REMD simulation is to
convert the .trr format into the .xtc format, which significantly
reduces the space occupation by removing the velocities and com-
pressing the data, but still keeps a sufficient resolution (seeNote 6).

3.6.7 Trajectory

Visualization with VMD

There are versatile applications in VMD for MD trajectory visuali-
zation and analysis. When using VMD, a novice user may encounter
the issue that the secondary structure doesn’t change properly
with trajectory animation. A TCL script can solve the problem
(see Note 7).

All-atom water REMD is one of the most rigorous simulation
methods currently used to explore the free energy surface of a
protein system. With the proper system size and physical condi-
tions, REMD can provide structure insights into various biomole-
cules. As an example here we illustrate the simulation of the peptide
oligomer system, hIAPP(11–25), to obtain clues of peptide assem-
blies and aggregation mechanism. Our extensive REMD
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simulations revealed the conformational distribution feature and
the α-Helix to β-Sheet transition mechanism of the hIAPP(11–25)
system.

4 Notes

1. In REMD simulations, multiple starting configurations are
recommended.

2. Although the editconf tool implemented in GROMACS package
can also do the same thing, the VMD TCL commands are more
powerful.

3. For a dodecahedron simulation box, the system visualization in
VMD will be shown as a triclinic box, which can be transferred
to a normal dodecahedron view by the following GROMACS
command:

trjconv -f tri.xtc -s md.tpr –pbc mol –ur compact -o dodeca.xtc

4. Due to the parallel feature of REMD simulation jobs, the .cpt
files can be easily corrupted if all jobs are not terminated properly
(e.g., by an abrupt job killing), so that the .cpt files of all replicas

Fig. 7 Free energy surface (in kcal/mol) of hIAPP(11–25) dimer at 310 K as a function of radius of gyration
(Rg) and backbone RMSD. The reference structure for RMSD calculation is structure E given in Fig. 5 of
[10]. The free energy surface contains five minimum energy basins, centered at (Rg, RMSD) values of
(0.88 nm, 1.06 nm), (0.91 nm, 0.96 nm), (0.88 nm, 0.9 nm), (0.99 nm, 0.64 nm), and (1.12 nm, 0.12 nm).
Representative structures in each minimum-energy basin along with their probabilities: 14.98% (A), 6.24%
(B), 6.24% (C), 14.41% (D), and 2.25% (E)
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don’t match when attempting a job continuation or restart. To
check whether a .cpt file is damaged or not, use the following
command:

gmxcheck -f state.cpt

A batch checking in advance for all checkpoint files can be
performed by the following Shell script, which can avoid
queuing-time waste in HPC cluster when .cpt files are actually
corrupted.

#!/bin/bash

for i in $(seq 0 43) #Replica 0~43

do

if gmxcheck -f state$i\_prev.cpt &>/dev/null

then

echo $i.ok

else

echo $i.no

fi

done

5. Generally it has been assumed that for sampling efficiency a long
enough relaxation time is needed for each replica’s MD run after
a swap. There has been a long debate on the exchange attempt
frequency in REMD. Some argue that the time interval for
exchange of conformations between adjacent replicas should
not be shorter than the potential energy autocorrelation time
[30, 31]. Others argue that the sampling efficiency increases
with the increasing exchange-attempt frequency [32, 33]. Com-
bining computational efficiency considerations and REMD sam-
pling, a rule-of-thumb attempt exchange time is 500~1500
integration steps (with a typical integration time step of 2 fs for
biomolecules).

6. The Linux tool rsync is powerful for data backup and/or syn-
chronization with the feature of breakpoint-resume, which can
be conveniently used for transferring large REMD data. Simply
use the following command to download data:
rsync -vaPz user@server-address:/Directory/of/data ./Local/
directory

Note: caution with the parameter -u, which can improperly skip
a partly transferred file.

We provide the following Shell script for converting all .trr
files in a current directory to .xtc files, which can then be
transferred by rsync. A secure deletion of the converted .trr
files is executed to avoid the surge of disk occupation.
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#----Begin----

#!/bin/bash

echo -e "\e[32mListing trr files...\e[0m"

echo ""

if ls *.trr

then

echo ""

echo -e "\e[32mNow converting all .trr to .trr.xtc\e[0m"

echo -e "\e[33mPlease wait\e[0m"

echo -e "\e[33m...\e[0m"

for i in ‘ls *.trr‘

do

if

trjconv -f $i -o $i.xtc &>trr2xtc.out

then

rm $i

else

echo -e ’\e[31m***Fatal error: OhGosh! Something bad
happens! Please check the output file trr2xtc.out\e[0m’

break

fi

done

echo ""

echo -e "\e[5m\e[32mComplete.\e[0m"

else

echo ""

echo -e "\e[31m***Error: Failed listing trr file. Please check
the directory.\e[0m"

fi

#----End----

7. Type the following command in VMD TCL console to get a
dynamic secondary structure visualization.

source ss.tcl

The content of ss.tcl is:

#----Begin----

trace variable vmd_frame(0) w pvar

Replica Exchange Molecular Dynamics: A Practical Application Protocol with. . . 117



proc pvar {name element op} {

mol ssrecalc top

}

#----End----
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Chapter 6

An Aggregate Weight-Normalized Thioflavin-T
Measurement Scale for Characterizing Polymorphic
Amyloids and Assembly Intermediates

Ronald Wetzel, Saketh Chemuru, Pinaki Misra, Ravi Kodali,
Smita Mukherjee, and Karunakar Kar

Abstract

The red shift in the fluorescence excitation spectra of thioflavin dyes upon binding to fibrils has been a boon
to the amyloid field, offering simple and effective methods for the qualitative detection of amyloid in tissue
samples and for quantitation of particular fibril preparations with gravimetric linearity. The quantitative
aspect of the thioflavin T (ThT) response, however, comes with an important caveat that bestows both
significant limitations and great untapped power. It is now well established that amyloid fibrils of different
proteins, as well as polymorphic fibrils of the same protein, can exhibit vastly different ThT fluorescence
intensities for the same weight concentration of aggregates. Furthermore, the aggregated intermediates
commonly observed in amyloid assembly reactions can exhibit aggregate weight-normalized (AWN) ThT
fluorescence intensities that vary from essentially zero through a wide range of intermediate values before
reaching the intensity of homogeneous, mature amyloid. These features make it very difficult to quantita-
tively interpret, without additional data, the time-dependent development of ThT fluorescence intensity in
an assembly reaction. In this chapter, we describe a method for coupling ex situ ThT fluorescence
determinations with an analytical HPLC supported sedimentation assay (also described in detail) that can
provide significant new insights into amyloid assembly reactions. The time dependent aggregation data
provided by the sedimentation assay reveals a time course of aggregation that is largely independent of
aggregate properties. In addition, the combination of these data with ThT measurements of the same
reaction time points reveals important aspects of average aggregate structure at each time point. Examples
of the use and potential value of AWN-ThT measurements during amyloid assembly Aβ and polyglutamine
peptides are provided.

Key words Amyloid, Oligomer, Thioflavin T, Centrifugation, HPLC, Assembly intermediates, Poly-
morphic, Fibrils, Nucleation, Elongation

1 Introduction

Aggregation reactions are a ubiquitous feature of the evolution,
biological life cycles, and physical behavior of proteins [1], playing
important roles both in the normal generation and flux of polypep-
tides in the cell and in a large and growing number of diseases

Bradley L. Nilsson and Todd M. Doran (eds.), Peptide Self-Assembly: Methods and Protocols, Methods in Molecular Biology,
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[2, 3]. In addition, amyloid fibrils and related protein aggregates
comprise the starting point for the design of new, biology-inspired
materials [4]. The earliest quantitative treatments of thermally
induced aggregation of proteins deduced both the generic
two-step nature of globular protein aggregation and the unusually
high apparent activation energies of the reaction [5], two insights
that contributed to our understanding of both the aggregation
process and the nature of protein stability [6]. With the general
acceptance of a model for proteins as covalent linear polymers,
aggregation came to be viewed as an intertwining of disordered
polypeptide chains producing multimeric species with no regular
3D structure [6]. This view becamemore nuanced in the 1960s and
1970s, as one kind of protein aggregated structure, the amyloid
fibril [3], was recognized as containing one dominant type of
protein molecule in each fibril type [7] while exhibiting paracrys-
tallinity in its X-ray diffraction patterns [8] and ordered morphol-
ogy in electron microscopy [9]. In this same time frame, ideas
began to emerge supporting a more regular, ordered mechanism
even for some “amorphous” protein aggregation reactions
[10]. Work over the past 20 years has further supported the impor-
tance of regular atomic-level structure in amyloid and related pro-
tein aggregates, while at the same time demonstrating that amyloid
self-assembly is far more complex than the relatively simple crystal-
lization of rigid molecules. We now appreciate that there can be any
number of alternative aggregate structures of the same protein
[11, 12], some of which may be intermediates populated during
assembly pathways [13–15] and others of which are polymorphic
forms of mature amyloid [16–18]. The current challenge is to
understand these structures and assembly mechanisms at the
atomic level, and these goals require a continued effort to identify
new tools as well as refine old ones.

Aromatic dyes such as thioflavin T (ThT) emerged in the early
phase of the protein aggregation renaissance as a highly convenient
method to qualitatively identify amyloid deposits in autopsy tissue
[3] and to quantify the formation of fibrillary mass in vitro
[19]. More recently, derivatives of these dyes were developed for
use in quantifying amyloid deposits in living patients by noninvasive
imaging methods [20]. ThT is very widely used in in vitro studies of
amyloid assembly [21], including, most popularly, as an in situ
measure of amyloid formation that can be monitored on small
volumes in real time to obtain information on the kinetics of
assembly [22]. While this method can be very useful in providing
qualitative data, it suffers from at least two potential complications.
First, at least in some cases, the presence of ThT in the reaction
mixture appears to substantially alter the assembly mechanism
[23]. Second, it is by now very well established that different
aggregated forms of amyloidogenic proteins, including different
polymorphic mature fibrils, can exhibit quite different ThT
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fluorescent intensities [18]. This means that although the develop-
ment of ThT fluorescence in a final assembly reaction mixture may
well be indicative of the presence of an amyloid-like structure, the
intensity of that fluorescence will not necessarily characterize the
identity of the aggregate or the degree of completeness of the
reaction. More importantly, perhaps, it also means that the devel-
opment of raw ThT fluorescence intensity over time in an assembly
reaction cannot reliably be interpreted in quantitative, mechanistic
terms. These limitations exist in spite of the fact that, for any one
assembly state, ThT binding and its fluorescence intensity is highly
reproducible and sensitive to structural features such as the state of
the H-bonding network [18]. Thus, while there is a great potential
in the ThT method to provide insights into structure and mecha-
nism, it is almost always largely wasted and/or abused, through a
lack of appreciation of its limitations and how to overcome them.

The problem is that the ThT intensity determined for an
aggregate-containing sample is actually a combination of three
different qualities: the total percentage of starting monomer that
has been converted to aggregates, the distribution of different
aggregate types within the sample, and the absolute ThT intensi-
ties, per mass, that are characteristic features of each of these
aggregate types. Knowing only the measured ThT intensity of this
sample is clearly not enough to distinguish, for example, between a
suspension containing a small amount of an aggregate giving an
intense ThT response, and a reaction mixture containing 100% of
an aggregate exhibiting a low ThT response. The missing link to a
fuller understanding of such suspensions is to know the percentage
of starting monomer that has been converted to aggregates at each
time point. There are ways to estimate this value, one of which relies
on coupling a centrifugation step that separates aggregates from
low molecular weight species with an analytical method to quantify
the amount of low molecular weight material in the centrifugation
supernatant [18]. One particularly sensitive, accurate, and flexible
analytical method for quantifying such samples involves determin-
ing the A215 peak area from a reverse phase high performance liquid
chromatography (RP-HPLC) run on an aliquot of the supernatant,
interpreted based on a standard curve generated from the same
peptide [24, 25].

Here we describe a simple extension of the classical ThT
method in which we combine ex situ ThT fluorescence measure-
ments with this analytical HPLC method for determining the mass
of starting monomer that has been converted to aggregates, either
in an ongoing self-assembly reaction or in a final reaction mixture.
We show how this method provides information that neither mea-
surement alone can provide, giving insights into structures of final
products and structural transitions during self-assembly. In this
application, the sedimentation/HPLC assay effectively replaces
the ThT assay as the measure of the global extent of aggregation,
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and the new aggregate-weight normalized ThT (AWN-ThT) values
provide insights into the structures of the aggregates that are
populated along the reaction coordinate.

1.1 ThT Analysis

of Aggregate

Suspensions

The basis of the sensitivity of ThT to amyloid-like structures
appears to be the ability of this molecule to bind to specific sites
within the β-sheets of the aggregate [26], leading to a shift in the
excitation spectrum of the bound ThT to a higher wavelength
[27]. By exciting within this red-shifted wavelength region, most
or all of the emitted fluorescence is generated by the aggregate-
bound dye, not the free dye. Under appropriate conditions of
measurement, this fluorescence intensity is linear with the mass
concentration of aggregates in suspension [19], allowing quantita-
tion of homogeneous aggregate suspensions as well as assembly
kinetics studies [21]. Since even the least stable amyloid fibril tends
to dissociate very slowly in native buffers [23], it is possible to
analyze amyloid suspensions by transferring aliquots into a cuvette
containing a ThT solution followed by a reading of fluorescence
intensity [27]. Alternatively, for reactions where it can be estab-
lished that the presence of ThT does not influence the assembly
reaction [23], kinetics might conveniently be assessed using in situ
ThT, for example, in a fluorescence microtiter plate reader in time-
drive mode [22]. It is important to note, however, that the final
ThT fluorescence of a particular weight of amyloid can be signifi-
cantly higher, under standard measurement conditions, if the amy-
loid was assembled in the presence of ThT [23]. This suggests that
one factor responsible for polymorph-dependent ThT signal inten-
sities may be the degree of access of the ThT to relatively buried
sites within the fibrils. In any case, from a practical point of view, the
amplified ThT fluorescence exhibited by fibrils grown in the pres-
ence of ThT can be expected to compromise any attempt to use
ThT intensities as a universal characteristic feature of a particular
amyloid fibril. As such, the method described here focuses on fibrils
that have been grown without ThT in the growth buffer.

In this chapter we describe methods that can be used routinely
to determine ThT fluorescence of kinetics time points and final
amyloid products, and important considerations for how to make
these measurements robust and reproducible. These can be applied
in isolation, in the traditional manner, or, preferably, in combina-
tion with a knowledge of the weight of aggregate present in each
sample.

1.2 Sedimentation/

HPLC Analysis

of Aggregate

Suspensions

The aggregate-weight normalization of ThT values described here
depends on the availability of a convenient, sensitive, and reproduc-
ible method for gauging the progress of an aggregation reaction as
monomers are converted to multimers. Analytical RP-HPLC deter-
mination of residual monomer after ultracentrifugation of reaction
mixture aliquots fulfills these requirements [24, 25]. Thus, for a
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simple amyloid assembly reaction involving no intermediate aggre-
gated states, the conversion of monomer to amyloid over time, as
tracked by the HPLC sedimentation assay, parallels aggregation
time courses measured by circular dichroism (CD), ThT fluores-
cence, and light scattering [28] techniques. For a number of kinet-
ics data applications, such as analysis of nucleation mechanisms and
monitoring of intermediate states, it would seem to be critical to
quantify all types of aggregates as well as monomer. Thus, the
availability of a mass-based method (rather than, for example, a
beta-centric method like ThT intensity) is very important. Another
effective method for determining the mass concentration of mono-
mers, not described here, involves the quite analogous integration
of the monomer peak in size exclusion chromatography (SEC)
runs on reaction aliquots (K.W. Drombosky, R. Kodali and
R. Wetzel, Ms. submitted). Although this SECmethod gave similar
monomer-loss curves to the centrifugation/RP-HPLC method
in peptide aggregation studies, it cannot be used with mixtures
of peptides or to identify chemical damage to peptides during
aggregation.

The sedimentation/HPLC assay developed in our laboratory
has a number of important features, and many considerations must
be evaluated during experimental design. Since the A215 extinction
coefficients of peptides can differ appreciably due to different resi-
due compositions, it is important to determine an individual stan-
dard curve for each peptide being studied. Applying an
independently measured extinction coefficient directly to HPLC
peak areas is not good enough, however, since this does not correct
for sequence-dependent, systematic losses of material in the HPLC
analysis, which are especially important when small amounts of
peptide are injected. Counter-intuitively, as explained later, deter-
mination of the concentration of the stock solution required for
preparation of the standard curve by amino acid composition anal-
ysis may not be optimal. Using a tabletop ultracentrifuge, rather
than a standard Eppendorf-style centrifuge, is sometimes important
[28], since oligomers, protofibrils, and small fibrils may not pellet
quantitatively at relatively low g forces. If this is a concern, and
ultracentrifugation is not an option, the above-mentioned SEC
method can be used.

As described here, the sedimentation/HPLC analysis can be
used in isolation, as a preferred way to monitor aggregation kinetics
in such a way as to capture all types of aggregates, not only amyloid-
like aggregates. Or, preferably, the data can be used in parallel to
normalize independently obtained ThT fluorescence values to gain
insight into aggregate structures.
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2 Materials, Equipment, Instrumentation, and Data Presentation

2.1 Equipment

and Instrumentation

1. Gradient HPLC system with analytical capability such as Agi-
lent 1100 and 1200 systems equipped with a solvent degasser,
multi-wavelength detector, autosampler, and ChemStation
software (see Note 1).

2. Analytical and preparative HPLC columns. For both purifica-
tion and analysis of β-amyloid (Aβ) and polyglutamine (polyQ)
peptides, RP-HPLC column supports are suitable. The prepar-
ative column may be a 9.4 � 250 mm Agilent Zorbax SB-C3
[5 μm particle size]) and the analytical column may be a
4.6 � 50 mm Agilent XDB RP-HPLC column, C3 or C8 for
Aβ peptides and C8 or C18 for polyQ peptides (see Note 2).

3. Single pump LC system, such as an Agilent 1100 or 1200
system with detector and fraction collector (see Note 3).

4. HPLC size exclusion chromatography column, such as a
Superdex 200 GE 10/300 column (see Note 4).

5. A high speed ultracentrifuge, such as a Beckman Optima TLX
tabletop ultracentrifuge equipped with a TLA 100 fixed angle
rotor (maximum speed 100,000 rpm corresponding to
436,000 � g).

6. A spectrofluorometer and quartz cuvette, such as a Horiba
Fluoromax-4 spectrofluorometer and 4 mm square fluores-
cence cuvettes.

7. UV–vis spectrophotometer.

2.2 Materials 1. Thioflavin T (ThT) stock solution: 1.5 mM ThT in deionized
water and filtered through a 0.22 μMfilter. The solution can be
stored at room temperature (RT) in 15 mL Falcon tubes or
glass vials protected from light by wrapping in aluminum foil.
Typically, such stock solutions are stable for several months.
ThT stock solutions should be checked periodically for clarity
and absence of particles. If these are present a new stock solu-
tion must be made. The solid ThT is stable for years at RT.

2. HPLC-grade water.

3. HPLC-grade acetonitrile.

4. Hexafluoro-2-propanol (HFIP).

5. Sequanal grade trifluoroacetic acid (TFA).

6. Guanidinium chloride (Gdn.HCl, for full-length Aβ peptides).
7. HPLC Buffer A: 0.05% TFA in HPLC-grade water.

8. HPLC Buffer B: 0.05% TFA in HPLC-grade acetonitrile.

9. Purified amyloid-forming peptides, such as Aβ42, Aβ43, and
K2Q23K2. The peptides used to produce the data shown in
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the example figures were obtained by custom synthesis from
the Keck Biotechnology Center at Yale University (http://info.
med.yale.edu/wmkeck/), and, when necessary, purified and
disaggregated as described in the source publications for the
figures [15, 29].

10. Phosphate-buffered saline (PBS).

2.3 Data Analysis

and Presentation

1. Curve-fitting software, such as Origin.

2. Plotted data can be fit to equations to test experimental models
or simply to guide the eye in order to allow comparisons and
analysis of trends. In the three figures reproduced here, data are
fit in Origin 2015 to guide the eye only, as follows: Boltzman
(Fig. 1, □); BiDoseRes (Fig. 1, ●, ■); B-spline (Fig. 2, ●, ■;
Fig. 3, ●); double Boltzman (Fig. 3, ■).

Fig. 1 Self-assembly of Aβ43 monitored by sedimentation and ThT assays. Freshly disaggregated Aβ43 was
incubated without agitation at 10 μM in PBS at 37 �C and monitored by the sedimentation/HPLC assay (filled
circle) and standard ThT assay (open square). The latter values were normalized to aggregate weight to yield
AWN-ThT values (closed square) as described in this chapter. If only ThT were used to monitor self-assembly,
the irregular but systematic increase in ThT intensity would be assumed to reflect some features of nucleated
growth of the ThT-positive amyloid fibrils. However, the AWN-ThT time course suggests a more complex self-
assembly reaction involving at least three aggregated species: a ThT-negative early intermediate, a later
intermediate, populated between 10 and 40 h, exhibiting intermediate AWN-ThT values, and a mature amyloid
fibril that dominates the reaction after 100 h. Importantly, upward trends in the AWN-ThT value, as seen
between 0 and 10 h, and again between 40 and 100 h, indicate time periods of shifting balance between at
least two different aggregate types of different AWN-ThT values. Thus, the general upward trend in the crude
ThT signal between 40 and 100 h is seen to be due to two overlapping phenomena: (1) the increased
proportion of monomeric Aβ43 that is being incorporated into aggregates (as seen by the sedimentation assay),
and (2) the steadily increasing proportion of total aggregates that exhibit the maximal AWN-ThT value
associated with mature amyloid. Figure adapted, with additional data, from [15]
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3 Methods

In general, disaggregation of polyglutamine peptides was by the
mixed TFA/HFIP method, as described in detail previously [25],
while the long Aβ molecules Aβ42 and Aβ43 were disaggregated by
the Gdn.HCl/SEC method [29, 30]. Peptides should be disaggre-
gated freshly, just before use. Stored disaggregated samples cannot
be trusted to remain disaggregated.

3.1 Sedimentation/

HPLC Analysis

1. Prepare stock solution aliquots of the peptide of interest at
accurate concentrations. Stocks can be stably stored for later
use to generate standard curves for analysis of peak areas. This is

Fig. 2 Self-assembly of 215 μM K2Q23K2 at 37
�C in PBS. This peptide was previously shown to undergo

amyloid nucleation via a classical nucleated growth mechanism without the involvement of non-β oligomeric
intermediates and with a critical nucleus (n*) of 4 [38]. Under these conditions, as measured by the
sedimentation assay (filled circle), no detectible aggregation occurs within the first 30–35 h of incubation.
In the analogous reaction shown here, at around 45 h (vertical dashed line) the monomer concentration after
sedimentation begins to drop, indicating the onset of nucleated growth. Immediately upon initiation of
aggregation, the AWN-ThT values (filled square) dramatically increase to a high, almost maximal AWN-ThT
value, indicating that the first aggregates formed are already amyloid-like in structure. Reaction mixtures
homogeneous with fibrils of maximal AWN-ThT values appear by about 60 h, at a point where about 70% of
monomer has been converted. While these data are largely consistent with the proposed mechanism, they
also suggest some previously unappreciated subtleties. In particular, while the conventional view of nucleated
growth processes is that the bulk of the aggregate mass is generated through elongation seeded by rapidly
formed mature fibrils, the AWN-ThT data suggest that for K2Q23K2 this phase only obtains for the last 30% of
monomer converted. Before that, the aggregate pool consists of at least some fibrils that are not yet
completely mature, as characterized by AWN-ThT. One interpretation of these data is that the 25–60 h
period is dominated by seeded elongation of an amyloid polymorph, which undergoes a further transformation
to a structure exhibiting a somewhat higher AWN-ThT value late in the reaction. These data illustrate the
power of the AWN-ThT scale to confirm mechanistic details while also revealing some previously
unappreciated aspects of fibril self-assembly and structure. Figure reproduced from [29]
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conveniently accomplished in combination with HPLC purifi-
cation of the peptide.

2. Purify peptides using a preparative HPLC and a linear gradient
of HPLC Buffer A and HPLC Buffer B.

3. Collect chromatography fractions and analyze by analytical
HPLC and/or mass spectrometry to determine fractions of
acceptable purity.

4. Combine fractions and mix.

5. Determine the A215 of the chromatographic pool, adjusting, if
necessary, by dilution with an appropriate mixture of HPLC
buffers A and B in order to obtain an absorbance in the linear
range of the UV–Vis instrument.

6. Dilute further, if necessary, to obtain stock solution aliquots of
desired concentration for convenience of later setting up stan-
dard curves (see Note 5).

7. Determine stock solution concentration from the A215 using a
calculated extinction coefficient as the sum of individual amino
acid extinction coefficients [31, 32] (see Note 6). Store the
stock solution aliquots, which should be in approximately
0.05% TFA in a mixture of CH3CN and water, by flash-freezing

Fig. 3 Self-assembly of 2.7 μM Aβ42 in PBS at 37 �C without stirring, as monitored by sedimentation (filled
circle) and AWN-ThT (filled square) assays. Aggregates exhibiting no AWN-ThT signal develop immediately
from t ¼ 0 to t ¼ 120 mins (shaded region), after which continued aggregation is accompanied by ever-
increasing AWN-ThT values until 8 h, when the loss of monomer from solution is ~85% complete. Thus, in
contrast with K2Q23K2 (Fig. 2), for which the vast bulk of the AWN-ThT signal amplitude develops immediately
upon aggregation onset, for Aβ42 the bulk of the AWN-ThT signal develops quite gradually as monomer is
being lost from solution. According to these data, amyloid mass derived from classical seeded elongation
of mature fibrils may only be derived from the last 15% of the aggregation reaction. Up to that point, amyloid-
like aggregates appear to develop via a combination of monomer recruitment and transformations of non-β
aggregates through a series of aggregates with ever-increasing levels of ThT-sensing β-structure
[15, 29]. Figure reproduced from [29]
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in liquid nitrogen or dry-ice/acetone, then storing in a –80 �C
freezer.

8. Determine a standard curve by multiple analytical HPLC runs
and analyses of appropriate weights of the peptide of interest
(see Note 7). Analytical HPLC is run using an appropriate
RP-HPLC column and a gradient of acetonitrile in water
with Buffer A and B identical to the purification system
described in step 1 of Subheading 3.1.

9. After blank gradient subtraction, determine HPLC peak areas
and plot vs. peptide mass loaded. A straight line should be
obtained, with the possible exception of curvature in the region
of low peptide loads due to larger fractional absorption by the
column and hence low recovery of peptides. In the analysis of
peptide aggregation kinetics, it is preferable to choose sample
sizes expected to deliver peptide amounts in the linear range of
the standard curve. At the same time, if analyzing very low
concentrations—for example, at the end of the reaction when
fibril growth has come to equilibrium, it is acceptable to work
in a nonlinear part of the standard curve, so long as reproduc-
ibility has been demonstrated and precautions are taken against
run-to-run carryover (see Note 8).

10. To set up an aggregation kinetics run, disaggregate (see Notes
9 and 10) an appropriate amount of purified peptide and use
the analytical RP-HPLC assay to determine the concentration
of soluble monomeric peptide. From this stable stock of mono-
meric peptide, adjust the concentration by dilution to obtain a
solution that will generate the desired starting concentration
after buffer components are added to initiate aggregation.

11. Just before adding buffer components and adjusting to tem-
perature, process an aliquot of this peptide solution in exactly
the same way that later reaction time points will be processed,
and determine the peptide concentration of the centrifugation
supernatant. Adjust this value for the volume change brought
about when buffer components are added. Do this analysis in
replicates to get the most reliable value possible, since all other
values will later be related to this critical “starting concentra-
tion” value to determine percent aggregation. Obtaining a
t ¼ 0 value in this way is preferable to simply taking an aliquot
immediately after aggregation is initiated, since aggregation—
such as initial oligomer formation—can be very fast, and
since—as stated above—the starting concentration value is
critical.

12. Optimize analytical HPLC gradient if necessary to allow sepa-
ration of the peptide from any chemical degradation products
generated during the aggregation reaction, and from any addi-
tional peptides purposefully added to the incubation, such as
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potential inhibitors or co-aggregation peptides (see Note 11).
Make sure to include a column wash step as part of the pro-
gramed gradient for each analytical run. Including this how-
ever does not obviate the need to also run blank runs between
each analytical run to minimize sample carryover errors.

13. Using the optimized gradient, analyze time points as desired,
by gently mixing the reaction, removing an aliquot, exposing
to high speed centrifugation (see Note 12), carefully removing
an aliquot of the resulting supernatant (see Note 13), and
diluting it into a measured volume of HPLC Buffer A of the
HPLC solvent system for injection into the analytical HPLC. If
there will be frequent time points taken in the early stage of the
reaction, it is important to stabilize the resulting centrifugation
supernatants against further aggregation while the time points
wait in the queue for analysis (see Note 14). It is imperative to
measure all volumes as accurately as possible (seeNote 13) and
to keep track of all dilutions in order later to back-calculate the
corresponding concentrations of monomer in the reaction
mixture at different time points. Plan at the outset what sort
of replicates will be needed (see Note 15).

14. As the aggregation reaction proceeds, the concentration of
monomer left in solution grows smaller and smaller. For accu-
rate determination of the full time course of the reaction, as
well as for determination of the critical concentration Cr (see
Note 13), it is important to be prepared to inject larger
volumes of reaction supernatants as the reaction proceeds
toward equilibrium. This requires some foresight in ensuring
that the starting volume of the reaction is large enough that
sufficient volume will still be available in the last phase of the
reaction to allow taking forward time points as well as setting
up reverse, fibril dissociation reactions (see Note 13).

15. As the amyloid assembly reaction draws to an end, probe for a
robust endpoint concentration of monomer, a measure of fibril
stability [23], by checking for fibril disassembly. Just before
reaching the projected equilibrium position in the fibril growth
direction, gently dilute an aliquot of the reaction by 10-fold
to 100-fold into a new reaction tube and continue the incuba-
tion (seeNote 16). Immediately analyze the monomer concen-
tration in this newly generated dissociation reaction, then
continue to analyze reaction time points for monomer concen-
tration until it no longer changes with time. Depending on the
peptide and conditions, this might take from a day to several
months (see Note 16). It is expected that the monomer con-
centration will rise to a plateau value that is essentially equiva-
lent to the final concentration of monomer obtained in the
fibril growth direction.
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3.2 Standard Ex Situ

ThT Kinetics

1. Identify appropriate slit widths as described here in steps 1–5.
In general, it is a mistake to simply choose slit width values
from the literature on the peptide of interest, since linearity will
depend on instrument design. To ensure that slit widths
achieve the required linearity of fluorescence signal with pep-
tide concentration, determine acceptable slit widths for ThT
analysis with your instrument by following steps 2–5.

2. From a complete amyloid assembly reaction mixture, as
prepared above, transfer an aliquot of the reaction, equivalent
to 1 μg of peptide, into a fluorescence cuvette containing a
10 μM solution of ThT in PBS (see Note 17). Using this
amyloid suspension and working at an excitation wavelength
(λex) of 445 nm and an emission wavelength (λem) of 489 nm
(see Note 18), optimize the slit width settings, as
described next.

3. For the excitation slit width, the goal is to maximize the elicited
fluorescence while avoiding photobleaching of the ThT that
leads to signal degradation. Choose an interim value for the
emission slit width (perhaps 2 nm) and a starting excitation slit
width of 1 nm.

4. Gently mix (gentle vortexing or inversion) the fibril-ThT mix-
ture just before taking each reading. Collect fluorescence over a
1 min time period. Fluorescence values may fluctuate due to
migration of large fibril particles through the beam, but the
average signal over repeated 5 or 10 s increments should essen-
tially remain constant. If this is confirmed, increase the excita-
tion slit width to 2 nm and repeat. Continue this protocol,
expanding slit width in small increments, until there is a clear
time dependent decay in the short-increment signal average.
This indicates that the incident light is causing ThT photo-
bleaching, leading to signal loss and therefore errors in the ThT
fluorescence. Drop back from this slit width to one that gives a
high, but stable, fluorescence signal.

5. For the emission slit width, the goal is to maximize the elicited
fluorescence while avoiding saturation of the fluorescence
detector, whichwill dampen the signal strength at high intensity
and compromise linearity. Set the excitation slit width to the
optimized value obtained in step 4 of Subheading 3.2, and set
the initial emission slit width to 1 nm.Gently mix the fibril-ThT
mixture just before taking each reading. Iteratively determine
fluorescence signals at increasing emission slit widths until fluo-
rescence yield no longer increases linearly with slit width
increases. Drop back in slit width to the top of the linear range.

6. You are now ready to monitor ThT fluorescence by the stan-
dard ex situ approach on an ongoing amyloid assembly reac-
tion. First, determine the fluorescence intensity of 10 μM ThT
alone in the ThT buffer of choice.
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7. Determine the volume of aliquots of the ongoing reaction
mixture that will be required to deliver 1 μg of total peptide
for ThT readings, and adjust the required ThT concentration
and volume accordingly (see Note 19).

8. Follow the aggregation reaction by taking aliquots of the reac-
tion mixture at defined reaction times (the same time points as
are being analyzed by the sedimentation/HPLC assay) and
determining the ThT fluorescence under standard conditions.

9. Record the fluorescence intensity at each reaction time point
(see Note 21).

3.3 Weight-

Normalized ThT Values

1. From the monomer concentrations determined for each time
point obtained by the sedimentation / HPLC assay (Subhead-
ing 3.1), calculate the weight fraction of peptide aggregated
(AgFwt), which is [weight concentration of monomer at time
t0—weight concentration of monomer at time tn]/weight con-
centration of monomer at time t0. WhereM¼monomer, this is
equivalent to:

AgFwtt¼n ¼ M½ �t¼0 � M½ �t¼n

� �
= M½ �t¼0

2. For each time point, obtain ThTnet by subtracting the blank
fluorescence value (ThTbl) obtained for ThT plus buffer from
the sample ThT fluorescence intensity (ThTspl) obtained for
amyloid plus ThT plus buffer:

ThTnet ¼ ThTspl � ThTbl

3. For each time point, calculate the aggregate weight-normalized
ThT (AWN-ThT) value by dividing ThTnet by AgFwt:

AWN‐ThT ¼ ThTnet=AgFwt

These values can be plotted with respect to aggregation time to
get a picture of how aggregate morphology changes during aggre-
gate assembly (see Figs. 1, 2, and 3). Formally these values can be
expressed as arbitrary fluorescence units per aggregate concentra-
tion. Alternatively, if one defines one’s standard assay conditions to
include a specific ThT solution volume in the cuvette, the unit is
arbitrary fluorescence units per weight of aggregate.

3.4 Interpretation

of AWN-ThT Values

and Time Courses

1. AWN-ThT values and time courses often provide significantly
more detail on the nature of an aggregate population compared
with traditional ThT intensity data (for a comparison, see the
two ThT curves in Fig. 1). Thus, for a reaction end-point that
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has reached equilibrium (no further change in AWN-ThT with
time) and which appears to be a uniform amyloid product by
EM, FTIR, X-ray fiber diffraction, etc., the AWN-ThT value
can be taken to be a characteristic value for the particular
amyloid polymorph formed in the reaction (Table 1). In addi-
tion, a spontaneous amyloid formation reaction profile that
features a sudden, dramatic rise of the AWN-ThT value, just
as aggregates start to form, to a value at or near that of the final
product can be taken as an indication of the absence of any
oligomeric intermediates on the self-assembly pathway (Fig. 2).
In contrast, a spontaneous amyloid formation reaction profile
exhibiting an early stage during which sedimentable aggregates
form that exhibit no ThT response (Fig. 3) can be taken to
indicate the initial formation of oligomeric aggregates with no
amyloid-like β-structure. Further, a time course featuring a
very gradual increase in AWN-ThT values that parallels the
increase in sedimentable aggregates might suggest the presence
along the time course of one or more aggregates with struc-
tures that may be amyloid-like to some degree, but which are
not identical to mature fibrils. Whether or not these implied
intermediates (which should be detectible by other means,
such as light scattering and electron microscopy) are on- or
off-pathway cannot be deduced solely from the AWN-ThT
time course.

2. While providing a significant improvement over a raw ThT
fluorescence time course (e.g., Fig. 1, □), and while providing
important new insights into self-assembly, some AWN-ThT
profiles remain difficult to fully interpret without additional
work. Thus, a time course showing a gradual rise in
AWN-ThT (e.g., Figs. 1 (■) and 3 (■)) over time must repre-
sent either (a) a series of homogeneous aggregate populations
with steadily increasing AWN-ThT values, (b) a series of mix-
tures of aggregate types that shift over time in the relative

Table 1
Properties of Aβ40 polymorphic fibrilsa,b

Polymorphic form A B C D E Z

AWN-ThT 55 � 10 35 � 4 242 � 25 17 � 3 190 � 25 12 � 2

Cr, μMc 1.06 � 0.18 20.3 � 2.5 0.22 � 0.06 1.35 � 0.07 0.13 � 0.03 1.36 � 0.15

N-H exchangedd 16.7 � 1.3 24.2 � 0.2 10.5 � 0.11 13.8 � 0.32 14.1 � 0.44 24.2 � 0.26

aData from [18]
bMonomeric Aβ(1–40) incubated as follows: PBS, 37 �C, no agitation (A); phosphate, 24 �C, no agitation (B); PBS,

24 �C, with agitation (C); PBS, 4 �C, with agitation (D); phosphate, NaCl, SDS, 37 �C, no agitation (E); Tris–HCl,

NaCl, ZnCl2, 37
�C, no agitation (Z)

cMonomer concentration of amyloid assembly reaction at equilibrium
dHydrogen-deuterium exchange of isolated aggregate, corrected for artifactual exchange
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proportions of the different aggregates represented, or (c) a
combination of a and b. While difficult to interpret in terms of
the assembly mechanism, such profiles can be seen as an indi-
cation that the reaction is not a simple case of an early nucle-
ation event that generates a mature amyloid fibril, followed by
the elongation (with perhaps aggregate-dependent secondary
nucleation [33, 34]) of that fibril. If this were the case, in spite
of the small mass of aggregate in the early stages of the reaction,
the AWN-ThT response would already be maximized or nearly
maximized (Fig. 2, ■), in that it represents the structure of the
mature fibril.

3. By adopting the procedures described in this chapter labora-
tories working on protein aggregation will obtain new tools for
better understanding the nature of their self-assembly reactions
and aggregated products and intermediates. The ratios of these
AWN-ThT values for different polymorphic amyloids and of
intermediates to final products should be universal. The abso-
lute values of AWN-ThT values, however, will not be quantita-
tively comparable between laboratories or instruments, since
ThT fluorescence is normally reported in terms of arbitrary
intensity units. This use of arbitrary fluorescence units is neces-
sitated not only because of lack of standardization of para-
meters such as λex, λem, and slit widths, but equally
importantly because of great variability among fluorescence
spectrometers. The ability to quantitatively compare ThT
results between instruments and laboratories is an important
goal, and is achievable. One method for accomplishing this will
be described in a subsequent publication (S. Mukherjee,
R. Kodali and R. Wetzel, Ms. in preparation).

4 Notes

1. The analytical HPLC system should include the following
features: (a) two-pump system capable of delivering variations
of the standard gradients used for peptide chromatography
with stable, low-noise UV–Vis baselines; (b) sensitive UV–Vis
detector capable of obtaining readings in the absorbance range
of the peptide bond, i.e., ~A215; (c) system software capable of
programmable control of automatic sample injection and gra-
dient control, as well as data collection and both automatic and
manual data analysis (i.e., peak integration). In addition, it is
preferable, but not required, that the system includes (a) an
autosampler (preferably with a cooling function) for pro-
grammed analysis of multiple kinetics time points; (b) pumps
and peripherals capable of driving analysis in microbore col-
umns, which greatly speeds analysis time; (c) capability to vary
injection loop size in order to analyze very low concentration
samples by injecting relatively large volumes.
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2. In general, reverse phase HPLC media should be of small,
spherical, uniformly sized particles for high resolution separa-
tions, with chemistries chosen depending on the peptide or
protein being investigated.

3. Minimum requirements are a medium pressure pump for
driving the size exclusion column, a UV detector for monitor-
ing peptide elution, and pump components in contact with
solvent that are stable to corrosive salts, such as titanium
or PEEK.

4. SEC column requirements for use in disaggregation include:
(a) a size fractionation range capable of baseline separation of
small oligomers, monomer, and the low-MW salt fraction;
(b) stability to transient exposure to high concentrations of
denaturants like Gdn.HCl; (c) low nonspecific adsorption of
peptide monomer by the column support; and (d) ability to be
cleaned and regenerated if aggregated protein builds up within
the column after disaggregation of peptides. It is advisable that
good recovery of monomer from the chosen column (c) be
confirmed by using the sensitive concentration determination
procedures described here.

5. Concentration should be low enough to obtain accurate dis-
pensation by the autosampler when different volumes are deliv-
ered to supply different masses of peptide injected. Typically,
our stock solutions for generating standard curves are in the
50–250 μg/mL range, for convenient delivery of samples for
HPLC analysis ranging from 0.5 to 20 μg, which is the linear
range for several peptides studied in this way.

6. Classically, techniques such as amino acid composition analysis
(which depends on the modification and quantitation of amino
acids released from a protein sample by hydrolysis), are consid-
ered the gold standard for determining protein concentrations.
However, we have struggled to obtain consistent and realistic
results with this method when applied to amyloidogenic pep-
tides, possibly because of a tendency of the peptides to adsorb
to surfaces during preparation of the highly diluted samples
required for the technique. The alternative recommended
method here is to use independently determined extinction
coefficients for each amino acid type to calculate a coefficient
for the entire peptide, at a time just after purification when it is
denatured and well solvated in the HPLC elution buffer.

7. Do not use the calculated extinction coefficient to directly
interpret peak areas from HPLC runs, as this would fail to
account for nonquantitative and variable recovery of peptide
mass in the chromatography. This can be substantial, especially
for hydrophobic peptides, and especially at low loads of peptide
mass. Recovery will vary with the peptide and with the

136 Ronald Wetzel et al.



chromatography conditions. Using a standard curve generated
from the peak areas recovered from the chromatography cor-
rects for the variable recovery. A typical weight range for gen-
eration of a standard curve is 1–10 μg. The low end of the
useful range is limited by the increased percentage of peptide
adsorbed nonspecifically on the resin as well as by detector
sensitivity. The high end of the range is limited by column
capacity and potentially by the limits of detector linearity.

8. When constructing a standard curve, start by analyzing the
smallest amount of peptide and work toward the largest, to
avoid errors due to peptide carryover between runs. This is not
practical when following a reaction time course, however, since
monomer concentrations start high and tail off. However,
under such conditions, especially when higher masses of pep-
tide are being analyzed, one can and should run blank gradients
between each peptide analysis to suppress carryover.

9. Different peptides will require different disaggregation proto-
cols, depending on the peptide’s character and the investiga-
tor’s priorities (see Note 10). The pI of the peptide is an
important variable. During the disaggregation and workup, it
is critical to avoid even transient exposure to pH values similar
to the pI. Thus, for Aβ peptides it is important to avoid mild
acid, while mild acid is fine for polyglutamine peptides flanked
with lysine residues [25]. One typical disaggregation protocol
[25] involves sequential exposure to a mixture of TFA and
HFIP, gentle removal of solvent through a nitrogen stream,
exposure to vacuum, resuspension of the dried film in water of a
pH distant from the pI, centrifugation and/or membrane fil-
tration to remove fine particulates (potential seeds). After quick
determination of the concentration of the resulting superna-
tant/filtrate, the aggregation reaction is initiated by addition of
buffer components and adjustment to the desired incubation
temperature.

10. While there are a number of effective disaggregation protocols
in the literature, we feel it is critical to avoid a situation where
there is residual organic solvent in the final “disaggregated”
peptide solution. This includes protocols involving dilution
into buffer from a DMSO or HFIP solution. It is also impor-
tant to avoid protocols using evaporation from organic solvents
that do not include final exposure to strong (and dry; i.e., not a
water aspirator) vacuum, since even undetectable levels of
organic solvent, tightly bound to the peptide, can influence
aggregation reactions, for example, by inducing oligomer for-
mation. An excellent disaggregation method involves dissolu-
tion of the peptide in a high, denaturing concentration of Gdn.
HCl followed directly by preparative size exclusion chromatog-
raphy with isolation of the monomer peak [30]. One
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disadvantage of this method is that it is not easily downward
scalable, making it difficult to carry out reactions where only a
small amount of peptide is available or required. Our published
protocol [25] is more downward scalable, and should be effec-
tive so long as there is strict adherence to the procedure. With
the SEC disaggregation method, it is important to avoid pro-
longed incubation of the disaggregated monomer before start-
ing the aggregation reaction, since oligomerization can begin
as soon as the monomer emerges from the SEC column.

11. In the absence of separation challenges, the ideal gradient will
be optimized to minimize turnaround time between injections.
Microbore HPLC systems can greatly shorten such turnaround
times. But if there are chemical decomposition products, such
as from Met oxidation, generated during aggregation reac-
tions, it is important to separate these, since they may well
have their own, less favorable, Ka for fibril growth, and if not
analytically separated from the intact peptide, their contribu-
tion to the monomer peak will distort aggregation kinetics and
the position of equilibrium at the end of the reaction. A test
incubation should be run and a sample of the monomer peak
from late in the aggregation reaction should be analyzed by
mass spectrometry and compared to starting peptide to ensure
there are no unseparated decomposition products. Similarly, if
there are plans to co-incubate the peptide of interest with other
molecules with A215 absorption, the separation gradient should
be challenged for its ability to separate these molecules. Inject
each molecule separately, then together, to probe the quality of
the separation. If co-elution of peptides is observed, change the
separation protocol (different gradient, different solvents, dif-
ferent column material) until (preferably) baseline separation is
achieved. It should be noted that a great strength of using
analytical HPLC to monitor aggregation reactions is this sepa-
ration ability, which is not possible if centrifugation superna-
tants are simply assayed for total protein or total UV
absorbance, or if monomers are quantified using SEC peaks.

12. The effectiveness of centrifugation conditions to remove
aggregates depends on the sedimentation parameters of the
aggregates [35]. Thus, inclusions and clusters of amyloid can
effectively be removed by a relatively low speed centrifugation
[36], and most fibrils of significant size can be removed in an
Eppendorf centrifugation [28]. However, isolated small amy-
loid fibrils [28] and non-β oligomers [37] likely require more
stringent conditions, and we recommend routine centrifuga-
tion in a tabletop ultracentrifuge to optimize removal. It is
possible that even these conditions may be insufficient to
remove small multimers of small peptides [35]. One test for
the efficacy of centrifugation conditions is to expose a
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supernatant to filtration with a very small pore membrane, then
to use the highly accurate analytical HPLC analysis to compare
the peptide concentration before and after filtration [38]. If
there is no significant difference, one can exclude the possibility
that oligomers larger than the nominal pore size of the mem-
brane are being counted as part of the low MW or monomer
fraction. However, some peptide monomers, such as various
huntingtin exon1-related peptides, appear to bind tightly to
some membranes (M. Jayaraman and B. Sahoo, unpublished
observations), which would invalidate this test. This artifact
can be tested by analyzing freshly disaggregated monomer
before and after membrane filtration. Another approach to
optimizing the accuracy of estimating aggregate formation is
to determine monomer concentrations of time points by inte-
grating monomer peaks in SEC (K.W. Drombosky, R. Kodali
and R. Wetzel, Ms. submitted) with the caveat that degraded
peptides and added peptide inhibitors will compromise the
measurement.

13. Some spontaneous amyloid formation reactions proceed very
slowly (i.e., months or longer) at convenient and accessible
concentrations [38]. While exposing such peptide solutions
to stresses such as high heat or agitation may overcome the
normal barriers to nucleation and allow data to be obtained,
this is not very helpful if one is focused on understanding
nucleation under more physiological conditions. If the concen-
tration dependence of nucleation is steep (reflecting a multi-
meric nucleus in a classical nucleated growth process), it is
possible to speed things up by greatly increasing concentration.
This, however, may introduce other problems if the peptide is
expensive and/or difficult to come by. It is possible to mini-
mize material requirements in such high concentration reac-
tions, while maintaining accuracy and reproducibility, by
incubating relatively small volumes of highly concentrated
peptide and monitoring loss of monomer in the sedimenta-
tion/HPLC assay by a modified workup protocol involving
gravimetric determination of small aliquot volumes using an
analytical balance [38]. Especially for long incubation of small
volumes, it is also obviously important to have complete con-
trol over evaporation losses during the long reaction time.
Volume losses through evaporation can be minimized by seal-
ing the reaction tube, incubating in a water vapor equilibrated
environment, and using a pulse spin in an Eppendorf followed
by gentle swirling to recover condensed water from the inner
lid. Volume losses that happen in spite of these precautions can
be monitored by tracking the weight loss (analytical balance) of
the reaction tube and comparing that to the total aliquot
volumes removed over time.
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14. If there are many samples of sedimentation supernatants to be
analyzed, it is very convenient to queue up the samples in an
autosampler tray for programmed injections. To minimize loss
of monomer through aggregation during the wait time in the
autosampler, the autosampler tray should be cooled; this is an
option with some commercial autosamplers. It may also be
necessary to adjust the pH of the samples to further minimize
degradation. Strong acid or base will normally discourage
aggregation, but may also lead to chemical changes to the
peptide which will complicate interpretation of the resulting
HPLC elution profile. Weak acid, on the other hand, may
actually encourage further aggregation by taking some pep-
tides closer to their pI value, as in the case of Aβ peptides
[12]. It is important to optimize and customize autosampler
stabilization conditions for the subject peptide. We have found
that addition of formic acid to 20% stabilizes aggregation
reaction time points for at least 20 h [25].

15. Variability in the time lags before aggregation onset in sponta-
neous amyloid formation kinetics are often ascribed to the
stochastic nature of the nucleation process. However, stochas-
tic variability is only to be expected in cases where only a few
nuclei are projected to exist at any one time—which is actually
pretty unlikely under most in vitro experimental conditions
[39]. Thus, a solution of 10 μM peptide with (monomeric)
nucleation equilibrium constantKn* of 10

�10 [40] is projected
to populate in pseudo-steady-state about 600,000 indepen-
dent nuclei in a 1 mL reaction volume. In this hypothetical
example, only if the Kn* were in the range of 10�15 to 10�16,
yielding an average of 0.6–6 nuclei projected per 1 mL of a
10 μM sample, would nucleation kinetics be susceptible to
great variability in nucleus formation kinetics. This means
that spontaneous aggregation kinetics under most in vitro cir-
cumstances normally can be expected to be reproducible, and
that an observed lack of reproducibility must therefore be
attributed to lapses in experimental protocols and technique,
such as incomplete disaggregation leading to presence of seeds
in some samples. To confirm reproducibility of nucleation, one
should set up complete replicates of reactions. To confirm
reproducibility of sample workup, it is sufficient to take multi-
ple aliquots of a single aggregation reaction at each time point.

16. Not all amyloid formation reactions are expected to be demon-
strably reversible [4], either for those cases in which amyloid
formation involves covalent bond formation between peptide
subunits, or because the rate of fibril dissociation is prohibi-
tively slow, or because the concentration of monomer at equi-
librium is too low to reliably measure. However, for those
systems featuring an accessible equilibrium point, the
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determination of the equilibrium concentration of monomer
provides valuable information on fibril stability [23]. Excessive
manipulation of amyloid fibrils (freeze/thaw, sedimentation/
resuspension, etc.) can compromise their seeding/dissociation
properties. To characterize fibril dissociation, dilute an aliquot
of an ongoing assembly reaction as it nears completion. The
dilution should be enough to reduce the monomer concentra-
tion to 5–10 fold below the expected equilibrium concentra-
tion, but at the same time maintain the total peptide
concentration (i.e., monomer plus fibril) well above the
expected equilibrium concentration to ensure that fibrils will
still be present at equilibrium. Fibril dissociation can take days
to months, so it is important to appropriately plan for the
length of the experiment, in terms of ensuring sufficient mate-
rial for many time points, and including a bacteriostatic such as
sodium azide.

17. Although the values of 1 μg peptide and 10 μM ThT will work
for many amyloid reactions analyzed in many fluorescence
formats, these quantities may have to be adjusted for some
systems. Some fibrils give relatively poor ThT responses, neces-
sitating that larger mass concentrations of fibrils be used in
order to obtain good signal to noise. Some fibrils may require
higher concentrations of ThT to saturate the response. To
minimize sample requirements, choose a micro cuvette with a
minimum necessary volume in the 100 μL range, if available.
Amyloid fibrils of different peptides can exhibit mass-
normalized ThT signals that vary by at least a factor of
20 [18]. Using intermediate slit width settings find a level of
amyloid concentration giving adequate signal to noise. ThT
binding/fluorescence normally saturates amyloid fibrils at
10 mM ThT or below. Once amyloid mass has been set, one
can explore ThT concentrations to find the point of saturation.
Avoid excessive concentrations of ThT, since this could
increase buffer blank noise without significantly increasing
amyloid signal.

18. The reader will find a variety of λex and λem values listed in the
literature, and many combinations giving similar performance
are possible. Of course, once a pair of wavelengths is selected, it
will be important to use these consistently within the lab to
allow comparisons to past work. The absence from the litera-
ture of a standardized set of wavelengths is somewhat unfortu-
nate. It has happened because there is no great incentive to
standardization, since even if everyone used the same wave-
lengths it would not be possible to compare fluorescence
intensities between laboratories and instruments (see step 3 in
Subheading 3.4).
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19. For example, for a routine final volume for the ThT measure-
ment of 100 μL: if 10 μL of the aggregation reaction is requir-
ed to deliver a total of 1 μg peptide, then prepare a stock
solution of 11.1 μM ThT and deliver 90 μL of that stock into
the cuvette, followed by 10 μL of the reaction mixture (see
Note 20) to yield a final [ThT] of 10 μM, gently mix, and
read the fluorescence. To maximize correctness of the blank,
construct the ThT blank in the same way, mixing 90 μL of the
11.1 μM ThT solution with 10 μL of the aggregation reaction
buffer.

20. Calibrated micropipettes are not always accurate at low
volumes, especially if delivering aggregate suspensions. The
lower the aliquot volume, the more serious the challenge to
reproducible delivery of correct volumes. To maximize accu-
racy if low volume aliquots are required, pipet the desired
volume into a tared Eppendorf tube and reweigh to get the
weight, and hence volume, of aliquot. Then, add ThT in
buffer, adjusting the volume of ThT solution to achieve the
required weight concentration of aggregates. It is also possible
to improve accuracy by taking, and appropriately diluting, a
larger volume of reaction mixture than is required to fill the
cuvette. Maximizing the accuracy of each step in the protocol is
important if optimal results are to be obtained.

21. The time course of fluorescence intensity obtained will be the
standard type of ThT time course, which is an integral of the
weight concentrations of each type of aggregate present at a
particular time point, and the weight-normalized ThT fluores-
cence intensity of that aggregate type. The time course will
trend upward, except that at very long time points, after amy-
loid assembly is complete, it may begin to trend downward.
This effect, often observed during in vitro assembly studies (see,
for example, [41]), presumably reflects some further structural
change in the aggregate mass, possibly a “super-aggregation”
of fibrils that may block some ThT binding sites or lead to
uneven distributions of aggregates in the cuvette. Since this is
not well understood, the assembly reaction is generally consid-
ered complete when the ThT signal is maximized, and the fibril
product is correspondingly more well-behaved.
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Chapter 7

Nanoparticle Tracking for Protein Aggregation Research

Xiaomeng Lu and Regina M. Murphy

Abstract

Protein aggregates are the pathological agents in several neurodegenerative disorders such as Alzheimer’s
and Huntington’s disease. In the pharmaceutical industry, protein aggregation poses significant challenges
to the manufacture of biologics. Nanoparticle tracking is an emerging technology that allows particle-by-
particle measurement of aggregate size and concentration. The technique is solution based, and requires no
labeling. Here we describe protocols for using nanoparticle tracking in protein aggregation research, and
provide a few examples for illustrative purposes.

Key words Nanoparticles, Protein aggregation, Amyloid, Light scattering, Diffusion

1 Introduction

Aggregation of proteins, particularly into amyloid fibrils, is of
considerable interest from a clinical perspective because of its role
in causing neurodegenerative disorders such as Alzheimer’s and
Parkinson’s. On a different front, manufacture of protein biologics
for pharmaceutical applications is a growing business, where
unwanted protein aggregation raises concerns about low yield,
reduced efficacy, and risk of immunogenicity. Researchers are moti-
vated to investigate diverse aspects of protein aggregation includ-
ing: solution conditions that cause aggregation, formulations that
prevent aggregation, the role of mutations in aggregation propen-
sity, the size and morphology of aggregates, and the kinetics and
mechanisms of growth. Experimental investigation of protein
aggregation is challenging. Aggregates are polydisperse in size,
with a broad and sometimes multimodal distribution. They can
range in morphology from fibrillar to amorphous. Preferably, tech-
niques allow characterization of aggregates without labels, because
labels can interfere with or redirect aggregation, and in solution,
because surface interactions can affect aggregation. Most desirable
are methods that can be carried out noninvasively and nondestruc-
tively, that can be used with a variety of solvents, and that allow
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measurements over time and over a range of concentrations. Exper-
imental techniques for measuring aggregate concentration, size and
morphology include size exclusion chromatography (SEC),
dye-binding assays, electron and atomic force microscopy, and
dynamic light scattering (DLS). Each technique provides distinctly
different, and complementary, views of the “elephant,” and each
has advantages and limitations [1].

In this chapter we focus on nanoparticle tracking (NTA), a
newer technique that holds much promise to fill a unique niche.
In NTA, particles in the sample scatter light from an incident laser,
and the scattered light is tracked using a CCD camera (Fig. 1a).

Microscope

Particles in liquid

Laser beam

Scattering from
laser beam

Metalized surface

Glass

(b)

(a)

100nm particle diameter
1/30 seconds time

0 20,00010,000

Distance (nm)

-10,000-20,000

Fig. 1 (a) A schematic illustrating the principle of NTA operation. Light from the incident laser beam is
scattered by the particles in solution, and the scattered light is captured by a camera perpendicular to the fluid
plane. (b) Snapshots of a particle undergoing Brownian motion create a trajectory; the displacement r can be
measured at each time interval t. The theoretical distribution of displacements follows a bell-shaped curve,
which broadens with longer time intervals. The mean distance is zero, but the root-mean squared distance is
not. For a 100 nm diameter particle diffusing in two dimensions in water at 298 K, with 1/30 s time intervals,

ffiffiffiffiffi

r 2
p

¼ 750 nm
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Submicron particles move in random directions due to Brownian
motion. By measuring the two-dimensional trajectory of the diffus-
ing particle, the diffusion coefficient D is obtained:

r2 ¼ 4Dt ð1Þ
where r2 is the mean squared displacement of the particle over a
tracking time t. In NTA, a particle is detected because it scatters
light, and its trajectory is tracked for a few seconds and video
captured. The video is then evaluated frame by frame (typically at
30 frames per second), to measure the distance moved by the
particle in each step, thereby building up a history of the particle
motion. In the absence of any force fields or concentration gradi-
ents, the mean displacement �r ¼ 0 (as long as sufficient statistics are
built up) but the mean-squared displacement r2 is not (Fig. 1b).
With a greater number of trajectories analyzed, the measured r2

approaches the true (statistical) value and therefore a more accurate
measurement of D is obtained.

D is related to the hydrodynamic radius Rh of the particles by
the Stokes-Einstein equation:

Rh ¼ kT

6πηD
ð2Þ

where k is Boltzmann’s constant, T is the temperature, and η is the
solvent viscosity. Rh of a spherical particle is simply the particle
radius. For nonspherical particles, Rh is the radius of an equivalent
spherical particle that has the same diffusivity as the particle of
interest. In Eq. 2, it is assumed that particle motion is due to only
translational diffusion. For high-aspect particles (such as needles or
tubes, where the length-to-diameter ratio is large), rotational dif-
fusion becomes a contributing factor. In NTA, rotational motion
can cause “blinking” and distort the interpretation. Other factors
that might complicate interpretation of the measured trajectory as
simplyRh include flexing or bending motion of long flexible fibrils,
or entanglement effects in highly concentrated solutions.

NTA is not an imaging technique. Rather, it detects scattered
light from each particle. The intensity of the scattered light depends
on the scattering cross section of the particle as well as the intensity
of the incident beam. The scattering cross section depends on the
particle size and its refractive index increment—a measure of the
extent to which the particle scatters light in excess of the solvent.
Larger particles will scatter light more intensely, as will particles
with greater refractive index increment. There is some threshold of
scattered intensity under which particles will no longer be detected,
which depends on the beam intensity, the sensitivity of the camera,
the particle size, and the particle chemistry. In practice, for protein
aggregates the minimum size detectable by current NTA technol-
ogy is ~30 nm. The minimum size is smaller for gold or other
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strongly scattering materials. On the other side of the size spec-
trum, aggregates larger than 1000–2000 nm (1–2 μm) diffuse too
slowly for reliable measurement; these particles will scatter light
strongly but one will not have an accurate measure of their size.

Since NTA is a particle-by-particle counting technique, one can
directly determine the number (molar) concentration of particle
aggregates. In contrast, SEC or dye-binding assays measure mass
concentrations, and DLS provides no information about concen-
tration. Thus, NTAmeasurements can be particularly advantageous
for building kinetic models, because rates of reaction depend on
molar and not mass concentration.

NTA and DLS are similar in that both are scattering techniques
that measure particle diffusion. In DLS, one obtains an autocorre-
lation function that is the sum of contributions from all scattering
particles in the sample volume. Obtaining size distributions from
DLS measurements requires the use of constrained regularization
or other statistical techniques, which are not always entirely reliable.
Because individual particles are counted in NTA, the size distribu-
tion is directly obtained, as long as a sufficient number of particles
are counted. The fact that larger particles scatter more strongly is a
particular problem with DLS, where the signal from large particles
can totally swamp out that from smaller particles. With NTA, this is
less of a problem but is still not completely negligible. Because the
laser used as the incident beam has a Gaussian distribution of
intensity, smaller particles near the edge of the beam may miss
detection whereas larger particles will be detected. Or, small parti-
cles may be hidden in the “halo” of strongly scattering particles.
These factors can affect the accurate measurement of particle num-
ber concentrations, and are of particular concern when the sample
size distribution is very broad.

One of the unique, but underutilized, advantages of NTA is
that individual particles are measured for both size and intensity.
One can thereby evaluate mixtures of particles with different mate-
rial properties, as long as they have different refractive indices.

For more detailed information on the theory of nanoparticle
tracking and analysis of data, readers are referred to [2] or
[3]. Some additional useful references on applications of NTA
include [4–10].

2 Materials

1. Buffers

Water and most aqueous buffers can be used. For example, we
have used ultrapure water (distilled, deionized, and filtered
water), Tris buffer: 200 mM Tris–HCl, pH 8.4, phosphate-
buffered saline PBS: 100 mM NaCl, 10 mM phosphate, pH
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7.4, CHES: 10 mMN-cyclohexyl-2-aminoethanesulfonic acid,
140 mM NaCl, pH adjusted to 9 with 1 M NaOH, or 8 M
urea/0.01 M glycine-NaOH, pH 10. Buffers are filtered
through a 0.02 μm Whatman Anotop 10 filter (see Note 1).

2. Standards

Nanosphere size standard (NIST Traceable Mean Diameter)
polystyrene latex beads in several different sizes (e.g., 60, 100,
and240nm) are available fromThermoScientific (Fremont,CA)
and can be used without further purification. Gold nanoparticles
are available from BBI solutions (Cardiff, UK) and, because of
their stronger scattering, are useful at smaller sizes (e.g., 20 nm).

3. Proteins

Purity should be established by SDS-PAGE or other appropri-
ate techniques. Samples should appear clear and colorless by
eye, with no turbidity or sediment. Samples should be filtered
through an appropriate size filter to remove contaminants (see
Note 2).

4. Nanosight

The Nanosight LM10 (Nanosight, Amesbury, UK) equipped
with a 405 nm laser was used in all examples described here.
Other laser wavelengths including 488 nm (blue), 532 nm
(green), or 642 nm (red) are available, which are particularly
useful for fluorescence-based methods (which are not discussed
here). Two different cameras can be installed on the Nanosight:
the standard CCD camera or a high-sensitivity CMOS camera.
The higher sensitivity is better for very dilute solutions or
smaller particles.

3 Methods

3.1 Instrument

Setup, Sample

Preparation and Data

Collection

1. Assemble viewing unit. If necessary, switch off laser and remove
power lead, and clean all parts (see step 6). Embed O-ring in its
channel in the top plate. Lay the top plate onto the embedded
optical flat gently. Tighten four metal screws alternately in
opposite diagonal pairs. Do not overtighten. Attach the
power lead to the viewing unit.

2. Check cleanliness. First check the cleanliness of the sample cham-
ber and buffer preparation with ultrapure water and filtered
buffer. Load water or buffer into the sample chamber using a
syringe, allowing some excess to spill out of the outlet port.
Advance sample slowly and avoid air bubbles (see Note 3). The
observation of a completely blank background is required and
represents the absence of scattering particles. If particles are
detected in water or buffer, repeat cleaning of the instrument
(see step 6) and filtering of the buffer until no particles are
detected.

Nanoparticle Tracking 149



3. Load sample. Sample volume should be greater than 0.5 mL.
Load the sample using the same technique as for water or
buffer. Turn on power. The laser beam should be a thin line
passing through the sample chamber if the sample is properly
prepared and loaded with a proper concentration. Samples may
need to be diluted to reach the target particle number concen-
tration (see Notes 4 and 5).

4. Adjust the microscope and find the viewing field. Place viewing
unit onto microscope stage. Adjust the position of microscope
objective to find the optimum imaging position. This is illu-
strated in Fig. 2a. The laser beam path is indicated by the dashed
lines. Adjust the x- and y-axis positions, and find the fingerprint
(flare spot). Adjust the x-axis position by moving to the left and
find a line to the left of the flare spot. Continue moving to the
left, and the optimum imaging position is on the left of the line.
Then adjust the height of the microscope objective to obtain a
clearly visible image of particles present within the beam, in
focus. Particles should appear bright and sharp; avoid blurry
or indistinct particles (Fig. 2b). It is easier to use the microscope
to first find the approximate viewing field and then use the
camera to find the optimal viewing field. You will need to adjust
focus when switching from microscope to camera view.

5. Choose instrument settings and capture videos. Adjust the
camera level so that all particles are visible but the background
is dark (not milky). In SOP tab, use the standard measurement
script function (five repeats of 60-s capture time, see Note 6),
or load a script of your own (see Note 7). Run the script to
initiate video capture. Be sure to keep the instrument steady
and avoid any vibration or jarring. The instrument sits on
vibration reduction pads and should be placed on a sturdy
table, isolated from walls or any outside source of vibration
such as traffic or trains. Check that the temperature in the cell is

Fig. 2 Illustration of NTA data collection method. (a) Find the viewing field. Adjust the position of the
microscope objective to find the flare spot (fingerprint) first, then move the objective toward left. The optimum
imaging position is the left side of the vertical line. (b) Adjust the height of the microscope objective to obtain a
clearly visible image of particles present in focus within the beam, as shown in the left panel. Avoid blurry
particles shown in the right panel
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recorded automatically, or measured and recorded (depending
on instrument model).

6. Switch off the laser and disconnect power. Empty the sample
chamber of all residual fluid using a syringe via the Luer ports.
Rinse the sample chamber with filtered buffer or water a few
times and expel from chamber before disassembling. Unscrew
the screws securing the top plate and take out the optical flat.
Rinse top plate and optical flat twice with water and ethanol,
and then dry with an air can, paying special attention to the
input and output Luer ports. Dampen a lens paper with water
and carefully wipe once over the surface of the optical flat in
situ and top plate. Repeat with a lens paper dampened with
ethanol (see Note 8).

3.2 Video Analysis 1. Start with the recommended default screen gain value at 10.0
and select an appropriate detection threshold. Evaluate the
video and decide “by eye” what is a particle. Adjust the detec-
tion threshold so that every particle that you identify visually is
highlighted with a red cross (+) located at the center of the
particle (which appears as a white dot). Particles are selected for
identification based on the scattered intensity as well as some
other factors. The red cross indicates that the particle has been
recognized and its trajectory will be analyzed. If the detection
threshold is too low, multiple red crosses might be erroneously
assigned to a single particle, whereas a high detection threshold
might miss less intensely scattering particles (see Note 9).

2. Click OK in processing setting message and videos will be
analyzed, displayed, and exported. Analysis includes size, size
distribution, number concentration, and intensity.

3.3 System

Performance Check

Although NTA does not require calibration, it is recommended
that the performance be checked every 6 months, or with every
new operator. For this purpose, standardized polystyrene latex
spheres or gold nanoparticles are useful (see Note 10).

1. To collect data on standardized latex beads: Prepare dilutions
of 60, 100, or 240 nm Nanosphere size standard in deionized
water. Adjust concentration if necessary. Inject into the sample
chamber, capture videos, and analyze. The mean particle size
should be very close to the standard. For example, in one
experimentwe obtained: 59�3nm for 60 nmbeads, 99�2nm
for 100 nm beads, and 239 � 5 nm for 240 nm beads
(mean � SD from multiple repeat measurements).

2. Prepare a mixture of 60 and 100 nm latex beads at approxi-
mately 1:1 number ratio, and a mixture of 100 nm and 240 nm
beads at 1:1 ratio. Inject into sample chamber, capture videos,
and analyze. A bimodal distribution should be obtained. In one
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experiment, we used a 1.2:1 ratio of 60 and 100 nm particles,
and observed a bimodal distribution, with the peak sizes shifted
slightly toward the center (64 and 96 nm, respectively). The
measured number concentration of 60 nm beads was about
15% lower than the number of 100 nm beads, even though the
actual number of 60 nm beads was 20% higher (Fig. 3). Similar
phenomena were observed for 100 nm and 240 nm mixture.
This demonstrates that the detection threshold varies with
particle size, and that some smaller particles may escape detec-
tion in the presence of larger, more strongly scattering,
particles.

3. To collect data on gold nanoparticles: Prepare several dilutions
of 20 nm gold nanoparticles (BBI solutions, Cardiff, UK).
Inject into sample chamber, capture, and analyze. The number
concentration should be close to expected, (within 5–10%) and
there should be a linear response with dilution as long as the
sample was within the target concentration range of
107–109 particles/mL. For example, in one experiment, we
obtained a mean size of 20.3 � 0.5 nm; plotting the measured
versus calculated number concentration yielded a straight line
with a slope of 1.04 (compared to ideal slope of 1.0) and R2 of
0.997.

Fig. 3 Measured size distribution of a mixture of 60 and 100 nm particles at a
1.2:1 ratio. Arrows show true size of latex particles
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3.4 Examples In the following section, we provide details of three different
applications that illustrate use of NTA in protein/peptide
aggregation.

1. Example 1: Aggregate size distribution. Transthyretin (TTR) is
a homotetrameric transport protein (56 kDa, 7 nm hydrody-
namic diameter) that self-associates into fibrillar (amyloid)
aggregates at acidic pH. Recombinant wt TTR was diluted to
0.35 mg/mL in acetate buffer (pH 4.4), quickly filtered, and
immediately placed into the sample chamber. The size distri-
bution is shown in Fig. 4a, and the result of binning the data is
shown in Fig. 4b. The size distribution is unimodal and fairly
broad. Virtually no particles of less than 40 nm diameter were
detected. The lack of detection does not mean the lack of
existence, rather it demonstrates the lower size limit of detec-
tion and that small particles are more difficult to detect in a
heterogeneous sample that also contains larger particles. Sam-
ples were also analyzed by dynamic light scattering (DLS), and
the mean hydrodynamic diameter is shown on the figure (see
Note 11).

2. Example 2: Aggregation kinetics (see Note 12). Peptides con-
taining repeat runs of 20 or 24 asparagines (N20 or N24,
respectively), along with flanking lysines for solubility, were
synthesized using standard solid-phase peptide synthesis and
purified by reverse-phase HPLC [11]. Peptides were disaggre-
gated, filtered through a 0.22 μm filter, and diluted into Tris
buffer to a final concentration of 30 μM. Samples were

Fig. 4 Size distribution of TTR sample. The overall distribution is shown, as well as the option for binning
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immediately filtered through a 0.02 μm filter, and loaded into
the chamber. A custom script was written to collect data with
2-min intervals for the first 10 min and 5-min intervals for the
last 50 min, for a total of 1 h (Fig. 5). For N20, almost no
particles (one or none in the viewing field) were observed up to
35 min. At 35 min, weakly scattering, rapidly diffusing particles
started to appear; these grew in both size and number concen-
tration over the next half hour. With N24, a few small particles
appeared at 2 min and the particle number concentration
increased steadily over the next 15 min (see Note 13). After
25 min, very large, strongly scattering aggregates appeared
suddenly; the diffraction rings attest to the micron
(or greater) size of the aggregates.

3. Example 3: Intensity versus size analysis. Peptides containing a
repeat run of 24 glutamines (Q24) or the Alzheimer-related
peptide beta-amyloid (Aβ) were allowed to aggregate. Samples
were loaded into the chamber and data was collected. By
checking Particle Data in the export data window, information
on every tracked particle is obtained, including its hydrody-
namic diameter and its scattered intensity. The “True” particles
were selected, and the normalized scattered intensity was plot-
ted versus particle size for every counted particle (Fig. 6). We
observed segregation into two separate clusters, with aggre-
gates of Q24 scattering less light than Aβ aggregates of equal
size. This indicates that, for a given aggregate size, Q24 aggre-
gates contain more water and are less “folded” than Aβ aggre-
gates. Considered another way, for a given scattered intensity,
Q24 aggregates diffuse more slowly and are therefore less
compact than Aβ aggregates. Although both Q24 and Aβ
assemble into fibrillar aggregates, these data indicate that
there are structural differences between these aggregates.

Fig. 5 NTA analysis of N20 and N24 aggregation kinetics. Peptides were prepared at 30 μM in Tris buffer from
monomeric stocks. (a�d) Still images taken from videos collected for (a) N20 at 35 min, (b) N24 at 2 min, (c)
N20 at 40 min, and (d) N24 at 40 min. (e) Particle number concentration as a function of time for N20 or N24,
and the script for 1 h measurement with 2-min intervals for the first 10 min and 5-min intervals for the last
50 min
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4 Notes

1. Some liquids must not be used in NTA, including (a) solvents
with significant optical absorption, (b) any glass etching solu-
tions (hydrogen fluoride, potassium fluoride, etc.), or
(c) O-ring incompatible solvents (DMSO, DMF, acetone,
acetic acid, etc.). For aqueous buffers that contain high con-
centrations of solutes, or for nonaqueous solvents, the viscosity
must be adjusted in SOP-Advance. Also, viscosity is a strong
function of temperature and the operator should ensure that
the correct viscosity is used. This is a critical step, because the
relationship between diffusion coefficient and hydrodynamic
radius is a function of solvent viscosity (Eq. 2).

2. Membrane filter sizes are given as a mean pore size, and there is
a size distribution. Larger particles can initially pass through
the filter, so the early few drops of filtrate should be discarded.
Sedimenting particles will interfere with NTA measurements
and must be avoided. These large particles can be removed by
centrifugation or filtration.

3. After pulling the sample into the syringe, any air bubbles
should be removed by inverting and tapping the syringe lightly,
to force bubbles to float up, and then pushing gently till the
liquid reaches the tip of the syringe. Having the sample cham-
ber completely dry prior to sample loading helps to avoid air
bubbles. The cell unit can be tilted (with the syringe injecting

Fig. 6 Relationship between hydrodynamic radius and scattering intensity of
individual particles. Comparison of Q24 (cross mark symbol) with Aβ (open
circle)

Nanoparticle Tracking 155



vertically upward) to avoid trapping air bubbles. The sample
chamber should be filled slowly until the liquid reaches the tip
of the nozzle. It is important that sample solutions do not leak
under the O-ring and around the optical flat as it could cause
irreparable damage to the laser.

4. The optimum concentration range is 107–109 particles/mL.
Samples containing fewer than 107 particles/mL have an insuf-
ficient number of particles in the field of view for statistically
valid sampling. Samples containing more than 1010 particles/
mL are likely to have particle trajectories that “cross over” one
another. In a typical sample of an aggregation-prone protein,
the protein mass concentration is determined by absorbance.
However, neither the aggregate size nor the fraction of protein
that is aggregated is known prior to NTA measurement, so one
generally cannot a priori prepare a sample at the desired particle
concentration range. The optimum concentration usually
needs to be found by serial dilution, with no step greater than
100-fold dilution. A simple way to determine if a sample is too
concentrated is to load the sample in the sample chamber and
turn on the power. If the beam appears very bright and fuzzy,
and “blooms” within the sample (looking at the sample cell
chamber), or if the background appears like static on a televi-
sion and particles are not distinguishable from the background
(looking at the camera capture screen), then the sample is much
too concentrated and needs further dilution. One word of
caution: dilution may in some cases interfere with accurate
characterization of the sample, for example, if aggregation is
concentration-dependent.

5. A syringe pump increases the number of sample particles cap-
tured and tracked during a run. This provides a more represen-
tative sample population, thus yielding a more reproducible
size distribution and more accurate concentration measure-
ment. A syringe pump is particularly useful for very dilute
samples where insufficient particles are tracked to provide a
statistically robust measurement. A syringe pump can also be
extremely useful to prevent settling of the sample during data
collection. However, using a syringe pump requires higher
sample volumes. It should also be noted that the shear stress
produced by the syringe pump might induce aggregation of
samples sensitive to these types of stresses.

6. The duration of each capture depends on the number of parti-
cles in the field of view; typically 60 s are sufficient if 20–60
particles are in the field of view in any single frame.
(An individual particle is tracked for only a few seconds; during
a 60-s capture particles will move in and out of the field of
view.) A minimum of 500 total particle tracks per measurement
should be collected. Longer measurement time is needed for
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samples containing fewer particles, with the maximum mea-
surement time about 3–4 min. At least three repeat measure-
ments should be taken. Samples with high polydispersity
and/or low particle concentrations require more repeats to
reduce sampling biases. For kinetic studies where smaller time
intervals are needed, shorter capture time (30-s) can be used.

7. As an example, the following script will collect five repeats of
60-s captures.

CAMERASETTINGSMSG

REPEATSTART

MESSAGE Please advance sample, then press OK

CAPTURE 60

DELAY 1

REPEAT 4

PROCESSSINGLESETTING

EXPORTRESULTS

8. To remove any adsorbed protein in the sample chamber, fill the
chamber with 100 mM NaOH solution and hold for 30 min.
Remove NaOH solution with syringe and follow the normal
cleaning procedure.

9. It is a good idea to vary the detection threshold and compare
distributions and number concentrations to see if there are any
biases or other unwanted effects. Additional security against
unwanted artifacts is provided by the software, as it will evalu-
ate each identified particle and decide if particles are “true” or
“false” particles. In general, it is better to go too low on
detection threshold (false positives) than too high (false nega-
tives), because the software will delete marginal (“false”) par-
ticles. On the other hand, choosing a very low detection
threshold means that a lot of particles are analyzed and deter-
mined to be false, which increases analysis time.

10. For materials with high refractive index (e.g., gold or silver
colloidal), the lower size detection limit is 10–15 nm diameter.
For particles with moderate refractive index (e.g., condensed
polymers, protein aggregates), the lower size limit is around
25–35 nm. For weakly scattering materials (e.g., polymers,
liposomes), detection limit is approximately 40 nm.

11. There are two important differences between NTA and DLS.
First, the mean size determined by DLS is z-(intensity) aver-
aged, which weights larger particles much more heavily. On the
other hand, unaggregated protein and small (<40 nm) aggre-
gates contribute to the DLS signal, but are too small to con-
tribute to the distribution as measured by NTA.
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12. Starting from time zero is important in kinetics study. The
instrument setting should be adjusted well before sample injec-
tion. After loading the sample in chamber, adjust microscope
quickly to get optimum view and start to capture immediately.

13. The particle number concentration (million particles per mL)
is calculated by NTA. In our experience, the reported number
is reasonably accurate for polystyrene spheres and gold nano-
particles, but large protein aggregates are under-counted [10].
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Chapter 8

Peptide Self-Assembly Measured Using Fluorescence
Correlation Spectroscopy

Judith J. Mittag, Joachim O. R€adler, and Jennifer J. McManus

Abstract

Fluorescence correlation spectroscopy (FCS) is a flexible and powerful technique to measure the diffusion
of fluorescently labeled particles. It has been important in examining a range of biological processes, from
intracellular transport, to DNA hybridization. It is particularly suited to measuring the assembly of
peptides, since peptides are often too small to be detected by standard light scattering methods, or may
not contain aromatic amino acid residues, which limits the use of other spectroscopic techniques. In this
protocol, we describe state-of-the-art sample preparation for Aβ1–42 peptide solutions and the measurement
and analysis of the self-assembly of the peptide to form fibrils via a number of intermediate states using FCS.

Key words Fluorescence correlation spectroscopy, Peptide, Self-assembly, Size distribution, Complex
fluids, Polydispersity, Gaussian distribution model

1 Introduction

Fluorescence correlation spectroscopy (FCS) is a sensitive and ver-
satile technique allowing the diffusion of fluorescently labeled
nano- and meso-scale objects in solution to be measured down to
picomolar concentrations [1]. The technique was first described in
the early 1970s [2–4]. FCS monitors the intensity fluctuations of a
fluorescently labeled particle as it passes through a fixed volume
(Fig. 1a, b). The use of a confocal microscope with FCS reduces the
measurement volume to less than 1 fL, allowing for single molecule
detection [5, 6]. The time averaged fluorescence intensity fluctua-
tions were used to determine an autocorrelation function (Fig. 1c),
which contains information about the time taken for the labeled
particle to pass through the measurement volume and the concen-
tration of labeled particles in solution. This information in turn can
be used to determine the particle size. One (a single label), two, or
more color FCS can be performed when the wavelengths of emis-
sion maxima of the different dyes are sufficiently separated (or that
filters are used) to eliminate cross-talk. If two labeled components

Bradley L. Nilsson and Todd M. Doran (eds.), Peptide Self-Assembly: Methods and Protocols, Methods in Molecular Biology,
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(of different colors) bind together, this can be detected by measur-
ing a cross-correlation [7, 8]. Hence, the variety of ways in which
measurements can be performed has allowed the technique to be
used for a diverse range of measurements including the hybridiza-
tion of DNA [6], the binding of peptides to lipid membranes [9],
and the assembly of virus capsids [10].

One of the limitations of FCS is that it works best for mono-
disperse solutions, or solutions in which there are large differences
in sizes between the diffusing species. Recent developments in data
analysis techniques however have made FCS better suited for mea-
surements of assembly processes where heterogeneous particles
sizes are obtained [11–15]. The formation of a range of particle
sizes is a typical occurrence in protein and peptide assembly and
these more recent analysis techniques therefore offer new avenues
to monitor the process. For these types of measurements, careful
and consistent sample preparation is essential to ensure that the
fitting methods are producing results based on robust data. We
have measured the assembly process (fibrillogenesis) of amyloid-
beta (Aβ), a peptide associated with the pathogenesis of Alzhei-
mer’s disease by FCS [15].

Here we describe a protocol to prepare peptide solutions con-
taining Aβ1–42 and the methods and procedures to acquire robust
and reliable data during aggregation and fibril formation of the
peptide using FCS. Furthermore, we describe in some detail the
types of data analysis that can be performed on these heterogeneous
solutions, including maximum entropy fitting (MEMFCS) and

Fig. 1 (a) Confocal volume for a FCS experiment: fluorescently labeled particles diffuse through the confocal
volume leading to fluctuations in the fluorescence intensity, (b) the fluctuations are recorded over the time of
the experiment, and (c) the time averaged intensity fluctuations are recorded as an autocorrelation function,
which can be used to determine the concentration of diffusing particles and the diffusion time and therefore
their size
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multi-Gaussian fitting (GDM), which recognize that the self-
assembling peptide contains a number of different sized species
that are not captured well using single component fits.

2 Materials

Prepare all aqueous solutions using ultrapure water (resistivity
>18.1 MΩ), for example, by purifying deionized water through a
Milli-Q water purification system.

1. Unlabeled Aβ1–42 (see Note 1).

2. Labeled Aβ1–42 (or labeling kit) (see Note 2).

3. Fluorescent dye with a known diffusion constant (for calibra-
tion), e.g., Alexa488 (see Note 3 and Table 1).

4. Measurement chambers, e.g., LabTek, Nunc 8-well-plates,
borosilicate bottom, 200–400 μL sample volume per well
(Thermo Scientific) or Sensoplate plus, 20–100 μL sample
volume per well (384-well, black, 175 μm glass bottom, Grei-
ner Bio one) (see Note 4).

5. Poly-L-lysine coating solution: 100 μg/ml poly-L-lysine in
Milli-Q water (see Note 5).

6. Immersion oil (see Note 6).

7. UV Quartz cuvette.

8. UV-vis spectrophotometer.

9. Ice.

10. 1% NH4OH solution: 1 g of NH4OH in 100 mL water.

11. Tris–HCl buffer: 100 mM Tris, pH 7.4 (see Note 7).

Table 1
Diffusion coefficients for a number of fluorescent small molecules that can be used for calibrating the
FCS instrument

Dye Diffusion constant [μm2/s] Laser wavelength [nm] Temperature [�C] Reference

Alexa488 435 488 22.5 + 2%/�C [19]

Alexa546 341 543 22.5 + 2%/�C [19]

eGFP 95 488 22.5 + 2%/�C [19]

Fluorescein 436 488 22.5 + 2%/�C [19]

Rhodamine 6G 426 543 22.5 + 2%/�C [19]

Cy5 370 � 15 633 25 [20]

Alexa633 340 � 10 633 25 [21]

Atto655 390 633 25 [22]
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12. Ultracentrifuge.

13. Benchtop centrifuge.

14. Ultra-filtration unit with a 10 kDa molecular weight cutoff
(e.g., Amicon ultra-filtration devices), or syringe drive filters
with a 0.02 μm pore size (Whatman Anotop).

15. Glass vial (4 mL volume).

16. Eppendorf tubes.

17. Aluminum foil.

18. Kimwipes.

19. Nitrogen gas.

20. Data Analysis Software, e.g., Origin, Matlab, Igor.

21. Parafilm or adhesive film.

3 Methods

3.1 Sample

Preparation

3.1.1 Dissolution

of Peptide

1. To prepare unlabeled Aβ1–42, add 1.8 mL of a 1% NH4OH
solution to 16 mg of the Aβ1–42 peptide and add 1.8 mL of
Tris–HCl (pH 7.4), which gives a 1 mM peptide solution
[15]. Ensure that all the solid material is dissolved and avoid
the introduction of air bubbles where possible (see Note 8).

2. Dissolve the labeled peptide (e.g., AβHilyte-488, Anaspec Inc.
Fremont, CA) per the supplier’s instructions (see Note 2).

3.1.2 Removal

of Preexisting Peptide

Assemblies (e.g.,

Oligomers or Larger

Aggregates) (See Note 9)

Preexisting assemblies can be present as artifacts of peptide lyophi-
lization, sample preparation, or concentration steps. These should
be removed prior to measurements. One (or more) of the following
procedures can be used:

1. Ultracentrifugation: For Aβ, precool the rotor overnight at
4 �C and set the centrifuge temperature to 4 �C about 1 h
before use (cooling may take some time). Use centrifuge tubes
designed for ultracentrifugation (not the standard lab variety).
Ensure an appropriate counterweight is present in the rotor.
Centrifuge for 1 h at 100,000g. Remove only the upper 75% of
the supernatant for further use and place on ice.

2. Ultra-filtration using, e.g., Amicon ultra-filtration devices to
exclude components above a molecular weight cutoff (e.g.,
10 kDa).

3. Filtration of samples through syringe driven filters, e.g., Milli-
pore Durapore 0.22 μm filters or Whatman Anotop 0.02 μm
filters.
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3.1.3 Concentration

Determination

1. After removing preexisting aggregates, determine the precise
peptide concentration by measuring the absorbance at 280 nm
for the unlabeled peptide and at 497 nm for Hilyte 488-labeled
Aβ1–42 on a UV-vis spectrophotometer.

2. Measure the concentration of unlabeled peptide using the
formula c ¼ A/εl, where A is absorbance, ε is the molar
extinction coefficient (equal to 1400 M�1 cm�1 (at 280 nm)
for Aβ1–42), and l is the path length in cm. For labeled protein,
calculate the molar concentration using the formula

c ¼ A280 � Amax,dye � CF
� �

ε

� �
� dilution factor

where Amax, dye is the absorbance maximum of dye, and CF is the
correction factor for the dye (supplied by the manufacturer; for
Hilyte 488, CF ¼ 0.19).

3. Determine the labeling ratio using the formula:

dyes moles½ �
protein moles½ � ¼

Amax, labeled

ε0 � c � dilution factor

� �

where ε0 is the extinction coefficient of the labeled peptide (e.g., For
Hilyte 488 ¼ 70,000 M�1 cm�1 at 497 nm).

3.2 Procedure

for Coating

Measurement

Chambers

with Poly-L-Lysine

[16]—(See Note 5)

1. Dilute 0.5 mL poly-L-lysine stock solution into 2.83 mL water
(or dilute to 15 μg/mL, total volume 3.33 mL).

2. Fill each chamber with 400 μL of the coating solution.

3. Incubate at room temperature for 1 h in the dark.

4. Aspirate the solution completely and store it in a glass vial in the
fridge. The coating solution can be reused for ~3months. Wrap
aluminum foil around the vial (or use an amber vial) to protect
the solution from light.

5. Rinse the chambers carefully with 400 μL of Milli-Q water
20 times to remove all unbound poly-L-lysine.

6. Dry the exterior glass bottom of the chamber slide carefully
with a Kimwipe to avoid water marks.

7. Allow the chamber to dry in air at room temperature (or use a
gentle stream of filtered nitrogen gas).

3.3 FCS Setup

and Optimization

3.3.1 Preparation of FCS

Instrument

Specific instructions for performing steps 1–5 below will depend
on the type of instrument used (see manufacturer instructions for
assistance in performing these steps).

1. Switch on the laser 1 h prior to setup.
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2. Place a droplet of water or oil on the immersion objective of the
microscope.

3. Place a chamber on the stage above the objective (if using an
inverted microscope).

4. Search for the second reflection, optimize the quality of your
signal with the objective collar ring and adjust the laser power
to a suitable level.

5. Perform the pinhole alignment.

6. Calibrate the FCS setup to determine the size of the confocal
volume using a dye with a known diffusion constant (see
Table 1). A concentration of 10–50 nM for the dye solution
is typical (depending on the properties of the dye). Use the
dilution buffer to dissolve the dye (see Note 7).

7. Add 200 μL of the dye solution to one of the chambers (or a
suitable volume if different chambers are used).

8. Take 10 � 30 second measurements of the dye solution and
determine the average.

9. Perform a one-component fit of the autocorrelation function
using the instrumentation software (see Subheading 3.4.2) to
determine the diffusion time (τD), and structure parameter
(usually called S). Note these values.

10. UsingD, the diffusion constant for the dye (from Table 1), first
calculate r, using τD ¼ r2/4D and then z, using S¼ z/r. At this
point do not change any of the components in the optical
pathway or the calibration will need to be performed again.

11. Fix structure parameter (S) in the FCS software for the mea-
surement of all other samples (see Note 10).

3.3.2 Optimizing

the Labeled Protein

Concentration (See Note 7)

1. Prepare your peptide samples (Subheadings 3.1.1–3.1.3). The
labeled/unlabeled peptide ratio should be adjusted to achieve a
labeled peptide concentration of ~10 nM (depending on the
quality of the dye and the laser power used) to ensure a good
signal-to-noise ratio.

2. If the measured signal is too weak or the signal-to-noise ratio is
not good, increase the concentration of labeled peptide.

3.4 Sample

Measurement

and Analysis

of FCS Data

3.4.1 Measuring

an Autocorrelation Function

for a Peptide Solution

1. Add the pre-prepared peptide solution to a sample chamber
and seal with Parafilm or adhesive film to reduce evaporation.

2. Take a measurement (see Notes 11, 12, 13 and 14).
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3.4.2 One-Component

Fitting

To extract physically relevant information from the autocorrelation
curve, fit an appropriate model function to the experimental data.
The simplest fitting formula for a single component 3D freely
diffusing species is:

G τð Þ ¼ 1

N

1

1þ τ
τD

 !
1

1þ τ
S2τD

 !1
2

where N is the average number of particles inside the confocal
volume, τ is the correlation time, S is the structure parameter, and
τD is the translational diffusion time of the molecule. An example of
a “good” one-component fit is shown in Fig. 2a.

3.4.3 Two-Component

Fitting

For solutions containing two species, fit using a two-component
method, which is performed using the following expression:
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Fig. 2 Examples for data fitting. (a) An example of a “good” one-component fit. (b) A successful
two-component fit, (c) a “bad” two-component fit that deviates from the measured data. This may indicate
that a higher number of components are required to obtain a satisfactory fit of the data (data in gray, fit as
black dashed line). (d) Amplitude distribution of a polydisperse Aβ1–42 solution after 16 h analyzed using
MEMFCS (gray) and GDM (black). While both results show similar overall trends, the GDM analysis gives more
defined peaks than MEMFCS
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where τ1 and τ2 describe the diffusion times of the first and second
diffusing species, y is the fraction of the second component in
solution. This works particularly well if there is a significant differ-
ence in size between the two species. Figure 2b shows a satisfactory
two-component fit. An example of a fit that does not accurately
reflect the number of diffusing species in the solution is shown in
Fig. 2c (see Note 15).

3.4.4 Higher Order

Fitting: MEMFCS and GDM

(Multicomponent Fitting)

(See Note 16)

When more than two components are required to achieve a satisfac-
tory fit, the analysis becomes more complicated. Three main
approaches for multicomponent fits are used: CONTIN [11, 17],
MEMFCS [12, 13], and GDM [14, 15]. The basis of each analysis
method is the assumption of a quasi-continuousdistributionof a large
number of diffusing components. Themajor advantage ofMEMFCS
is that it provides a safe limit for interpretation of the data without any
a priori assumptions and thereby reduces the risk of over-interpreting
the data for highly polydisperse systems. GDM works in a similar
way, but requires an assumption of the form of the amplitude distri-
bution (i.e., the size ranges of the distributions used for the fit).While
care must be exercised, it is faster and allows for better resolution
of particle sizes than MEMFCS (Fig. 2d) (seeNote 17).

3.4.5 Triplet Decay The fluorescence of a molecule can switch on and off several times
while diffusing through the confocal volume by decay to the triplet
(dark) state. These fluctuations can provide an additional contribu-
tion to the autocorrelation curve. To account for this, a function
that describes the triplet decay can be integrated into the fitting
equation for the model of 3D freely diffusing particles as follows:

GTriplet τð Þ ¼ 1þ T

1� T
exp � τ

τT

� �� �
where τT is the triplet state relaxation time and T is the fraction of
fluorophores in the dark state. The total autocorrelation curve then
becomes a product of the triplet function and the model G(τ) as
follows:

G total τð Þ ¼ GTriplet τð Þ �G τð Þ

3.4.6 Determination

of the Hydrodynamic

Radius

Once a suitable fitting procedure has been established, the particle
size can be derived from the fitting parameters. For spherical mole-
cules the hydrodynamic radius Rh can be calculated using the
Stokes-Einstein-equation:
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Rh ¼ kBT

6πηD

where kB is the Boltzmann constant (1.38 � 10�23 J K�1), T is
temperature in Kelvin, η is the solvent viscosity (at temperature, T).
It is also possible to insert correction factors to account for particles
with nonspherical geometries [18].

4 Notes

1. Aβ 1–42 is available commercially (e.g., Anaspec, Fremont, CA,
USA) from a number of different sources or can be produced
recombinantly. Other peptides can also be prepared using the
same protocol.

2. FCS measurements are usually performed when only a small
portion of the peptide used is labeled (and hence a mixture of
labeled and unlabeled peptide is used). The lowest possible
amount of labeled peptide should be used. If a labeling kit is
used to tag the peptide of interest, there are two options;
covalent attachment of a fluorescent molecule, usually by con-
jugation to either a primary amine or a free cysteine; or the use
of a binding dye, such as Thioflavin T, for which the fluores-
cence intensity increases significantly upon binding to amyloid-
type assemblies. The choice will depend on the amino acid
sequence of the peptide being examined and the types of
assembly it will form. For methods that require covalent attach-
ment of a dye, it is important to remove all excess (nonconju-
gated) dye. Exhaustive washing is required. The washings
should be tested by measuring fluorescence intensity at the
emission maximum of the dye in a fluorimeter to ensure that
all excess dye has been removed. For both pre-labeled peptides
and peptides labeled using a kit, the characteristics of the
fluorescent label chosen should also be carefully evaluated for
brightness, photostability (to ensure little or no bleaching),
quantum efficiency, the size of dye (~1 nm) vs. the size of
peptide (often less than 1 nm), the ability to determine the
concentration of the labeled peptide and dye/protein ratio.

3. To effectively calibrate the FCS instrument, the confocal vol-
ume is determined by measuring the diffusion of a fluorophore
for which the diffusion coefficient is known. Choose a dye best
suited to the excitation lasers available and the filter set installed
for emission. The excitation maximum for the calibration dye
should match the excitation maximum for the fluorescent label
used with the peptide. A list of commonly used calibration dyes
and their corresponding diffusion constants are listed in
Table 1.
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4. There are a number of possible sample chambers (or micro
fluidic devices) that can be used for FCS measurements. It is
possible to measure FCS in very small volumes and the choice
of sample chamber may depend on the availability of material.
At a minimum, the chamber should preferably have a borosili-
cate glass base (but not too thick, since this will prohibit the
adjustment of the collar ring of the objective lens).

5. FCS measurements are often performed in very low concentra-
tion samples. If the peptide binds to the sample chamber walls,
this can reduce the bulk concentration significantly or indeed
be responsible for the assembly of the peptide (via surface
nucleation). The concentration of peptide (in a
non-aggregating solution) can be monitored over time from
the particle concentration data gathered in the autocorrelation
function (as 1/N). If the intercept of the autocorrelation
function increases over time (without a concurrent increase in
the diffusion time), peptide binding to the chamber walls
should be suspected. If this occurs, surface binding can be
pacified by coating the wells with a variety of other reagents.
A procedure using poly-L-lysine has been described, but PEG,
lipids, or BSA can also be used (using the same procedure).

6. The water used for the objective should be dust free. If present,
the measurements may be affected. Filter the water through
0.22 μm filters prior to use.

7. It is important to ensure compatibility of the fluorescent dye
and the buffer used. The dye brightness can be pH-dependent
or the dye may need specific ions to be present (e.g., calcium).
The solution conditions required for the fluorescent dye may
not be compatible with the peptide (e.g., close to the isoelectric
point, or wrong ionic strength), which could affect the assem-
bly process. The selection of an appropriate buffer at a suitable
pH and ionic strength should be given careful consideration.

8. Prepare a suitable buffer using analytical grade reagents. Filter
through 0.22 μm filters (e.g., Millipore Durapore). It is also
possible to perform measurements in complex fluids, such as
blood plasma or cerebrospinal fluid. These are used instead of
buffer. It is important that complex fluids are cell free, with no
large particles (i.e., with sizes comparable to the confocal vol-
ume), as this will lead to light scattering.

9. The presence of dimers/oligomers and/or larger aggregates in
the stock solution can make analysis of the data difficult. If
possible, non-native higher order assemblies should be
removed prior to the beginning of the measurement. If pres-
ent, it will be difficult to accurately determine the size of the
tagged peptide monomer and preexisting assemblies can alter

168 Judith J. Mittag et al.



the kinetics of the assembly process. Prepare all samples consis-
tently and just before measurements are performed.

10. If the laser power is increased (after the initial calibration), the
calibration must be performed again. Increasing the laser
power may lead to bleaching effects.

11. For measurements performed over several hours (typical for
peptide assembly), sealing the sample chamber is important
since evaporation will lead to an increase in concentration of
the solutes and hence an overestimation of the number of
particles. This may also mask a self-assembly process, which
will decrease the particle number. The initial sample volume
should also be large enough to ensure that evaporation doesn’t
dramatically alter the sample concentration.

12. For longer measurements, use oil immersion rather than water
immersion for the objective. If one uses water, evaporation of
the water droplet on the lens will occur. This needs to be
monitored and re-applied if necessary. If the sample chamber
is moved regularly throughout the experiment (e.g., if multiple
wells are being measured simultaneously), re-application of the
immersion fluid may also be required.

13. If large aggregates and/or dust are present in the sample
during measurement, this will result in significant spikes in
the intensity. Most software packages have integrated “dust
filters.” These tools exclude count rates that are above a thresh-
old level (that can be specified) and data above this threshold is
not used in calculating the autocorrelation function.

14. A large decrease in the number of particles may be due to the
formation of very large aggregates (greater than 1 μm). If these
particles are very large, sedimentation will occur and the for-
mation will not be recorded in the autocorrelation function.
Always visually inspect the sample chamber for large sedimen-
ted particles.

15. It can be very difficult to distinguish between a monomer and a
dimer for the following reason. The autocorrelation function is
an average of the time correlated intensity fluctuations of the
diffusing species, where the intensity is proportional to the
sixth power of the hydrodynamic radius. To distinguish clearly
between two species in solution, one component should have
twice the hydrodynamic radius of the other component. How-
ever, as a broad rule of thumb, a doubling in the hydrodynamic
radius is equivalent to 8� increase in molecular weight. There-
fore, a large increase in molecular weight is required to clearly
distinguish different diffusing species using standard fitting
procedures.

16. A multicomponent fit should be attempted when it is clear that
either a one- or two-component fit do not accurately describe
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your system (i.e., the fit is bad, see Fig. 2). Sample polydisper-
sity is indicated when there are significant deviations between
the data and the one- or two-component fits (see Fig. 2c). Even
if the initial fit seems good (as indicated by the residuals), a
multicomponent fit may still be warranted if the sizes produced
by the one- or two-component fits are physically unrealistic
(for example, smaller than either the peptide or the dye mole-
cule), or if there is difficulty distinguishing between larger
particles (those comparable in size to the confocal volume).

17. Fitting procedures for multicomponent, polydisperse solu-
tions, e.g., MEMFCS and multi-Gaussian models require ade-
quate computer power and fitting software (e.g., Igor or
Matlab).
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19. Petrásěk Z, Schwille P (2008) Precise measure-
ment of diffusion coefficients using scanning
fluorescence correlation spectroscopy. Biophys
J 94:1437–1448

20. Dertinger T, Loman A, Ewers B, Müller CB,
Kr€amer B, Enderlein J (2008) The optics and
performance of dual-focus fluorescence corre-
lation spectroscopy. Opt Express 16
(19):14353–14368

21. Kapusta P (2010) Absolute diffusion coeffi-
cients: compilation of reference data for FCS
calibration. PicoQuant GmbH Application
Note

22. Dertinger T, Pacheco V, von der Hocht I,
Hartman RH, Gregor I, Enderlein J (2007)
Two-focus fluorescence correlation spectros-
copy: a new tool for accurate and absolute
diffusion measurement. Chem Phys Chem 8
(3):433–443

Aβ1–42 self-Assembly Measured by FCS 171

http://www.ibidi.com/service/application_notes/AN08_Coating.pdf
http://www.ibidi.com/service/application_notes/AN08_Coating.pdf


Part II

Methods for the Preparation of Functional Self-Assembled
Peptide Biomaterials



Chapter 9

A General Method to Prepare Peptide-Based
Supramolecular Hydrogels

Dan Yuan, Junfeng Shi, Ning Zhou, and Bing Xu

Abstract

As a type of versatile soft materials, supramolecular hydrogels made of peptides have received increasing
research attention in past decade and have found useful applications in many areas. Meanwhile, numerous
methods have been reported to initiate hydrogelation via noncovalent intermolecular interactions. Gener-
ally, most hydrogelation starts from a homogeneous solution and reaches a balance of water hydration and
hydrophobic interactions, thereby resulting in hydrogelation. Here, we describe a general method to
prepare supramolecular hydrogels of small peptides, and describe two examples to demonstrate hydrogel
preparation.

Key words Peptide, Hydrogelation, pH, Enzyme

1 Introduction

Supramolecular hydrogels that result from the self-assembly of
certain small organic molecules, including small peptides or peptide
derivatives, are driven by noncovalent interactions and have
emerged as versatile soft materials. These materials hold promise
in many areas [1, 2]. For example, due to their inherent and
excellent biocompatibility and biodegradability, supramolecular
hydrogels are being explored to serve as scaffolds for tissue engi-
neering [3–7], wound healing [8–10], and biomineralization
[11, 12], vehicles for controlled drug release [13–16], matrices
for protein microarray [17–19], a low cost platform for screening
enzyme inhibitors or detecting enzymes [20–22], components for
enzyme mimetics [23, 24], and anticancer nanomedicines [25, 26].

Supramolecular hydrogelators share common features with
certain self-assembled structures in biology, such as amphiphilicity
and supramolecular interactions (e.g., hydrogen bonding, aroma-
tic–aromatic interaction, and electrostatic interaction). These non-
covalent interactions lead to the formation of three-dimensional
nanostructures. These networks also comprise the network
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matrices of hydrogels. The self-assembly of predictable noncovalent
interactions enable supramolecular hydrogels to show rapid
responses to a variety of external stimuli, including pH [27–29],
temperature [30, 28], ionic strength [31, 32], irradiation of light
[33, 34], ultrasound [35, 36], enzymatic conversion [37–45], and
ligand–receptor interactions [33, 46–48].

Generally, a physical or chemical perturbation can initiate the
hydrogelation that yields supramolecular hydrogels. For example, if
a hydrogelator dissolves in an aqueous solution at a certain pH or
temperature, changing pH or temperature alters the solubility of
the hydrogelator to form a supersaturated solution and triggers the
formation of networks of nanofibers, which results in a supramo-
lecular hydrogel. Here, we choose a dipeptide of Fmoc-Ala-Ala-
OH as a model peptide derivative and demonstrate the general
procedure to trigger the hydrogelation via tuning the pH. We
also describe an example wherein alkaline phosphatase is used to
trigger molecular self-assembly of Fmoc-Tyr-OH in phosphate
buffered saline (PBS) to result in hydrogelation.

2 Materials

Fmoc-Ala-Ala-OH, Phosphate-buffered saline (PBS, 1�), sodium
hydroxide (NaOH), and hydrochloric acid solution (1 N, HCl)
were from Fisher Scientific, Fmoc-Tyr(PO3H2)-OH was purchased
from Sigma-Aldrich, and alkaline phosphatase (ALP, 1 KU, sup-
plied with dilution buffer) was obtained from Biomatik USA. All
solutions were prepared using deionized water (DI H2O) unless
indicated otherwise.

1. Fmoc-Ala-Ala-OH (such as from Santa Cruz Biotechnology).

2. PBS buffer (1�): 137 mM NaCl, 2.7 mM KCl, 8 mM
Na2HPO4, and 2 mM KH2PO4, pH 7.4.

3. Fmoc-Tyr(PO3H2) (Such as from Novabiochem).

4. ALP buffer: 3 μL ALP stock solution (30 U/μL), 87 μL
enzyme (1 U/μL ALP solution). Aliquot the 90 μL ALP buffer
solution into several 0.3 mL microcentrifuge tubes, each con-
taining 5 μL ALP buffer solution. Label them and store at 4 �C.
ALP can be kept at 4 �C for at least 6 months.

5. 1 N NaOH: 4.0 g NaOH in 100 mL DI H2O.

6. 0.1 N NaOH: 1 mL 1 N NaOH, 9 mL DI H2O.

7. 0.1 N HCl: 1 mL 1 N HCl, 9 mL DI H2O.

8. Transmission electron microscope (TEM).

9. Glow discharge thin carbon-coated copper TEM grid, such as
400 mesh from Pacific Grid-Tech.
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10. 2% Uranyl acetate: weigh 1.0 g Uranyl Acetate Powder into a
100 mL flat flask, add 40 mL DI water and mix it until fully
dissolved. Adjust the pH to 3.5 by using 1NHCl, addDIH2O
to a final volume of 50 mL and filter the solution through a
0.45-μm filter. The solution should be kept at 4 �C in the dark.

11. Filter paper.

12. Circular dichroism (CD) spectropolarimeter.

13. 1 mm quartz cuvette.

3 Methods

Carry out all procedures at room temperature unless indicated
otherwise.

3.1 Preparation of

Fmoc-Ala-Ala-OH

Hydrogel

1. Weigh out 1 mg of Fmoc-Ala-Ala-OH (2.6 μmol) into a 4 mL
vial with a cap.

2. Add 0.6 mL DI H2O to the above vial.

3. Turn the above suspension into a clear solution by adding 2 μL
of 1 N NaOH solution.

4. Adjust pH of the solution carefully with the addition of 0.1 N
HCl and 0.1 N NaOH. Sonicate the solution for 5 s with each
addition of 2 μL 0.1 N HCl (see Note 1).

5. Close the cap and invert the vial to check whether the solution
flows. If it flows, repeat step 4. If it doesn’t flow when the vial is
inverted, the hydrogel of Fmoc-Ala-Ala-OH has formed (see
also the inverting-vial method described in [49].

6. Continue to Subheading 3.3 for biophysical characterization of
Fmoc-Ala-Ala-OH hydrogel.

3.2 Prepare Hydrogel

of Fmoc-Tyr-OH

1. Weigh 6 mg Fmoc-Tyr(PO3H2)-OH (12.4 μmol) into a 4 mL
vial with a cap.

2. Add 0.6 mL PBS buffer to the above vial.

3. Sonicate the above mixture to obtain a clear solution.

4. Add 5 μL ALP solution (1 U/μL) to the above clear solution.
Stir the solution slowly with the pipette tip to mix the ALP
solution evenly (see Note 2).

5. Close the cap and store the above solution at room
temperature.

6. The hydrogel of Fmoc-Tyr-OH should be formed within 1 h
and can be verified by performing the inverted vial method as in
step 5 in Subheading 3.1.
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3.3 Biophysical

Characterizations of

Peptide Hydrogels

1. Prepare samples for transmission electron microscope (TEM)
sample preparation by adding 3–5 μL of the supramolecular
hydrogel on glow discharge thin carbon-coated copper grid
and incubate it for 30 s at room temperature.

2. Remove excess sample solution from the grid by blotting it
with filter paper that is gently touched to the edge of the grid.

3. Wash the grid with three successive 3–5 μL drops of DI H2O

4. Place a drop of 2% uranyl acetate on the grid and allow it to
stand for 30 s, then blot the excess liquid with a piece of filter
paper. Repeat the above procedure three times and let the grid
air dry.

5. Visualize the deposited hydrogel structures on a TEM micro-
scope at a high magnification (e.g., �20,000, see Note 3).

6. Prepare a sample of the hydrogel for circular dichroism (CD)
by placing 200 μL supramolecular hydrogel evenly without
bubbles in a 1 mm thick quartz cuvette. If bubbles form, try
to break the bubble using micropipette tips.

7. Measure the absorbance of circularly plane polarized light
using a CD spectropolarimeter (see Note 4).

4 Notes

1. To avoid the formation of precipitate because of a sudden drop
in pH, it is better to use a lower concentration of HCl or
NaOH (e.g., 0.1 N) to adjust the pH of the solution.

2. To avoid the formation of precipitate because of a high cleavage
rate by the enzyme, it is better to use a lower concentration of
ALP (e.g., 1 U/μL or 0.5 U/μL). Adding a lower amount of
ALP helps the formation of a clear supramolecular hydrogel.
The formation time is varied according to the substrate.

3. Generally, we can visualize distinctive nanostructures, such as
nanofibers, by TEM. This confirms that the hydrogels com-
prise well-ordered structures.

4. Using CD spectroscopy, higher-order structures derived by
these hydrogels will give a minimum molar ellipticity at
216 nm. This is typical of β-sheet structures, and corresponds
to secondary structure present in the nanostructures observed
by TEM.

Acknowledgments

This work was partially supported by grant fromNIH (CA142746)
and Keck Foundation.

178 Dan Yuan et al.



References

1. Du X, Zhou J, Shi J, Xu B (2015) Supramolec-
ular Hydrogelators and hydrogels: from soft
matter to molecular biomaterials. Chem Rev
115:13165–13307

2. Zhou J, Xu B (2015) Enzyme-instructed self-
assembly: a multistep process for potential can-
cer therapy. Bioconjug Chem 26:987–999

3. Altunbas A, Pochan DJ (2012) Peptide-based
and polypeptide-based hydrogels for drug
delivery and tissue engineering. In: Deming T
(ed) Peptide-based materials, pp 135–167

4. Ryan DM, Nilsson BL (2012) Self-assembled
amino acids and dipeptides as noncovalent
hydrogels for tissue engineering. Polym Chem
3:18–33

5. Jung H, Park JS, Yeom J, Selvapalam N, Park
KM, Oh K et al (2014) 3d tissue engineered
supramolecular hydrogels for controlled chon-
drogenesis of human mesenchymal stem cells.
Biomacromolecules 15:707–714

6. He B, Yuan X, Wu J, Bai Y, Jiang DM (2015)
Self-assembling peptide nanofiber scaffolds for
bone tissue engineering. Sci Adv Mater
7:1221–1232

7. Latxague L, Ramin MA, Appavoo A, Berto P,
Maisani M, Ehret C et al (2015) Control of
stem-cell behavior by fine tuning the supramo-
lecular assemblies of low-molecular-weight
gelators. Angew Chem Int Ed 54:4517–4521

8. Grinstaff MW (2007) Designing hydrogel
adhesives for corneal wound repair. Biomater-
ials 28:5205–5214

9. Yang, Z. M., Liang, G. L., Ma, M. L., Abbah,
A. S., Lu, W. W. and Xu, B. (2007) D-
glucosamine-based supramolecular hydrogels
to improve wound healing. Chem Commun
843–845

10. Pinho E, Grootveld M, Soares G, Henriques M
(2014) Cyclodextrin-based hydrogels toward
improved wound dressings. Crit Rev Biotech-
nol 34:328–337

11. Schnepp ZAC, Gonzalez-McQuire R, Mann S
(2006) Hybrid biocomposites based on cal-
cium phosphate mineralization of self-
assembled supramolecular hydrogels. Adv
Mater 18:1869–1872

12. Shi N, Yin G, Han M, Xu Z (2008) Anions
bonded on the supramolecular hydrogel sur-
face as the growth center of biominerals. Col-
loids Surf B Biointerfaces 66:84–89

13. Sutton S, Campbell NL, Cooper AI,
Kirkland M, Frith WJ, Adams DJ (2009) Con-
trolled release from modified amino acid
hydrogels governed by molecular size or net-
work dynamics. Langmuir 25:10285–10291

14. Wang J, Wang Z, Gao J, Wang L, Yang Z, Kong
D et al (2009) Incorporation of supramolecular
hydrogels into agarose hydrogels-a potential
drug delivery carrier. J Mater Chem
19:7892–7896

15. Mandal D, Mandal SK, Ghosh M, Das PK
(2015) Phenylboronic acid appended pyrene-
based low-molecular-weight injectable hydro-
gel: glucose-stimulated insulin release. Chem
Eur J 21:12042–12052

16. Saboktakin MR, Tabatabaei RM (2015) Supra-
molecular hydrogels as drug delivery systems.
Int J Biol Macromol 75:426–436

17. Kiyonaka S, Sada K, Yoshimura I, Shinkai S,
Kato N, Hamachi I (2004) Semi-wet pep-
tide/protein Array using supramolecular
hydrogel. Nat Mater 3:58–64

18. Ikeda M, Ochi R, Hamachi I (2010) Supramo-
lecular hydrogel-based protein and chemosen-
sor array. Lab Chip 10:3325–3334

19. Yoshii T, Onogi S, Shigemitsu H, Hamachi I
(2015) Chemically reactive supramolecular
hydrogel coupled with a signal amplification
system for enhanced analyte sensitivity. J Am
Chem Soc 137:3360–3365

20. Ikeda M, Ochi R, Wada A, Hamachi I (2010)
Supramolecular hydrogel capsule showing
prostate specific antigen-responsive function
for sensing and targeting prostate cancer cells.
Chem Sci 1:491–498

21. Ren C, Zhang J, Chen M, Yang Z (2014) Self-
assembling small molecules for the detection of
important analytes. Chem Soc Rev
43:7257–7266

22. Huang P, Gao Y, Lin J, Hu H, Liao H-S, Yan X
et al (2015) Tumor-specific formation of
enzyme-instructed supramolecular self-
assemblies as cancer theranostics. ACS Nano
9:9517–9527

23. Wang QG, Yang ZM, Zhang XQ, Xiao XD,
Chang CK, Xu B (2007) A supramolecular-
hydrogel-encapsulated hemin as an artificial
enzyme to mimic peroxidase. Angew Chem
Int Ed 46:4285–4289

24. Duncan KL, Ulijn RV (2015) Short peptides in
minimalistic biocatalyst design. Biocatal Bio-
transformation 1:67–81

25. Su H, Koo JM, Cui H (2015) One-component
nanomedicine. J Control Release
219:383–395

26. Tanaka A, Fukuoka Y, Morimoto Y, Honjo T,
Koda D, Goto M et al (2015) Cancer cell death
induced by the intracellular self-assembly of an
enzyme-responsive supramolecular gelator. J
Am Chem Soc 137:770–775

A General Method to Prepare Supramolecular Hydrogels 179



27. Roy S, Maiti DK, Panigrahi S, Basak D, Bane-
rjee A (2012) A new hydrogel from an amino
acid-based perylene bisimide and its semicon-
ducting, photo-switching behaviour. RSC Adv
2:11053–11060

28. Kuang Y, Yuan D, Zhang Y, Kao A, Du X, Xu B
(2013) Interactions between cellular proteins
and morphologically different nanoscale aggre-
gates of small molecules. RSC Adv
3:7704–7707

29. Bastings MMC, Koudstaal S, Kieltyka RE,
Nakano Y, Pape ACH, Feyen DAM et al
(2014) A fast Ph-switchable and self-healing
supramolecular hydrogel carrier for guided,
local catheter injection in the infarcted myocar-
dium. Adv Healthcare Mater 3:70–78

30. Qiao Y, Lin YY, Yang ZY, Chen HF, Zhang SF,
Yan Y et al (2010) Unique temperature-
dependent supramolecular self-assembly: from
hierarchical 1d nanostructures to super hydro-
gel. J Phys Chem B 114:11725–11730

31. Rao KV, Jayaramulu K, Maji TK, George SJ
(2010) Supramolecular hydrogels and high-
aspect-ratio nanofibers through charge-
transfer-induced alternate coassembly. Angew
Chem Int Ed 49:4218–4222

32. Bhattacharjee S, Bhattacharya S (2015) Charge
transfer induces formation of stimuli-
responsive, chiral, cohesive vesicles-on-a-string
that eventually turn into a hydrogel. Chem
Asian J 10:572–580

33. Zhang Y, Gu H, Yang Z, Xu B (2003) Supra-
molecular hydrogels respond to ligand�recep-
tor interaction. J Am Chem Soc
125:13680–13681

34. Cao W, Zhang XL, Miao XM, Yang ZM, Xu
HP (2013) Gamma-ray-responsive supramo-
lecular hydrogel based on a diselenide-
containing polymer and a peptide. Angew
Chem Int Ed 52:6233–6237

35. Kuang Y, Gao Y, Shi J, Li J, Xu B (2014) The
first supramolecular peptidic hydrogelator con-
taining taurine. ChemCommun 50:2772–2774

36. Pappas CG, Mutasa T, Frederix P, Fleming S,
Bai S, Debnath S et al (2015) Transient supra-
molecular reconfiguration of peptide nanostruc-
tures using ultrasound. Mater Horiz 2:198–202

37. Toledano S, Williams RJ, Jayawarna V, Ulijn
RV (2006) Enzyme-triggered self-assembly of
peptide hydrogels via reversed hydrolysis. J Am
Chem Soc 128:1070–1071

38. Yang Z, Liang G, Wang L, Xu B (2006) Using
a kinase/phosphatase switch to regulate a
supramolecular hydrogel and forming the
supramolecular hydrogel in vivo. J Am Chem
Soc 128:3038–3043

39. Li J, Gao Y, Kuang Y, Shi J, Du X, Zhou J et al
(2013) Dephosphorylation of D-peptide deri-
vatives to form biofunctional, supramolecular
nanofibers/hydrogels and their potential appli-
cations for intracellular imaging and intratu-
moral chemotherapy. J Am Chem Soc
135:9907–9914

40. Kuang Y, Shi J, Li J, Yuan D, Alberti KA, Xu Q
et al (2014) Pericellular hydrogel/nanonets
inhibit cancer cells. Angew Chem Int Ed
53:8104–8107

41. Shi J, Du X, Yuan D, Zhou J, Zhou N, Huang
Y et al (2014) D-amino acids modulate the
cellular response of enzymatic-instructed
supramolecular nanofibers of small peptides.
Biomacromolecules 15:3559–3568

42. Yuan D, Zhou R, Shi J, Du X, Li X, Xu B
(2014) Enzyme-instructed self-assembly of
hydrogelators consisting of nucleobases,
amino acids, and saccharide. RSC Adv
4:26487–26490

43. Li J, Kuang Y, Shi J, Zhou J, Medina JE, Zhou
R et al (2015) Enzyme-instructed intracellular
molecular self-assembly to boost activity of cis-
platin against drug-resistant ovarian cancer
cells. Angew Chem Int Ed 54:13307–13311

44. Wu D, Du X, Shi J, Zhou J, Zhou N, Xu B
(2015) The first Cd73-instructed supramolec-
ular hydrogel. J Colloid Interface Sci
447:269–272

45. Zhou J, Du XW, Li J, Yamagata N, Xu B
(2015) Taurine boosts cellular uptake of small
D-peptides for enzyme-instructed intracellular
molecular self-assembly. J Am Chem Soc
137:10040–10043

46. Shi J, Du X, Huang Y, Zhou J, Yuan D, Wu D
et al (2015) Ligand–receptor interaction cata-
lyzes the aggregation of small molecules to
induce cell necroptosis. J Am Chem Soc
137:26–29

47. Shi JF, Du XW, Yuan D, Haburcak R, Zhou N,
Xu B (2015) Supramolecular detoxification of
neurotoxic nanofibrils of small molecules via
morphological switch. Bioconjug Chem
26:1879–1883

48. Thompson MS, Tsurkan MV, Chwalek K,
Bornhauser M, Schlierf M, Werner C et al
(2015) Self-assembling hydrogels crosslinked
solely by receptor-ligand interactions: Tunabil-
ity, rationalization of physical properties, and
3d cell culture. Chem Eur J 21:3178–3182

49. Sreenivasachary N, Lehn JM (2005) Gelation-
driven component selection in the generation
of constitutional dynamic hydrogels based on
guanine-quartet formation. Proc Natl Acad Sci
U S A 102:5938–5943

180 Dan Yuan et al.



Chapter 10

Recursive Directional Ligation Approach for Cloning
Recombinant Spider Silks

Nina Dinjaski, Wenwen Huang, and David L. Kaplan

Abstract

Recent advances in genetic engineering have provided a route to produce various types of recombinant
spider silks. Different cloning strategies have been applied to achieve this goal (e.g., concatemerization,
step-by-step ligation, recursive directional ligation). Here we describe recursive directional ligation as an
approach that allows for facile modularity and control over the size of the genetic cassettes. This approach is
based on sequential ligation of genetic cassettes (monomers) where the junctions between them are formed
without interrupting key gene sequences with additional base pairs.

Key words Cloning, Recombinant DNA techniques, Recursive ligation, Spider silk

1 Introduction

Recombinant DNA technology has had significant impact on bio-
material designs and production. One class of the biomaterials that
benefited from advances in genetic engineering is spider silk
[1–5]. Spider silks are remarkable natural polymers that consist of
three domains: a repetitive middle core domain that dominates the
protein chain, and non-repetitive N-terminal and C-terminal
domains (Fig. 1) [6].

The large core domain is organized in a block copolymer-like
arrangement, in which two sequences, poly-alanine (poly(A/GA))
and glycine-rich (GGX or GPGXX) polypeptides alternate (Fig. 1)
[7]. Due to the repetitive nature of the core sequence, specific
genetic engineering strategies had to be undertaken to meet the
challenges of recombinant spider silk production (e.g., gene insta-
bility, a high frequency of homologous recombination, deletions,
transcription errors) [1]. The most commonly used approaches
toward this need are: (1) concatemerization, (2) step-by-step liga-
tion, and (3) recursive directional ligation [8]. Concatemerization
is a useful method when a library of genes of different sizes is
desired, but has limitations in the preparation of genes with specific
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sizes [9, 10]. Step-by-step ligation allows for control over the
genetic sequence and the size of the construct [9, 11].

Here, we describe the application of recursive directional liga-
tion approach for cloning of recombinant dragline silk, major
ampullate protein 1 (MaSp I) from golden orb-weaver spider,
Nephila clavipes. For silk cloning, this approach was first reported
by Prince et al. in 1995 and used in the construction of MaSp1 and
MaSp2, 24mer and 16mer, respectively [12]. This approach pro-
vides control over the sequence and the size of genetic construct,
while also eliminating the restriction sites at the junctions between
monomeric genetic cassettes without interrupting key gene
sequences with additional base pairs [13]. The strategy for the
cloning of recombinant spider silk-like sequences consists of three
main steps: design of spider silk-like sequence, preparation of clon-
ing vector, and recursive directional ligation (Fig. 2). Using this
approach we were able to design a variety of silk-like constructs with
different material properties [13–16], as well as to produce native-
sized recombinant spider silk [7, 17]. Different host organisms
have been applied to produce recombinant spider silk (e.g., Escher-
ichia coli, Pichia pastoris, silkworm larvae, plants, mammalian cell
lines, and transgenic animals) [8]. Here we use E. coli as the host,
due to its well-characterized genetics.

2 Materials

Prepare all solutions using deionized water at room temperature
unless otherwise specified. Store all reagents at room temperature
unless indicated otherwise. Sterile conditions are not needed if not
specified. Diligently follow all waste disposal regulations when
disposing waste materials.

Fig. 1 Schematic representation of spider silk structure. Spider silks consist of repetitive middle core domain
(gray and dotted), and non-repetitive N-terminal (white) and C-terminal domains (black). The core domain
consists of: A block (gray), polyalanine/polyglycine rich domain that is responsible for β-sheet formation and is
considered hydrophobic due to the high number of alanine residues; B block (dotted), composed of GGX
repeats, thought to adopt a helical conformation and serve as a more hydrophilic link between crystalline
β-sheet regions, as well as neighboring GGX helices in adjacent protein molecules that can help reinforce fiber
alignment
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2.1 Recombinant

Spider Silk-Like

Monomer Design

1. Spider silk genes: custom designMaSp 1 sequences (Figs. 1 and
3a), a hydrophobic poly-alanine rich block (A block) and a
hydrophilic glycine-rich block (B block). The A block consists
of one poly(GA) repeat (GAGAAAAAGGAG) responsible for
β-sheet formation, whereas the B block is composed of four
GGX repeats, separated by the GSQGSGR sequence (see exam-
ple Fig. 3a, Note 1). The A and B block sequences are synthe-
sized as theNheI/SpeI insets (GenScript, Piscataway, NJ, USA)
in pUC57 (Kn). Liberate the spider silk gene domain from
pUC57 vector using restriction enzyme, NheI and SpeI (New
England Biolabs, Ipswich, MA, USA).

2. Chemically competent cells: E. coli DH5α chemically compe-
tent cells for colony selection and plasmid isolation.

3. Antibiotic stock solution (1000� concentrate): 50 mg/mL
kanamycin (Kn) prepared by dissolving 0.5 g of kanamycin
sulfate powder into 10 mL deionized water in a 15 mL falcon
tube. Filter with sterilized 0.22 μm PVDF filters in biohood to
sterilize antibiotics solution (see Note 2). Store at �20 �C.

4. Culture plates for colony selection: dissolve 7.5 g of lysogeny
broth (LB) powder in 300 mL deionized water in a 500 mL
flask. Add 4.5 g agar powder into the LB solution. Stir well on a
stir plate, and autoclave at 121 �C 15 psi for 20 min. Add
300 μL kanamycin stock solution at about 50 �C in biohood
(see Note 2). Mix well on a stir plate. Pour LB/agar/Kn

Fig. 2 Schematic representation of the strategy applied for spider silk cloning. The strategy consists of three
main steps: design of spider silk-like sequence, preparation of cloning vector, and recursive directional
ligation
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solution in sterilized Petri dishes, wait until solidified and put
the lid back on for each plate in biohood. Store at 4 �C, in
sterilized plastic bags.

5. Culture medium: LB containing 50 μg/mL Kn prepared by
dissolving 25 g of LB powder in 1 L deionized water in a 4 L
flask. Stir well on a stir plate, and autoclave at 121 �C 15 psi for
20 min. Add 1 mL kanamycin stock solution at 37 �C in
biohood. Mix well on a stir plate. Store at room temperature.

6. 1% agarose gel: prepare 1�TAE (Tris-acetate-EDTA) buffer
from 50�TAE buffer stock solution. To make 40 mL of a 1%
agarose gel, dissolve 0.4 g of agarose powder in 40 mL of
1�TAE buffer by heating in a microwave 30s twice.

Fig. 3 Spider silk block sequences hydrophobic, A block and hydrophilic, B block (a) and pET30L linker
sequence (b). The A block consists of one poly(GA) repeat (GAGAAAAAGGAG) responsible for β-sheet
formation, whereas the B block is composed of four GGX repeats, separated by the GSQGSGR sequence. A
cloning cassette linker was designed as XhoI and NcoI insert carrying NheI and SpeI restriction sites to modify
commercially available pET30a(þ) vector and generate pET30L
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Let agarose solution cool down for 5 min. Add ethidium
bromide (EtBr) (Fisher Scientific, Pittsburgh, PA, USA) to a
final concentration of approximately 0.2–0.5 μg/mL (usually
about 2–3 μL of lab stock solution per 100 mL gel). Seal the
open ends of the plastic tray with the rubber stoppers. Pour the
1% agarose gel solution into the sealed plastic gel tray and
position the 13-well comb at one end of the tray so that it is
0.5–1.0 mm above the bottom of the tray and not touching the
rubber stopper. Allow the gel to harden and use it for visuali-
zation of spider silk monomer.

7. DNA isolation: QIAprep Spin Miniprep Kit (Qiagen, Valencia,
CA, USA).

8. Gel extraction: QIAquick Gel Extraction Kit (Qiagen, Valencia,
CA, USA).

9. Nanodrop: measurement of DNA concentration (see Note 3).

10. �20 �C freezer: for DNA storage.

2.2 Preparation

of Plasmid for Spider

Silk Cloning

1. Cloning cassette linker: the linker sequence should be designed
with flanking XhoI and NcoI restriction sites for incorporation
into pET30a(þ) (Novagen, San Diego, CA, USA), and it
should carry internal NheI and SpeI restriction sites (Fig. 3b).
The linker is used to generate modified pET30a(þ) vector,
pET30L (see Note 4).

2. Annealed forward and reverse cloning cassette linker (1:1 v/v)
(GenScript, Piscataway, NJ, USA).

3. Digested pET30a(þ): digest pET30a(þ) plasmid with NcoI
and XhoI restriction enzymes (New England Biolabs, Ipswich,
MA, USA).

4. pET30L vector: Ligate the double-stranded linker and
digested pET30a(þ) in a 20 μL ligation reaction by adding
2 μL of 10� T4 DNA Ligase Buffer (New England Biolabs,
Ipswich, MA, USA), 0.02 pmol of pET30a(þ) vector DNA,
0.06 pmol insert linker DNA, and 1 μL of T4 DNA Ligase
(New England Biolabs, Ipswich, MA, USA). Add nuclease-free
water to a total of 20 μL. The resulting cloning vector is
referred to as pET30L.

5. Chemically competent cells: E. coli DH5α chemically compe-
tent cells for colony selection and plasmid isolation.

6. Culture plates: LB (Kn) plates for colony selection.

7. DNA isolation: QIAprep Spin Miniprep Kit (Qiagen, Valencia,
CA, USA).

8. Digested pET30L: Digest pET30L withNcoI andXhoI restric-
tion enzymes (New England Biolabs, Ipswich, MA, USA), in
NEBuffer (New England Biolabs, Ipswich, MA, USA).
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9. DNA visualization system: confirm incorporation of the insert
by separating digested pET30a(þ) and pET30L on 0.9% and
1% agarose gels and visualizing the bands using DNA imaging
system (G:Box XR5, Syngene, Cambridge, UK) (see Note 5).

10. Sterile glycerol: store selected clones at �80 �C with glycerol
(10% final concentration).

2.3 Cloning

of Recombinant

Spider Silk

1. Digested pET30L and pUC57-A: digest plasmids with NheI
and SpeI restriction enzymes (New England Biolabs, Ipswich,
MA, USA).

2. Ligated pET30L-A: Ligate pET30L-A with A block, and
pET30L-A with B block by adding 2 μL of 10� T4 DNA
Ligase Buffer (New England Biolabs, Ipswich, MA, USA),
0.02 pmol of vector DNA (pET30L or pET30L-A),
0.06 pmol insert DNA (A block or B block), and 1 μL of T4
DNA Ligase (New England Biolabs, Ipswich, MA, USA). Add
nuclease-free water to a total of 20 μL.

3. Dephosphorylated and digested pET30L-A vector: Add 1/10
volume of 10� Antarctic Phosphatase Reaction Buffer (New
England Biolabs, Ipswich, MA, USA) to 1–5 μg of digested
pET30-A. Add 1 μL of Antarctic Phosphatase (5 units) and
mix. Incubate for 15 min at 37 �C. Heat inactivate at 70 �C for
5 min.

4. Chemically competent cells: E. coli DH5α chemically compe-
tent cells for colony selection and plasmid isolation, and E. coli
BL21 (DE3) for expression and protein production.

5. Culture plates: LB (Kn) plates for colony selection.

6. Agarose gel 0.9% and 1%: using gel electrophoresis separate
linker, digest pET30L and pET30L-A on 0.9% and 1%
agarose gel.

7. DNA isolation: QIAprep Spin Miniprep Kit (Qiagen, Valencia,
CA, USA).

8. Gel extraction: QIAquick Gel Extraction Kit (Qiagen, Valencia,
CA, USA) (see Note 6).

9. Nanodrop or similar UV-visible spectrophotometer: for DNA
quantification.

10. Sterile glycerol: store selected clones at �80 �C with glycerol
(10% final concentration) (see Note 7).

3 Methods

Carry out all the procedures at room temperature unless otherwise
specified. Sterile conditions are not needed if not specified.
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3.1 Recombinant

Spider Silk-Like

Monomer Design

1. Design the genes encoding recombinant silk-like proteins
based on the sequence of theMaSp I protein ofNephila clavipes
(Accession Numbers: P19837 and ACF19411.1) (seeNote 1).
Design two individual blocks, a hydrophobic poly-alanine rich
block (A block) and a hydrophilic glycine-rich block (B block)
(see example Fig. 3a). The A block consists of one poly
(GA) repeat (GAGAAAAAGGAG) responsible for β-sheet for-
mation, whereas the B block is composed of four GGX repeats,
separated by the GSQGSGR sequence.

2. Optimize the codons for the production in E. coli and commer-
cially obtain the sequence as the NheI/SpeI inset in pUC57
(Kn).

3. Transform high efficiency E. coli DH5α chemically competent
cells following the protocol recommended by the manufac-
turer. Select the positive clones on LB plates supplemented
with kanamycin (50 μg/mL) (see Note 2).

4. Inoculate selected clones in 4 mL of LB (Kn) medium (seeNote
2). Culture overnight at 37 �C at 250 rpm. Isolate the plasmids
using QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA, USA).
Check the concentration of isolated plasmid by nanodrop (see
Note 3).

5. Perform the restriction reaction using NheI and SpeI endonu-
cleases to isolate silk-like monomers. Prepare the reaction
(50 μL total) by adding 1 μg of plasmid DNA, 5 μL of 10�
NEBuffer, 1 μL of each restriction enzyme (NheI and SpeI), and
add ultrapure water to 50 μL. Incubate 1 h at 37 �C (see Note
4).

6. Stop the restriction reaction by incubating the mix at 65 �C for
20 min.

7. Run 1% agarose gel to visualize released monomer (seeNote 5).
Perform the gel extraction using QIAquick Gel Extraction Kit
(Qiagen, Valencia, CA, USA) following the procedure recom-
mended by manufacturer (see Note 6). Analyze the concentra-
tion of DNA fragment by nanodrop and store at �20 �C.

8. Prepare LB (Kn) pre-cultures of selected clones carrying
pUC57-AB, incubate overnight at 37 �C at 250 rpm. Prepare
10% glycerol stock and freeze at �80 �C (see Note 7).

3.2 Preparation

of Plasmid for Spider

Silk Cloning

1. Design a cloning cassette linker to modify commercially avail-
able pET30a(þ) vector (Novagen, San Diego, CA, USA) (see
example Fig. 3b). The sequence should be designed with XhoI
and NcoI restriction sites for incorporation into pET30a(þ)
(Novagen, San Diego, CA, USA), and it should carry internal
NheI and SpeI restriction sites internally to later generate
pET30L. Commercially obtain the oligonucleotide linker
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sequence (see Note 8). Prepare the oligonucleotide linker
sequences as recommended by the manufacturer.

2. To generate the cloning cassette linker anneal two synthetic
nucleotides, forward and reverse (1:1 v/v) by decreasing the
temperature of a 20 pmol/μL oligonucleotide solution from
95 to 20 �C at a gradient of 0.1 �C/s. Mismatched double
strands are denatured at 70 �C, followed by another tempera-
ture decrease to 20 �C. Repeat this cycle three times.

3. Digest pET30a(þ) (Novagen, San Diego, CA, USA) withNcoI
and XhoI by performing the restriction reaction (see step 5 in
Subheading 3.1). Run 0.9% agarose gel and gel extract the
vector (see Note 9).

4. Ligate double-stranded linker and pET30a(þ) (Novagen, San
Diego, CA, USA) previously digested with NcoI and
XhoI. Note that both restriction sites are preserved after liga-
tion. The resulting cloning vector is referred to as pET30L.
Perform ligation reaction (20 μL total) by adding 2 μL of 10�
T4 DNA Ligase Buffer (New England Biolabs, Ipswich, MA,
USA), 0.02 pmol of vector DNA (pET30a(þ)) and 0.06 pmol
insert DNA (double-stranded linker DNA) and 1 μL of T4
DNA Ligase (New England Biolabs, Ipswich, MA, USA).
Add nuclease-free water to a total of 20 μL. Gently mix the
reaction by pipetting up and down and microfuge briefly. Incu-
bate the reaction at 16 �C overnight or at room temperature for
10 min. Heat inactivate at 65 �C for 10 min.

5. Chill the ligation mix on ice and transform 1–5 μL of the
reaction into 50 μL high efficiency E. coli DH5α chemically
competent cell (New England Biolabs, Ipswich, MA, USA)
following the protocol recommended by the manufacturer.
Select the positive clones on LB plates supplemented with
kanamycin (50 μg/mL).

6. Isolate the plasmid using QIAprep Spin Miniprep Kit (see step
4 in Subheading 3.1). Perform the restriction reaction using
NcoI andXhoI enzymes (see step 5 in Subheading 3.1). Run 1%
agarose gel to confirm the successful ligation of pET30a(þ)
and linker sequence (see Note 10).

7. Store selected clones at �80 �C (see step 8 in Subheading 3.1).

3.3 Cloning

of Recombinant

Spider Silk

1. Digest pET30L with NheI and SpeI by performing the restric-
tion reaction (see step 5 in Subheading 3.1). Run 0.9% agarose
gel and gel extract the vector (see step 7 in Subheading 3.1).
Determine the plasmid concentration by nanodrop.

2. Ligate pET30L and monomer sequence corresponding to A
block (see step 7 in Subheading 3.1), both previously digested
with NheI and SpeI (see step 4 in Subheading 3.2). The result-
ing cloning vector is referred to as pET30L-A.
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3. Transform high efficiency E. coli DH5α chemically competent
cell (see step 4 in Subheading 3.2) and select the cells on LB
(Kn) plates.

4. Isolate the pET30L-A plasmid (see step 4 in Subheading 3.1)
and send selected clones for sequencing to confirm the incor-
poration of sequence A. Store successful clones at�80 �C (Note
7).

5. Use the successful pET30L-A clones to perform digestion with
SpeI. Stop the reaction by incubation at 65 �C for 15 min.

6. To avoid the self-ligation of the pET30L-A vector digested
with SpeI, remove 50 phosphate from the DNA using Antarctic
Phosphatase (New England Biolabs, Ipswich, MA, USA). To
set up the reaction add 1/10 volume of 10� Antarctic Phos-
phatase Reaction Buffer to 1–5 μg of pET30-A cut with
SpeI. Add 1 μL of Antarctic Phosphatase (5 units) and mix.
Incubate for 15 min at 37 �C. Heat inactivate at 70 �C for
5 min.

7. Perform the ligation of pET30-A cut with SpeI and sequence
corresponding to B block cut with SpeI and NheI (see step 7 in
Subheading 3.1) (Note 11). Transform high efficiency E. coli
DH5α chemically competent cell (see step 4 in Subheading 3.2)
and select the cells on LB (Kn) plates.

8. Isolate the plasmid (see step 4 in Subheading 3.1) and send
selected clones for sequencing to confirm the incorporation of
sequence A. Store successful clones at �80 �C (Note 7).

9. For the expression and protein production transform the suc-
cessful clones into E. coli BL(DE3) (New England Biolabs,
Ipswich, MA, USA).

4 Notes

1. Use appropriate software (e.g., Bioedit) to design sequences.
General recommendations for sequence design are: absence of
dimerization capability, absence of significant hairpin forma-
tion (usually >3 bp), and low specific binding at the 30 end.

2. Prepare the 50 �C water bath in advance to allow the auto-
claved LB agar to cool down, but not start solidifying. After
autoclaving leave the bottle in the bath until the temperature of
the media reaches approximately 50 �C. Once the bottle can be
held in your hands add 1 mL of 50 mg/mL Kn stock under
sterile conditions. Do not autoclave kanamycin as it is thermo-
sensitive. Kanamycin should be filter sterilized (pore size
0.22 μm). When pouring the plates, take care to avoid bubbles.
If bubbles form, use pipetman to draw it back into the pipet
while the agar is still liquid. In the case of LB broth, incubation
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of the media in a water bath is not necessary, as the antibiotic
can be added when the media cools down.

3. Concentration of the DNA should be determined on an agarose
gel and by nanodrop. The concentration of DNA can be esti-
mated on agarose gel when compared to the standards used for
DNA quantification (e.g., New England Biolabs DNA ladder)
[18]. In addition, agarose gel provides information on possible
contamination and/or degradation of the DNA. Nanodrop
allows for determination of DNA concentration by reading
absorbance at 260 nm, where an OD (or absorbance) of 1.0 in
a 1 cm path length ¼ 50 μg/mL for double-stranded DNA,
40 μg/mL for single-stranded DNA and RNA, and 20–33 μg/
mL for oligonucleotides. An absorbance ratio of 260 nm and
280 nm gives an estimate of the purity of the solution. Pure
DNA and RNA solutions have OD260/OD280 values of 1.8 and
2.0, respectively. Contamination of a sample with protein or
phenol will result in a value significantly less than the above
numbers, typically � 1.6. This method is not useful for very
low concentrations of DNA or RNA (<1 μg/mL).

4. All restriction enzymes should be maintained on ice while in
use. Temperature change might cause enzyme degradation and
activity loss. The enzymes should be added last to the reaction
mix to allow for uniform distribution.

5. The percentage of agarose gel should be adjusted to the frag-
ment size (see Table 1). If using ethidium bromide for DNA
staining allow the agarose to cool down before adding ethi-
dium bromide as the fumes of ethidium bromide are carcino-
genic. When visualizing and cutting the bands use the minimal
exposure to UV light as it might damage the DNA.

6. Cut the band corresponding to the monomer sequence and
not the upper band that corresponds to plasmid backbone.
Always use appropriate ladder when running the gel to confirm
the size of the insert.

7. Due to the high density of 100% glycerol it is difficult to
pipette, therefore 80% glycerol solution should be prepared
and autoclaved. This will allow accurate pipetting. In addition,
it is recommended to cut the pipette tip to allow for easier
pipetting. The sterility of all solutions and equipment should
be maintained. As glycerol is toxic to bacteria at high concen-
trations, once added to bacterial culture, the culture should be
immediately frozen. The glycerol stock of all strains should be
made and stored at �80 �C in the case there is the need to
return back to any of the previous cloning steps.

8. Both forward and reverse linker oligonucleotides should be
designed.
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9. Even though there is no separation of two fragments of differ-
ent size, gel extraction is needed in order to eliminate undi-
gested plasmid that might negatively impact the cloning
process. The concentration of undigested plasmid is usually
low and cannot be detected on DNA agarose gel.

10. As the insertion of the linker does not change the antibiotic
resistance it is difficult to select positive clones where the
ligation was successful, as both positive and negative clones
grow on LB (Kn) plates. Therefore, after plasmid isolation,
digestion should be performed and positive clones sent for
sequencing. In the case of pET30L, standard T7 and T7term
primers can be used for sequencing.

11. NheI and SpeI are restriction endonucleases that produce com-
patible cohesive ends, therefore the plasmid pET30L-A cut
only with SpeI, can be ligated to the B fragment cut with
NheI and SpeI. Note that after the ligation of the cohesive
ends formed after restriction withNheI and SpeI, the restriction
site cannot be recognized by the two enzymes.
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Table 1
Optimal agarose concentration for efficient separation of linear double-
stranded DNA molecules by electrophoresis

% Agarose concentration
in gel (w/v)

Efficient separation range
for linear double-stranded
DNA molecules (kb)

0.3 5–60

0.6 1–20

0.7 0.8–10

0.9 0.5–7

1.2 0.4–6

1.5 0.2–3

2.0 0.1–2

Dinjaski et al [18]
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Chapter 11

Synthesis of Mikto-Arm Star Peptide Conjugates

Jin Mo Koo, Hao Su, Yi-An Lin, and Honggang Cui

Abstract

Mikto-arm star peptide conjugates are an emerging class of self-assembling peptide-based structural units
that contain three or more auxiliary segments of different chemical compositions and/or functionalities.
This group of molecules exhibit interesting self-assembly behavior in solution due to their chemically
asymmetric topology. Here we describe the detailed procedure for synthesis of an ABC Mikto-arm star
peptide conjugate in which two immiscible entities (a saturated hydrocarbon and a hydrophobic and
lipophobic fluorocarbon) are conjugated onto a short β-sheet forming peptide sequence, GNNQQNY,
derived from the Sup35 prion, through a lysine junction. Automated and manual Fmoc-solid phase
synthesis techniques are used to synthesize the Mikto-arm star peptide conjugates, followed by HPLC
purification. We envision that this set of protocols can afford a versatile platform to synthesize a new class of
peptidic building units for diverse applications.

Key words Mikto-arm, Peptide conjugate, Amino acids, Fmoc-solid phase synthesis, HPLC,
Amphiphile

1 Introduction

Self-assembly of amphiphilic molecules (e.g., surfactants [1], lipids
[2, 3], dendrimers [4], block copolymers [5, 6], or peptide amphi-
philes [7]) presents an effective “bottom-up” approach to con-
struct a variety of nanoscale materials. In particular, peptide
amphiphiles (PAs) developed by Stupp, Tirrell, and others have
been well recognized due to their potential biomedical applications
in tissue engineering [8, 9], regenerative medicine [10], immu-
notherapies [11], and drug delivery [12, 13]. In a typical design of
peptide amphiphile, a short hydrophobic alkyl chain is conjugated
onto either the C- orN-terminal end of a short peptide to generate
an amphiphilic molecule possessing both the structural features of
amphiphilic surfactants and the function of bioactive peptides. This
simple combination of two chemically distinct components into a
conjugate can be easily achieved using standard Fmoc-solid phase
synthesis techniques.

Bradley L. Nilsson and Todd M. Doran (eds.), Peptide Self-Assembly: Methods and Protocols, Methods in Molecular Biology,
vol. 1777, https://doi.org/10.1007/978-1-4939-7811-3_11, © Springer Science+Business Media, LLC, part of Springer Nature 2018
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In contrast to linear diblock conjugates, a Mikto-arm star
molecule contains three or more segments of different chemical
moieties [14–16]. The added complexity in chemical structure and
chain architecture can lead to the formation of structurally more
sophisticated aggregates. In one example, Mikto-arm star copoly-
mers with multiple linear polymers originating from a single
branching point have been shown to exhibit an interesting phase-
separation behavior both in bulk and in solution [16–18]. Lodge,
Hillmyer, and coworkers reported a novel class of multi-
compartment micelles formed by solution state self-assembly of
ABC Mikto-arm star block terpolymers containing three mutually
immiscible polymeric components [19–22]. The rich assembly
behavior of Mikto-arm star terpolymers has inspired the design
and synthesis of peptide-based Mikto-arm star conjugates. The
chemically asymmetric star topology, combined with the unique
ability of peptides to assume well-defined secondary structures,
could open a new avenue for low molecular weight molecular
units to aggregate into a variety of classic and novel morphologies.

In this chapter, we describe detailed procedures for synthesiz-
ing an ABC Mikto-arm star peptide conjugate comprising three
distinct segments linked through a lysine junction. The three cho-
sen segments are (1) a saturated linear hydrocarbon, (2) a hydro-
phobic and lipophobic fluorocarbon, and (3) a short β-sheet
forming peptide sequence (GNNQQNY) derived from the key
amyloid-forming region in yeast prion Sup35 (Fig. 1) [23]. To
synthesize the fluorocarbon-hydrocarbon-peptide (FHP) conju-
gate and the other two control molecules (hydrocarbon-peptide
(HP) and fluorocarbon-peptide (FP) conjugates) (Fig. 1a), we used
a combination of automated and manual Fmoc-solid phase synthe-
sis techniques to obtain the target molecules. The peptide segment
was first synthesized using a peptide synthesizer, followed by man-
ual coupling of the remaining hydrocarbon and fluorocarbon. The
low molecular weight of these conjugates allows them to be rou-
tinely purified as single compounds by HPLC. Therefore, it is our
hope that, with this set of synthesis protocols, a great diversity of
monodisperse Mikto-arm star peptide conjugates can be easily
accessed with high quality.

2 Materials

Prepare all solutions using ultrapure water (sensitivity of 18 MΩ at
25 �C), analytical or HPLC grade solvents and store at room
temperature (unless indicated otherwise). Solvent mixtures were
prepared in terms of volume ratios (unless specified otherwise).
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2.1 Reagents

and Solutions

1. Fluorenylmethyloxycarbonyl (Fmoc) amino acids (unless other-
wise stated) and coupling reagents (O-(7-azabenzotriazol-1-yl)-
N,N,N0,N0-tetramethyluronium hexafluorophosphate (HATU)
or O-(benzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium hexa-
fluorophosphate (HBTU) (Advanced Automated Peptide Pro-
tein Technologies (AAPPTec), Louisville, KY). Store at 4 �C.

2. N-Ethyldiisopropylamine (DIEA). Store at room temperature.

3. Resins: Rink Amide MBHA resin or Fmoc-Glu(OtBu)-Wang
resin beads (Novabiochem, San Diego, CA). Store at 4 �C.
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Fig. 1 (a) Chemical structures and (b) schematic representations of the Mikto-arm star peptide FHP, and the
two control peptides, FP and HP, possessing only one of the two hydrophobic blocks. The ABC Mikto-arm star
peptide conjugate (FHP) comprising three distinct segments linked through a lysine junction: (1) a saturated
hydrocarbon, (2) a hydrophobic and lipophobic fluorocarbon, and (3) a short β-sheet forming peptide sequence
(GNNQQNY) Sup35 (adapted from ref. [23])
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Other resins can also be employed for different molecular
designs and cleavage conditions (see Note 1).

4. Fmoc deprotection solution: 20% 4-methylpiperidine in N,N-
dimethyl formamide (DMF). Mix 20 mL 4-methylpiperidine
with 80 mL DMF to get 100 mL deprotection solution (see
Note 2).

5. Mtt deprotection solution: 3% of trifluoroacetic acid (TFA) and
5% of triisopropylsilane (TIS) in dichloromethane (DCM).
Add 300 μL TFA and 500 μL TIS into 9200 μL DCM to
yield a 10 mL deprotection solution (see Note 2).

6. HBTU coupling solution: 0.4 M HBTU in DMF. Weigh
37.9 g of HBTU and add into 250 mL of DMF.

7. DIEA solution: 2 M DIEA in DMF/DCM (4/1). 87 mL of
DIEA/33 mL of DCM/130 mL of DMF.

8. Acetylation solution: 20% acetic anhydride in DMF. Add 4 mL
acetic anhydride to 16 mL DMF to get 20 mL solution (see
Note 3).

9. Peptide cleavage solution: Mix 95% of TFA, 2.5% of TIS, and
2.5% of H2O (see Note 4).

10. Reverse-phase high performance liquid chromatography
(RP-HPLC) basic mobile phases (eluents): 0.1% v/v ammo-
nium hydroxide in water (phase A) and 0.1% v/v ammonium
hydroxide in acetonitrile (phase B). Add 4 mL ammonium
hydroxide to 4 L water or acetonitrile to prepare mobile
phase A or B. The acidic mobile phases are 0.1% v/v TFA in
water (phase A) and 0.1% v/v TFA in acetonitrile (phase B).
Store at room temperature (see Note 5).

11. Kaiser test kit: Reagent A (0.001 M KCN in H2O/pyridine);
Reagent B (ninhydrin, 6% in ethanol); Reagent C (phenol, 80%
in ethanol) (see Note 6). Store at room temperature in brown
glass bottle.

12. 2H,2H,3H,3H-Perfluorononanoic acid (4,4,5,5,6,6,7,7,8,8,
9,9,9-tridecafluorononanoic acid) and octanoic acid. Store at
room temperature.

13. Cold anhydrous ethyl ether. Store in an ice bath for 10 min to
cool it down (see Note 7).

2.2 Instruments 1. Automated peptide synthesis instrument: AAPPTec Focus pep-
tide synthesizer (AAPPTec, Louisville, KY).

2. Manual peptide synthesis instruments: Wrist Action Shaker
Model 75 (Burrell Scientific Pittsburgh, PA) and Kemtec-
Synthware™ Peptide Synthesis Vessel.

3. Rotary vaporization instruments: Rotavac Valve Tec (Heidolph
instruments, Cinnaminson, NJ) and Chemglass 100 mL/
250 mL round bottom flask.
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4. Centrifuge instruments: SORVALL RT1 Centrifuge (Thermo
Fisher Scientific, Pittsburgh, PA), BLUE MAX™ 50 mL poly-
propylene conical tube (Becton Dickinson, Franklin Lakes,
NJ), Parafilm “M” laboratory film (Bemis Flexible Packaging,
Neenah, WI).

5. Fisher Scientific Ultrasonic Cleaner (Fisher Scientific, Pitts-
burgh, PA), Fisher STD Vortex Mixer 120 V (Fisher Scientific,
Pittsburgh, PA), and Evergreen Scientific 50 mL freestanding
centrifuge tubes.

6. Varian ProStar Model 325 HPLC equipped with a fraction
collector (Agilent Technologies, Santa Clara, CA).

7. Varian PLRP-S column for preparative separations (100 Å,
10 μm, 150 � 25 mm) and Varian Pursuit XRs C18 column
(5 μm, 150 � 4.6 mm) for analytical HPLC.

8. HPLC syringes: BD 1 mL TB syringe Luer-Lok™ tip (Becton
Dickinson, Franklin Lakes, NJ), BD 10 mL syringe Luer-Lok™
tip (Becton Dickinson, Franklin Lakes, NJ), and BD Precision-
Glide needles (Becton Dickinson, Franklin Lakes, NJ).

9. Lyophilization instrument: FreeZone �105 �C 4.5 L freeze
dryer (Labconco, Kansas City, MO).

10. Mass spectrometric instruments: Finnigan LCQ ion trap mass
spectrometer (Thermo-Finnigan, Waltham, MA) for ESI-MS
or Autoflex III Smartbeam (Bruker, Billerica, MA) for
MALDI-ToF MS.

3 Methods

The efficient synthesis of oligopeptides was accomplished using a
combination of automated and manual Fmoc-solid phase synthesis
techniques (see Note 8). Carry out all procedures at room temper-
ature unless indicated otherwise. All the experiments should strictly
follow laboratory safety rules.

3.1 Peptide

Synthesis

and Purification

3.1.1 Mikto-arm Star

Peptide Synthesis

1. Swell the resin of choice, in this case, Fmoc-Glu(OtBu)-Wang
resin (see Note 1). Weigh 0.25 mmol resin (471 mg used, see
Note 9) and suspend in 10–15 mL of DCM in a 50 mL plastic
tube and shake the tube for 10–15 min using a shaker (seeNote
10). Transfer the resin to the shaking vessel of an AAPPTec
Focus peptide synthesizer (or the corresponding chamber in
other commercial peptide synthesizers).

2. Weigh Fmoc-amino acids. Amino acids for each coupling step
are fourfold excess of the molar number of the resin. Since we
use 0.25 mmol of resin here, the amount of amino acid for each
coupling should be 1 mmol (see Note 11). Prepare each Fmoc-
amino acid/DMF solution at a concentration of 0.2 mmol/mL
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(seeNote 12). Fill Fmoc deprotection solution,HBTU coupling
solution, DIEA solution (see Subheading 2.1), DMF, DCM, and
prepared amino acid solutions into the reagent reservoirs of the
synthesizer. Set up the program for the automated synthesis of
the sequence Fmoc-GNNQQNYEE-Wang.

3. (Steps 3–5 describe the coupling of the glutamic acid E,
sequence of Fmoc-GNNQQNYEE-Wang) (Fig. 2 step a).
Deprotect Fmoc by mixing the swelled resin with 10 mL
Fmoc deprotection solution (20% of 4-methylpiperidine in
DMF) and shaking the vessel for 15 min. Wash the resin
three times each with DCM and with DMF after each depro-
tection. Repeat the process once for deprotecting each Fmoc
group.

4. Premix 5 mL Fmoc-Glu(OtBu)-OH/DMF solution, 2.5 mL
HBTU coupling solution, and 1.3 mL DIEA solution for
2 min before filling the solution into shaking vessel.

5. Blend the above mixture with the Fmoc-deprotected resin.
Start the coupling of a corresponding amino acid by shaking
the vessel for 1 h (see Note 13). After the reaction, wash the
resin three times each with DCM and with DMF.

Fig. 2 Schematic illustration of a synthetic route for the Mikto-arm star peptide (FHP) utilizing standard Fmoc-
based solid phase peptide synthesis techniques (a and b). The first part of the synthetic route employs
automatic synthesis using a peptide synthesizer, (c) the addition of the last amino acid Fmoc-Lys(Mtt)-OH, (d)
the functionalization of hydrocarbon chain, (e) the functionalization of fluorocarbon chain, and (f) the cleavage
of peptide from the resin are performed manually
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6. Complete the synthesis of the full sequence, Fmoc-
GNNQQNYEE-Wang, by repeating steps 3–5 for each
amino acid sequence utilizing AAPPTec Focus peptide synthe-
sizer (Fig. 2 step b) (see Note 14).

7. Transfer the peptide resin (Fmoc-GNNQQNYEE-Wang)
into a peptide synthesis vessel to start manual synthesis (see
Note 15).

8. Add the last amino acid Fmoc-Lys(Mtt)-OH using manual
coupling protocols (steps 8–11) (Fig. 2 step c). To synthesize
a peptide sequence manually, repeat steps 8–11 for each cou-
pling cycle. Pour 10 mL of 20% 4-methylpiperidine in DMF to
the peptide synthesis vessel and shake the vessel for 15 min
using a wrist action shaker. Empty the vessel by adding pressure
on the top. Repeat the deprotection step once. Wash the resin
three times each with DCM and DMF after each deprotection.

9. Take 10–15 beads of resin into a small test tube. Perform the
Kaiser test (a very sensitive test for primary amines) by
dropping 2 drops of the Kaiser test kit reagent A, 1 drop of
reagent B, and 1 drop of reagent C. Heat the tube to 110�C for
5 min (except for Mtt protected peptides since Mtt is depro-
tected at high temperature) (see Note 16). Perform the Kaiser
test accordingly to determine if the deprotection is completed.
If the test yields positive result (the resin beads turning dark
blue), the deprotection step is completed. Otherwise, repeat
Fmoc deprotection one more time and confirm again with the
Kaiser test.

10. Weigh 624.8 mg (1 mmol) Fmoc-Lys(Mtt)-OH (4 equiva-
lents), 379.2 mg HBTU (4 equivalents) and transfer solids to
a 50 mL plastic tube. Pour 5–7 mL of DMF, vortex or sonicate
to fully dissolve the solids. Add 10 equivalents of DIEA
(432 μL) to the tube, vortex to fully mix the solution, and
transfer the solution to the peptide synthesis vessel. Shake the
vessel for 2 h utilizing the wrist action shaker. Empty the
reagents in the vessel by applying pressure to the top. Wash
the resin three times each with 10–15 mL of DCM and DMF
after the reaction.

11. Perform the Kaiser test at room temperature for 30 min. If it
yields a positive result (resin and solution blue), repeat the
coupling step 10 to ensure that Fmoc-deprotected amines
are coupled with Fmoc-Lys(Mtt)-OH.

12. (Steps 12–13 illustrate Fig. 2 step d). Deprotect Mtt groups
by treating the resin with Mtt deprotection solution (3% TFA,
5% TIS, 92%DCM) (seeNote 17). Fill the vessel with 10mL of
Mtt deprotection solution and shake the mixture for 10 min.
Empty the vessel and wash with 10–15 mL of DCM three
times. Repeat 5–7 times (see Note 18). Perform the Kaiser
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test in accordance with step 11 to ensure the presence of free
amine groups. If free amine groups are not present, repeat the
deprotection of Mtt groups as delineated in this step.

13. Attach hydrocarbon to the Mtt-deprotected amine group of
the lysine side chain by reacting the resin with 4 equivalents of
octanoic acid (144 mg). Since octanoic acid is a liquid at room
temperature, first weigh the right amount of octanoic acid in a
50 mL plastic tube and follow the coupling process shown in
step 10. Follow step 10 to perform manual coupling, but
extend the coupling time from 2 to 4 h (seeNote 19). Perform
the Kaiser test following step 9.

14. Deprotect the N-terminal Fmoc group by following step 8.
Perform the Kaiser test following step 9. Functionalize the
other arm after Fmoc deprotection with fluorocarbon by react-
ing the resin with 4 equivalents of 2H,2H,3H,3H-Perfluoro-
nonanoic acid (392.1 mg) (Fig. 2 step e) (see Note 20).

15. Add 10 mL of 95% TFA/2.5% TIS/2.5% H2O solution to the
peptide synthesis vessel and shake the vessel for 3 h to cleave
the peptide from the resin (Fig. 2 step f) (seeNote 21). Collect
the peptide containing cleavage solution in a 100 mL round
bottom flask by adding pressure to the top of the synthesis
vessel. Wash the resin with a small amount of pure TFA and
collect the remaining peptide in the same round bottom flask
(seeNote 22). Dispose of the solid phase resin remaining inside
the synthesis vessel as hazardous waste.

16. Concentrate the peptide/TFA solution to less than 5 mL by
rotary vaporization (see Note 23).

17. Precipitate the resulting crude peptides by adding the concen-
trated solution dropwise to 40 mL of chilled anhydrous ethyl
ether in a centrifuge tube. Vortex to fully mix. Use Parafilm to
fully wrap the cap of the centrifuge tube and centrifuge the
tube at 2400–2600 � g for 4–5 min (see Note 24). Carefully
discard the supernatant to obtain the precipitated peptides as
semisolids. Wash the precipitates with 35–40 mL of chilled
ethyl ether followed by centrifugation. Wash two more times
likewise to fully remove TFA. Air-dry the precipitates in a
ventilated fume hood.

3.1.2 Peptide Purification

and Lyophilization

1. Add 6 mL of 0.1% v/v ammonium hydroxide in water and
4 mL of 0.1% v/v ammonium hydroxide in acetonitrile to the
precipitated peptide (see Note 25).

2. Vortex or sonicate the solution until the solid precipitates are
fully dissolved (see Note 26).

3. Check for an appropriate eluent to be used in the HPLC
system. As a rule of thumb, if the peptide possesses more
carboxylic acid groups than amine groups, the base-modified
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solvent should be used as the eluent (except for compounds
that will be degraded in the basic environment). Alternatively, if
the peptide contains more amines, the eluent should be mod-
ified with acid (such as 0.1% TFA). See item 10 in Subheading
2.1 for details of these basic or acidic eluents. Here, use basic
eluent for this particular peptide sequence containing multiple
carboxylic acids.

4. Perform analytical HPLC to analyze the components of result-
ing crude peptide. Prewash the analytical column with 100%
acetonitrile at 1 mL/min for 5 min. Quickly inject 100 μL of a
water/acetonitrile (1/1) mixture to wash the analytical injec-
tion site. Then, slowly inject 25 μL of the peptide solution for
one analytical HPLC run. Run analytical HPLC to approxi-
mate the most effective gradient to purify the peptide. The
gradient that we use is in Fig. 3a, and the corresponding peak
of FHP is labeled in the HPLC trace (see Note 27). Refer to
your HPLC manual for detailed protocols for analysis and
purification.

5. Perform preparative HPLC to purify the peptide mixtures.
Quickly inject one full 10 mL syringe of water/acetonitrile
(1/1) mixture to wash the preparative injection site. Then,
slowly inject 10 mL of the peptide solution with a concentra-
tion of 10–20 mM using 10 mL syringe for one run. Run
preparative HPLC for 35 min using a gradient based on that

Fig. 3 (a) Table of the analytical HPLC gradient (top) and the HPLC trace (bottom) for the peptide mixture
cleaved from resin. The peak representing FHP is labeled out. (b) Table of the preparative HPLC gradient (top)
and the HPLC trace (bottom) for the same mixture. The fractions containing FHP are collected and verified with
MALDI-ToF mass spectrometer
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obtained from analytical HPLC in step 4 (Fig. 3b) (see Note
28). Collect fractions using a fraction collector.

6. Perform MALDI-ToF to verify the mass of each fraction and
find the corresponding fractions of the target peptide (Fig. 4a).
The appropriate fractions are collected and concentrated using
rotary vaporization to remove the acetonitrile. In our lab, we
use α-cyano-4-hydroxycinnamic acid (α-CHCA) as the matrix.
Pipet 1 drop of the matrix on anMTP 384 target plate and let it
dry for few minutes. Pipet 1 drop of the peptide solution on
top of the matrix stain. Wait several minutes for the solution to
dry and pipet 1 more drop of α-CHCA on top of the solution
stain. Commonly, the peptide solution with a concentration of
1–5 mg/mL is considered to be appropriate for characterizing
the peptide. Fix the prepared sample plate on the adapter and
insert the adapter into the instrument specified in item 10 in
Subheading 2.2. Follow official protocols for MALDI-ToF to
identify molecular weights of all major peaks from the HPLC
trace.

7. Transfer the concentrated peptide solution into a 50 mL plastic
tube and lyophilize the solution using FreeZone�105�C 4.5 L
freeze dryer to attain the dry mass of the pure peptide.

Fig. 4 (a) MALDI-ToF mass spectrum and (b) the analytical RP-HPLC trace of FHP. The exact mass of FHP
reaches 1722.62, and the peak in A estimates the experimental mass to be 1745.4, which is the mass of
[M + Na]+. The analytical RP-HPLC trace confirms the purity of the resulting peptide (adapted from ref. [23])
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8. Re-dissolve the obtained powder and run analytical HPLC to
verify the purity of the peptide (Fig. 4b). Calibrate the concen-
tration of peptides, aliquot it into cryo-vials, re-lyophilize it
into powder, and store at �20�C.

4 Notes

1. The type of resin used depends on the molecular design and
cleavage conditions. Wang resin is used when the C-terminus
has a negatively charged carboxylic group, and Rink Amide
MBHA resin is used when the C-terminus has an amide group.

2. Fmoc deprotection solution can be prepared in large batches
and stored in a brown glass bottle at room temperature. How-
ever, Mtt deprotection solution should be freshly prepared
since long-term storage may lead to the evaporation of TFA
or DCM.

3. We find that it is best to prepare the solution fresh each time
since long-term storage may induce the hydrolysis of
anhydride.

4. Cleavage solutions may vary for different types of resins. In our
lab, we typically use a mixture of 95% TFA, 2.5% TIS, and 2.5%
H2O for Rink amide MBHA resin or Fmoc-Glu(OtBu)-Wang
resin. Otherwise, cleavage solutions should be prepared
according to the protocol. Be cautious when handling TFA,
since it is a strongly corrosive acid. All solutions should be
prepared in a ventilated fume hood. Wear appropriate personal
protective equipment when handling these materials.

5. Acid-modified eluent is usually used in HPLC when peptides
carry positive charges (amine groups), while base-modified
eluent is used for peptides carrying negative charges (carboxylic
acid groups). It is strongly encouraged that eluents be filtered
through a 0.45 μm PVDF filter using 200 mL syringe to make
sure that they will not cause congestion in HPLC system.

6. The Kaiser test solution is employed to monitor the comple-
tion of amino acid coupling in solid phase peptide synthesis.
Carefully label the reagents and keep them in a ventilated fume
hood due to their toxicity.

7. Cold anhydrous ethyl ether will be utilized for precipitation of
peptides after cleavage. Since ethyl ether is odoriferous, avoid
inhalation by wearing a standard mask with earloops when
using ethyl ether and by placing an ice bath in the fume hood.

8. Automated synthesis was performed on an AAPPTec Focus
peptide synthesizer according to technical protocols, while
manual synthesis was conducted using peptide synthesis vessels
and a wrist action shaker. Although manual synthesis is time-
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consuming, the yield is normally much higher than that of the
automated synthesis. Therefore, in our lab, we usually employ
manual synthesis for peptides containing less than five amino
acids to give a higher yield.

9. The substitution of each resin is different. For the resin used
here, the substitution reaches 0.53 mmol/g. Experimenters
should take caution when weighing the amount of resin.

10. Pre-swelling the resin in a plastic tube prevents small resin
beads from blocking the filter of the shaking vessel. Refill and
empty errors will occur with a blocked filter and the synthesizer
will stop automatic synthesis due to a resulting system error.

11. Since the peptide employs 0.25 mmol of resin, 4 equivalents of
amino acids require 1 mmol of Fmoc-amino acid for each
coupling cycle. Accordingly, 425.5 mg of Fmoc-Glu(OtBu)-
OH for one E, 459.5 mg of Fmoc-Tyr(tBu)-OH for one Y,
1790.1 mg of Fmoc-Asn(Trt)-OH in total for three Ns,
1221.4 mg of Fmoc-Gln(Trt)-OH in total for two Qs, and
297.3 mg of Fmoc-Gly-OH for one G are weighed. Also, it
should be noted that commercial Fmoc-Glu(OtBu)-Wang
resin already includes the C-terminal glutamic acid.

12. Add 5 mL of DMF to 1 mmol of Fmoc-amino acid powder.
Sonication and vortexing will help to dissolve the solids. In our
lab, we add 1 mL of additional DMF to each amino acid
solution as a dead volume for the synthesizer. For 1 mmol of
Fmoc-amino acid, add extra 1 mL of DMF to make a 6 mL
solution. For 2 mmol of amino acid, the total solution should
be 11 mL (5 � 2 + 1) in volume.

13. Elongating the reaction time increases the yield of the reaction
but consumes more time. In our lab, we typically set the
reaction time to 1 h for the coupling of one amino acid using
a synthesizer, and 2 h for the manual coupling of one amino
acid. Elongating reaction time might increase the extent of
epimerization under some conditions, but the effect of epimer-
ization is often minimal to affect the purity of the product.

14. Automatic synthesis of a peptide with a synthesizer results in a
lower yield of resulting peptide than manual synthesis does.
However, for the synthesis of long sequences, automated syn-
thesis saves time and prevents human mistakes.

15. The peptide synthesizer should only be employed for standard
synthesis processes. Functionalization of other components
should be performed manually.

16. The Kaiser test is a qualitative test for the presence or absence
of free primary amino groups, and it effectively tests the com-
pletion of a coupling step. The resin beads and the solution
turn dark blue (positive result) when the primary amine is

204 Jin Mo Koo et al.



present. Without free primary amine being present, the resin
beads remain in their original color and the solution stays light
yellow (negative result). Here, after the deprotection of Fmoc,
the beads and solution should turn dark blue for the presence
of free primary amine group. Otherwise, repeat deprotection
one more time and confirm again with the Kaiser test.

17. The coupling of Fmoc-Lys(Mtt)-OH enables the branching of
a peptide arm. The orthogonality of Fmoc and Mtt protecting
groups allows the sequential addition of two arms of different
chemical compositions. Another Fmoc-protected amino acid
(Bis-Fmoc-L-lysine) can also be used as a branch point; how-
ever, it is only suitable for conjugating the same chemical
groups at both branches.

18. The characteristic yellowish color of the Mtt group should be
completely removed after this step. If the color does not disap-
pear after 5–7 deprotection cycles, repeat the deprotection
process until the color totally fades.

19. The extended reaction time is to achieve a higher yield of the
reaction. Extended reaction times can reach up to one full day
(also suitable for hydrocarbon coupling in step 14).

20. When one or both of the peptide arms is/are not further
functionalized with any species (like HP or FP in Fig. 1),
acetylation of the arm(s) utilizing 20% acetic anhydride in
DMF prevents undesired side reactions of free amine groups.
Perform acetylation by treating the resin with 15 mL of 20%
acetic anhydride in DMF solution and 150 μL of DIEA. Shake
the vessel for 15 min using a wrist action shaker. Empty the
vessel and wash with DMF. Repeat the reaction three times.
Perform the Kaiser test following step 9.

21. Do NOT cap the vessel too tightly. Make sure that the PTFE
side of the PTFE-Silicone septa faces the TFA solution. If the
silicone side of septa faces the TFA solution, acidic resin cleav-
age solution will corrode some of the rubber attached to the
cap, which significantly affects the purification process of the
peptide or potentially ruins the whole reaction.

22. While transferring the TFA solution containing the peptide,
utilize a clamp or buttress to prevent solution spillage.

23. Concentrating the TFA solution beforehand facilitates the pre-
cipitation process and increases the yield of precipitation.

24. Wrapping the cap of centrifuge tube with parafilm will reduce
the escape of ethyl ether odors.

25. Since we have two glutamic acids in our peptide, we use a basic
mobile phase (pH ¼ 9) to increase the solubility of crude
materials. The total volume of 0.1% v/v ammonium hydroxide
in water and 0.1% v/v ammonium hydroxide in acetonitrile can
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vary according to the amount and the solubility of the peptide
precipitates obtained. However, the ratio of acetonitrile is usu-
ally less than 50% and the total volume should be a multiple of
10 mL for convenience in preparative HPLC injections.

26. If the precipitates do not dissolve fully, adjust the ratio of basic
water/acetonitrile or add more water and acetonitrile to expe-
dite the dissolving process.

27. If the peaks in HPLC trace are not separated enough from each
other, you may tune the gradient and re-run the HPLC until
the peaks are separated. Analytical HPLC will function as the
guidance for running preparative HPLC.

28. Use a preparative HPLC gradient that is similar to the analyti-
cal HPLC gradient; change the flow rate to 25 mL/min.
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Chapter 12

Synthesis and Evaluation of Self-Assembled
Nanostructures of Peptide-π Chromophore Conjugates

Tejaswini S. Kale and John D. Tovar

Abstract

Peptides provide a biomolecular scaffold for solubilizing and assembling π-conjugated molecules in
aqueous media. The properties of such peptide-π chromophore conjugates can be manipulated by varying
the constituent amino acid residues in the peptide backbone as well as the chromophore moieties. Such a
precise handle on molecular structure leads to molecules with diverse macromolecular and material proper-
ties. We developed a versatile synthetic protocol that leads to a wide range of peptide-π chromophore
conjugates in which the chromophores are covalently attached to the peptide backbone such that the
chromophore is flanked by two peptide chains. This “trimer” structure lends interesting self-assembly
properties to these materials which may be useful for a plethora of biological applications.

Key words Peptides, Peptide-π conjugates, Self-assembly, Stimuli sensitive self-assembly, 1-D
nanostructure

1 Introduction

Self-assembly provides a promising approach for building a wide
variety of complex nanostructures with varying functionalities
[1–4]. Peptides are an interesting class of molecules with a propen-
sity to self-assemble dictated by the H-bonding interactions and the
dihedral angles of the constituent amino acid residues. The inter-
actions of peptides in adjacent planes provide avenues for genera-
tion of variety of secondary and tertiary structures having
geometries including α-helices, β-sheets, and β-turns, to name a
few. The formation of these supramolecular structures is dependent
on the specific amino acid sequence. This provides a synthetic
handle to incorporate specific functionalities into the self-
assembled nanostructures. The macroscale properties of such mate-
rials can thus be varied by changing the molecular structure of the
constituent building blocks. A diverse set of assemblies having
distinct secondary and tertiary structures has been designed by
varying the peptide composition [5–10]. Peptide-based systems
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have been investigated for various bio-nano-technological applica-
tions such as supports for functional and responsive materials and
sensors [11, 12].

Ordered arrays of π-conjugated molecules are known to be
effective energy and charge transporting materials. For biological
applications, these chromophores must be rendered water soluble
and hydrolytically stable. In nature, the formation of these arrays
may be driven by the self-assembling nature of the surrounding
amino acids in peptide or protein segments [4, 5, 13], nucleotides
in DNA or RNA fragments [5, 14], or sugars in carbohydrates
[15]. To generate such materials in the laboratory, biomolecules
that promote hierarchical ordering as well as water solubility may be
covalently attached to the π-conjugated unit.

We developed versatile synthetic strategies to incorporate a
library of π-conjugated chromophores into peptide backbones eas-
ily attainable using “on-resin” dimerization techniques (Scheme 1)
[16, 17]. These peptide-π chromophore conjugates self-assemble
in response to a change in pH of the environment, assembling into
1-D nanostructures under acidic conditions when acidic amino acid
residues are present or under alkaline conditions when basic resi-
dues are incorporated into the peptide backbone. The chromo-
phore within the peptide backbone can be utilized to evaluate the
nature of the assembly as the photophysical properties of chromo-
phores are sensitive to their local environment. These chromo-
phores can also be utilized as tools, for instance, as energy and
electron transport functionalities as they are assembled into ordered
arrays within the peptidic nanostructure.

Here, a representative procedure for synthesis of a peptide
containing the quaterthiophene core (as a prototypical
π-conjugated oligomeric core) is described (Scheme 2). The syn-
thetic methodology can be adopted for a number of different core
chromophores [16]. The peptide-π chromophore conjugates were
synthesized using the general solid phase peptide synthesis (SPPS)
procedure starting from Wang resin preloaded with the first amino
acid followed by on-resin N-acylation and dimerization under
appropriate air-free palladium catalyzed conditions. The peptides
were cleaved off the resin and purified to obtain pure peptide-π
chromophore conjugates as single molecule components. The
photophysical behavior of the chromophores in the peptide back-
bone in the molecularly dissolved state as well as self-assembled
state achieved by varying the pH of the solution were evaluated
using spectroscopic techniques. The 1-D nanostructures were
imaged using transmission electron microscopy (Fig. 1).
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2 Materials

2.1 Materials for

Peptide Synthesis

1. N-Methylpyrrolidone (NMP).

2. Wang resin (Wang- Asp(OtBu), amino acid loading of
0.6 mmol/g).

3. Fmoc-protected amino acids.

Scheme 1 Flow chart for the general synthesis of peptide-π chromophore-peptide triblock molecules
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4. Methanol.

5. O-(Benzotriazol-1-yl) N,N,N0,N0-tetramethyluronium hexa-
fluorophosphate (HBTU).

6. Tetrahydrofuran (THF).

7. Dry diethyl ether obtained from an Innovative Technologies
Pure Solv solvent purification system and dried over 3 Å molec-
ular sieves.

8. N,N-dimethylformamide (DMF).

9. Dichloromethane (DCM).

10. Dry N,N-diisopropylethylamine (DIPEA) dried over 4 Å
molecular sieves.

11. Deprotection Solution: 20% piperidine in DMF (v/v).

12. Tetrakis(triphenylphosphine)palladium.

13. 5,50-bis-tributylstannyl-2,20-bithiophene, and 5-bromo-2-
thiophenecarboxylic acid, which can be prepared using proce-
dures reported previously in the literature [18, 19].

14. Solid state peptide synthesis chamber fitted with a coarse frit
(Chemglass Inc., CG-1860-12).

15. A Barnstead Thermolyne Labquake Shaker/Rotator.

16. Cannula.

17. Nitrogen gas.

18. Heating stir plate capable for reaching temperatures of 80 �C
and an oil bath.

Scheme 2 Synthesis of DFAG-4 T-GAFD peptide-π chromophore-peptide triblock molecule
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19. Isopropanol.

20. Hexanes.

21. Ninhydrin.

22. Scintillation vial.

23. Vortexer.

24. Sonicator.

25. Schlenk Tube.

26. Cleavage solution: 95% TFA, 2.5% triisopropylsilane, 2.5%
water (v/v/v).

2.2 Peptide

Purification and

Characterization

1. Freshly filtered Millipore water (resistivity 18.2 MΩ cm).

2. Reverse phase HPLC and C8 column (Luna 5 μm,
250 � 21.20 mm and 250 � 4.60 mm).

3. HPLCMobile-phase: Ammonium formate aqueous buffer (1%
(v/v), pH 8) prepared using HPLC grade water and
acetonitrile.
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Fig. 1 UV-vis and photoluminescence spectra (a), circular dichroism (b) and TEM images (c, d) of DFAG-4T-
GFAD peptide-quaterthiophene conjugates. The spectra in (a) and (b) were recorded at pH 10 (solid lines) and
at pH 2 (dashed lines)
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4. FT NMR spectrometer.

5. Thermo Finnigan LCQ Deca Ion Trap Mass Spectrometer.

6. Mass Spectrometry Solvent: 1:1MeOH:water solution with 1%
ammonium hydroxide.

7. 1 M NaOH in water.

8. 1 M HCl in water.

9. UV-Vis spectrophotometer.

10. Fluorometer with Xenon lamp.

11. CD spectropolarimeter.

12. Transmission Electron Microscope with CCD digital camera.

13. NMR spectrometer. These spectra were acquired using a 1 s
presaturation pulse to suppress the water signal.

14. 200 mesh copper grid coated with formvar.

15. TEM stain solution: 2% uranyl acetate solution.

16. Parafilm.

17. Filter Paper.

3 Methods

All solvents were degassed by purging with nitrogen for 30–90 min
before use.

3.1 General Solid

Phase Peptide

Synthesis (SPPS)

Procedure

1. Place the appropriate amount of Wang resin preloaded with the
first amino acid into a peptide synthesis chamber.

2. Allow the resin to swell in 10 mL dichloromethane (DCM) for
10 min. Remove the DCM by vacuum filtration through the
glass frit in the chamber.

3. To the swollen resin beads, add 10mL of deprotection solution
and gently shake the mixture at room temperature for 2 min.
Remove the supernatant by vacuum filtration.

4. Again, add 10 mL of deprotection solution to the peptide
chamber and agitate the mixture for 10 min at room
temperature.

5. Remove the supernatant by vacuum filtration. Wash the resin
thrice each with 10 mL NMP, 10 mL methanol, and 10 mL
DCM (see Notes 1 and 2). After the second DCM washing,
add 10 mL DCM into the peptide chamber and allow the resin
to swell for 10 min.

6. While the resin beads swell, place 3 eq. (based on initial resin
loading) of the appropriate Fmoc-protected amino acid relative
to resin loading and 2.9 eq. of HBTU in a 20 mL scintillation
vial and dissolve these compounds in 10 mL NMP in order to
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activate the amino acid prior to addition into the peptide
chamber. Sonicate the solution until a clear solution is obtained
(see Notes 3 and 4).

7. To this solution, add 10 eq. of degassed DIPEA (based on
initial resin loading) and mix the solution using a vortexer for
30 s (see Notes 5 and 6).

8. After 10 min swelling, remove the solvent using vacuum filtra-
tion and add the externally activated amino acid solution into
the peptide chamber. Rinse the vial with ~2 mL NMP and add
the washings into the peptide chamber. Agitate the mixture for
45–90 min.

9. After coupling, remove the supernatant using vacuum filtration
and wash the resin thrice each with 10 mL NMP, 10 mL
methanol, and 10 mL DCM. As previously described, allow
the resin to swell in DCM for 10 min before commencing the
next step.

10. Monitor the coupling using a Kaiser test on a few dry resin
beads [20].

11. Once the coupling is deemed complete, repeat steps 3–11
until the desired oligopeptide sequence is obtained.

12. Following completion of the oligopeptide sequence, deprotect
the last amino acid residue by following steps 3–5.

3.2 General N-

Acylation Procedure

for Peptides

1. In a 20 mL scintillation vial, take 3 eq. of 5-bromothiophene-2-
carboxylic acid and 2.9 eq. of HBTU (based on initial resin
loading) and dissolve in 10 mL NMP in order to activate the
acid prior to addition into peptide chamber. Sonicate the solu-
tion until a clear solution is obtained.

2. To this solution, add 10 eq. of degassed DIPEA (based on initial
resin loading) and mix the solution using a vortexer for 30 s.

3. Add this solution to the swollen resin beads and agitate the
mixture for 2–3 h.

4. After coupling, remove the supernatant using vacuum filtration
and wash the resin thrice each with 10 mL NMP, 10 mL metha-
nol, and 10 mL DCM. As previously described, allow the resin
to swell in DCM for 10 min before commencing next step.

3.3 General On-Resin

Stille Coupling and

Cleavage Procedure

1. Transfer the resultant N-acylated peptide capped with the aryl
bromide (2 eq. of –Br) to a Schlenk tube equipped with a reflux
condenser. Dry the resin under vacuum for 30 min.

2. Add Pd(PPh3)4 (5.0 mol%, per –Br eq., based on initial resin
loading) to the reaction vessel and place the flask under vacuum
for about 10 min and back fill with nitrogen.

3. Prepare an approximately 15 mM solution of 5,50-bis(tributyl-
stannyl)-2,20-bithiophene (0.5 eq based on initial resin
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loading) in dry DMF. Degas this solution by bubbling nitrogen
for about 30 min (see Notes 7 and 8).

4. Transfer this solution to the flask via cannula and place the
reaction vessel into a preheated oil bath at 80 �C for 16 h.
Agitate the reaction mixture by constantly bubbling nitrogen
through the solution.

5. After completion of reaction time, cool the reaction mixture to
room temperature and transfer the resin beads into a peptide
chamber. Remove the supernatant solution using vacuum fil-
tration and wash the beads thrice with 10 mL each of NMP,
DMF, water, THF, isopropanol, DCM, and hexanes.

6. Cleave the peptide from the resin by adding 10 mL of cleavage
solution and agitating themixture for 2–3 h (seeNotes9 and10).

7. Collect the filtrate using positive nitrogen gas pressure and
wash the resin thrice with 5 mL DCM (seeNote 11). Combine
the organic layer with the peptide solution and concentrate the
combined solution by removing the solvent in vacuo until the
volume is reduced by ~90% (see Note 12).

8. Precipitate the peptide by pouring 90 mL cold (0 �C) diethyl
ether into the peptide solution. Isolate the peptide solids by
centrifugation and discard the supernatant (see Note 13).

9. Triturate the peptide solids with 90 mL diethyl ether (room
temperature) and isolate the crude peptide solids by centrifu-
gation. Discard the supernatant solution (see Note 14).

10. Dissolve the peptide solids thus obtained in 5 mL of deionized
water and 50 μL of ammonium hydroxide to obtain a clear
solution. Lyophilize this solution to obtain the crude peptide.

11. Purify the crude peptide mixture using reverse phase HPLC.

3.4 Determination of

Nanostructure

Properties

1. UV-vis absorption, circular dichroism and photoluminescence
spectroscopies can be used to analyze the photophysical prop-
erties of the peptides in the molecularly dissolved state as well as
self-assembled state achieved in response to change in pH of
solution.

2. Prepare solutions in Millipore water and adjust the concentra-
tion to obtain absorbance of ~0.1 absorbance units.

3. The molecularly dissolved state can be achieved by adding
10 μL of 1 M KOH solution to 3 mL peptide solution.

4. The self-assembled state can be obtained by adding 20 μL of
1 M HCl to the same solution (see Note 15).

5. Samples for CD should be prepared at ~20 times the concen-
tration used for UV-vis experiments.
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6. To generate self-assembled peptide nanostructures for TEM
imaging, acidify 100 μL of 1 mg/mL solution of peptide in
Millipore water using 10 μL of 1 M HCl solution.

7. Place a drop of this solution on clean parafilm.

8. Gently float a 200 mesh copper grid coated with formvar onto
the solution and incubated for 5 min at 25 �C.

9. Wick off the excess solution by touching the side of the grid to
filter paper.

10. Stain the sample with TEM stain solution and wick off the
excess moisture by touching to the side of a filter paper.

11. Allow the grid to dry in air before imaging.

4 Notes

1. When washing the resin beads, observe a 10 s standing period
after each solvent addition, to ensure even interaction of beads
with solvent, followed by removal of solvent using vacuum
filtration. This will ensure that all beads get compressed upon
exposure to methanol and similarly, are allowed swelling time
in DCM.

2. Every time the resin beads are to be washed after the deprotec-
tion step as well as after a coupling step, the insert in the
peptide chamber cap should be removed and both the cap
and the insert should be rinsed with acetone to remove any
solution trapped in between these.

3. Allow all amino acids and coupling reagents to warm up to
room temperature before weighing to avoid water
condensation.

4. The preactivation of amino acid using HBTU should be carried
out such that the solution is ready once the resin swelling time
is complete to avoid standing of solution by itself which may
lead to epimerization of the amino acid [21].

5. DIPEA may be degassed in an oven dried scintillation vial
containing dry 3 Å molecular sieves capped with a rubber
septum for 30 min by bubbling nitrogen gas. This solution
may be used for up to 24 h after degassing.

6. Sometimes, a color change from colorless to yellow was noted
upon addition of DIPEA into preactivated amino acid solution.
No impact of whether this change was observed was noted on
the final peptide yield.

7. Air-free metal catalyzed couplings were carried out while bub-
bling nitrogen gas continuously through the reaction mixture.
No stir bar was used for agitation purposes as this may damage
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the resin beads. A 20 G long stainless steel needle was used for
bubbling nitrogen ensuring that the needle reached the base of
the Schlenk tube so that all the beads were continuously mixed.

8. The flow rate of nitrogen gas should be maintained at a level so
as to ensure that the beads are in continuous motion through-
out the reaction to avoid settling of beads as this would lower
the extent of reaction and therefore the overall reaction yield.
Low flow may also lead to blocking of the needle with beads
again leading to settling and low conversions.

9. The color of beads has been observed to change from orange to
a dark blue or green color upon addition of TFA mixture when
cleaving the peptide off the resin beads. This is attributed to
oxidation of the oligothiophene unit by TFA [22]. After com-
pletion of cleavage process, the resultant peptide solution as
well as the precipitated peptide carries forward this color.
However, upon addition of water to the dry solids, the
expected orange color from the quaterthiophene core is
recovered.

10. For cleaving the peptide from the resin, a separate shaker/
rotator is used when agitating the resin beads in TFA mixture
to avoid any TFA vapor from interacting with peptides that are
still being synthesized and inadvertently cleaving them albeit in
possibly low amounts. Typically, the rotator used for peptide
synthesis may be a closed chamber and that used for cleavage
may be an open chamber.

11. When collecting the filtrate after cleaving the peptide off the
resin, positive pressure of nitrogen gas is preferred over vacuum
filtration as this avoids the contact of TFA solution with rubber
tubing. Sometimes, pieces of rubber were observed to break
off after prolonged exposure to TFA and this may contaminate
the final peptide.

12. After washing the resin multiple times to collect all the peptide,
the beads remain colored. However, further interaction with
cleavage mixture or further washing does not yield any signifi-
cant amounts of product. Therefore, 2–3 h of treatment with
the cleavage mixture is deemed sufficient.

13. If precipitation is not observed upon addition of cold diethyl
ether, a larger volume of ether may be required. If this still does
not yield precipitate, remove solvent in vacuo to reduce volume
by ~95%. Dissolve in alkaline water (ammonium hydroxide)
and lyophilize.

14. After the first precipitation of peptide solids using diethyl ether,
the supernatant may be slightly colored. Triturating once with
diethyl ether usually leads to a colorless supernatant. If this is
not observed, a second trituration step may be required
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followed by a third step using acetonitrile to ensure all organics
not covalently bound to the peptide are removed.

15. Photophysical studies may be carried out in one of two ways.
(a) A solution of peptide-chromophore conjugate in Millipore
water may be made alkaline using 10 μL of 1 M KOH solu-
tion/3 mL peptide solution and this solution may be acidified
using 20 μL of 1 M HCl solution, or (b) Two separate solu-
tions may be prepared from a stock solution, one solution
taken to basic pH and the other to acidic pH. We find that
this does not result in any measureable difference in the optical
response of the materials.
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Chapter 13

Programmable Fabrication of Multilayer Collagen
Nanosheets of Defined Composition

Tao Jiang and Vincent P. Conticello

Abstract

Two-dimensional nanostructures offer significant promise as components for the construction of func-
tional biomaterials. However, the controllable fabrication of these structures remains a challenge. Ideally,
one desires to control the composition, structure, and surface functionality of the resultant materials with
precision, in order to tailor properties for a particular application and minimize the unintended side effects.
We recently reported the synthesis of triple-layer nanosheets from template-driven assembly of a negatively
charged collagen-mimetic peptide CP� on a preassembled nanosheet of a positively charged collagen-
mimetic peptide CP+ [1]. This process enabled the fabrication of nanosheets of defined composition,
internal structure, and surface chemistry using a modified layer-by-layer approach. Herein, we describe the
synthesis and purification procedures for these two 45-mer peptides, CP+ and CP�, and guidelines for the
directed assembly of triple-layer structures, along with routine methods of structural analysis.

Key words Peptides, Self-assembly, Collagen, Nanosheets, Triple helix

1 Introduction

Over the last two decades, the supramolecular self-assembly of de
novo designed collagen-mimetic peptides has resulted in the suc-
cessful fabrication of ordered structures in zero [2–4], one [5–13],
and two dimensions [14–16], as well as nanofibrous hydrogels
[17–19]. Contrary to initial expectations, synthetic collagens
appear to be a versatile scaffold for the incorporation of chemically
interactive structural elements that can direct the formation of
triple helices of defined register and promote specific modes of
hierarchical assembly [20]. Recently, we reported the fabrication
of two-dimensional nanosheets from self-assembly of collagen-
mimetic peptides that incorporated different epimers of the
non-canonical imino acid 4-(R/S)-aminoproline [21, 22].
Structural analysis of these materials provided insight into the
mechanism of self-assembly of the nanosheets and suggested

Bradley L. Nilsson and Todd M. Doran (eds.), Peptide Self-Assembly: Methods and Protocols, Methods in Molecular Biology,
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methods to control the fabrication of more complex, multi-
component two-dimensional assemblies.

Two structurally related peptide sequences, CP+ and CP� [1],
were designed that encompassed an asymmetric block-like architec-
ture containing excess positively charged (PRG) and negatively
charged (EOG) triads, respectively. Remarkably, while both pep-
tides formed nanosheets, they displayed significant differences in
the kinetics of self-assembly and in thermal stability of the resultant
nanostructures [1]. The CP+ peptide rapidly formed large
nanosheets from aqueous solution, while the CP� peptide formed
small nanosheets only after prolonged incubation at high concen-
tration. These results suggested that the surfaces of a preformed
CP+ nanosheet could template the self-assembly of sheets of the
CP� peptide, which afforded a triple-layer structure with composi-
tional control. The resultant triple-layer nanosheets displayed neg-
ative surface charge from the CP� peptide and could be employed
to bind oppositely charged species at high occupancy at the surfaces
of the nanosheet. These results demonstrated that collagen-
mimetic peptides represent useful substrates for the construction
of functionalized hybrid materials. However, due to the high con-
tent of imino acids and arginine, the peptide synthesis and purifica-
tion remains challenging to implement. In order to reliably achieve
formation of these multilayer collagen structures, it is necessary to
perform peptide synthesis with high fidelity and to isolate the target
peptides in high purity. Moreover, the fabrication of the triple-layer
structure requires careful control of the experimental conditions
during self-assembly. In this chapter, we describe the solid-phase
peptide synthesis for these two collagen-mimetic peptides as well as
guidelines for the templated growth of CP� layers on preformed
CP+ nanosheets.

CP+: NH-PRGPRGPRGPRGPRGPRGPRGPOGPOGPOG-
POGEOGEOGEOGEOG-COOH.

CP�: NH-PRGPRGPRGPRGPOGPOGPOGPOGEOGEO-
GEOGEOGEOGEOGEOG-COOH.

P: proline; O: hydroxyproline; G: glycine; R: arginine; E:
glutamic acid.

2 Materials

All solutions were freshly prepared in ultrapure water (18 MΩ cm),
and used at ambient temperature (20 �C), unless otherwise
specified.

2.1 Solid-Phase

Peptide Synthesis

1. Dimethylformamide (DMF).

2. Fluorenylmethyloxycarbonyl (Fmoc)-protected glycine-PEG-
PS resin (Applied Biosystems).

3. Amino acid solutions:
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0.2 M side-chain-protected Fmoc-amino acids in DMF.
Amino acids used in this study: Fmoc-arginine (Pbf)-OH,
Fmoc-glutamic acid (OtBu)-OH, Fmoc-glycine-OH, Fmoc-
proline-OH, and Fmoc-hydroxyproline (tBu)-OH (Anaspec).

4. Fmoc-deprotection solution:

20% piperidine and 0.1 M 1-hydroxybenzotriazole (HOBt)
in DMF.

5. Coupling activating solution:

0.5 M O-benzotriazol-N,N,N0,N0-tetramethyluronium hexa-
fluorophosphate (HBTU) in DMF.

6. Coupling activating base solution:
2 M N,N-diisopropylethylamine (DIEA) in N-methyl
pyrrolidone.

2.2 Peptide Cleavage

and Deprotection

1. Peptide cleavage and side-chain deprotection cocktail:

92.5% trifluoroacetic acid (TFA), 2.5% triisopropylsilane, 2.5%
2,20-ethylenedioxydiethanethiol, and 2.5% water.

2. Acetone.

3. Diethyl ether.

4. Disposable 10 mL polypropylene column with porous polyeth-
ylene discs (Thermo).

5. 20 mL glass vial (Scintillation).

6. Wheaton dry-seal vacuum desiccator (Sigma).

2.3 Peptide

Purification and

Characterization

1. Reverse-phase high-performance liquid chromatography
(HPLC) solutions:
Solvent A: HPLC grade water with 0.1% TFA
Solvent B: HPLC grade acetonitrile with 0.1% TFA.

2. Liquid nitrogen.
3. Matrix-assisted laser desorption/ionization (MALDI) matrix

solution:
Add 10–20 mg α-cyano-4-hydroxycinnamic acid (CHCA) to
1 mL of 50:50 water/acetonitrile with 0.1% TFA (saturated
solution). Vortex 5 min to facilitate dissolution, centrifuge the
sample to remove the undissolved matrix. Employ the clear
supernatant solution for peptide MS analysis.

2.4 Peptide Self-

Assembly and Primary

Characterization

1. Slide-A-Lyzer dialysis cassette G2 MWCO ¼ 2000 Da
(Thermo).

2. MES buffer:

20 mM 2-N-(morpholino)ethanesulfonic acid (MES) in water,
pH 6.0.

3. Diluted MES buffer:

0.5 mM MES in water, pH 6.0.
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4. Hellma quartz cuvettes, demountable cells, 0.1 mm path
length.

5. Carbon film 200 mesh copper grid (Electron microscopy
sciences).

6. Negative stain solution:

1% uranyl acetate (Electron microscopy sciences) dissolved in
water and filtered through a 0.2 μm syringe filter (Whatman)
before use.

7. Mica disc, V-1 grade (2spi).

8. Silicon tip, 3-lever with a force constant of 54–16 N/m
(μmasch).

9. Silicon wafer block test grating with step height of 20 � 1 nM
(Ted Pella).

2.5 Instrumentation 1. Solid-phase peptide synthesis: CEM liberty microwave peptide
synthesizer.

2. Reverse-phase HPLC: Waters 600 series modular HPLC with
an Atlantis C18 semipreparative column (19 � 250 mm OBD
10 μm) for semipreparative HPLC and an Atlantis C18 analyti-
cal column (4.6 � 250 mm OBD 5 μm) for analytical HPLC.

3. Peptide lyophilization: FTS Flexi-Dry MP freeze dryers.

4. Peptide mass characterization: Applied biosystem 4700 prote-
omics analyzer as a matrix-assisted laser desorption/ionization
(MALDI) mass spectrometer.

5. Peptide thermal annealing: Precision microprocessor con-
trolled 280 series water bath.

6. Circular dichroism (CD): Jasco J-810 circular dichroism
spectropolarimeter.

7. Atomic force microscopy (AFM): JEOL, JSPM-4200 scanning
probe microscope.

8. Transmission electron microscope (TEM): Hitachi H7500
transmission electron microscope.

3 Methods

All procedures were performed at room temperature unless indi-
cated otherwise.

3.1 Solid-Phase

Peptide Synthesis

The CEM liberty microwave peptide synthesizer adopts the general
method of the Fmoc chemistry [23], and uses microwave energy to
improve synthesis efficiency [24]. The resin is placed in a reaction
vessel, into which reagents and solvents were introduced through
application of nitrogen pressure. The general procedure and setup
for synthesis are as follows:
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1. Input peptide sequences and set synthesis scale to 0.10 mmol
(corresponding to a 30 mL reaction-vessel used in this peptide
synthesizer). Select the options of C-terminal acid and N-ter-
minal amine for peptidesCP+ andCP�. In this study, we used a
low-loading (0.19 mmol/g) resin, Fmoc-glycine-PEG-PS for
both of the 45-mer peptides.

2. Swell the resin and perform a two-step deprotection to remove
Fmoc group from amine group of the attached glycine on resin.
First deprotection cycle: transfer Fmoc-deprotection solution
(7 mL) to the reaction vessel, and perform an initial 30 s
deprotection with 14 Watts of microwave power. Drain the
solvent and wash the resin using DMF. A second deprotection
cycle: deliver Fmoc-deprotection solution (7 mL) to the reac-
tion vessel, and perform a 3 min deprotection with 14 Watts of
microwave power at 75 �C. Drain the solvent and wash the
resin.

3. To incorporate amino acids to the amine on resin, transfer
fivefold excess amino acid solution (2.5 mL of 0.2 M solutions)
and activator (1.0 mL) and activator base (0.5 mL) solutions to
the reaction vessel for amino acid coupling. Repeat the cou-
pling process twice for each residue for better efficiency,
because the steric effect of imino acid (proline and hydroxypro-
line) incorporation and the γ-lactam formation from arginine
reduce the coupling efficiency. For peptides CP+ and CP�,
optimized conditions for coupling process is reacting 330 s at
75 �C with 8 Watts of microwave energy. Special coupling
condition should be used for arginine (first coupling cycle:
25 min at 25 �C with 0 Watt microwave; second coupling
cycle: 330 s at 75 �C with 8 Watts of microwave power) (see
Note 1).

4. Drain the solvent and wash the resin. Repeat steps of Fmoc-
deprotection and amino acid coupling using designated amino
acids to afford full-length peptides.

3.2 Peptide Cleavage

and Deprotection

1. Wash the resin thoroughly using acetone (3� 15 mL). Dry the
resin under vacuum for at least 30 min. Transfer the dried resin
into a clean glass vial containing a stir bar.

2. Prepare 10 mL of the peptide cleavage and side-chain depro-
tection cocktail listed in Subheading 2.2.

3. Slowly add 7 mL of the cleavage reagent to cover the resin in
the glass vial, and stir the resin/cocktail mixture slowly in the
capped glass vial for 3 h.

4. Transfer the resin/cocktail mixture to the disposable 10 mL
polypropylene column with filter. Collect filtrate in a 50 mL
falcon tube. Rinse the resin in the column with 3 mL of the
cleavage cocktail to recover cleaved peptide left on and between
resin beads.

Multi-layer Collagen Nanosheets 225



5. Add cold (4 �C) diethyl ether (30 mL) to the falcon tube
containing filtrate to precipitate crude peptides from the TFA
solution.

6. Centrifuge the falcon tube at 2000� g for 10 min, and remove
supernatant. Re-suspend the pellet with additional cold diethyl
ether (30 mL) and repeat centrifugation. Dry the peptide pellet
in a vacuum desiccator.

3.3 Peptide

Purification via

Reverse-Phase HPLC

1. Dissolve the crude peptides in 5% solvent B at a concentration
of 1–5 mg/mL.

2. Equilibrate the semipreparative C18 column with 5% solvent B
for more than 30min with a flow rate of 20mL/min. Inject the
crude peptide solution (100 μL) into the column, and run a
linear gradient of 5–45% solvent B with a steepness at 1%/min
and a flow rate at 20 mL/min. Detect the elution of peptides
by monitoring UV absorption at 220 nm versus peptide reten-
tion time. Collect peptide peaks for subsequent analysis.

3. Use MALDI mass spectrometry to assess components within
HPLC fractions. To prepare peptide samples for MALDI, mix
1 μL of CHCA matrix solution with 1 μL of HPLC fractions.
Deposit 0.5 μL of the mixture onto the MALDI target plate,
and leave it air dry prior to MS assessment (Fig. 1). Purified
peptides are analyzed for the presence of impurities via analyti-
cal RF HPLC using the same linear gradient as semipreparative
RF HPLC, and a flow rate at 1 mL/min (Fig. 1).

4. Combine the HPLC fractions containing pure peptide.
Remove most of the solvent via rotary evaporation. Peptide
solutions were flash frozen in liquid nitrogen and lyophilized to
afford colorless solids.

3.4 Peptide Self-

Assembly

1. Dissolve all the peptide powder in up to 10 mL water. Dialyze
the peptide solution in a 15 mL dialysis cassette
(MWCO ¼ 2000 Da) against 4 L water for 3 � 6 h at room
temperature (see Note 2).

2. Dialyzed peptides are subject to lyophilization. Store the pep-
tide powder at �20 �C for future use. Before use, remove the
peptides from cold storage and allow them to equilibrate to
room temperature in a desiccator (see Note 3).

3. Weigh 0.5 mg CP+ and 1.0 mg CP� into separate 1.5 mL
Eppendorf tubes. Add 1 mL of MES buffer (20 mM, pH 6.0)
to afford samples ofCP+ (0.5 mg/mL) andCP� (1.0 mg/mL)
at the appropriate concentration. Adjust pH to 6.0 by dropwise
addition of a solution of sodium hydroxide (0.1 M).

4. To initiate individual peptide self-assembly, put sample tubes
(sealed with para-film) in a water bath at 85 �C for 45 min for
peptide thermal annealing. Then turn off heater, and allow the
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water bath to cool down to ambient temperature (with the
water bath lid on). Employ TEM and AFM to investigate
peptide self-assembly at ambient temperature. The CP+ solu-
tion (0.5 mg/mL) appears cloudy after annealing. Single-layer
sheets can be detected from CP+ solution after one-day incu-
bation (Figs. 2a and 3a). No sheet formation could be observed
within weeks from CP� solution under the same conditions.

5. The preformed CP+ sheet can be employed as a substrate to
template new layer formation derived from CP�. After one-day
incubation of the individual peptide solutions, add 50 μL of
unassembled CP� peptide (0.1 mg/mL) into 50 μL of CP+

sample containing preassembled nanosheets (peptide concen-
tration, 0.5 mg/mL). Layered structures can be observed that
indicate small sheets located on larger sheets (Figs. 2b and 3b).

6. At a stoichiometric ratio of CP�:CP+ more than 2:1, mature
triple-layer sheet can be formed. After one-day incubation of
the individual peptide solutions, add 50 μL of CP� peptide
(1.0 mg/mL) into 50 μL of the CP+ sample with preformed
nanosheet (0.5 mg/mL). Incubate the mixture at room tem-
perature for 7 days to promote the slow formation of the
mature triple-layer (CP�/CP+/CP�) sheets (see Fig. 2c and
3c, Note 4).
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Fig. 1 Analytical RP HPLC trace of purified peptides CP+ (a) and CP� (b). MALDI mass spectra of purified
peptides CP+ (c) and CP� (d)
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3.5 Primary

Characterization

3.5.1 Circular Dichroism

(CD) Spectropolarimetry

CD can be employed to identify secondary structure of collagen-
mimetic peptides, and assess thermal stability of the triple helices
(Fig. 4).

1. Weigh 1 mg CP+ and 1 mg CP� into separate 1.5 mL Eppen-
dorf tubes. Add 1 mL of MES buffer (20 mM, pH 6.0) to
afford CD samples of CP+ and CP� (1.0 mg/mL). Adjust pH
to 6.0 using sodium hydroxide. Perform thermal annealing of
the CD samples at 85 �C for 45 min.

2. After samples cool to ambient temperature, store them at 5 �C
for 24 h.

Fig. 3 Representative tapping mode AFM images for single-layer sheet from CP+ (0.5 mg/mL) (a), an
incomplete multilayer structure resulting from addition of CP� to preformed nanosheets of CP+ (CP�/CP+;
0.1/0.5 mg/mL) (b), and mature triple-layer CP�/CP+/CP� nanosheets (CP�/CP+; 1.0/0.5 mg/mL) after
7 days incubation (c). Scale bars denote 200 nm. Reprinted with permission from [1] Copyright 2015 American
Chemical Society

Fig. 2 TEM images of a single-layer nanosheet resulting from self-assembly of peptide CP+ (0.5 mg/mL)
(a), a multilayer structure resulting from addition of CP� to preformed nanosheets of CP+ (CP�/CP+;
0.1/0.5 mg/mL) (b), and mature triple-layer CP�/CP+/CP� nanosheets (CP�/CP+; 1.0/0.5 mg/mL) after
7 days incubation (c)
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3. Set the temperature of sample chamber in CD spectropolari-
metry to 5 �C. Transfer 40 μL of the cold CD samples to
demountable CD quartz cell. Seal the edge of cell with para-
film to prevent leakage. Load the cell into CD sample chamber
and equilibrate for 10 min.

4. Start CDmeasurement and record spectra from 300 to 190 nm
with a scanning rate at 100 nm/min and a resolution at 0.5 nm.
Characteristic CD signatures for collagen triple helix can be
detected (Fig. 4a).

5. To assess the thermal stabilities of the triple helices, raise tem-
perature of the sample chamber from 5 to 85 �C with a heating
rate at 0.1 �C/min, and record the maximum CD absorption
(223 nm in this study) as a function of temperature. Samples of
CP+ and CP� will exhibit sigmoidal melting curves.

6. Make the first derivative plot of the melting curves, and esti-
mate melting temperature (Tm) of CP+ and CP� triple helices
from the minimum in the plot (Fig. 4b).

3.5.2 Transmission

Electron Microscopy (TEM)

The morphology of peptide assemblies is investigated using TEM
(Fig. 2).

1. Deposit an aliquot (4 μL) of the peptide assembles (see Sub-
heading 3.4) onto a TEM grid, and wait for 1 min for
adsorption.

2. Wick away excess liquid using filter paper, and stain the grid
with 1% uranyl acetate for 45 s (see Note 5). Wick away excess
stain solution using filter paper.

3. Dry the sample grid in vacuum desiccator before TEM mea-
surement at an accelerating voltage of 75 kV.

Fig. 4 CD spectra of peptide CP+ (solid line) and CP� (dash line) (a). First derivative of the CD melting curves at
223 nm as a function of temperature. The melting temperatures can be estimated at the minimum of the first
derivative curves (b). Reprinted with permission from [1] Copyright 2015 American Chemical Society
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3.5.3 Atomic Force

Microscopy (AFM)

Height measurements of peptide nanosheets or layered structures
are performed using AFM (Fig. 3).

1. Assembled nanosheets and layered structures (see Subheading
3.4) will sediment at the bottom of tube. After 1-week incuba-
tion at room temperature, carefully remove the clear superna-
tant using pipette, and re-suspend the precipitates in diluted
MES buffer (0.5 mM, pH 6.0).

2. Use thick tape to cleave mica disc several times to achieve an
atomically flat surface.

3. Deposit 10 μL of peptide assemblies onto the freshly cleaved
mica disc, and wait for 5 min for adsorption.

4. Dry the mica surface under a flow of nitrogen gas.

5. Calibrate the AFM z-axis using a block test grating with a
known step height, and operate AFM height measurement in
the tapping mode.

4 Notes

1. The imino acids proline and hydroxyproline reduce amino acid
coupling efficiency due to the steric hindrance associated with
the pyrrolidine nitrogen. A trial synthesis using a method based
on single rounds of coupling (8Watts 330 s, 75 �C) for proline,
hydroxyproline, and glycine resulted in truncated peptides due
to incomplete coupling. In this study, a method based on
double coupling is preferred for all residues in CP+ and CP�,
which produces crude peptides with higher purity. Microwave
energy leads to rapid heating at molecular level, and increases
reaction rate of coupling [24, 25]. However, higher microwave
energy (>13 Watts 330 s, 75 �C) was found to induce reaction
vessel overheating that resulted in lower purity of crude pep-
tide. Here we used a microwave power of 8 Watts for peptide
synthesis.

2. Residual TFA interferes with peptide self-assembly and inhibits
the triple layer formation of the two peptides. Excess TFA was
removed from peptides by dialyzing the peptide solutions
against water thoroughly.

3. Exposure to moisture will thwart long-term storage of peptide
and cause inaccuracy when weighing peptides. Vials of lyophi-
lized peptides were removed from cold storage and were placed
in a desiccator first for equilibration to ambient temperature.

4. Fabrication of the triple-layer sheets requires prior synthesis of
the CP+ sheets as a template to promote growth of two CP�

layers. Thermal annealing of the premixed CP+ and CP�
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peptides in MES buffer resulted in amorphous aggregates,
which probably arises from uncontrolled assembly and
precipitation.

5. Other common negative stains have also been used investi-
gated, such as uranyl formate, methylamine tungstate and
methylamine vanadate. However, peptide nanosheet structures
were not observed in TEM measurements after staining with
the negatively charged stains methylamine tungstate or methyl-
amine vanadate. We hypothesize that these negatively charged
heavy atom stains react with the peptides and destabilize the
nanosheets toward disassembly. In contrast, positively charged
heavy atom stains (such as uranyl salts) appear innocuous.
Mature sheets of CP+ and CP�/CP+/CP� can also be
observed without staining in TEM measurements.
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Chapter 14

Practical Considerations in the Design and Use of
Immunologically Active Fibrillar Peptide Assemblies

Carolina Mora Solano, Yi Wen, Huifang Han, and Joel H. Collier

Abstract

The design, formulation, and immunological evaluation of self-assembling peptide materials is relatively
straightforward. Indeed, one of the advantages of synthetic self-assembling peptides is that one can progress
from initial concept to in vivo testing in a matter of days. However, because these materials are supramo-
lecular, working with them is not without some practical challenges, and subtle changes in design, synthesis,
handling, and formulation can affect the materials’ immunogenicity. This chapter is intended to communi-
cate some of these practical aspects of working with these materials that are not always enumerated in
conventional research papers. Epitope considerations, peptide synthesis, purification, storage, nanofiber
formation, quality control, immunological evaluation, and the overall phenotypic characteristics of the
immune responses to be expected from these materials are discussed.

Key words Vaccine, Supramolecular, Immunogenicity, Immunization

1 Introduction

Peptides that self-assemble into nanofibers have been recently
developed to elicit therapeutic immune responses, and they are
currently being explored for the treatment of a variety of infectious
and noninfectious diseases and conditions [1–7]. In this strategy, a
peptide sequence with a high propensity for fibrillization is
extended at its N-terminus with a peptide epitope or antigen.
Multiple different peptides, when mixed in the proper sequence,
molar ratios, and solution conditions, can be formulated into
multi-epitope nanofibers. These nanofibers raise immune responses
without needing supplemental adjuvants [1], and the phenotype of
the responses is advantageously noninflammatory [3]. Further, the
materials’ modular nature greatly facilitates the combination and
optimization of epitope mixtures, which in turn allows for the
independent adjustment of B cell and Tcell responses [4]. Although
in general these materials are straightforward to design, synthesize,
formulate, and test in vivo, working with them requires attention to
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a number of important practical considerations. These considera-
tions are the focus of this chapter. The self-adjuvanting capacity of
these materials is strongly dependent on the organization of the
peptides into nanofibers [8], as well as the identity and composition
of the various epitope peptides. Failure to produce co-assembled
nanofibers with proper epitope mixtures is likely to result in fibers
with reduced or absent immunogenicity. Therefore this chapter will
provide in-depth protocols for producing and evaluating reliably
immunogenic peptide nanofibers. Our group has focused mainly
on the fibrillizing peptide Q11 (QQKFQFQFEQQ) [1–4, 7, 8],
which will be used as an example here, but other fibrillizing pep-
tides can also function in a similar capacity [8]. Although folded
protein antigens can be incorporated into peptide nanofibers and
raise specific immune responses [9, 10], here we will focus on
all-peptide systems for simplicity. Part 1 and its notes will discuss
considerations for the design, synthesis, and preparation of the
peptides. Part 2 will focus on quality control of the nanofiber
preparations and immunization procedures. Part 3 will focus on
assessing immune responses.

2 Materials

2.1 Peptide Design,

Synthesis, and

Preparation

1. Rink amide AM resin (Loading � 0.7 mmol/g,
200–400 mesh).

2. 9-Fluorenylmethoxycarbonyl (Fmoc) amino acids, appropri-
ately side-chain-protected.

3. 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU).

4. 6-Chloro-1-hydroxybenzotriazole dehydrate (Cl-HOBt).

5. N,N-Dimethylformamide (DMF).

6. Dichloromethane (DCM).

7. Diisopropylethylamine (DIPEA).

8. Deprotection Solution: 20% piperidine in DMF.

9. Acetic acid.

10. Biotin-ONp.

11. 5-(and-6)-Carboxytetramethylrhodamine (5 (6)-TAMRA).

12. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC).

13. N-Hydroxy succinimidyl ester of fluorescein
(NHS-fluorescein).

14. Cleavage cocktail: TFA/Water/TIS (0.95/0.025/0.025 vol %).

15. Cleavage cocktail for cysteine-containing peptides TFA/-
Water/TIS/EDT (0.94/0.025/0.01/0.025 vol %).

16. Diethyl ether.
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2.2 Instrumentation 1. Peptide synthesizer (We use models CS136XT and CS336XT
from CS Bio, but self-assembling peptides can also be synthe-
sized by hand).

2. Analytical HPLC with C18 column.

3. Semipreparative HPLC with C18 column.

4. Rotary evaporator.

5. Freeze dryer/lyophilizer.

6. MALDI-TOF mass spectrometer.

2.3 Immunizations:

Formulation and

Delivery

1. Limulus Amebocyte Lysate (LAL) chromogenic endpoint
assay kit.

2. Formvar Carbon film on 400 mesh copper grid.

3. 1% Uranyl acetate in water.

4. Mice of appropriate haplotype for evaluating the epitope of
interest.

5. Isoflurane.

6. Peptide immunizing formulations.

7. Sterile ½ cm3 insulin syringes with 28G 1/2 needles.

8. Lancets and microcentrifuge tubes.

9. Peptides (purified to >90% purity).

10. Sterile, pyrogen-free, clear microcentrifuge tubes.

11. Sterile water.

12. Sterile 10� phosphate buffered saline (Fisher Scientific, Cat#:
BP399-500).

2.4 Instruments 1. Balance.

2. Vortexer.

3. Sonicator.

4. Transmission electron microscope.

5. Circular dichroism spectrometer.

3 Methods

3.1 Peptide Design

and Preparation

1. Peptide design: Select epitope or epitopes for appending to Q11
(see Note 1 for important considerations in epitope selection
and peptide design). We have found that a Ser-Gly-Ser-Gly
linker between the epitope domain and assembling domain is
appropriate. Therefore the peptides have the primary structure
NH2-epitope-SGSG-QQKFQFQFEQQ-Am.
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2. Synthesize the peptide using standard Fmoc procedures on Rink
amide-AM resin. Couple amino acids in DMFwith 4 equivalents
each of protected amino acid, HBTU, Cl-HOBt, and DIPEA
(see Note 2) for 45 min. Wash the resin with DMF and DCM
between couplings. Deprotect with 20% piperidine in DMF.
With regard to scale, we usually synthesize 0.25 mmol for in vivo
experiments and 0.125 mmol for preliminary in vitro work. For
long or difficult peptides, see Note 3.

3. Consider N-terminal acetylation, biotinylation, or fluorescent
labeling (see Note 4).

4. After peptide synthesis, cleave the peptide from the resin in
20 mL of cleavage cocktail for 0.25 mmol peptide (see Note
5). Let the reaction proceed for 1.5–2 h, and swirl gently about
every 10–15 min. Collect the cleavage cocktail using a clean
polypropylene fritted column and remove about 75% of the
TFA by rotary evaporation (see Notes 6 and 7). Immediately
after rotary evaporation add about 75 mL of cold (4 �C) diethyl
ether to the concentrated peptide solution. The peptide should
now be a fine, snow-like precipitate. Vortex and wash the pep-
tides five times with ether, collecting between washes by centri-
fugation for 5 min at 3000 RCF (Hazard: seeNote 8). After final
wash, decant the ether and dry the peptide under a stream of
nitrogen. Break up the pellet during drying to achieve a fine
powder. Desiccate under vacuum for at least 2 h to reach com-
plete dryness (see Note 9).

5. Dissolve the dry peptide in ultrapure water (we use a Millipore
Milli-Q system with >18.1 MΩ resistivity). The final concentra-
tion should be about 5–10 mg/mL. We find 50 mL conical
tubes to be convenient containers. Sonicate in a bath sonicator
if precipitate is visible (see Note 10). Lyophilize the peptide to
complete dryness. Seal the cap with parafilm. Store at �80 �C or
�20 �C.

6. Assess peptide identity using MALDI mass spectrometry and
assess peptide purity using analytical HPLC. For HPLC of
Q11-based peptides, we typically inject 20 μL of 10 mg/mL
peptide dissolved in neat TFA to ensure monomerization (Haz-
ard: see Note 11). Linear water/acetonitrile gradients on C18
columns usually resolve the peptide. Analyze fractions with
MALDI mass spectrometry.

7. For semipreparative purification of fibrillizing peptides, dissolve
peptide in neat TFA at a concentration of about 90 mg/mL.
Inject about 1 mL onto a C18 semipreparative column (Hazard:
see Note 11). Collect fractions and analyze by mass
spectrometry.

8. Storage: At �20 �C, peptides are stable for at least 2 years as
lyophilized powders. When opening stocks, equilibrate at room
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temperature for 30 min before opening, and use aseptic proce-
dures to minimize moisture accumulation and bacterial
contamination.

3.2 Immunizations:

Formulation and

Delivery

3.2.1 Formulation

In addition to the epitope considerations described in Note 1, we
have identified additional design parameters important for induc-
ing robust antigen-specific B cell and T cell immune responses
using peptide assemblies. These include:

1. Epitopes must be covalently attached to the nanofibers in order
to elicit responses against them. Soluble peptides co-mixed
with nanofibers or proteins that cannot assemble into the fibers
may not elicit antibody responses [1, 8–10].

2. If a Q11-based peptide contains a B cell epitope but lacks a
CD4 T helper epitope, it must be co-assembled with another
Q11-based peptide containing a CD4 T helper epitope in order
to raise antibody responses [2, 4, 8].

3. If the T cell epitope and a B cell epitope occupy two different
peptides (i.e., they are not integrated, as in the OVA323–339

epitope), they must be assembled together into the same nano-
fiber in order to raise antibody responses. If the epitopes are
separated into mutually exclusive populations of nanofibers and
co-delivered, they may not raise antibody responses [4]. A
strategy for generating either co-assembled or separately
assembled epitopes has been previously published and is
described in Fig. 1 [11].

4. Determine whether nanofibers will need a single type of epi-
tope peptide or multiple co-assembled types of epitope pep-
tides (see above and Note 1).

5. For single peptide preparations:

(a) Prepare 8 mM peptide in sterile water.

(b) Vortex for 1 min and sonicate for 5 min to dissolve fully.

(c) Incubate the solution at 4 �C overnight for a minimum of
12 h.

(d) Dilute to 2 mM in 1� PBS. Use 10� PBS and water to
achieve precisely 1� PBS. Allow complete fibrillization at
room temperature for 3 h before immunization.

6. For co-assembly of two or more peptides:

(a) The total peptide concentration in the aqueous stock
solution should be 8 mM, as for single-peptide
formulations.

(b) To prepare the stock solution, weigh the peptides and
combine the dry powders together into a flip-top micro-
centrifuge tube. Flick the tube with a finger 3–4 times and
vortex the dry powder mixture for at least 30 min for
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complete mixing. Add water to achieve 8 mM total pep-
tide. For very small amounts of peptide, see Note 12.
Owing to the importance of producing co-assembled
fibrils, we have found that the precision that is sacrificed
from not making stock solutions with spectrophotometri-
cally verified peptide concentrations is a necessary trade-
off to ensure that the peptides are properly mixed from the
earliest point possible.

(c) Incubate the solution at 4 �C overnight for a minimum of
12 h.

(d) Dilute to 2 mM total peptide in 1� PBS. Use 10� PBS
and water to achieve precisely 1� PBS. Allow complete
fibrillization at room temperature for 3 h before
immunization.

7. Storage: We have found that some peptide assemblies are
extremely stable, with unaltered immunogenicity even when
stored at elevated temperatures (e.g., 45 �C for several months)
[12]. Indeed this stability is an advantage of peptide assemblies.
However, to reduce the chance of bacterial growth we recom-
mend storage as a dry, lyophilized powder at �20 �C. In our
experience self-assembled peptides are generally stable in these
storage conditions for at least 2 years.

Fig. 1 The intermixing of epitopes within self-assembled peptide nanofibers has a significant influence on the
nanofibers’ immunogenicity. Epitope peptides that are assembled separately (a) do not raise significant
antibody responses (c), whereas those that are intermixed (b) raise antibody responses without adjuvant (c)
[4, 11]. Nanofibers should have a fibrillar morphology (d), with predominant β-sheet character. (a–b) adapted
with permission from Gasiorowski et al., Biomacromolecules, 2011, 12: 3549–3558. (c) adapted with
permission from Pompano et al., Adv. Healthcare Mater., 2014, 3: 1898–1908
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3.2.2 Quality Control:

Checks Prior to

Immunization

1. Endotoxin: In general, peptide self-assemblies contain very low
levels of endotoxin. However, given the potential effect of any
contaminating endotoxin, all batches of peptide should be
tested prior to immunization. Because endotoxin could be inad-
vertently introduced at any point (synthesis, purification, formu-
lation), it is most useful to measure endotoxin in the final
immunization preparation immediately before use in vivo. We
use the limulus amebocyte lysate chromogenic endpoint assay
(LAL, Lonza). Formulations prepared using the procedures
described above typically contain less than 0.5 endotoxin units
(EU) per mL of endotoxin, which is within the limit recom-
mended for preclinical studies in rodents (1.5 EU/mL) [13].

2. Fibrillization: Whether nanofibers are composed of one pep-
tide or multiple peptides, appropriate fibrillization is critical for
raising robust immune responses. Disruption of fibrillization
ablates immunogenicity [8]. A simple quality check is to observe
nanofiber morphology using Transmission Electron Microscopy
(TEM). To prepare TEM samples, dilute immunization formu-
lations (2 mM peptide) to 0.2 mM in PBS and deposit them
onto TEM grids. Incubate for 1 min. Wash 3–5 times with
0.2 μm filtered ultrapure water. Apply 1% w/v uranyl acetate in
water for 1 min for negative staining. Withdraw liquid quickly
with a piece of filter paper (seeNote 13). When the liquid cannot
be completely withdrawn owing to thickly deposited nanofibers,
further dilute the peptide to 0.1 mM or 0.05 mM, and this may
resolve the problem.

3. Conformation: Nanofiber formation is based on the organiza-
tion of the peptides into β-sheet conformations. Circular
Dichroism is a simple measure to assess peptide conformation.
Dilute peptides to 0.2 mM or 0.1 mM in PBS and scan between
180 and 260 nm. Owing to scattering and absorbance from
nanofibers and buffer constituents, respectively, reliable data
below 200 nm may be difficult to obtain.

3.2.3 Immunizations

(in Mice)

1. Before primary immunization, collect a pre-immune blood draw
(<100 μL) to serve as a control for subsequent ELISAs. After
immunization we typically perform blood draws weekly or every
other week to evaluate antibody responses.

2. For subcutaneous immunizations:

(a) Using the formulations prepared above and sterile ½ cm3

insulin syringes with 28G needles, inject 50 μL each into
two separate locations on the back of mice under anesthesia
(see Notes 14 and 15).

(b) To boost, inject 25 μL each of the same formulation into
two separate locations on the back. The timing of boosting
is typically 3–4 weeks after the primary immunization.
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Subsequent boosting can also be administered at 3-week
intervals. In our hands, robust antibody responses of titers
of 104 or greater are usually observed after one or two
boosts (see Note 16).

3. For intraperitoneal immunizations: the prepared formulation is
administered using insulin syringes at two intraperitoneal loca-
tions (left and right) and with a volume of 50 μL each. Intraper-
itoneal immunizations are used as a convenient alternative to
study antigen uptake and presentation. For peritoneal lavage
procedures, see Part 3.

3.3 Assessment of

Immune Response

Phenotypes

In general, peptide assemblies tend to elicit immune responses with
the following characteristics:

1. Long-lasting antibody titers. After one or two boosts, if the
quality control metrics above have been met and the epitopes
have been appropriately selected, generally mice produce anti-
peptide antibodies for at least a year (Fig. 2a) [8].

2. Variable T cell responses. The magnitude and quality of T cell
responses are dependent on the quality of the T cell epitope and
the molar ratio with respect to the B cell epitope (Fig. 2b) [4].

3. Minimal inflammation. Peptide assemblies, while able to raise
significant antibody responses, do so with negligible inflamma-
tion (Fig. 2c, d) [3].

4. Multiple Ig isotypes [1, 4].

To assess the phenotype of immune response raised by peptide
self-assemblies, the following methods are useful. These will be
described in brief, as they are widely used immunological techni-
ques, but specific practical considerations regarding peptide assem-
blies will be noted.

3.3.1 Enzyme-Linked

Immunosorbent Assay

(ELISA)

After drawing blood, allow the blood to clot for 30 min at RT and
then centrifuge blood samples at 2000 � g for 15 min to separate
the serum. Serum can be stored at �20 �C or �80 �C. For analysis
within a few days, serum can be stored at 4 �C. Practical considera-
tions when performing antibody ELISAs after immunization with
peptide nanofibers include:

(a) ELISA coating solutions. If a protein is the intended target of
the antibody response, then make a coating solution of the
pure protein in 1� PBS at a concentration of 1 μg/mL pro-
tein. If the protein does not coat well, as reflected by low titers
of a known positive control, test higher coating densities
(up to 20 μg/mL). If peptide is used for coating the ELISA
plate, the preferred method is to perform a 2-step coating
protocol with streptavidin (SA, 1 μg/mL in 1� PBS), fol-
lowed by washing off excess SA and coating with biotinylated
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epitope peptide (without Q11) at 20 μg/mL in 1� PBS. If
biotinylated peptide is not available, then use unlabeled epi-
tope peptide or fibrillized peptide (containing Q11) by first
making a stock solution of 1 mg/mL peptide in water and
then diluting to 20 μg/mL in 1� PBS. The main disadvantage
of using unlabeled peptide solutions is that the positioning of
the peptide epitope on the ELISA plate cannot be as con-
trolled as for SA + biotinylated peptides. Also, in some cases
antibodies may be generated against the SGSG-Q11 fragment
of a fibrillizing peptide, especially at early time points. These

Fig. 2 Overall immune phenotype typically elicited by peptide self-assemblies. Antibody responses against
fibrillized peptides containing a competent T/B cell epitope such as OVA323–339 are long-lived, lasting for at
least a year (a) [8]. T cell responses are variable, depending on the presence and amount of appropriate T cell
epitopes (b, in this case PADRE is the T cell epitope; shown are ELISPOT measurements of IFNγ and IL4
secreted from T cells from mice immunized with varying amounts of PADRE in the peptide nanofibers [4]).
Although significant antibody titers are raised by peptide assemblies, there is little to no associated
inflammation compared to conventional adjuvants such as alum, shown here for foot pad injections (c–d)
[3]. (a) reproduced with permission from Rudra et al., ACS Nano, 2012, 6: 1557–1563. (b) reproduced with
permission from Pompano et al., Adv. Healthcare Mater., 2014, 3: 1898–1908. (c–d) reproduced with
permission from Chen et al., Biomaterials, 2013, 34: 8776–8785
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antibodies may contribute a small amount to the titers
measured against epitope-Q11 peptides when such peptides
are used as the coating material.

(b) Control sera. It is important to collect pre-immune serum to
detect background antibody binding to ELISA plates. Pooled
naive serum serves as a negative control for the assay and must
be included in every ELISA plate that is run. For positive
controls, sera from mice with previously determined titers is
useful. Control serum samples can be aliquoted and stored at
�80 �C. These controls should maintain consistent titers
across different ELISA experiments if they are stored and
analyzed properly.

(c) Determination of endpoint titers. Subtract the absorbance of
background wells (those coated only with PBS) from the
absorbance of sample wells (controls and experimental sam-
ples). Use pooled naive mouse serum as a negative control to
determine the signal strength arising from nonspecific bind-
ing. Create a series of tenfold dilutions for both the control
and experimental sera. Run the ELISA in at least triplicate for
each sample, and determine the titer cutoff for each serum
dilution by calculating the average absorbance from all naive
(negative control) serum samples +3 standard deviations. The
titer for each experimental serum sample is defined as the
highest tenfold dilution of serum that gives absorbances larger
than the corresponding cutoff values calculated from the neg-
ative control sera.

(d) Ig Isotype ELISA. To identify different antigen-specific Ig iso-
types (for example: IgM, IgG1, IgG2b, IgG2c, and IgG3 in
C57BL/6 mice), perform ELISA as above but using isotype-
specific detection antibodies [4].

3.3.2 Enzyme-Linked

ImmunoSpot (ELISPOT)

ELISPOTassays are capable of detecting single cytokine-secreting
cells (B or T cells) that are antigen- or peptide epitope-specific. Cell
suspensions from organs of interest, for example, the spleen, bone
marrow, or lymph nodes, are stimulated with peptide ex vivo on an
ELISPOT plate that contains a high-protein binding PVDF or
nylon membrane. Stimulated cells produce cytokine that binds to
the membrane and are subsequently detected using anti-cytokine
antibodies. After detection, plates are dried and cytokine spots are
counted using ImmunoSpot Analyzer (Cellular Technology, Ltd.).
Here, we outline some of the most important practical considera-
tions specific to nanofiber vaccines:

(a) Positive and negative ELISPOTcontrols. Negative control wells
should be stimulated with complete media alone, while posi-
tive control wells should be stimulated with 10 μg/mL phy-
tohemagglutinin (PHA, from Sigma), anti-CD3 antibody, or
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another appropriate T cell activator. Negative control wells
serve as a baseline of actively secreting T cells prior to peptide
stimulation, while positive control wells measure the viability
of the cells and the successful implementation of the ELI-
SPOT technique. ELISPOTs can be affected by the skill level
of the researcher and so these controls are critical. In our
experience, wells stimulated with media alone elicit <10 cyto-
kine spots per million cells for both IL-4 and IFNγ. In our
hands, for cells isolated from C57BL/6 mice, PHA elicits a
higher proportion of IFNγ spots compared to IL-4.

(b) Cell plating density and conditions. Cell numbers can be
adjusted depending on the expected frequency of antigen-
specific T cells or on the strength of the immune response.
The more cells plated, the higher the number of activated cells
that can be detected. Low cell numbers may prevent detection
due to low frequency of antigen-specific T cells, while high cell
numbers may affect cell culture viability. We find that about
5 � 105 cells per well (in 200 μL volume) is appropriate for
detecting responses to peptide nanofibers in previously immu-
nized mice that are boosted 1 week before the ELISPOT.
Also, we recommend re-filtering the cell suspensions just
prior to plating. This will reduce smears on the ELISPOT
membrane caused by cell clumping.

(c) Stimulation with self-assembling peptides. Stimulate cells with
1–10 μM peptide in complete media. For non-fibrillized pep-
tides of medium-to-high affinity (for example, OVA323–339),
5 μM peptide is appropriate. For higher affinity peptides (for
example, PADRE), 1 μM peptide may provide better results,
and for peptide nanofibers (for example, OVA-Q11), 10 μM
peptide is optimal in our experience. For all peptides, prepare
stock solutions of 1 mM peptide in PBS by first dissolving
peptide in water at slightly greater than 1 mM peptide con-
centration, then adding 10� PBS and any additional water to
achieve 1 mM final peptide concentration in 1� PBS. Dilute
this peptide stock to 20–200 μM inmedia and add it to culture
wells to achieve the desired concentration of stimulating pep-
tide. The concentrated stock in PBS can be stored at �20 �C
for up to 2 years. The working solution in medium should be
used immediately. We typically stimulate cells for 48 h at 37 �C
(see Notes 17 and 18).

3.3.3 Analysis of Antigen

Presenting Cells Using Flow

Cytometry

Peptide internalization by antigen presenting cells (APCs) and the
subsequent activation of the APCs can be studied using flow cyto-
metry, using cells isolated from the peritoneal space. Typically,
mixed nanofibers containing 0.02 mM of fluorescence-conjugated
peptide are prepared by co-assembling labeled and unlabeled pep-
tide (see Notes 4 and 12). At predetermined time points after IP
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immunization (6 h, 18 h, 24 h, or 48 h), inject 2 mL of Hank’s
balanced salt solution (HBSS) intraperitoneally. Massage the abdo-
men 40 times and withdraw about 1.2–1.5 mL of fluid from the IP
space. Collect the cells by centrifugation and wash them once with
flow buffer (PBS containing 2% fetal bovine serum). After blocking
the Fc receptor with 2.4G2 antibody (BD Bioscience, Cat#:
553142), stain the cells with fluorescence-conjugated antibodies
against F4/80 (Biolegend, Cat#: 123128), MHCII (Biolegend,
Cat#: 107606), CD11c (Biolegend, Cat#: 117318), CD11b
(BD Bioscience, Cat#: 557657), CD40 (Biolegend, Cat#:
124611), CD80 (Biolegend, Cat#: 104729), and CD86
(BD Bioscience, Cat#:553692). Resuspend cells in flow buffer
with 1 μg/mL DAPI, and analyze them using an appropriate flow
cytometer. We use an LSRII analyzer (BD Bioscience). Macro-
phages are gated as F4/80+ and dendritic cells are gated as
F4/80�CD11c+CD11b+. In each cell population, positive fluores-
cence signals from nanofibers indicate internalization of the nano-
fibers. Elevated geometric mean fluorescence intensities of MHCII,
CD40, CD80, and CD86 indicate activation.

4 Notes

1. Epitope selection: Generally, self-assembled peptide nanofibers
will not raise antibody responses unless B cell epitopes and
CD4 T helper epitopes are present together in the same nano-
fiber. A B cell epitope is the component of an antigen that is
specifically recognized by antibodies and by B cells (via B cell
receptors). A T cell epitope is the portion of an antigen that is
internalized, processed, and presented by antigen-presenting
cells in the Class-I or Class-II major histocompatibility com-
plex (MHC-I, MHC-II) for subsequent recognition via T cell
receptors. In our hands we have found that it is necessary to
incorporate CD4 T cell epitopes along with B cell epitopes in
the same peptide nanofibers in order to raise detectable anti-
body responses [2, 4, 8]. The presence of CD8 T cell epitopes
allows for cytotoxic T cell responses [14]. Epitopes can be
incorporated into the nanofiber scaffold by appending to the
Q11 domain in one continuous peptide [1, 8], by
co-assembling two or more separate peptides containing either
a B cell epitope or a T cell epitope so that the final nanofiber
contains both [11, 4], via covalent binding of proteins to the
fibers [9], or by assembling expressed proteins into the nano-
fiber via the β-tail system [10]. B cells can recognize linear or
discontinuous amino acid sequences as epitopes. In contrast, T
cells bind linear peptides that are appropriately presented
within MHC molecules [5]. To predict whether a candidate
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sequence contains B cell or T cell epitopes, online resources
such as the Immune Epitope Database are extremely useful
(www.iedb.org) [15–19].

2. A fourfold excess of the amino acid generally results in cou-
plings with >99% yield in our hands. This is crucial since an
accumulated decrease in the coupling efficacy can negatively
affect the final yield and purity of even small peptides [20].

3. For long or difficult peptides, Fmoc amino acids may need to
be double coupled to the growing resin-bound sequence and
require longer coupling time. DMSO can be added to improve
resin swelling [21].

4. Additional N-terminal modifications can be considered,
including:

(a) Acetylation. Removes the positive charge on the
N-terminus of peptides, thus mimicking natural proteins.
In some cases, it increases peptide stability by preventing
N-terminal degradation [22, 23]. If an epitope is selected
that has been previously described in the literature, in
general it is best to keep the N-terminal character origi-
nally reported, whether acetylated or not.

(b) Biotinylation. Biotin-labeled peptides are commonly used
in immunoassays [3, 24], histocytochemistry [25], and
fluorescence-based flow cytometry [26]. To couple biotin
to the N-terminal of completed peptides on-resin, we use
4 equivalents of pre-activated biotin 4-nitrophenyl ester
(Biotin-ONp) in DMF. It is added to the N-terminally
deprotected peptide resin and reacted overnight while
rocking.

(c) Fluorescent labels (e.g., NHS-Fluorescein, TAMRA).
N-terminal on-resin conjugation of fluorophores is useful
for producing labeled peptides for flow cytometry and
localization studies [3, 27–29]. Couple NHS-Fluorescein
as for biotinylation above, and use EDC coupling to con-
jugate TAMRA.

5. The cocktail would turn yellow to pale yellow, but it should not
turn red. If it does, add more cocktail or more TIS while
stirring until the redness disappears. This should be resolved
in the first 10 min. After about 5–10 min commonly there is
crystalline precipitation of cleaved protecting groups.

6. Possible Instrument Damage: TFA can damage the vacuum
pump. Be sure that the primary and secondary traps are fully
cooled before proceeding with evaporation. Prepare rotary
evaporator using a dry ice/acetone mixture in the cold trap
condenser. Allow the trap to cool for 20–30 min before
evaporation.
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7. For rotary evaporation, use an unheated water bath and do not
allow bumping. Not executing the rotary evaporation correctly
will negatively impact the ultimate solubility and self-assembly
behavior of the peptide. The peptide should not be evaporated
to dryness during this step. Some TFAmust remain to keep the
peptide in a monomeric state. Rotovapping to dryness can lead
to aggregation during workup and purification that may be
difficult to reverse. The peptide precipitate should form slowly
and progressively, and it should be white with the consistency
of a fine suspension (not large chunks). A rule of thumb is to
remove TFA until about 25% of its volume remains. This
amount allows subsequent precipitation in diethyl ether but
retains the peptide in a low aggregation state.

8. Explosion Hazard: Centrifuging ether is dangerous. This step
should be performed in a fume hood using an appropriate
centrifuge. Use the smallest quantity of ether possible and
ensure that there is no ether outside the tubes. Do not centri-
fuge several tubes at once. Do not centrifuge for longer than
the allotted time, and stop the centrifuge immediately if it is
unbalanced at all. Discard tube if leaking. Ensure there is no
open flame, spark source, or hotplate nearby.

9. It may make the peptide difficult to dissolve in water if it is not
completely dry.

10. If the peptide is hydrophobic and does not dissolve in water
easily, add about ¼ to ½ of total volume of acetonitrile. After
dissolution of the peptide, remove the acetonitrile using a
centrifugal concentrator under vacuum. It is critical to
completely dissolve the peptide at this step, as insoluble aggre-
gates can compromise subsequent self-assembly if not
addressed at this point.

11. HAZARD: TFA is corrosive. When injecting TFA into the
HPLC, wear appropriate personal protective gear.

12. If desired peptide quantities are too small to be weighed accu-
rately, dissolve in water an excess amount of peptide that can be
accurately weighed, and use this solution to dissolve the other
peptides. For example, to prepare a 0.05 mM PADRE-
Q11:1 mM OVA-Q11:0.95 mM Q11 mixture, prepare
0.2 mM PADRE-Q11 in sterile water and add the appropriate
volume of this solution to dry OVA-Q11 and Q11 peptides to
achieve 8 mM total peptide. Add water if final concentration
adjustment is needed. Then incubate this solution overnight
and dilute to 2 mM for immunizations as described. Work
quickly because even in pure water some amount of fibrilliza-
tion can occur, though the kinetics of assembly are much
slower than in buffered salt solutions.
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13. Incomplete removal of liquid from the grid may lead to the
precipitation of salts, which can compromise the quality of
TEM images.

14. For routine work we use C57BL/6 mice purchased from Har-
lan Laboratories (Envigo). Mice are maintained in a specific
pathogen-free (SPF) facility with controlled temperature and
light/dark-cycle. The mice are fed water and food ad libitum.
All animal work is done under a protocol approved by the
Institutional Animal Care and Use Committee. We typically
immunize mice that are between 6 and 12 weeks old.

15. Isoflurane should be administered inside a chemical fume
hood, and an isoflurane scavenging device should be
employed.

16. If antibody responses are not as high as desired, alterations in
the prime/boost regimen should be attempted. These include
additional boosting, larger immunizing doses, different routes
of immunization, or adjusting the T:B epitope ratios [4].

17. Do not move the ELISPOT plates during stimulation as this
can cause artifacts such as blurred spots and streaks.

18. Low-affinity epitopes require higher concentrations of stimu-
lating peptide to generate spots. We typically limit the concen-
tration of stimulating nanofiber peptides to below 200 μM, as
we have not seen any adverse effects on cell viability below this
concentration [3]. However, this represents a rather high con-
centration compared to typical peptide stimulation in ELI-
SPOT. Varying peptide concentrations between 0.1 and
100 μM peptide should usually reveal the optimal
stimulating dose.
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Chapter 15

Microwave-Assisted Synthesis and Immunological
Evaluation of Self-Assembling Peptide Vaccines

C. Brent Chesson, Rojelio Elias Alvarado, and Jai S. Rudra

Abstract

Self-assembling peptides spontaneously associate into functional supramolecular scaffolds, which have
found numerous biomedical applications. These molecular assemblies have applications in nerve regenera-
tion, wound healing, and both prophylactic and therapeutic vaccination. They can also be useful tools for
proliferation assays, sustained culture of difficult cell lines, or activation of cell lines for immunoassays. This
protocol will describe the basic peptide synthesis and purification of model self-assembling peptide immu-
nogen and methods for vaccinating mice, collecting lymph nodes, and stimulating cells ex vivo.

Key words Self-assembling peptides, Vaccine, Nanofiber

1 Introduction

In the last decade, a rapidly growing field of research is vaccine
design based on natural and synthetic biomaterials [1, 2]. Peptide-
based biomaterials are attractive due to their biocompatibility, abil-
ity to fold into specific structures, and ease of synthesis [3, 4]. The
primary sequence can be manipulated to impart structure, func-
tion, and/or smartness (e.g., stimulus responsiveness) into the
scaffold making them highly versatile [5]. Self-assembling peptide
vaccines require the synthesis of a single domain, which assembles
into higher order structures eliminating the need for complex
chemical reactions [6]. Multivalent presentation of antigens on
nanofiber scaffolds engages immune cell receptors providing a
significant boost in binding affinity leading to robust immune
responses without the need for added adjuvants [7, 8].

Rudra et al. first reported that when an antigen is linked to a
self-assembling peptide, the resulting nanofibers elicit adjuvant-free
antibody (Ab) and responses in mice [7]. The Ab response was
comparable in magnitude to complete Freund’s adjuvant (CFA),
one of the strongest adjuvants known. Using orthogonal chemis-
tries available for functionalizing self-assembling peptides, Hudalla
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et al. demonstrated that whole proteins could be conjugated to
pre-formed peptide nanofibers without loss of adjuvanting potential
[9]. Furthermore, controlled mixing of peptides linked to B or T cell
antigens has been shown to generate tailored vaccine constructs that
elicit Ab and cellular responses of different magnitudes and pheno-
types [10]. As opposed to physical conjugation, simple mixing of
antigens and PRR agonists or live-virus vaccines into shear-thinning
peptide hydrogels has also been demonstrated to induce robust Ab
and cellular immunity in mice [11–13]. Self-assembling peptides can
also be encapsulated within polymeric or inorganic particles for
targeted mucosal delivery without loss of immunogenicity
[14]. Our lab and others have shown that peptide nanofiber vaccines
afford Ab- or cell-mediated protection in mouse models of malaria,
influenza, cancer, cocaine addiction, and tuberculosis [15–18]. The
synthetic nature of self-assembling peptide vaccines allows for high
purity, minimal contamination, and validation of the product
through biophysical and biochemical analysis, a major advantage
for their evaluation and approval by regulatory agencies.

In this protocol we describe the synthesis and purification of a
self-assembling model vaccine OVA-KFE8 by microwave-assisted
synthesis, an alternative to manual SPPS, where OVA is a peptide
antigen derived from chicken egg ovalbumin (aa 257–264) and
KFE8 is an amphipathic peptide that assembles into β-sheet rich
nanofibers. The antigenic and self-assembling domains are sepa-
rated by the spacer sequence GGAAY known to be a cleavage site
for proteases. The protocol also describes preparation of peptide
nanofiber vaccines for vaccination, immunizing mice in the foot-
pad, collection of lymph nodes, and ex vivo stimulation of lympho-
cytes for assessment of cytokine production.

2 Materials

Peptide synthesis is commonly carried out on automated synthesi-
zers that carry out steps for washing, deprotection, and chain
elongation with precision. These steps can be carried out by hand
although the process can be tedious. For optimal results, all
reagents should be prepared fresh with high quality solvents (ACS
grade and above) unless otherwise indicated. Protective gear
should be worn as outlined in the user’s safety program for hazard-
ous materials and the reagent manufacturer’s material safety data
sheet (MSDS). Refer to these guidelines for proper decontamina-
tion, handling, and disposal of reagents or any hazardous materials.

2.1 Microwave-

Assisted Peptide

Synthesis

and Purification

1. Single mode microwave synthesizer configured for manual
peptide cleavage equipped with a fiber optic temperature
probe (Accent microwave-assisted peptide cleavage system,
CEM Corporation).
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2. Reaction vessel: 30 mL Teflon Body reaction vessel with a
tapered bottom and 45 μm porous glass frit pressed into its
bottom. Equipped with capped Luer fitting (CEM
Corporation).

3. Wang resin preloaded with leucine, scale ¼ 0.25 mmol
(0.833 g, 0.30 mmol/g substitution, 100–200 mesh).

4. Wash solvents: 4 L of DMF and 100 mL of DCM.

5. Solution for Fmoc removal: 500 mL of 20% piperidine in DMF
in a 0.5 L bottle. This solution can be stored for up to a month.

6. Fmoc-AA-OH solutions: 0.2 mM amino acid in DMF solu-
tions of each of the Fmoc-amino acids comprising the sequence
(FKFEFKFEGGAAYSIINFEKL) in separate 50 mL polypro-
pylene conical tubes (Table 1). For best results these solutions
should be fresh, but most amino acids can be stored in solution
for up to 2 weeks.

7. Activator solution: 100 mL of 0.5 M 1-Hydroxybenzotriazole
hydrate [HOBt] in DMF in a 250 mL amber bottle. Cap the
bottle and shake to ensure complete dissolution of the activa-
tor. It may take up 10 min to fully go into solution.

8. Activator base solution: 35 mL of 2.0 MDiisopropylcarbamide
[DIC] in DMF in a 500 mL amber bottle.

9. Desiccator.

2.2 Peptide Cleavage

and Purification

1. Equipment: Centrifuge and Lyophilizer.

2. Cleavage Cocktail: To 9.5 mL of trifluoroacetic acid (TFA) add
0.25 mL each of water and triisopropylsilane (TIS), to give

Table 1
Suggested Fmoc-AA-OH solutions

Amino acid Molecular weight Volume (mL) Mass (g)

Fmoc-Ala-OH 311.3 21 1.31

Fmoc-Asn(Trt)-OH 596.7 11 1.32

Fmoc-Glu(OtBu)-OH 425.5 21 1.79

Fmoc-Gly-OH 297.3 21 1.25

Fmoc-Ile-OH 353.4 21 1.49

Fmoc-Leu-OH 353.4 11 0.78

Fmoc-Lys(Boc)-OH 468.5 32 3

Fmoc-Phe-OH 387.4 53 4.11

Fmoc-Ser(tBu)-OH 383.4 11 0.85

Fmoc-Tyr(tBu)-OH 459.6 11 1.02
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10 mL total volume of cleavage cocktail. For best results, this
mixture should be prepared just prior to performing the pep-
tide cleavage (see Note 1).

3. 100 mL cold diethyl ether.

4. Extract Clean™ SPE filter columns (8 mL) with frit.

2.3 HPLC Purification 1. Purification of peptide products requires a high-pressure liquid
chromatography system.

2. Solvent A: HPLC grade water (H2O) containing 0.1% TFA.

3. Solvent B: HPLC grade acetonitrile (ACN) containing
0.1% TFA.

4. Reverse-phase C18 column (analytical and semipreparative
scale, see Note 2).

5. Collection tubes.

6. Centrifugal evaporator and lyophilizer (Labconco).

7. MALDI-TOF Mass spectrometer.

8. MALDI-TOF sample matrix solution: saturated α-cyano-4-
hydroxycinnamic acid suspended in a 1:1 mixture of HPLC-
grade H2O:HPLC-grade ACN (see Note 3).

2.4 Preparation

of Nanofiber Vaccines

and Immunization

of Mice

1. Sterile H2O.

2. Sterile phosphate-buffered saline.

3. Control Adjuvant (Alum or Incomplete Freund’s adjuvant).

4. Mice (C57BL/6 or BalbC strain).

5. 25-G needles.

6. Inhalation anesthesia, such as isoflurane.

7. Jar for anesthesia (Wheaton clear glass 16 oz straight).

8. Cotton pads.

2.5 Lymph Node

Extraction and Ex Vivo

Stimulation

1. Surgical scissors, forceps, pins.

2. Sterile syringes.

3. Cell strainers (40 μm mesh size).

4. Sterile Petri dishes.

5. 15 mL falcon tubes.

6. Ethanol (70%).

7. Complete RPMI (cRPMI): RPMI 1640 media, containing:
10% Fetal Bovine Serum, 2 mM L-glutamine, 1 mM sodium
pyruvate, 10 mM HEPES, 100 U/mL penicillin, 100 μg/mL
streptomycin, 50 μM 2-mercaptoethanol.
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3 Methods

3.1 Automated

Microwave-Assisted

Peptide Synthesis

of OVA-KFE8 Nanofiber

Peptide

3.1.1 Instrument Setup

1. Prior to beginning the synthesis verify that all the regularly
scheduled maintenance procedures have been performed on
the system.

2. Place a dip tube filter on each of the positions necessary for the
synthesis and load the following reagents on to the system:
wash solvents (DMF), solution for Fmoc removal, activator,
and activator base solution.

3. Verify the following: waste container has sufficient capacity,
ample nitrogen supply, all necessary reagents are loaded on
the system, and all bottles are properly tightened.

4. Weigh 0.833 g of Fmoc-Leu preloaded Wang resin into 30 mL
reaction vessel, and screw the vessel and drainage lines into the
holder and the fiber optic probe. Place the vessel assembly in
the microwave cavity.

5. Open the software and program the method to run the peptide
from the N-terminus to the C-terminus:
FKFEFKFEGGAAYSIINFEKL.

6. In Method Editor select the following options: Synthesis
Scale ¼ 0.25, Resin Type ¼ standard (check box for pre-
loaded), Resin Cycle ¼ 0.25 Resin-Swelling. Press Run to
start the method.

7. The system will go through an initialization to prepare for the
synthesis, and then the system will perform all the steps neces-
sary for the synthesis without user intervention including the
resin transfer to the reaction vessel, resin swelling, Fmoc
removal, amino acid coupling, peptide chain elongation, and
finally return of the resin to the tube with the completed
peptide as per the method programmed.

8. When the synthesis is complete transfer the peptide resin to a
10 mL extraction vessel using DCM to wash the tube. Remove
the solvent by vacuum filtration.

9. Add 1–2 mL of DCM to the resin to wash. Remove the solvent
by gravity filtration.

10. Dry the peptide by desiccation for 2 h or overnight to ensure all
DCM has been removed.

3.2 Peptide Release

and Side Chain

Deprotection

1. Add 10 mL of freshly prepared cleavage cocktail along with
dried peptide resin to a flask. Leave at room temperature and
occasionally stir during cleavage process. Cleavage time will
depend on the sequence of the peptide but at least 1 h is
required.
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2. Remove the resin by transferring solution into an 8 mL Extract
Clean ™ column with a frit filter and collect filtrate into a
50 mL centrifuge tube. Wash any residual peptide from the
resin with small amounts of TFA (1 mL max).

3. Add diethyl ether to the cocktail to precipitate the peptide.
Ice-cold ether can be used to help precipitate difficult peptides
out of solution.

4. Centrifuge to pellet the crude peptide (3 min at 200 rcf) and
carefully decant the supernatant. Rinse the peptide with addi-
tional diethyl ether and repeat the centrifugation to isolate the
precipitate for a total of three washes.

5. Allow peptide to dry and evaporate any residual diethyl ether by
leaving centrifuge tube uncapped in chemical fume hood.
Crude dried peptide can then be analyzed by MALDI-TOF
MS, HPLC analysis, or stored long term at �80 �C.

3.3 HPLC Purification Peptides are purified by reverse phase HPLC (RP-HPLC) over an
increasing gradient of acetonitrile (ACN). Peptides that are more
hydrophobic will have longer retention times requiring a higher
gradient of ACN. Software gradient methods are tailored to each
specific peptide, which will require the use of smaller analytical
columns to devise an appropriate gradient and run time before
scaling the purification method up to larger columns.

A detailed description of HPLC is beyond the scope of this
protocol and many articles are available to provide more informa-
tion about purifying synthetic peptides. We suggest the following
parameters for the gradient separation of the OVA-KFE8 peptide:

1. Connect a C-18 preparative reversed phase column to the
solvent delivery system and equilibrate the column using the
following initial conditions (see Note 2).

Solvent A: 0.1% TFA in HPLC grade water.
Solvent B: 0.1% TFA in HPLC grade acetonitrile.

2. Run an isocratic hold of 15% B for 5 min set at a flow rate of
10 mL/min.

3. Set gradient separation of sample to 15–70% B in 25 min at a
flow rate of 10 mL/min.

4. Set the UV absorption to 215 nm to detect for peptide bonds
and 240 nm to detect for aromatic rings in the polypeptide.

5. Peptide will elute approximately at 48–52% solvent B. Make
sure that the fraction collected is retrieved near the peak of
elution as indicated by the HPLC chromatogram.

6. Confirm purity of collected fraction throughMALDI-TOFMS
analysis (see Note 3—indicate matrix compound used).
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3.4 Preparation

of Nanofiber Vaccines

and Footpad

Immunization

The final preparation should be allowed to incubate at RT for 4 h
prior to injection into mice. C57BL6 or BalbC strain of mice can be
used.

1. Dissolve OVA-KFE8 peptide in DI water to prepare a stock
solution (4 mM). It might take a bit of vortexing to solubilize
the peptide as it might be viscous.

2. Very gently, spin the tube so that liquid sticking to the sides and
in the cap is pulled down and incubate at 4 �C overnight.

3. Add an equal volume of sterile PBS the next day to prepare a
working concentration solution (2 mM) and vortex (1 min) to
mix. Addition of PBS leads to spontaneous gelation and
increased viscosity.

4. Gently spin the tube again to make sure no peptide material is
sticking to the sides. Do this as gently as you can and for very
short time as it doesn’t take much to pull the solution down.

5. Unwrap syringes just prior to use from their sterile packing and
gently remove the needle along with the needle cap. DO NOT
remove the needle cap at this point.

6. Draw 0.1 mL of the nanofiber vaccine preparation by placing
the syringe tip into the inoculum and pulling the plunger (see
Note 4).

7. Invert the syringe, remove the needle cap, and prime the
plunger until all air is removed and a small drop of liquid
appears at the end of the needle (see Note 4).

8. Anesthetize the mouse by isoflurane inhalation. Grasp the foot
to be inoculated (Fig. 1a) just above the toes with the forceps
(see Note 5).

9. Lay the needle on top of the foot with the bevel side up and
insert the needle just under the skin between the walking pads
and the heel (Fig. 1a).

10. Deliver the inoculum and wait for 5 s before slowly removing
the needle. This will minimize fluid leakage from the
injection site.

11. Release the foot with the forceps and return the mouse to
the cage.

12. Mice can be boosted at day 5 if one is assessing short-term
effector responses or day 30 for memory recall responses.

13. Sacrifice the mice and harvest organs 3–4 days after the last
boost.

3.5 Lymph Node

Extraction

1. Pipette ~4 mL cRPMI into each 15 mL falcon tube
(see Note 6).

2. Wet fur entirely on sacrificed mouse using 70% ethanol.
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3. Flay the mouse so a visual indention is present along the base of
the neck and cut open the body cavity leaving the peritoneal
fascia intact.

4. Pull skin laterally to expose the superficial inguinal lymph nodes
and pin skin in place (Fig. 1b).

5. Superficial inguinal lymph nodes are visible just below a small
layer of fat at the intersection of vasculature present on the skin
(Fig. 1b).

6. Popliteal lymph nodes can be excised by pinning the leg taunt
with the dorsal side of the leg exposed. Pull the skin away from
the muscle and pin in place.

7. Expose the popliteal lymph node by gently squeezing the
biceps femoris and semitendinosus proximal to the pelvis.
Lymph node should be about halfway up the hind leg
(Fig. 1b).

8. Axillary nodes can be found under the pocket of tissue formed
by the pectoralis major. Pin removed skin taunt and gently lift
up on the pectoralis to remove the axillary node.

9. Lymph nodes of each mouse are pooled together and each
mouse is considered a separate sample regardless of groupE.

10. Using the thumb rest of a plunger from 5 mL syringe (discard
barrel), grind tissue thoroughly through the cell strainer (one
plunger/well) (Fig. 2) (see Note 7).

Fig. 1 Schematic showing the mouse footpad and injection. The maximum amount that can be injected into a
footpad is 50 μL (0.05 mL) and only one hind foot is used. Restrain the animal with one hind foot isolated and
inject subcutaneously into the center of the hind foot forming a small bleb at the injection site. To avoid the
blood vessel that runs the length of the foot, inject just off the midline parallel to the vessel. Post injection, the
vaccine drains to the draining lymph nodes (popliteal and inguinal) and to the spleen. The positions of the
nodes shown are reference only and not anatomically accurate
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11. Using the syringe, transfer the cell suspension into 15 mL
conical tube (Fig. 2).

12. Centrifuge tube(s) at 423 � g (4 �C for 5 min) and decant the
supernatant. Wash the cell pellet with 10 mL of PBS. Centri-
fuge again, decant, and re-suspend in cRPMI media
(1 � 106 cells per 100 μL).

3.6 Ex Vivo

Stimulation

1. Prepare stimulation media by dissolving OVA peptide in
cRPMI media (1 μg/mL). Stimulation media can be prepared
in advance (1–3 days). Control wells receive cRPMI media
without OVA.

2. Add 100 μL of cell suspension from 6 into a 96-well plate in
duplicate per mouse and centrifuge to pellet the cells (4 �C
423 � g for 5 min). “Flick” the media into the sink DO NOT
pipette the media out as this could lead to loss of cells.

3. Add 115 μL of stimulation media per well and incubate at
37 �C for 72 h for cytokine analysis by ELISA (see Note 8).

4. Following 72 h of incubation, remove the plates from the
incubator and centrifuge to pellet the cells (RT 300 � g for
5 min). Carefully tilt the plate and gently collect 100 μL of the
supernatant so as to not disturb the cell pellet (see Note 9).

Fig. 2 Schematic showing the preparation of lymphocytes for ex vivo stimulation. The lymph nodes are
processed through a cell strainer (40–70 μm) and washed with RPMI media and counted. The cells are then
plated into 96 well plates (106 cells/well) for stimulation using the immunizing antigen for 24–72 h and the
supernatant is collected for evaluation of cytokine production by ELISA
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4 Notes

1. Optimum cleavage conditions depend on the number of amino
acids present, sequence, side chain protecting groups, and type
of linker attached to the resin. Appropriate scavengers should
be determined to provide optimum cleavage conditions. The
TFA/TIS/Water (95:2.5:2.5) is a good general cocktail that
will work for most sequences.

2. C18 columns are the best general columns for peptide purifica-
tion although we also recommend purchasing a C8 column for
more hydrophobic peptides. We typically use columns with
21.2 mm � 250 mm; 7 μm particle size. All solutions going
into your HPLC must be the highest analytical grade possible
so that no contaminants interfere with your system or sample.
Water should be ultrapure and acquired by purifying deionized
water from a system that achieves a sensitivity of 18 MΩ.
α-Cyano-4-hydroxycinnamic acid is a suitable matrix com-
pound for use with nearly all peptides with MALDI-TOF
MS. The resin should be mixed with 1:1 HPLC grade H2O:
ACN but will remain insoluble. Resin suspensions should be
prepared as needed in small amounts.

3. Multiple doses or a single dose can be injected using one
syringe.

4. We describe the protocols for vaccination in the footpads,
although other routes of vaccination can be performed, this
allows us to collect the antigen draining lymph nodes and
enables the assessment of immune responses using immuno-
logical techniques.

5. Media for washing cells, stimulation media, and required con-
sumables must be prepared and accounted the day before the
organ harvest to ensure smooth operations. All media and PBS
must be sterile filtered and surgical equipment should be ster-
ilized and decontaminated between animals.

6. Once the lymph nodes are crushed into single cell suspensions,
it is important to maintain the tubes on ice to prevent nonspe-
cific activation and apoptosis.

7. Cytokine analysis by flow cytometry utilizes a cytotoxic
reagent, Brefeldin A also known as GolgiPlug™, which should
limit your stimulation to 12 h maximum. We have found 6 h is
optimal for cytokine expression and cell viability.

8. Presence of cells in the supernatant will lead to erroneous
results when using ELISA for cytokine analysis.
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Chapter 16

Preparation and Screening of Catalytic Amyloid Assemblies

Zsofia Lengyel, Caroline M. Rufo, and Ivan V. Korendovych

Abstract

Aggregation of proteins into amyloids has long been recognized as one of the major contributors to disease
and aging. Amyloids are known to catalyze their own formation but they have been considered the rock-
bottom thermodynamic minimum of the protein fold without much functionality. We have recently
demonstrated that aggregation of short peptides in the presence of metal ions gives rise to efficient catalytic
activity. Here we present a detailed protocol for the synthesis and purification of these peptides and the
preparation of amyloid-like fibrils. Then we describe an easy-to-perform, high-throughput assay to measure
their hydrolytic activity.

Key words Self-assembly, Peptides, Amyloids, Catalysis, Hydrolysis

1 Introduction

Amyloid assemblies represent a highly stable, β-sheet rich arrange-
ment of polypeptides. In many cases, the ability of proteins to
misfold and aggregate into such assemblies has been implicated in
aging and disease [1]. The polymeric (and potentially heteroge-
neous) nature of amyloids greatly hinders their studies, but it is
becoming increasingly evident that even the simplest of amyloid
arrangements can result in multiple structural forms, akin to the
folding of soluble proteins [2]. Moreover, amyloids have been
hypothesized to serve as primordial ancestors of modern proteins
[3, 4]. If the polypeptide assemblies present during early stages of
evolution had “protein-like” character, then it is possible that they
were able to facilitate chemical transformations. Thus, we hypothe-
sized that self-assembly of short, functionalized peptides into amy-
loid structures, held together through non-covalent interactions,
would allow for creation of catalysts.

In order to test this hypothesis, we designed 7-residue peptides
that can self-assemble into amyloid-like fibrils and are capable of
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enzyme-like catalysis in the presence of zinc cation (Table 1)
[5]. Zn2+ stabilizes fibril formation and acts as a cofactor to catalyze
ester hydrolysis. Reaction rate enhancements greater than a factor
of 10,000 were observed after evaluating fewer than 10 designed
peptides [5]. Moreover, the catalytic efficiencies of the fibrils are on
par with those of some natural enzymes by weight. We also found
that mixing some of these peptides with different sequences
resulted in a synergistic effect on their catalysis, providing an
opportunity for high-throughput screening of multiple arrange-
ments of functional groups in a single fibril. The catalytic activities
of these self-assembling catalysts are impressive given the very small
number of peptides screened, and this discovery opens new ways for
designing bioinspired catalytic materials. We and others have
already shown that this approach can be easily expanded to other
reactions and peptide sequences [6–13]. The ease with which we
were able to discover catalysts supported by amyloid-like assemblies
suggests that one should consider catalytic production of toxic
species as one possible source of amyloid toxicity.

In this chapter, we present the synthesis and purification of
peptides and their assembly into amyloid-like fibrils. We provide
a detailed protocol for kinetic characterization of the hydrolytic
activity of self-assembling peptides and peptide mixtures using
p-nitrophenyl acetate (pNPA) as a substrate (Scheme 1). pNPA
provides an established benchmark for hydrolytic reactions (e.g.,
ester, amide, lactone hydrolysis, and carbon dioxide hydration) and
many enzymes are assayed using this reaction. Thus it allows for
comparison with natural enzymes and designed protein catalysts.
The kinetic assay is easy to perform, robust, and reproducible.
It can be carried out in a high-throughput manner using
inexpensive instrumentation that measures changes in UV-Vis
absorbance.

Table 1
Esterase activity of designed peptides at pH 8 in the presence of 1 mM Zn2+

Peptide Sequence kcat/KM (M�1 s�1)

1 Ac-LHLHLQL-CONH2 30 � 3

2 Ac-LHLHLYL-CONH2 13 � 5

3 Ac-LHLHLKL-CONH2 12 � 2

4 Ac-LHLHLRL-CONH2 18 � 4

5 Ac-IHIHIRI-CONH2 22 � 8

6 Ac-VHVHVRV-CONH2 26 � 4

7 Ac-IHIHIQI-CONH2 62 � 2

8 Ac-VHVHVQV-CONH2 32 � 2
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2 Materials

Prepare all solutions using ultrapure water (Milli-Q water), analyti-
cal grade reagents, and HPLC grade organic solvents. Prepare and
store all reagents at room temperature unless indicated otherwise.
This protocol is optimized for pH 8, however it can be adopted for
other conditions (see Notes 1, 3, and 13).

2.1 Peptide

Synthesis

and Purification

1. Dimethylformamide (DMF).

2. 5% Piperazine solution in DMF: Weigh out 12.85 g piperazine
and dissolve it in 250 mL of DMF at 50 �C. Add 3.35 g
hydroxybenzotriazole (HOBt) to the solution if the peptide
sequence has glutamate and/or aspartate.

3. N,N-Diisopropylethylamine (DIEA).

4. [2-(6-Chloro-1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluro-
nium-hexafluorophosphate] (HCTU).

5. Methanol.

6. Rink amide MBHA resin.

7. Fmoc-protected amino acids.

8. Cleavage solution: Trifluoroacetic acid (TFA)/triisopropylsi-
lane (TIS)/H2O (95:2.5:2.5, v/v/v).

9. Nitrogen gas.

10. Ice-cold methyl tert-butyl ether.

11. Centrifuge.

12. Solvent A: 0.1% TFA in Milli-Q water.

13. Solvent B: 90% CH3CN, 9.9% Milli-Q water, 0.1% TFA.

14. Reaction vessel.

15. Reverse-phase high performance liquid chromatography
(HPLC) system.

16. C4 preparative column and C18 analytical column.

17. Matrix assisted laser desorption ionization instrument with a
time of flight detector (MALDI-TOF).

18. Lyophilizer.

Scheme 1 Hydrolysis of p-nitrophenylacetate
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2.2 Peptide Stock

Preparation

and Kinetic Assay

1. Tris–HCl buffer: 1 M Tris–HCl, pH 8. Weigh out 4.85 g of
Tris base and transfer to a 50 mL conical tube. Add 30 mL of
water and adjust pH using HCl. Add water up to 40 mL.
Readjust the pH if necessary (see Note 1).

2. ZnCl2 solution: 50 mMZnCl2. Weigh out 1.70 g of anhydrous
ZnCl2, add 1 mL of 1 M HCl and 249 mL of water; mix the
solution until ZnCl2 dissolves (see Note 2).

3. Working buffer: 25 mM Tris, 1 mM ZnCl2, pH 8. Measure
about 30 mL of water into a 50 mL falcon tube, add 1 mL of
1 M Tris solution, and mix. Then add 0.80 mL of 50 mM
ZnCl2 and add water up to 40 mL (see Note 3).

4. 10 mM HCl (see Note 4).

5. Urea: 8 M urea. Weigh out 2.40 g of urea and add water up to
5 mL.

6. p-Nitrophenyl acetate (pNPA) stock solution: 100 mM pNPA.
Weigh out 0.036 g of pNPA and dissolve it in 2 mL of acetoni-
trile. Store at 4 �C (see Note 5).

7. Isopropanol.

8. Acetonitrile.

9. 96-well plate (clear, flat bottom).

10. UV-Vis spectrophotometer.

11. Plate reader.

12. Multichannel pipette.

3 Methods

3.1 Peptide

Synthesis

and Purification

1. Weigh out 233 mg (0.1 mmol, 0.43 meq/g) of Rink-amide
resin and place it into a reaction vessel. Swell the resin for
30 min in DMF at room temperature.

2. Remove the Fmoc group from the resin by adding 2 mL of the
5% piperazine solution for 5 min at 65 �C.

3. Wash the resin four times for 30 s each using DMF.

4. Activate the amino acid (0.3 mmol, 3 eq.) in a separate vial
using 1 mL of HCTU (0.28 mmol, 2.8 eq.) in DMF and
104 μL of DIEA (0.6 mmol, 6 eq.).

5. Add the activated amino acid to the resin and let it couple for
7 min at 65 �C.

6. Repeat steps 2–5 until the desired sequence is synthesized.

7. Acylate the N-terminus of the peptide by incubating it with a
mixture of acetic anhydride (56.6 μL, 0.6 mmol, 6 eq.), DIEA
(116 μL, 0.63 mmol, 6.3 eq.), and DMF (1 mL) for 5 min at
room temperature.
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8. Wash the resin twice for 30 s each using DMF.

9. Wash the resin with methanol twice for 1 min each.

10. Filter the resin and dry it under vacuum for at least 30 min.

11. Transfer the resin into a vial and cleave/deprotect the peptide
by stirring the resin with 5 mL of TFA/TIS/H2O (95:2.5:2.5,
v/v) mixture for 2 h at room temperature.

12. Filter the solution through a glass wool and remove TFA by
passing a gentle stream of nitrogen.

13. In order to separate protecting groups from the peptide, pre-
cipitate the peptide by adding 20 mL of dry ice cold methyl
tert-butyl ether to the solution acquired in Step 12. Centrifuge
the precipitate for 5 min at 1750 � g and decant the
supernatant.

14. Wash the precipitate twice with 20 mL of dry ice cold methyl
tert-butyl ether.

15. Dry the precipitate by passing a gentle stream of nitrogen.

16. Purify the peptide to at least 95% purity on an HPLC system
with C4 preparative column by applying a linear gradient of
solvent A and solvent B. Confirm peptide purity using HPLC
with a C18 analytical column and check the identity of peptides
using MALDI-TOF.

17. Lyophilize pure peptide and store it at �20 �C until needed.

3.2 Preparation

of Peptide Stock

Solutions

1. Dissolve a small amount of solid peptide in 1 mL of 10 mM
HCl (pH 2) (seeNote 6). This solution is referred to as a pH 2
peptide stock.

2. Adjust the concentration of the pH 2 peptide stock to 1 mM.
Use UV-Vis spectrophotometer to determine peptide concen-
tration (see Note 7).

3. Prepare pH 8 stock solution by mixing 180 μL of the pH 2
peptide stock with 20 μL of isopropanol and 1.8 mL of the
working buffer (seeNote 8). The final concentration of peptide
is 90 μM.

3.3 Kinetic Assay 1. Turn on the plate reader and set up a kinetic reading protocol
with the wavelength of 405 nm, 15 min scan time, and 30 s
kinetic interval time at room temperature.

2. Pipette 50 μL of the working buffer (blank) or 50 μL of the
pH 8 peptide stock solution (90 μM peptide) into different
wells on a 96-well plate.

3. Prepare pNPA substrate solutions with different concentrations
of the substrate. Measure out ingredients shown in Table 2,
immediately mix the solutions, and pour them into separate
reagent reservoirs (see Notes 9 and 10).
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4. Immediately add 150 μL of the substrate solutions into the
wells using a multichannel pipette and place the plate into the
plate reader.

5. Start the kinetics reading.

6. Plot the acquired absorbance vs. time data and obtain change
of absorbance per unit of time. To calculate initial rate (v0),
divide this number by the extinction coefficient of p-nitrophe-
nol (16600 M�1 cm�1 at pH 8) (see Notes 11–13).

v0 ¼ ΔA
t

=ε

7. Account for the hydrolysis of substrate in buffer by subtracting
initial rate in blank sample from the initial rate of peptide
sample.

8. To obtain kinetic parameters (kcat and KM), plot the initial rate
vs. substrate concentration and fit the acquired data to the
Michaelis–Menten equation, where [E]0 is the concentration
of catalyst (see Note 14) and [S]0 is the initial concentration of
substrate at the onset of the reaction:

v0 ¼ kcat E½ �0 S½ �0
KM þ S½ �0

To obtain kcat/KM values, fit the linear portion of the Michae-
lis–Menten plot to the following equation:

v0 ¼ kcat
KM

E½ �0 S½ �0

3.4 Preparation

of Peptide Mixtures

1. Prepare 4 mM peptide stock solutions in 10 mM HCl (pH 2
stock) following the instructions described in Subheading 3.2.

2. Mix two peptide stock solutions in different percent ratios
(0, 8, 16, 24, 32, 40, 48, 55, 70, 85, and 100%) to produce
100 μL samples.

Table 2
Preparation of pNPA substrate solutions

V (Tris working
buffer), mL V (acetonitrile), μL

V (100 mM pNPA
stock solution), μL

Final [pNPA] in the
reaction mixture, μM

Solution 1 4.9 87 13 195

Solution 2 4.9 75 25 375

Solution 3 4.9 62 38 570

Solution 4 4.9 50 50 750
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3. Add 300 μL of 8 M urea to each of the 100 μL peptide samples
and let the mixture sit for 15 min (see Note 15).

4. Add 3.6 mL of working buffer into this solution and mix well
by inverting the tube several times. The resulting is a pH 8
peptide stock with a final peptide concentration of 100 μM.
Mixing of the already formed fibrils by pipetting should be
avoided to ensure reproducibility as the fibrils tend to stick to
plasticware.

5. Pipette 50 μL of working buffer (blank) or 50 μL of the pH 8
peptide solution (100 μM) into different wells on a 96-well
plate (see Note 16).

6. Follow steps 3–8 described in Subheading 3.3 to perform the
kinetics assay on these peptide samples.

4 Notes

1. To screen the peptide activity at different pH, use the following
buffers: MES for pH 6–6.5, HEPES for pH 7–7.5, TAPS for
pH 9–9.5, and CAPS for pH 10–10.5.

2. The shelf life of this solution is at least 1 year.

3. Zinc precipitates as Zn(OH)2 at higher pH. Lower the concen-
tration of the zinc stock solution to 0.5 mM at pH 9 or higher.
Always make this solution fresh, as precipitation may occur
within hours.

4. First make a 1 M HCl solution using concentrated HCl
(12 M), then it can be further diluted to 10 mM.

5. The shelf life of this solution is 1–2 months.

6. Peptide stocks at pH 2 are stable for at least several weeks.

7. Calculate the expected absorbance using Beer’s law. In order to
measure the absorbance of sample, dilute 10 μL of the peptide
stock solution using 10 mM HCl (the extent of dilution
depends on the extinction coefficient of the peptide). Calculate
the extinction coefficient of the peptides, using the following
equation and the extinction coefficient of amino acids at
214 nm (Table 3) [14].

εpeptide M�1 cm�1
� � ¼ εpeptidebond � npeptidebond þ

X20

i¼1
εaminoacid ið Þ

� naminoacid ið Þ

8. Always make the pH 8 solution immediately before the
experiment.
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9. Zn2+ in the buffer solution also hydrolyzes pNPA, so pNPA
stock solution should be the last component added to the
substrate solutions.

10. Other substrate concentrations can be used as long as the
substrate is soluble in water (solubility is 2.9*10�3 M at
25 �C).

11. The path length of the absorbing solution in a well as measured
by plate reader is not fixed and it depends on the volume of the
solution, plate reader model, well dimensions, etc. Before tak-
ing kinetic measurements, calculate an empirical conversion
coefficient: measure the absorbance of p-nitrophenol solution
in your plates using plate reader and then in cuvette using

Table 3
Extinction coefficients of amino acids at 214 nm

Amino acid Extinction coefficient at 214 nm (M�1 cm�1)

A 32

R 102

N 136

D 58

C 225

Q 142

E 78

G 21

H 5,125

I 45

L 45

K 41

M 980

F 5,200

P 2,675 (or 30 if at N-terminus)

S 34

T 41

W 29050

Y 5,375

V 43

Peptide bond 923
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UV-Vis spectrophotometer (1 cm path length). Use the fol-
lowing equation to calculate the conversion coefficient to nor-
malize the observed absorbance to the 1 cm path length:

Conversion coefficient ¼ AUV�Vis

Aplate reader

12. When acquiring change of absorbance per unit of time, fit only
the linear portion of the data set to a straight line.

13. When working at different pH, use the following extinction
coefficients of the product: 1700, 4300, 9100, 12700, and
16600 M�1 cm�1 at pH 6, 6.5, 7, 7.5, and 8, respectively.
Use the extinction coefficient of 18700 M�1 cm�1 at pH 8.5
and above.

14. The final concentration of peptide is 22.5 μM, however con-
centration of catalyst is 11.25 μM because two peptides coor-
dinate one zinc ion to form one catalytic unit.

15. It is important to mix the peptide stocks at pH 2 in the
presence of urea. Urea precludes peptide association and
ensures effective mixing at the molecular level.

16. For the blank, mix 100 μL of 10 mMHCl, 300 μL of 8M urea,
and 3.6 mL of working buffer.
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Chapter 17

Self-assembly of Filamentous Cell Penetrating Peptides
for Gene Delivery

Dawei Xu, Louis DeRidder, Brendan Elmore, and He Dong

Abstract

Cell penetrating peptides (CPPs) have been proven to be an effective vector to deliver a variety of
membrane-impermeable macromolecules, such as DNAs, siRNAs, and proteins. Conventional single-
chain CPPs typically suffer from severe protease degradation and fast clearance rate for in vivo therapeutic
delivery application. In this chapter, we show that supramolecular assembly of de novo designed cationic
multidomain peptides (MDPs) leads to nanostructured filaments with increased proteolytic stability and
potent membrane activity necessary for improved transfection efficiency.

Key words Self-assembly, Cell penetrating peptide, Gene delivery, Membrane activity

1 Introduction

The development of gene delivery vehicles offers great opportunity
to treat a variety of diseases by correcting malfunctioned genetic
information. As one of the most promising gene delivery vehicles,
CPPs attracted great attention due to their unique ability to cross
cell membranes to deliver a variety of therapeutic cargos
[1–3]. However, their susceptibility to proteases and fast clearance
rate in vivo [4, 5] has been a significant concern for their further
application as systemic gene delivery vehicles. Here we demonstrate
a new strategy to assemble single-chain cationic peptides into finite
nanofibers that are stable over months under physiological condi-
tions [6]. These assembled peptides, referred as Filamentous Cell
Penetrating Peptides (FCPPs) have improved stability and potent
membrane activity. Compare to traditional synthetic polymer [7, 8]
and small peptides [9, 10], FCPPs strike a good balance between
toxicity and stability [11] and have been shown to be highly effi-
cient for the delivery of both DNA plasmids [12] and anticancer
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drugs [13]. In this chapter, although we are primarily focusing on
the activity measurement based on gene delivery, the fundamental
structure–activity relationship established here is expected to pro-
vide important guidelines for the design and further optimization
of membrane active supramolecular peptide-based delivery systems
for various other biomedical applications, e.g., drug and vaccine
delivery and antimicrobial therapy development.

2 Materials

All samples should be prepared with ultrapure water (18 MΩ) and
analytical grade reagents at room temperature unless indicated
otherwise. All chemical and biological waste disposal regulations
should be strictly followed.

2.1 Peptide

Synthesis

and Purification

1. Amino acids and resin: Fmoc-Lys(Boc)-OH, Fmoc-Gln(Trt)-
OH, Fmoc-Trp(Boc)-OH, and Rink Amide MBHA resin LL
(100–200 mesh) (Novabiochem).

2. Synthesis reagents: 2-(6-Chloro-1-H-benzotriazole-1-yl)-
1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU),
2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU) (Novabiochem); 5(6)-
carboxyfluorescein, piperidine, N, N-diisopropylethylamine
(DIPEA), and triisopropylsilane (TIS); Kaiser Test Kit
(AAPPTec).

3. Solvents: Diethyl ether, trifluoroacetic acid (TFA), dimethyl-
formamide (DMF), acetonitrile (ACN), Tris (1 M, pH 7.4).

4. Peptides were synthesized on a PS3 peptide synthesizer (Pro-
tein Technologies, Inc.).

5. Reversed-phase HPLC was carried out using a HITACHI
L-7100 pump, Waters 717 plus auto-sampler, and a Higgins
analytical column (proto 300 C4 10 μm, 250 � 10 mm).

6. HPLC organic mobile phase: 0.05% (v/v) TFA in acetonitrile.

7. HPLC aqueous mobile phase: 0.05% (v/v) TFA in DI water.

8. Desalting column: Agilent varipure IPE.

9. Lyophilizer: FreeZone Plus 2.5 (Labconco).

10. 20 mM Tris buffer diluted from Tris buffer (1 M, pH 7.4) in
DI water.

11. Agilent 8453 UV-vis spectrophotometer.

2.2 Circular

Dichroism (CD)

Spectroscopy

1. Jasco J-715 spectrometer.

2. Quartz cell with a path length at 1 mm.
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2.3 Transmission

Electron Microscopy

(TEM)

1. 2 wt% uranyl acetate negative staining solution: Dissolve 20 mg
of uranyl acetate (Ted Pella Inc.) in 1 mL of DI water. After
sonication for 1 min, centrifuge the solution at 42 � g. Collect
the supernatant and store it at room temperature (see Note 1).

2. Holey carbon grid (Ted Pella Inc. #01824).

3. JEOL 2010 high-resolution transmission electron microscope.

2.4 Agarose Gel

Electrophoresis

1. Electrophoresis running buffer: dilute 20 mL of 50� TAE
electrophoresis buffer (Fisher Scientific) into 980 mL of ultra-
pure water.

2. Agarose.

3. Ethidium bromide.

4. Mini-Sub® Cell GT Cell (Bio-Rad).

5. ChemiDoc™ MP System (Bio-Rad).

2.5 Cell Uptake

Determination

1. Hoechst 33258 (Fisher Scientific): Dissolve 1.8 mg powder in
0.1 mL DMSO and dilute it in Tris buffer (20 mM, pH 7.4) to
reach a final concentration at 30 μM as the stock solution.

2. Nikon TE200 epifluorescence microscope.

2.6 Transfection 1. Plasmid DNA encoding a 5.2 kb firefly luciferase (pCMV-luc)
(Elim Biopharmaceuticals).

2. Fetal bovine serum (VWR).

3. Phosphate-buffered saline (KH2PO4 144.0 mg/L, NaCl
9000 mg/L, Na2HPO4-7H2O 795.0 mg/L, pH 7.4).

4. Dulbecco’s modified Eagle culture medium (ATCC).

5. BCA Protein Assay Kit (Thermo Fisher Scientific Inc.).

6. Glo lysis buffer (Promega).

7. Luciferase assay kit (Promega).

8. Micro-plate reader (Vitor2 1420 Multilabel Counter,
PerkinElmer).

9. 96 well plates (CytoOne CC7682-7596).

3 Methods

3.1 Peptide Design The peptide sequence used in the study was based on the previously
designed Multidomain Peptides (MDPs) which have been estab-
lished as a new class of finite self-assembling peptide nanofibers that
are stable over months under physiological condition [6]. MDPs
were designed to have a general formula of Kx(QL)yKx (amino acid
single letter code K: Lysine, Q: Glutamine, L: Leucine). The end
products reflect an energetic balance between the intermolecular
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hydrogen bonding and hydrophobic interactions among the
(QL) repeating units and the electrostatic repulsion among the
lysine residues. All MDP nanofibers display a very high positive
charge density due to the accumulation of the lysine residues at
the fiber-solvent interface. The supercharged nanofiber offers
great opportunity to perturb the cell membrane to facilitate the
delivery of a variety of therapeutic cargoes [12, 13]. The peptide
used in the current study, K10(QW)6, consists of six repeating
units of alternating hydrophilic (Q)-hydrophobic (W) residues
and ten lysine residues at the N-terminus (KKKKKKKKKKQ
WQWQWQWQWQW). Tryptophan (W) was selected as the
hydrophobic residue because of the high prevalence of the aromatic
residues found in transmembrane proteins. The total number of
lysine residues was fixed to ten to provide sufficient charge flexibil-
ity required for efficient DNA complexation and membrane
perturbation.

3.2 Synthesis

and Purification

of Peptides

3.2.1 Peptide Synthesis

The synthesis of MDPs followed the standard Fmoc-solid phase
peptide synthesis method [13].

1. Perform solid phase peptide synthesis on a 50 μmol scale on a
PS3 automatic peptide synthesizer (Protein Technologies).
Swell MBHA-rink amide resin in 5 mL of DMF for 30 min
and transfer the resin to the reaction vessel on the synthesizer.
Set up an automatic synthesis program to perform the follow-
ing operations.

2. Remove the Fmoc group on the resin by adding 3 mL of 20%
(v/v) piperidine/DMF and react for 5 min. Repeat the depro-
tection step once.

3. Wash the resin 6 times with 3 mL of DMF to remove residual
piperidine.

4. Premix 200 μmol of HCTU with 200 μmol of Fmoc-protected
amino acid for dissolution in 5 mL of DMF containing 0.4 M
DIPEA. Transfer the solution to the reaction vessel and allow
coupling reaction to proceed for 45 min.

5. Wash the resin with 3 mL of DMF and repeat once.

6. Repeat steps 2 through 5 for each amino acid coupling.

7. Upon completion of the synthesis, acetylate the N-terminus of
the peptide by adding 250 μL of acetic anhydride and 50 μL of
DIPEA in 3 mL of DMF to the resin and react for 1 h.

8. Remove small amounts of peptide resins (~ tip of a spatula) and
transfer to a test tube. Add 0.5 mL of Kaiser test kit solution to
the test tube and heat it in boiled water bath for 2 min. A pale
yellow color indicates the absence of free primary amino groups
and completion of the coupling reaction.
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9. Cleave acetylated peptide from the resin and remove the side
chain protecting groups by adding 5 mL of a mixture of
TFA/TIS/H2O (95/2.5/2.5 by volume) to the resin and let
reaction proceed for 3 h.

10. Collect the cleavage solution and rinse the resin twice with
1 mL of TFA. Combine the washes with the cleavage solution.

11. Evaporate TFA and triturate the residual peptide with cold
diethyl ether (see Note 2).

12. Separate peptide precipitates by centrifugation at 3300 � g for
5 min, wash the peptides with 30 mL of cold diethyl ether, and
repeat it for three times.

13. Dry peptides under vacuum for 12 h for further HPLC
purification.

3.2.2 Peptide Purification 1. Dissolve crude peptides in DI water to reach a concentration at
10 mg/mL.

2. Purify peptides using a preparative reverse phase C18 column
with a linear gradient of binary water/acetonitrile mixed sol-
vent containing 0.05% TFA. Monitor elution peaks at 280 nm.

3. Equilibrate desalting columns with 4 mL of methanol and
4 mL of acetonitrile (see Note 3). Load HPLC fraction onto
the desalting column and start elution with acetonitrile/DI
water mixture (1:1 by volume).

4. Collect elution fraction in a centrifuge tube, freeze it in liquid
nitrogen and lyophilize for 3 days.

3.3 Self-assembly

and Structural

Characterization

of Filamentous

Peptides

3.3.1 Formulation

of Self-assembled

Filamentous Peptides

1. Weigh out lyophilized peptide powder on a microbalance and
dissolve it in Tris buffer (pH ¼ 7.4, 20 mM) as the stock
solution.

2. Quantify the concentration of peptide stock solution by UV
spectroscopy at 280 nm using the extinction coefficient of
tryptophan residue at 5560 L mol�1 cm�1.

3. Store the stock solution at 4�C for future use (see Note 4).

3.3.2 Secondary

Structure Characterization

of Self-assembly

Filamentous Peptides

1. Dilute peptide stock solution in Tris buffer (pH¼ 7.4, 20 mM)
to reach a final concentration at 100 μM.

2. Add 200 μL of peptides into a CD cuvette. Acquire spectra from
250 nm to 190 nm at room temperature with a scan rate of
100 nm/min, a response time of 2 s, and a bandwidth of 1 nm.

3. Convert the molar residual ellipticity using the formula
θ ¼ (mDeg*1000)/(c*n*l), where c is the concentration of
the peptide solution expressed in mM, n is the number of
amino acids in the peptide sequence, and l is the path length
of the cell used in mm.
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3.3.3 Nanostructure

Characterization of Self-

assembled Filamentous

Peptides

1. Dilute peptides in Tris buffer (pH ¼ 7.4, 20 mM) to reach a
final concentration of 100 μM.

2. Deposit 10 μL of the sample solution onto a holey carbon grid
(TED PELLA 01824). After 1 min, carefully remove the excess
solution with filter paper and stain the sample by adding 10 μL
of 2 wt% uranyl acetate solution for 1 min.

3. Remove excessive staining solution with filter paper and allow
the TEM sample to dry for 18 h before imaging.

4. To prepare the peptide–DNA complex, dilute the peptide into
Tris buffer (pH¼ 7.4, 20 mM) to reach a final concentration of
640 μM.

5. Mix 10 μL of peptide solution with an equal volume of DNA
(0.108 mg/mL) to reach a N/P ratio of 20:1. Incubate the
solution for 1 h at room temperature.

6. Deposit 10 μL of the solution onto a holey carbon grid (TED
PELLA 01824). After 1 min, carefully remove the excess solu-
tion with filter paper and stain the sample with 10 μL of 2 wt %
uranyl acetate solution for 1 min (see Note 5).

7. Remove excessive staining solution with filter paper and allow
the TEM sample to dry for 18 h before imaging. Figure 1
shows the nanostructure of peptides and peptide–DNA
complex.

3.4 Determination

of Membrane Activity

The membrane activity of MDPs is evaluated by monitoring the
fluorescence of DNA-bound membrane-impermeable dye,
Hoechst 33258 [14].

1. Dissolve 1.8 mg Hoechst 33258 in 100 μL of DMSO and
dilute into 10 mL of Tris buffer (20 mM, pH 7.4).

2. Seed HeLa cells in a confocal dish at a density of 5 � 104 cells/
well and incubate for 24 h.

3. Replace the medium with 100 μL of fresh DMEM containing
10% deactivated FBS.

4. Add Hoechst 33258 stock solution to the cell culture media to
reach a final concentration at 3 μM.

5. After 5 min, add 10 μL of peptide solution (160 μM) to the cell
culture dish and record fluorescence under fluorescence micro-
scope for 20 min.

6. Process fluorescence images using Image J and plot the change
of fluorescence using Igor Pro 6.04 (Fig. 2).

3.5 Determination

of Peptide–DNA

Complex Stability

Peptide–DNA complex stability is evaluated through agarose
gel electrophoresis using a 15 well Bio-Rad Mini-Sub® Cell GT
system (Fig. 3). Agarose gel electrophoresis was used to test the
binding affinity between DNA plasmid (see Note 6) and
K10(QW)6 [15].
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1. Prepare gels using 0.8% (w/v) agar in 1� TAE buffer contain-
ing ethidium bromide at a concentration of 0.5 μg/mL.

2. Prepare peptide/DNA complexes by sequentially adding
20 mM Tris buffer, DNA plasmid (see Note 7), and peptide
solution to achieve N/P ratios ranging from 0.5 to 16.

3. Equilibrate samples at room temperature for 30 min (see Note
8) and load onto wells using agarose gel loading buffer.

4. Perform electrophoresis in 1� TAE buffer at 100 mV for
30 min. Image the gels using a UV transilluminator.

Fig. 1 (a) TEM images of short fibrils formed by K10(QW)6. (b) TEM image of K10(QW)6–luciferase complex in
the form of near spherical aggregates. N/P ¼ 20/1

Fig. 2 (a) Kinetics of Hoechst 33258 uptake. The arrow indicates the starting point of the K10(QW)6 addition to
the cultured HeLa cells which were co-incubated with Hoechst 33258. K10(QW)6: 16 μM; (b) rate of cell uptake
by taking the derivatives of the fluorescence intensity change as a function of time
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3.6 Gene

Transfection

1. Culture HEK 293 and HeLa cells in DMEM with 10% deacti-
vated FBS with 5% of CO2 at 37�C. Change culture media
every 2 days.

2. For transfection measurements, seed HEK293 cells and HeLa
cells in a 96-well plate at a density of 10,000 cells/well and
incubate for 24 h (see Note 9).

3. Incubate the DNA–peptide complex at an N/P ratio of 10 at
room temperature for 1 h to form stable complexes.

4. Add the DNA–peptide complexes (0.5 μg DNA per well) to
cell culture dish and incubate for 4 h.

5. Remove the media and replace with new DMEM containing
10% deactivated FBS and incubate for 20 h (see Note 10).

6. Remove culture media and add 50 μL of 1� Glo lysis buffer.
After two cycles of freezing (�80 �C for 30 min) and thawing
at room temperature, centrifuge cell lysates at 178 � g for
15 min to remove cell debris.

7. Isolate the supernatant and determine luciferase expression
according to the manufacturer’s protocol. Briefly, mix 20 μL
of cell lysate supernatant with 200 μL of Luciferase Assay
Reagent and monitor chemiluminescence intensity by a lumin-
ometer (Vitor2 1420Multilabel Counter, PerkinElmer) instan-
taneously upon mixing [16].

8. Normalize the relative light unit (RLU) by the protein concen-
tration in the supernatant, which is determined by BCA protein

Fig. 3 Agarose gel showing the stability of peptide and plasmid complexes
incubating with trypsin. Lane 1: DNA plasmid. Lane 2: DNA plasmid treated with
trypsin. Lane 3–5: K10(QW)6/DNA with N/P ratio of 2, 5, 10, respectively, in the
presence of trypsin

278 Dawei Xu et al.



assay. Briefly, mix 10 μL of cell lysates supernatant with 200 μL
of working reagent included in the BCA protein assay kit and
incubate at 37�C for 30 min. Measure the absorbance at
562 nm on a micro-plate reader (Vitor2 1420 Multilabel
Counter, PerkinElmer). Figure 4 shows the expression level
in RLU/mg protein [16].

4 Notes

1. Uranyl acetate solution was freshly prepared and centrifuged
before use. This will minimize salt precipitation, which may
affect TEM image quality.

2. Precipitated peptides from the post cleavage reaction should be
thoroughly washed with 20 mL of cold diethyl ether for at least
4 times.

3. The desalting column was equilibrated using methanol and
acetonitrile sequentially. The column should be rinsed by
water and acetonitrile mixture to achieve maximum recovery
rate of the peptides attached onto the column.

4. Peptide stock was freshly prepared and may not be used after
2 weeks of storage. Typically, the peptide stock solution is
prepared at 640 μM and subject to incubation at 4 �C for
24 h before mixing with DNA plasmids for transfection
experiment.

Fig. 4 Luciferase gene transfection efficiency of K10(QW)6 in both HEK 293 and
Hela cell lines. N/P ratio ¼ 10. Luciferase gene/per well ¼ 0.54 μg
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5. For TEM sample preparation, excessive drying of peptide solu-
tions should be avoided before applying negative staining solu-
tion. The uranyl acetate stain should be added within 1 min
after liquid is removed from the deposited peptide solution.

6. Accurate quantification of DNA plasmids is very important to
achieve reproducible results. Plasmid concentration should be
measured by UV spectroscopy immediately before transfection
experiments.

7. When preparing DNA working solutions, the frozen stock
solution was fully defrosted and vortexed before use.

8. The mixture of peptides and DNA plasmids was gently vor-
texed. The incubation time of the mixture is no less than 1 h to
ensure a stable complex formation.

9. Initial seeding density is typically around 104 cells/mL. High
cell density may affect the transfection efficiency.

10. Cell culture media were freshly mixed with deactivated FBS to
achieve high and reproducible transfection efficiency.
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Chapter 18

Biogelx: Cell Culture on Self-Assembling Peptide Gels

Mhairi M. Harper, Michael L. Connolly, Laura Goldie, Eleanore J. Irvine,
Joshua E. Shaw, Vineetha Jayawarna, Stephen M. Richardson,
Matthew J. Dalby, David Lightbody, and Rein V. Ulijn

Abstract

Aromatic peptide amphiphiles can form self-supporting nanostructured hydrogels with tunable mechanical
properties and chemical compositions. These hydrogels are increasingly applied in two-dimensional
(2D) and three-dimensional (3D) cell culture, where there is a rapidly growing need to store, grow,
proliferate, and manipulate naturally derived cells within a hydrated, 3D matrix. Biogelx Limited is a
biomaterials company, created to commercialize these bio-inspired hydrogels to cell biologists for a range
of cell culture applications. This chapter describes methods of various characterization and cell culture
techniques specifically optimized for compatibility with Biogelx products.

Key words Hydrogels, Self-assembly, Cell culture, Biomaterials

1 Introduction

Molecular gels have enormous potential as supramolecular bioma-
terials with precisely tunable properties [1–6]. There have been
major developments in particular in the application of self-
assembled peptide-based materials as instructive matrices for cell
growth. These peptide-based biomaterials are of particular interest
as a result of their programmability, bioactivity, and biodegradabil-
ity. A number of strategies exist to design supramolecular bioma-
terials based on self-assembled peptides and their derivatives
[7]. These are typically inspired by structural motifs found in
biological systems, including coiled-coils, β-sheets, and β-hairpins.
Other designs combine peptides with non-peptidic components
such as polymers or aliphatic/aromatic tails to induce self-assembly
[8]. Significant progress in applying these systems in three-
dimensional cell culture and tissue engineering has been made by
the groups of Zhang [9] (resulting in the commercial product
Puramatrix™), Stupp [10] (focused on peptide amphiphiles
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which display high densities of bioactive epitopes), and others
[11–13].

The above examples typically use peptide sequences of at least
10 residues. While they are much simpler compared to naturally
occurring protein-based materials, they are still relatively complex,
expensive, and not easily scalable as they rely on solid-phase synthe-
sis techniques for their production. Much simpler peptide deriva-
tives provide a potentially useful alternative as cell culture scaffolds.
In particular, low molecular weight hydrogelators composed of
short (di- or tri-) peptides modified at the N-terminus with aro-
matic structures (such as fluorenylmethoxycarbonyl, Fmoc) can
form self-supporting nanostructured hydrogels which are much
simpler in composition. The first example of this type of self-
assembling systems was reported in 1995 [14]. Since then a num-
ber of research groups have contributed to the further development
of fundamental understanding and application of these materials
[15–17]. Aromatic peptide amphiphiles are now a relatively mature
separate class of building blocks for low molecular weight hydro-
gels [18]. Some of these hydrogels are stable at physiological con-
ditions and have been shown to support 2D and 3D cell culture by
mimicking features of the extracellular matrix. In particular, Fmoc-
di-phenylalanine (Fmoc-FF) forms nanostructured gels at physio-
logical conditions by a combination of H-bonding and π-stacking
interactions. These gels were shown to hold promise as matrices for
cell growth, especially when co-assembled with functional
surfactant-like components that carry hydrophilic chemical groups,
such as Fmoc-serine, or cell adhesive peptides, such as Fmoc-RGD
[19–22].

Since the potential of these gels as matrices for cell growth was
demonstrated, a range of cell culture applications have been studied
[11, 12]. Biogelx Limited, a UK-based biomaterials company that
designs tunable peptide hydrogels, was established to commercial-
ize these hydrogels. Biogelx currently develops and supplies highly
tunable, cell-matched biomaterials, capable of revolutionizing the
way cell biologists control and manipulate cell behavior in the
laboratory. It offers a range of hydrogel platforms that are three-
dimensional, hold 90–99% water, and are composed of a nanoscale
matrix structure that morphologically resembles that of the extra-
cellular matrix (Fig. 1). Biogelx gels are composed of short, yet
simple, di- or tri-peptides modified at the N-terminus with the
aromatic structure, Fmoc. Through a combination of H-bonding
and π-stacking interactions these peptide building blocks
co-assemble to form nanoscale fibers. The gels’ fiber density con-
trols the gel stiffness which allows the cell biologist a level of
control of cell behavior, as the gels can be tuned to meet the
needs of a given cell type.

Biogelx products are supplied as lyophilized powder (Biogelx
Powder). These powders are rehydrated with water to form a
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Pre-gel solution. The gelation of these products is triggered by
divalent cations, such as calcium, which cross-link the gel fibers to
set the gel. The gelation process is triggered instantly when the
Biogelx Pre-gel solution comes into contact with cell culture
medium.

Cell types successfully tested with these hydrogels include
human/bovine chondrocytes, human dermal fibroblasts, 3T3
cells, MG64 cells, human bone marrow stem cells, human adipose
derived stem cells, embryonic stem cells, primary human hepato-
cytes, cortical neurons and human pericytes [23].

This chapter details the methods used for cell culture prepara-
tion and applications of Biogelx Powder. This includes techniques
such as microscopy imaging and cell viability techniques as well as
cell recovery, immunostaining, and RNA extraction methods.

2 Materials

2.1 Biogelx Powder:

Preparation

and Guidelines for Use

Materials

1. Biogelx Powder (Biogelx, UK).

2. Cell incubator (conditions 37 �Cwith a humidified atmosphere
of 5% CO2).

3. Cell culture multi-well inserts with 1.0 μm pore size (Greiner
Bio-One, UK).

4. Cell culture plates (96, 48, 24, 12, or 6 well).

5. Tissue culture medium for cells of interest.

6. Sterile water.

7. Parafilm.

2.2 AFM Materials 1. Mica Sheet.

2. Distilled water.

Fig. 1 Images of a range of Biogelx’s 3D in vitro hydrogels, tuned to match different tissue type environments
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3. AFM (in our case a Veeco MultiMode with NanoScope IIID
Controller Scanning Probe Microscope was used for analysis.)
(Digital Instruments, Santa Barbara, CA, USA; Veeco software
Version 6.14r1).

4. The AFM measurements should be obtained using a sharp
silicon probe (TESP; nominal length (lnom) ¼ 125 μm,
width (wnom) ¼ 40 μm, tip radius (Rnom) ¼ 8 nm, resonant
frequency (υnom) ¼ 320 kHz, spring constant (knom)¼ 42 N
m�1; Veeco Instruments SAS, Dourdan, France).

2.3 TEM Materials 1. Carbon-coated copper grids (No. 400).

2. Filter Paper.

3. Negative Stain—Nanovan: 1% aqueous methylamine vanadate,
obtained from Nanoprobes.

4. TEM (in our case a LEO 912 energy filtering transmission
electron microscope operating at 120 kV fitted with
14 bit/2 K Proscan CCD camera).

2.4 LIVE/DEAD®

Staining Materials

1. 1� Phosphate Buffer Saline (PBS).

2. LIVE/DEAD® Viability/Cytotoxicity assay kit for mammalian
cells (Life Technologies Cat. # L3224).

3. Staining solution contains 4 μM ethidium homodimer-1
(EthD-1) and 2 μM calcein AM in PBS (10 mL PBS to 20 μL
EthD-1 and 5 μL calcein AM). This solution must be protected
from light.

4. Foil.

5. Glass Slide.

6. Coverslip.

7. Mounting Agent—Prolong® Gold Antifade Reagent (Molecu-
lar Probes, Cat. # P36930).

8. Fluorescence microscope.

2.5 Phalloidin

Staining

1. 1� Phosphate Buffered Saline (PBS).

2. 4% Paraformaldehyde (PFA).

3. Permeabilization (Perm) buffer: 0.25% Triton-X in PBS.

4. BSA solution: 1 g Bovine Serum Albumin (BSA) in 100 mL of
1� PBS with Triton-X solution.

5. Foil.

6. Distilled water.

7. Phalloidin solution: Phalloidin Dylight 594 (Thermo) or any
equivalent Phalloidin staining solution. DyLight working solu-
tion is prepared by diluting 1 μL stock solution in 300 μL PBS.
Each sample requires approximately 600 μL.
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8. Mounting agent: Prolong® Gold Antifade reagent with DAPI
(Thermo) or use any glycerol-based mounting medium for
preserving fluorescence containing DAPI for nucleic acid stain-
ing. DAPI stained mounting agent is recommended as
opposed to separate DAPI staining as these give optimized
staining results.

9. Glass Slide.

10. Coverslip.

2.6 MTS Assay

Materials

1. CellTiter 96® Aqueous One Solution Cell Proliferation Assay
(MTS) (Promega Cat. # G3582).

2. Eppendorf tube (1.5 mL).

3. Tissue culture medium for cells of interest.

4. Cell culture medium (user’s desired medium).

5. Cell incubator (conditions 37 �Cwith a humidified atmosphere
of 5% CO2).

6. Centrifuge.

7. 96-Well cell culture plates.

8. Plate reader.

2.7 Cell Recovery

Materials

1. Centrifuge tube (15 mL).

2. Phosphate Buffered Saline (PBS).

3. 1% BSA solution: 1 g Bovine Serum Albumin (BSA) in 100 mL
of 1� PBS solution Centrifuge Trypsin.

2.8 RNA Extraction

Materials

This method is based on using a combination of the Invitrogen
TRIzol and Purelink protocols.

1. Eppendorf tube (1.5 mL).

2. TRIzol (Invitrogen).

3. Cell incubator (conditions 37 �Cwith a humidified atmosphere
of 5% CO2).

4. Centrifuge.

5. Chloroform.

6. Glycoblue.

7. Isopropanol.

8. Ethanol.

9. Distilled RNAse-free water.

2.9 RNA Extraction

Method Using Columns

Materials

This method is based on using a combination of the Qiagen
QIAshredder and RNeasy plus mini kit.

1. RNA stabilizer—RNAlater® solution (ThermoFisher Scientific).
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2. Qiagen QIAshredder (Qiagen).

3. RNeasy plus mini kit (Qiagen).

3 Methods

Biogelx gels are supplied as a lyophilized powder (Biogelx Powder),
which is rehydrated with water to prepare a Pre-gel solution of the
user’s desired concentration. This Pre-gel is added to a well plate,
along with cell culture medium which promotes gelation. Cells can
be cultured inside the gel (3D culture) or on top (2D culture).
Gelation is initiated by cell culture medium and/or salt-containing
buffers. The material will remain in the “Pre-gel” state until
medium and/or salt-containing buffers are added.

All procedures should be carried out at room temperature
unless otherwise specified. Additional notes are provided where
further information about procedures is required.

3.1 Biogelx Powder:

Preparation

and Guidelines for Use

3.1.1 Preparation of Pre-

gels from Biogelx Powders

1. Remove glass vial containing Biogelx Powder from freezer,
ensure the outside of the vial is dry and allow the powder to
reach room temperature before opening the vial.

2. To open, remove the flip-tear-up seal and rubber stopper.

3. In a new sterile vial, weigh the required quantity of Biogelx
Powder (Table 1). Should a gel be required that is of lower or
higher stiffness than those detailed in the table, the quantity of
Biogelx Powder may be scaled appropriately at the user’s
discretion.

4. Ensure that all of the Biogelx Powder is located at the bottom
of the vial and then carefully pipette 5 mL of sterile water to
prepare the Pre-gel Solution (Fig. 2). Volume of Pre-gel Solu-
tion prepared can be scaled up or down as required.

5. Fully dissolve the Biogelx Powder by applying vortex mixing
and sonication for approximately 30 s. If any air bubbles are
present in the Pre-gel Solution, remove these by applying
sonication to the solution for 10 s.

6. Store the Pre-gel Solution at 4 �C until required for cell culture.

7. Replace the unused Biogelx Powder in the �20 �C freezer by
first replacing the rubber stopper and then wrapping in Paraf-
ilm or similar material to ensure the container is protected
against moisture and air contamination.

3.1.2 Plating Volume

Protocol Structure

Cell culture using Biogelx Powder can be carried out using both
2D and 3D cell culture methods (Fig. 3). When performing 2D
culture, two formats can be used: the insert and well method.
Alternatively, when culturing cell within a 3D format three meth-
ods are available: insert, well, and sphere methods.
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Fig. 2 Schematic of the preparation of Pre-gel solution from Biogelx Powder

PRE-GEL
PREPARATION
FROM BIOGELX

POWDER

Insert Format Insert Format Sphere FormatWell Format Well Format

2D CELL CULTURE
METHOD

3D CELL CULTURE
METHOD

Fig. 3 Organization chart demonstrating the formats available for both 2D and 3D cell culture using Biogelx
Powder

Table 1
Weight of Biogelx Powder to prepare gels of a certain stiffness

Stiffness range of gel
required (kPa)

Weight of Biogelx
Powder (milligrams)
for 5 mL volumes (mg)

0.8–1.1 22

3.0–4.0 43

8.0–9.2 67
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3.1.3 2D Cell Culture

Method

Pre-Gel Preparation

Method

1. Prior to use, place the cell medium and Pre-gel solution in an
incubator or water bath for 30 min until the solution(s) reaches
37 ˚C.

2. Gently mix the Pre-gel solution using a pipette to produce a
homogeneous solution. During mixing the pipette tip should
not be removed from the solution. If air bubbles are present in
the solution, remove these by placing the solution in a bath
sonicator for 10 s.

2D Cell Culture Method

(Insert Format)

1. Gently pipette the required volume of Pre-gel solution into
each well plate insert. Volumes of Pre-gel solution and cell
culture medium required are shown in Table 2 for each plate
size. Add cell medium into each well outside of the insert, so
that the Pre-gel solution in each insert is in contact (through
the membrane) with medium from underneath. Refer to Fig. 4
for guidance.

2. Place the culture plate containing the inserts, medium outside
of each insert and Pre-gel solution in the cell incubator at 37 ˚C
with a humidified atmosphere of 5% CO2 for 15 min. At this
stage, complete gelation has not occurred.

3. To promote gelation, gently pipette cell medium dropwise
onto the center of the gel (Refer to Table 2 for cell culture
medium volumes).

4. Place the culture plate in the incubator for a minimum of 2 h
without adding cells. During this time, the medium will diffuse
through the Pre-gel promoting gelation.

5. Centrifuge the trypsinized cells and resuspend the cell pellet
with cell medium, to an appropriate concentration of cells in a
final volume, typically 4–16 � 104 cells/cm2 final concentra-
tion for most cell types (see Note 2).

6. Remove the old medium from the gel surface within the insert
making sure the pipette tip does not touch the surface of the
gel (see Note 1).

Table 2
Volumes of Pre-gel solution and cell culture medium required for well plate sizes performing 2D cell
culture with inserts

Culture plate size

Volume
of Pre-gel per
insert (μL)

Volume of cell culture
medium (μL) added
outside the insert

Volume of cell culture
medium (μL) added to
surface of gel

24 Well 100 1000 100

12 Well 300 1400 300

6 Well 1000 2000 1000
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7. Gently pipette the prepared cell suspension onto the top of the
gel in each insert. Replace the old cell medium outside the
insert with fresh medium. Volumes are shown in Table 3 for
each well plate size (see Note 1).

8. Medium should be replaced every 24 h during the first 2 days
of incubation, then every second day after that (see Note 1).

9. The gels in these well plates can be kept in the incubator for
further use.

2D Cell Culture Method

(Well Format)

1. Pipette the Pre-gel solution into the bottom of the well plate.
Volumes of Pre-gel solution required are shown in Table 4 for
each plate size used. Refer to Fig. 5 for guidance.

2. Place the well plate containing the Pre-gel solution in the cell
incubator at 37 �C with a humidified atmosphere of 5% CO2

for the time specified in Table 4. At this stage, gelation has not
occurred.

3. To promote gelation, gently pipette cell medium dropwise
onto the center of the gel (Refer to Table 4 for cell culture
medium volumes). The Pre-gel and medium should form two
distinct layers.

Fig. 4 Schematic of preparation for 2D cell culture in Biogelx gels using insert format

Table 3
Volumes of cell suspension required for well plate sizes using 2D cell culture with inserts

Culture plate size

Volume of prepared
cell suspension (μL)
on top of the gel

Volume of cell culture
medium (μL) added
outside the insert

24 Well 100 1000

12 Well 300 1400

6 Well 1000 2000
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4. Place the culture plate in the incubator for a minimum of 2 h
without adding cells. During this time, the medium will diffuse
through the Pre-gel promoting gelation.

5. Centrifuge trypsinized cells and resuspend the cell pellet with
cell culture medium at an appropriate concentration of cells in a
final volume, typically 4–16 � 104 cells/cm2 final concentra-
tion for most cell types (see Note 2).

6. After the appropriate incubation period, gently remove the cell
medium from top of the gel and replace with the prepared cell
suspension. Cell suspension volumes required are shown in
Table 5 for each plate size used.

7. Medium should be replaced with fresh medium every 24 h
during the first 2 days of incubation, then every second day
after that.

Table 4
Volumes of Pre-gel solution and cell culture medium required for well plate sizes performing 2D cell
culture in well format

Culture plate size
Volume of Pre-gel
solution per well (μL)

Volume of cell culture
medium (μL) onto
surface of gel

Incubation time before
media addition (minutes)

96 Well 100 150 15

48 Well 200 250 15

24 Well 500 600 30

12 Well 800 1000 30

6 Well 3000 4000 60

Fig. 5 Schematic of preparation for 2D cell culture in Biogelx gels using well format
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3.1.4 3D Cell Culture

Method

Pre-gel and Cell

Preparation

1. Prior to use, place the cell medium and Pre-gel solution in an
incubator or water bath for 30 min until the solution(s) reaches
37 �C.

2. Gently mix the Pre-gel solution using a pipette to produce a
homogeneous solution. During mixing the pipette tip should
not be removed from the solution. If air bubbles are present in
the solution, remove these by placing the solution in a bath
sonicator for 10 s.

3. Meanwhile, trypsinize cells and centrifuge so as to obtain a cell
pellet. Determine the cell density.

4. Remove the required volume of cells to a sterile tube to give a
final cell density of 0.5–1 � 106 cells/mL in Pre-gel solution
(see Note 2).

5. Centrifuge the cell-medium mix for 5 min at 12,000 � g to
again obtain a cell pellet and remove medium, leaving a maxi-
mum of 10% medium in which to resuspend the cell pellet.

6. Disturb the pellet through heavy shaking to allow breaking up
of the cell mass. To this, add the required volume of Pre-gel
solution (0.5–1 � 106 cells/mL of Pre-gel solution).

7. Mix by carefully pipetting up and down to allow even distribu-
tion of cells in the Pre-gel solution (see Note 3).

3D Cell Culture Method

(Insert Format)

1. Gently pipette the prepared Pre-gel/cell solution to each well
plate insert required. Add cell culture medium into the well
(outside the insert) and incubate at 37 �C with a humidified
atmosphere of 5% CO2 for 15 min. At this stage, gelation has
not occurred.

2. Volumes for Pre-gel/cell solution and medium for each culture
plate size are shown in Table 6. Refer to Fig. 4 for guidance.

3. After this period, add medium gently to the surface of the gel
(Refer to Table 7 for cell culture medium volumes) and con-
tinue incubation.

Table 5
Volumes of cell suspension required for well plate sizes using 2D cell
culture in well format.

Culture plate size
Volume of prepared cell suspension
(μL) on top of the gel

96 Well 150

48 Well 250

24 Well 600

12 Well 1000

6 Well 4000
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4. Replace the medium surrounding the insert (Table 6) and on
the surface of the gel (Table 7) after 2 h (see Note 1).

5. Incubate the prepared well plates at 37 �C with a humidified
atmosphere of 5% CO2. After 24 h of incubation, replace
medium with fresh medium (surface of the gel and outside
the inserts).

6. Replace the medium every 24 h during the first 2 days of
incubation, then every second day after that.

3D Cell Culture Method

(Well Format)

1. Gently pipette the prepared Pre-gel/cell solution into the bot-
tom of the well plate required. Volumes required for each plate
size used are shown in Table 8. Refer to Fig. 5 for guidance.

2. Place the culture plate containing the Pre-gel/cell solution in
the cell incubator at 37 �C with a humidified atmosphere of 5%
CO2 for 15 min. At this stage, gelation has not occurred.

3. To promote complete gelation, gently add medium dropwise
onto the center of the gel (Refer to Table 9 for cell culture
medium volumes). The Pre-gel and medium should form two
distinct layers. Incubate the prepared well plates at 37 �Cwith a
humidified atmosphere of 5% CO2.

4. Replace the medium on the surface of the gel after 2 h (see
Note 1).

Table 6
Volumes of Pre-gel/cell solution and Cell Culture Medium required for
performing 3D cell culture with inserts

Culture plate
size

Volume of Pre-gel/cell
solution per insert
(μL)

Volume of cell culture
medium (μL) outside the
insert

24 Well 100 1000

12 Well 300 1400

6 Well 1000 2000

Table 7
Volumes of cell culture medium required for 3D cell culture with inserts

Culture plate size
Volume of cell culture medium
added to the gel surface (μL)

24 Well 100

12 Well 300

6 Well 1000

294 Mhairi M. Harper et al.



5. Incubate the prepared well plates at 37 �C with a humidified
atmosphere of 5% CO2. After 24 h of incubation, replace the
medium.

6. Replace medium every 24 h during the first 2 days of incuba-
tion, then every second day after that.

3D Cell Culture Method

(Sphere Format)

1. Add cell medium to each of the desired wells in the required
well plate (Table 10 shows volume required for each well
plate size).

2. Then gently add the Pre-gel/cell solution to each well, using a
pipette in which the tip has had 1 cm of the end cut from it. This
allows for the Pre-gel/cell solution to be delivered to the well in
a ball-like structure (seeNote 4). Refer to Fig. 6 for guidance.

3. Incubate the prepared well plates at 37 �C with a humidified
atmosphere of 5% CO2 for 1 h until gel is fully formed.

4. After 24 h of incubation, replace the medium in the well (see
Note 1). Replace the medium every 48 h thereafter.

Table 8
Volumes of Pre-gel/cell solution required for well plate sizes performing
3D cell culture in well format

Culture plate size
Volume of Pre-gel/cell
solution per well (μL)

96 Well 100

48 Well 200

24 Well 500

12 Well 800

6 Well 2500

Table 9
Volumes of cell culture medium required for well plate sizes using 3D cell
culture in well format

Culture plate size

Volume of cell culture
medium added to the
gel surface (μL)

96 Well 150

48 Well 250

24 Well 600

12 Well 1000

6 Well 3000

Biogelx: Cell Culture on Self-Assembling Peptide Gels 295



3.2 Microscopy

Imaging Techniques

for Biogelx Gel

3.2.1 Atomic Force

Microscopy (AFM)

1. To image the fibers in the Biogelx Pre-gel, rehydrate the Bio-
gelx Powder according to Subheading 3.1.1.

2. Place 100 μL of solution on a trimmed, freshly cleaved mica
sheet attached to an AFM support stub.

3. After 1 min remove any excess sample by capillary action and
rinse the surface with 200 μL of distilled water.

4. To image the Biogelx gel structure (prepare according to Sub-
heading 3.1), place the gel on mica sheet for 1 min and rinse
twice with 200 μL of distilled water.

5. Leave the samples to air-dry overnight in a dust-free environ-
ment, prior to imaging.

6. Scan the mica surface in air under ambient conditions using an
AFM, operated in tapping mode. Typical scanning parameters
are as follows: tapping frequency 308 kHz, integral and pro-
portional gains 0.3 and 0.5, respectively, set point 0.5–0.8 V,

Fig. 6 Schematic of preparation for 3D cell culture in Biogelx gels using sphere format

Table 10
Volumes of cell culture medium and Pre-gel/cell solution required for performing 3D cell culture in
sphere format

Culture plate size
Volume of cell culture
medium (μL) in the well

Volume of Pre-gel
cell solution per well (μL)

96 Well 150 50

48 Well 500 100

24 Well 1500 300

12 Well 2000 300
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and scanning speed 1.0 Hz. Figure 7 shows AFM images of the
fibrous morphologies of Biogelx gels comprising three differ-
ent strengths.

3.2.2 Transmission

Electron Microscopy (TEM)

1. Glow discharge carbon-coated copper grids (No. 400) for 30 s
before making contact with the hydrogels.

2. Place the shiny side down on the surface of the Pre-gel solution
or gel (gels should be prepared according to Subheading 3.1
for less than 5 s.

3. Remove the excess sample by blotting with a filter paper and
then place 10 mL of negative stain on the top of the sample on
the grid and allow to dry for 10 min.

4. Image the dried sample using a TEM.

Figure 8 shows images obtained using TEM of Biogelx Pre-gel
solutions demonstrating the fibrous morphologies of the hydrogel.

Fig. 7 AFM images of (a) soft, (b) stiff, and (c) rigid gel demonstrate differential fibrous morphologies

Fig. 8 TEM images of 4 kPa Biogelx Pre-gel solution
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3.3 Cell Viability

Assay Methods

3.3.1 LIVE/DEAD®

Staining for Biogelx Gel

LIVE/DEAD® Staining should be carried out after cell culture has
been performed (Subheading 3.1).

1. Remove the medium from the gel surface and then wash the gel
with 1� PBS, warm (37 �C).

2. Add LIVE/DEAD® staining to the top of the gel, ensuring
surface is fully covered, and wrap the plate with foil.

3. Incubate the gels with staining solution for 20 min at 37 �C.

4. Remove the stain and wash with 1� PBS to remove unbound
reagents.

5. Remove the gel and place on a glass slide.

6. Put a drop of mounting agent on top of the gel and place
another coverslip on top ensuring all air bubbles are removed.

7. Immediately observe hydrogels with cells using a fluorescence
microscope. Live cells will show green fluorescent calcein, while
dead cells will be detected by red EthD-1 binding to DNA.

Figure 9 shows the cell viability of human mesenchymal stem
cells (hMSCs) grown in 2D culture using Biogelx gels and visua-
lized by LIVE/DEAD® staining. A comparable number of live
human mesenchymal stem cells hMSCs were observed on hydrogel
as were on the plastic surface.

3.3.2 Phalloidin Staining

for Biogelx Gel

Phalloidin Staining should be carried out after cell culture has been
performed (Subheading 3.1).

1. Remove the cell culture medium from the gels and wash twice
in 1� phosphate buffered saline (PBS).

Fig. 9 LIVE/DEAD® staining images of human mesenchymal stem cells (hMSCs) at plastic–hydrogel interface
(hydrogel shown in red for visualization). Scale bar represents 200 μm
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2. To fix the cells, cover the gel with 4% paraformaldehyde (PFA)
in the well plate for 15 min at 4 �C.

3. Wash with 2 mL PBS for 3 � 5 min.

4. Permeabilize the cells in 0.25% Triton-X in PBS for 5 min at
room temperature.

5. Wash with 2 mL PBS for 3 � 5 min.

6. To block the cells, add 1% BSA in PBST to the gel surface for
between 30–60 min and incubate at 37 �C. Wash once
with PBS.

7. Remove BSA solution and add the phalloidin solution
(F-actin), ensuring the solution covers the gel surface. Cover
with foil and incubate at room temperature for 20 min.

8. Remove staining solution and wash with 2 mL PBS for
3 � 5 min. Then, wash once with distilled water and remove
any excess by blotting.

9. Mount samples using a drop of mounting agent on a coverslip
for imaging (Fig. 10).

3.3.3 MTS (Cell

Metabolic Assay)

for Biogelx Gel

MTS assay should be carried out after cell culture has been per-
formed (Subheading 3.1).

1. Prior to use thaw the CellTiter 96® Aqueous One Solution
Reagent.

2. Remove the medium surrounding the hydrogel and transfer
the gel into an eppendorf tube.

Fig. 10 Phalloidin staining of bone marrow stem cells following culture in Biogelx gel using Phalloidin
488 staining solution and DAPI mounting agent. Scale bar represents 10 μm
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3. Add 300 μL of cell culture medium to each eppendorf tube and
mix thoroughly using a pipette to break up the gel (seeNote 5).

4. Add 60 μL of CellTiter 96® Aqueous One Solution Reagent
into each eppendorf tube and mix thoroughly using a pipette.
One sample without cells (only with culture medium and Cell-
Titer 96® Aqueous One Solution Reagent) should be used as
control to correct for any background absorbance.

5. Incubate the eppendorf tube at 37 �C with a humidified atmo-
sphere of 5% CO2 atmosphere for 4 h (see Note 6).

6. After 4 h, centrifuge the eppendorf tube at 12,000 � g for
4 min.

7. Transfer 120 μL of supernatant from each sample into a 96-well
plate.

8. Record the absorbance at 490 nm using a 96-well plate reader.

9. Use a calibration curve (with different cell densities) to convert
the optical density values (absorbance) into actual cell number.

3.4 Cell Recovery

from Biogelx Gel

Cell recovery should be carried out after cell culture has been
performed (Subheading 3.1).

1. After culture period transfer the gels into 15 mL
centrifuge tube.

2. Add 10 mL of PBS or 1% BSA in PBS and mechanically disrupt
the hydrogel by gently pipetting the mixture (see Note 5).

3. Centrifuge the tube (12,000 � g for 5 min) and discard the
supernatant (see Note 7).

4. Resuspend the pellet in 3 mL trypsin and incubate at 37 �C for
5 min. This will encourage cells that remain attached to hydro-
gel to separate.

5. After 5 min, add 10 mL of fresh PBS and gently agitate the
trypsin and PBS mixture using a pipette.

6. Centrifuge the tube again at 12,000 � g for 5 min.

7. Discard the supernatant, the cells will remain in the bottom of
the centrifuge tube as a pellet. Figure 11 shows bone marrow
stem cells recovered from Biogelx gels after 3 days in culture.

Fig. 11 LIVE/DEAD® staining results of recovered bone marrow stem cells after 1 day in monolayer culture
following culture in Biogelx gel for 3 days. Scale bar represents 50 μm
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3.5 RNA Extraction

for Biogelx Gel

3.5.1 RNA Extraction

Method Without Using

Columns

This method is based on using a combination of the Invitrogen
TRIzol and Purelink protocols.

1. Transfer the cell-seeded hydrogel samples into an eppendorf
tube and add TRIzol. TRIzol volumes should be adapted
depending on cell number. Vortex the tube in order to disrupt
the gel (see Note 8).

2. Incubate the prepared samples at room temperature for a min-
imum of 10 min to allow for cell lysis.

3. Centrifuge samples at 12,000 � g for 15 min at 4 ˚C to pellet
the excess gel, while retaining RNA in solution.

4. Transfer the supernatant to a clean tube and add 100 μL of
chloroform. Subject the tube to vigorous mixing for 20 s and
incubate the sample at room temperature for 3 min.

5. Centrifuge the sample at 12,000 � g for 15 min at 4 �C to
enable phase separation. Transfer the upper aqueous phase of
the sample to a clean tube and mix 5 μL of glycoblue (3 mg/
mL) and 250 μL of isopropanol to the sample.

6. Incubate the sample at �20 �C for at least 1 h and further
centrifuge at 12,000 � g for 15 min at 4 �C.

7. Remove the supernatant using a pipette without disturbing the
resultant blue pellet in the bottom of the tube.

8. Wash the precipitated RNA pellet twice with ethanol (70%) and
centrifuged at 7500 � g for 5 min at 4 �C.

9. Without disturbing the pellet, remove the ethanol by pipette.
Ensure that all ethanol in the tube is removed by air-drying the
pellet in the tube.

10. Resuspend the pellet in distilled RNAse-free water (20 μL) and
incubated at 60 �C for 10 min to enable the pellet to fully
resuspend.

11. Store samples at �80 �C overnight and then heat at 60 �C for
10 min for a better solubilization before the determination of
RNA concentration (see Note 9).

3.5.2 RNA Extraction

Method Using Columns

This method is based on using a combination of the Qiagen
QIAshredder and RNeasy plus mini kit.

1. Aspirate the medium from the gel surface and add an RNA
stabilizer.

2. Freeze the culture plate at �20 �C until ready to proceed with
extraction.

3. Follow instructions as per column-based kit (for example, Qia-
gen QIAshredder kit) to collect the homogenized lysate,
through loading the gel onto the QIAshredder homogenizer
and centrifuge to collect the RNA.
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4. Follow instructions as per RNA purification kit (for example,
RNAeasy plus mini kit) to purify collected RNA. The quality
and quantity of this extracted RNA should be assessed before it
is subjected to cDNA synthesis.

4 Notes

1. Care should be taken when removing themedium on top of the
gel; to avoid direct contact with the gel, carefully place the
pipette tip at the top of the medium and remove the medium
slowly. Do not use an aspirator at any point.

2. The cell number stated is a recommend guideline and can be
adjusted depending on the user’s cell type or application.

3. Ensure the pipette tip does not leave the Pre-gel solution when
mixing as this can introduce air bubbles into the gel structure.

4. Pipette tip should be fully immersed before Pre-gel/cell solu-
tion is released into the medium, and the plunger of the pipette
depressed in one smooth motion to form a single gel
“sphere”—do not add dropwise.

5. Volumes mentioned in here are for the gels made in 12-well
plate inserts; therefore, volumes need to be adjusted for the
other well plates or insert gels accordingly.

6. Recommend mixing of the solution by pipette is performed
every hour to ensure uniform distribution of CellTiter 96®

Aqueous One Solution Reagent.

7. The pellet at the bottom of the tube contains cells and at this
stage some hydrogel may remain attached to the cell pellet.

8. RNA extraction requires the use of a phenol-based solvent,
chloroform, isopropyl alcohol, and ethanol. Appropriate care
should be taken. Gloves and lab coat should be worn at all
times and phenol and chloroform should be handled in a fume
cupboard/laminar flow hood.

9. The quality and quantity of extracted RNA should be assessed
before it is subjected to cDNA synthesis.
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Chapter 19

Production and Use of Recombinant Aβ for Aggregation
Studies

Tiernan T. O’Malley, Sara Linse, and Dominic M. Walsh

Abstract

The amyloid β-protein (Aβ) is believed to play a central role in Alzheimer’s disease (AD) pathogenesis and
there is great interest in understanding the process of Aβ aggregation, its underlying mechanism and the
species generated during aggregation and their biological activity. Although Aβ has been studied for more
than 30 years, analysis of its aggregation has been hampered by structural and chemical impurities. Here we
provide a detailed protocol for the expression and purification of chemically and structurally homogeneous
Aβ monomer. We also describe a method to produce covalent Aβ dimers linked by phenolic coupling of
tyrosine residues.

Key words Alzheimer’s disease, Amyloid β-protein, Dityrosine, Dimer, Fibrillogenesis, Monomer,
Aggregation

1 Introduction

Aggregation of the amyloid β-protein (Aβ) is believed to play an
initiating role in the pathogenic process that causes Alzheimer’s
disease (AD) [1]. In vivo, Aβ occurs as a family of related peptides
with a common amino acid core of ~30 residues (reviewed in [2]).
All members of the Aβ family are amphipathic and have a proclivity
to self-associate and aggregate, often forming thermodynamically
stable amyloid fibrils [3]. Due to the high costs of synthetic Aβ,
systematic studies of aggregation and the use of peptides of varying
primary sequences were limited. Moreover, sequence inhomogene-
ity in synthetic Aβ affects the underlying mechanism and overall
rate of aggregation [4]. Here we detail an inexpensive and simple
system which can be used to generate naturally occurring Aβ pri-
mary structures [5–7] and Aβ containing designed mutations
[8, 9]. This method allows for the production of large quantities
of chemically and structurally pure Aβ [5, 9]—prerequisites for
kinetic and structural experiments. In addition, we have optimized
a system to monitor Aβ fibrillogenesis which yields highly
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reproducible results [7, 10]. We and others have used these
advances to connect the macroscopic features of Aβ fibril formation
to their microscopic determinants through the analysis of experi-
mental kinetic data [11–14] and to study the structure of Aβ
monomer and dimer [9].

Besides variations in Aβ primary structure, evidence suggests
that post-translational modifications such as the formation of Aβ
dimers may also be important in AD [2, 15–18]. In nature, there
are few ways by which covalent Aβ dimers can be generated. The
most likely mechanism of dimer formation involves coupling of two
Aβmonomers by a dityrosine bond. Here we describe a method for
the production of dityrosine Aβ that can be used to study kinetics of
aggregation [9] and as a standard for use in immunoassays [19]. In
this chapter we describe protocols for the preparation of Aβ42
monomer and Aβ42 dityrosine dimer; however, it is important to
note that these methods are applicable to many other Aβ sequences.
The establishment of a facile method to produce a multitude of
highly pure Aβ peptides coupled with a robust protocol to monitor
fibrillogenesis has already revealed important information [11–13]
and offers a vehicle for further discovery when applied to the study
of complex mixtures of Aβ species with different primary sequences
and posttranslational modifications.

2 Materials

2.1 Expression

and Purification of Aβ
(M1-42)

1. Glycerol stock of chemically competent BL21* DE3 pLysS
E. coli cells (see Notes 1–3).

2. pET-Sac vector containing a gene encoding for wild type,
human Aβ(M1-42) (available from Addgene plasmid reposi-
tory—www.addgene.org) (see Note 3).

3. Agar plates containing ampicillin and chloramphenicol at a final
concentration of 50 mg/L and 38 mg/L, respectively.

4. Autoclaved glass beads.

5. Sterile super optimal broth with catabolite repression (S.O.C.)
(Thermo Fischer, Cat. #15544-034).

6. Lysogeny broth (LB) medium containing ampicillin and chlor-
amphenicol at 50 μg/mL and 38 μg/mL, respectively. LB (5 g
NaCl, 5 g Bacto Tryptone and 2.5 g Bacto Yeast Extract) is
made up to 500 mL using H2O and autoclaved at 121 �C for
21 min in a 2.5 L baffled flask. Smaller, 250 mL flasks contain-
ing 50 mL of LB are prepared for overnight starter cultures.
Once autoclaved, the broth is allowed to cool to room temper-
ature and 0.5 mL of a 50 g/L ampicillin solution prepared in
milliQ water (MQ H2O) and sterile filtered, and 0.5 mL of a
30 g/L chloramphenicol solution, prepared in 100% ethanol
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and sterile filtered, added to 500 mL of LB. Fifty microliters of
chloramphenicol and 50 μL of ampicillin solution are added to
50 mL of LB.

7. Induction solution: aqueous 1 M isopropyl β-D-1-thiogalacto-
pyranoside (IPTG) stored as 1 mL aliquots at �20 �C.

8. Preparation of DE23 anion exchange resin. Resin is resus-
pended in 0.1 M HCl (15 mL per gram of dried resin), washed
ten times with MQ H2O, then once with 0.5 M NaOH, and
finally ten times with MQ H2O. The resin is allowed to settle
between all steps and the supernatant decanted. The remaining
base is neutralized by resuspending the resin in 250 mM tris
containing 50 mM EDTA (unbuffered). Finally the resin is
resuspended in 25 mM tris–HCl, pH 8.5 containing 5 mM
EDTA at a 50:50 mix of buffer to resin. For long-term storage,
0.01% w/v benzalkonium chloride is added and the resin kept
at 4 �C. Before use, resin is homogenized by gentle inversion
and washed with 25 mM tris–HCl, pH 8.5 containing 5 mM
EDTA until the pH of the flow through is 8.5.

9. Mixed bed resin (Sigma Aldrich, Cat. #M8032).

10. Buchner funnel and G3 filter paper (Whatman, Cat. #1003-
917).

11. Anion exchange buffer (Buffer A): 25 mM tris–HCl, pH 8.5
containing 5 mM EDTA.

12. Low salt wash solution—Buffer A containing 25 mM NaCl.

13. Elution solution—Buffer A containing 50 mM NaCl.

14. High salt wash solution—Buffer A containing 500 mM NaCl.

15. High salt/urea regeneration solution—Buffer A 500 mM
NaCl and 8 M urea.

16. Inclusion body denaturant: Buffer A containing 8 M urea. All
urea-containing solutions were deionized prior to using
(see Note 4).

17. Dialysis: Snake skin tubing, 3500 MWCO (Thermo Fischer,
Cat. #88242).

18. Sonicator: Branson digital sonifier model 250.

19. Centrifuge: Sorvall SS-34 rotor.

20. UV-Vis spectrophotometer.

21. Heating plate set at 42 �C for heat shock.

22. Water bath set at 37 �C.

23. Bunsen burner.

2.2 Size Exclusion

Chromatography (SEC)

1. A Superdex 75 16/60 is used for purification of bacterial
extract and two Superdex 75 10/300 columns linked in tan-
dem for isolation of samples for aggregation assays. All columns
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are attached to a Bio-Rad Duo Flow FPLC eluted at 0.8 or
0.5 mL/min in a cold room at 4 �C. Columns must be thor-
oughly cleaned before and/or after SEC using Aβ peptides (see
Note 6).

2. Aβ disaggregation solution: 50 mM tris–HCl, pH 8.5 contain-
ing 7 M guanidine HCl and 5 mM EDTA.

3. SEC elution buffer (for initial size purification): 50 mM ammo-
nium bicarbonate, pH 8.5—the pH of which is attained by
dropwise addition of 28–30% ammonium hydroxide. Buffer is
then passed through a 0.22 μm filter and degassed under
vacuum overnight.

4. SEC elution buffer (for aggregation studies): 20 mM sodium
phosphate pH 8.0 containing 200 μM EDTA and 0.01%
sodium azide (depending on the experiment other buffers
may be used, see Note 7). Phosphate buffer is prepared by
combining 94.7 mL of a 200 mM Na2HPO4 solution with
5.3 mL of a 200 mM NaH2PO4 solution. To this, 0.4 mL of
500 mM EDTA and 1 mL of 10% sodium azide solution is
added and the solution made up to 1 L with MQH2O. As with
the preparative buffer, the experimental SEC buffer is passed
through a 0.22 μm filter and degassed as above.

5. UV-Vis spectrophotometer.

6. Quartz cuvette: Starna Cells 160 μL cuvette with 1 cm path
length (Cat #: 16.160-Q-10/Z15).

2.3 Dityrosine Cross-

Linking of Aβ (M1-42)

1. 10 mM hydrogen peroxide (H2O2) solution: 56.5 μL of 30%
w/w H2O2 diluted to 50 mL using MQ H2O.

2. Horse radish peroxidase (HRP) solution: HRP (Thermo
Fischer Cat. #31490) dissolved in MQ H2O to yield a 2 mg/
mL solution.

3. Tissue culture incubator at 37 �C.

2.4 Continuous

Thioflavin T Dye

Binding

1. 100� Thioflavin T (ThT) stock solution: 1 mM ThT in SEC
elution buffer (for aggregation studies).

2. Fluorescence plate reader, such as a CLARIOstar plate reader.

3. Black, clear bottom, 96-well half-area low-binding polystyrene
plate.

4. Low-fluorescence adhesive cover.

2.5 Negative

Contrast Electron

Microscopy

1. Dumont N4AC Tweezers (Dumoxel Biology, Cat.
#72870-D).

2. Acrodisc Filters 33 mm/0.22 μM (Millipore, Cat.
#SLGP033RS). MQ water should be placed in a 5 mL syringe
fitted with a 0.22 μM filter.
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3. EM grids: 200 mesh Copper Grids, Formvar/Carbon film
(Electron Microscopy Sciences Cat. #EMS200-Cu).

4. 0.5% glutaraldehyde solution: 6.25 μL of EM Grade 8% aque-
ous glutaraldehyde (Electron Microscopy Science, Cat.
#16020) diluted to 10 mL with MQ immediately before use.
Two milliliters of this solution is passed through a 0.22 μm
filter and collected into a clean eppendorf tube.

5. 2% (w/v) uranyl acetate stain (Electron Microscopy Sciences
Cat# 22400). Dissolve 1 g in 25 mL of 100% ethanol and stir
for 30 min. Shield solution from light with aluminum foil.
Dilute to a final volume of 50 mL with MQ H2O and store in
two 50 mL tubes covered with aluminum foil.

3 Methods

3.1 Expression

and Purification of Aβ
(M1-42) Peptide

3.1.1 E. coli

Transformation

1. Thaw competent E. coli Bl21* DE3 pLysS cells (40 μL cell
suspension) on ice.

2. Thaw DNA plasmid stock from freezer.

3. Beside a Bunsen flame and using a sterile pipette tip, add 1 μg
of DNA to the E. coli suspension, gently flick tube to mix.

4. Incubate on ice for ~30 min.

5. Heat shock bacteria at 42�C for 45 s and cool immediately on
ice for 10 min.

6. Add 400 μL of S.O.C. to bacterial suspension and incubate at
37 �C for 30 min.

7. Transfer 50–100 μL of bacterial suspension to an agar plate.

8. Add 5–10 sterile glass beads and shake several times to distrib-
ute cells.

9. Incubate overnight at 37 �C (see Note 8) in a dry incubator or
warm room.

10. Plates with colonies can be used immediately or sealed with
parafilm and stored at 4 �C.

3.1.2 Colony Selection

and Propagation

1. Sterilize and seal the tip of a glass Pasteur pipette using a
Bunsen burner flame.

2. Use a sealed pipette tip to collect a small well-isolated single
colony (see Note 9).

3. Transfer the pipette to a 250 mL flask containing 50 mL of LB
and agitate for 30 s.

4. Remove and discard pipette.

5. Incubate the inoculated culture with agitation at 37 �C over-
night (max. 16 h).
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3.1.3 Growth

of Transformed Bacteria

and Induction of Protein

Expression

1. After overnight bacterial culture, determine the extent of bac-
terial growth in the starter culture by measuring the OD600

(>2.0 desired).

2. Add 5 mL of starter culture to 500 mL LB media and agitate at
37 �C.

3. Measure OD600 at regular intervals until a value of ~0.6–1.0
(~2–2.5 h) is attained.

4. When OD600 is ~0.6–1.0, add 125 μL 1 M IPTG solution
(final concentration 400 μM).

5. Monitor OD600 readings every 30 min until growth plateaus
(~3–4 h).

3.1.4 Collection

of Bacteria

1. Harvest the cells by centrifugation (10 min at 10,000 rpm
(16,900� g); SORVAL-SLA-3000; 350 mL Sorvall centrifuge
bottle).

2. Decant the supernatant and scrape bacterial pellets into a
50 mL conical tube and suspend in 25 mL buffer A (per pellet
from 1 L culture) and freeze overnight at �20 �C.

3.1.5 Sonication

and Isolation of Inclusion

Bodies

1. Thaw the pellet. Sonicate for 30 s at 4 W and 30% amplitude
and transfer to centrifuge tube.

2. Centrifuge the suspension for 10 min at 18,000 rpm
(38,724.2 � g) in a Sorvall SS-34 rotor.

3. Decant the supernatant and resuspend the pellet in 25 mL
buffer A. Repeat steps 1–3 two times, i.e., a total of 3 sonica-
tion steps.

4. Resuspend the pellet in 12.5 mL inclusion body denaturant
and sonicate for 30 s at 4 W and 30% amplitude.

5. Centrifuge denatured inclusion bodies for 10 min at 18, 000
rpm (38,724.2 � g) and 4 �C in a Sorvall SS-34 rotor to
remove debris.

6. Collect supernatant and store on ice.

3.1.6 Purification of Aβ

(M1-42) from Solubilized

Inclusion Bodies

1. Dilute the 12.5 mL of denatured inclusion bodies with
37.5 mL of buffer A (1:4 dilution).

2. Add DE23 resin (see Note 10) and incubate with gentle rock-
ing for 30 min at room temperature.

3. Filter under vacuum using a Buchner funnel.

4. Wash the resin with 25 mL of buffer A, stir well.

5. Apply vacuum and collect the flow through.

6. Wash the resin with 25 mL of low salt wash solution and then
elute with 4 � 50 mM NaCl in buffer A (see Note 11).

7. Analyze a sample of each fraction using SDS-PAGE and silver
staining (see Note 12).
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8. Pool fractions containing Aβ and transfer into 2 � 20 cm long
pieces of snake skin tubing.

9. Dialyze 50 mL of pooled fractions into 5 L of 50 mM ammo-
nium bicarbonate, pH 8.5, with three changes (to achieve a
dilution of NaCl, tris and EDTA of 1 � 106) (see Note 13).

10. Lyophilize samples and store at �80 �C.

3.2 SEC Purification

of Recombinant Aβ
Peptide

1. Dissolve the dried peptide at a concentration of ~10 mg/mL in
Aβ disaggregation solution (seeNote 13) and incubate at room
temperature overnight.

2. Inject 5 mL of Aβ solution onto a Superdex 75 16/60 column
and elute at 0.8 mL/min in 50 mM ammonium bicarbonate,
pH 8.5 (see Note 13).

3. Monitor UV absorbance at 280 nm and collect the Aβ mono-
mer peak in 1.2 mL fractions. Pool the peak fractions and
measure the absorbance at 275 nm (Abs275). The concentra-
tion of the Aβ can be determined using the extinction coeffi-
cient 1361 M�1 cm�1 [9] (see Note 13).

4. Freeze and lyophilize volumes containing 1 mg of peptide.
Peptide mass and purity (>99%) are assessed by MALDI-
TOF mass spectrometry, reverse phase HPLC, and
SDS-PAGE with silver staining (Fig. 1).

3.3 Preparation

of Dityrosine (DiY)

Cross-Linked Aβ
(M1-42)

1. Dityrosine cross-linking of peptides is performed essentially as
described previously [9]. Dissolve 5 mg of Aβ(M1-42) in 7 M
GuHCl, incubate overnight at room temperature and purify by
gel filtration using two Superdex 75 10/300 columns linked in
tandem and eluted in 50 mM ammonium bicarbonate, pH 8.5
(see Note 13).

2. Collect 0.5 mL fractions, pool the Aβmonomer peak fractions,
measure the Abs275, and determine the concentration.

3. Make a 1:20 dilution of a 2 mg/mL HRP solution (2.2 μM
final concentration) and a 1:40 dilution of a 10 mM H2O2

solution (250 μM final concentration) into the Aβ monomer
solution. Adjust with 50mM ammonium bicarbonate (pH 8.5)
to give a final Aβ concentration of 40 μM and incubate at 37 �C
for ~14 h [20].

4. Quench the reaction on ice, freeze the solution, and lyophilize.
Dissolve the lyophilizate in 7 M GuHCl (3 mL) and incubate
overnight at room temperature.

5. Isolate dityrosine cross-linked Aβ dimer ([Aβ(M1-42)]DiY)
from unreacted monomer, HRP and aggregated Aβ using a
Superdex 75 16/60 column eluted with 50 mM ammonium
bicarbonate, pH 8.5 (see Note 14).
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6. Collect 0.5 mL fractions, pool dimer containing peak fractions,
and determine concentration by measuring the absorbance at
283 nm and using the extinction coefficient for dityrosine
cross-linked Aβ, ε ¼ 6226 M�1 cm�1 [9].

7. The above protocol typically yields 1 mg of [Aβ(M1-42)]DiY

for every 4 mg of starting Aβ(M1-42) monomer.

3.4 Continuous

Thioflavin T Dye

Binding Assay

1. ThT assay is performed essentially as described previously
[8]. Dissolve 1 mg of Aβ monomer or dimer peptide in
0.55 mL 20 mM sodium phosphate, pH 8.5 containing
200 μM EDTA, 0.02% NaN3 and 7 M GuHCl and incubate
overnight at room temperature.

Fig. 1 Analysis of peptide purity and mass. The purity of recombinantly produced Aβ is assessed by (a) reverse
phase HPLC and (b) SDS-PAGE with silver staining. For RP-HPLC analysis of each peptide, 25 μL of a ~0.2 μg/
μL solution (in 0.1% trifluoroacetic acid; TFA) is injected onto a Capcell CN column and eluted with a linear
gradient of 5–65% acetonitrile in 0.1% TFA over 35 min (a). The same sample preparation (12 μL) was treated
with 12 μL of 2� sample buffer and duplicate 10 μL lots (~1 μg) electrophoresed on a 16% polyacrylamide
tris-tricine gel. Gels are visualized with silver staining. (c) Peptide mass is determined by ion-trap mass
spectrometry using a Q Exactive hybrid quadrupole-orbitrap connected to a Dionex 3000 LC eluting from
100% buffer A (0.075% NH4OH in 5% acetonitrile/H2O) to 50% buffer B (0.025% NH4OH in 95% acetonitrile/
H2O) over 20 min. Monoisotopic mass spectra are given for the most abundant isotope and charge state
present (m/zAβ(M1-42) ¼ 4+, Expected MrAβ(M1-42) ¼ 4644.30, Observed MrAβ(M1-42) ¼ 4644.16; m/z[Aβ(M1-42)]
DiY ¼ 6+, Expected Mr[Aβ(M1-42)]DiY ¼ 9286.58, Observed Mr[Aβ(M1-42)]DiY ¼ 9286.60)
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2. Centrifuge at 16,000 � g for 30 min prior to injection
onto SEC.

3. Inject 0.5 mL of peptide solution onto two Superdex
75 10/300 columns linked in tandem and elute in 20 mM
sodium phosphate, pH 8.0 containing 200 μM EDTA and
0.02% NaN3. Collect 0.5 mL fractions.

4. Prepare a working stock of SEC isolated peptide at 10.1 μM
with 20 mM sodium phosphate, pH 8.0 containing 200 μM
EDTA and 0.02% NaN3.

5. A working stock containing ThT is prepared by combining
1980 μL of 10.1 μM Aβ solution with 20 μL of 100 � ThT
stock (1 mM), to yield 10 μM ThT and 10 μM Aβ.

6. Prepare serial dilutions of the Aβ ThT solution by combining
1000 μL of solution containing 20 μM ThT with 1000 μL of
dilution buffer to yield a 1:2 dilution, and make further dilu-
tions as required (see Note 15).

7. Using reverse pipetting technique, transfer 6� 100 μL of each
Aβ concentration to the wells of a black, clear bottom, 96-well
half-area low-binding polystyrene plate.

8. Include a blank without any Aβ (i.e., dilution buffer with
10 μM ThT) alongside Aβ-containing wells. The outer
36 edge wells of the plate are not used for samples, but are
filled with buffer and plates sealed using a low fluorescence
adhesive cover.

9. Incubate samples at 37 �C in a CLARIOstar plate reader and
record the fluorescence at 5 min intervals (Ex440nm; Em480nm)
(see Note 16).

3.5 Negative

Contrast Electron

Microscopy

1. Transfer 10 μL of sample to duplicate 200 mesh, formvar
coated, copper electron microscopy grid (Electron Microscopy
Sciences, Cat. #EMS-200-Cu). Incubate for 60 s.

2. Add 10 μL of 0.5% gluteraldehyde solution and incubate for
exactly 60 s.

3. Carefully wick the solution onto blotting paper making sure
not to touch the face of the grid.

4. Wash the grid with 3 drops of MQ H2O passed through a
syringe fitted with a 0.22 μm filter. If necessary, carefully wick
solution onto blotting paper (see Note 17).

5. Add 10 μL of uranyl acetate solution to the grid, and incubate
for exactly 120 s. Thereafter, carefully wick solution onto blot-
ting paper.

6. Allow the grid to dry for at least 5 min.

7. Grids are visualized using a Techni G2 BioTWIN, or similar
electron microscope (FEI). Scan the grid at ~12,000�
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magnification, in a serpentine fashion making note of the rela-
tive abundance and morphology of species seen.

8. Representative images (Fig. 2) are taken of several fields using
an AMT 2 k charged coupled-device camera, or similar imager.

4 Notes

1. All steps involving bacteria are performed using standard asep-
tic techniques.

2. Preparation of chemically competent BL21* DE3 pLysS E. coli
cells: add 1 μL of stockBL21* DE3 pLysS cells (Promega Cat.
#L1195) to 50 mL of autoclaved LB media containing 38 μg/
mL of chloramphenicol. Incubate with shaking at 37 �C until

Fig. 2 Both Aβ(M1-42) monomer and dityrosine dimer aggregate to form Aβ fibrils. SEC-isolated Aβ(M1-42)
and [Aβ(M1-42)]DiY were diluted to 10.1 μM with 20 mM sodium phosphate pH 8.0 containing 200 μM EDTA
and 0.02% NaN3. Six 100 μL replicates of each peptide were transferred to a 96-well, half-area plate
incubated at 37 �C for 18 h. Peptide samples were analyzed by negative-stain electron microscopy. Size
bars ¼ 100 nm
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OD600 reaches ~0.6. Thereafter, transfer cells to a sterile 50 mL
tube and centrifuge at 2500 rpm (1258 � g) (Eppendorf
5810R centrifuge with A-4-81 rotor) for 10 min at 4 �C.
Decant supernatant and gently resuspend the pellet in 20 mL
of ice-cold Tfb1 buffer*. Let the cells stand on ice for 10 min
and repeat centrifugation. Decant supernatant and gently
resuspend cells pellet in 2 mL of ice-cold Tfb2**. Prepare
40 μL aliquots and store at �80 �C.

*Tfb1 contains 30 mM potassium acetate, 50 mM manga-
nese chloride, 100 mM potassium chloride, 10 mM calcium
chloride, and 15% glycerol, and the pH is adjusted to 5.8 with
0.1 M acetic acid. ** Tfb2 contains 10 mM sodium-MOPS,
75 mM calcium chloride, 10 mM potassium chloride, and 15%
glycerol, and the pH is adjusted to 7.0 with 0.1 M NaOH.

3. A number of E. coli strains are suitable in which to express Aβ.
For instance, for Aβ(M1-42) we have used E. coli strain BL21*
DE3 PLysS, and for Aβ(M1-40) we have used E. coli strain T7
Express (C2566, New England BioLabs Inc., Ipswich, MA,
USA, previously called ER2566). To ensure optimal and repro-
ducible yields of other Aβ variants it may be necessary to test
expression in a selection of E. coli strains.

4. The gene encoding Aβ42 contains an AUG “start” codon
which gives rise to a methionine that precedes the Asp1 start
site of Aβ; therefore, we refer to this form of Aβ as Aβ
(M1-42)—the sequence of which is: M D A E F R H D S G
Y E VHHQK L V F F A ED VG S N KG A I I G LMVGG
V V I A.

5. Solutions of urea may contain iso-cyanic acid citation is as
follows: Sun et al. [21] a thermal breakdown product of urea
that can cause carbamylation of primary amines in proteins
including Aβ. Therefore, all solutions containing urea are
prepared just prior to use and deionized using mixed bed resin.

6. SEC columns are washed as described previously [22]. Col-
umns are transferred from elution buffer into MQ H2O,
washed with 1 column volume (CV) of 50% formic acid;
2 CV of MQ H2O; 1 CV 0.5 M NaOH; 2 CV MQ H2O;
1 CV 1 M unbuffered tris; 2 CV MQ H2O, and stored in
20% ethanol.

7. The last gel filtration step is performed using the desired exper-
imental buffer as running buffer. However, for studies under
conditions where Aβ is more aggregation prone, it is recom-
mended to perform SEC in a “low aggregation buffer” and
adjust the solution composition after SEC isolation. For exam-
ple, when a pH lower than 8 is desired, gel filtration is per-
formed at pH 8, and the pH is adjusted afterward while the
monomer is kept in an ice box. When higher salt concentration
is desired, gel filtration is at moderate ionic strength (e.g., in
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20 mM sodium phosphate or other buffer of choice), and salt is
added from a concentrated stock to the isolated monomer in an
ice bath.

8. Typically, we obtain 25–500 small, round colonies distributed
evenly over the agar surface.

9. It is important to pick the smallest well-isolated colonies. These
are the ones that most likely express high levels of Aβ. Do not
add bacteria from more than one colony in each flask; a
low-level expressing clone will tend to grow fast and take over
the culture at the expense of higher expressing clones that
tended to grow more slowly. If the intention is to grow multi-
ple 500 mL day cultures, use several colonies in individual
overnight cultures. Even though BL21 DE3* pLyS tends to
give very uniform expression levels, this limits losses that would
arise should a single colony be used that may be a low-level
expresser.

10. DE23 anion exchange resin is prepared as a 50% slurry in buffer
A. Apply 25 mL of slurry to a Buchner funnel and vacuum dry.
To equilibrate the resin and remove residual benzalkonium
chloride, rinse 5� with 25 mL of anion exchange buffer
A. Using pH paper, validate that the pH of the last rinse
solution is 8.5.

11. Ion exchange resin may be regenerated by washing with high
salt buffer and then high salt/urea regeneration buffer.

12. Aβ monomer migrates at approximately 4.5 kDa on 16% poly-
acrylamide tris tricine gels. Using the silver staining protocol of
Shevchenko et al., it is possible to readily detect 100 ng of Aβ
[5, 23].

13. Ammonium bicarbonate is used during purification because it
is a volatile buffer and the amount will be reduced after lyophi-
lization. Since the two components may be reduced to differ-
ent amounts, it is important to check the pH of samples that
have been dissolved after being lyophilized from ammonium
bicarbonate. We used 50 mM ammonium bicarbonate, how-
ever lower molarities such as 25 mM also work and save on
reagent.

14. Aβ monomer elutes from a Superdex 75 16/60 column at
~83 mL, whereas dimer elutes at ~74 mL (peak volumes).
Using two Superdex 75 30/300 columns linked in tandem,
Aβ monomer elutes at ~24.5 mL and dimer at ~21 mL (peak
volumes). Depending on batch size, larger columns may be
used, but when larger columns are employed Aβmonomer and
dimer will elute in larger volumes.

15. A logarithmic dilution series is also possible, decreasing con-
centration by 20% each step. At least six (and preferably at least
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nine) concentrations spanning at least one order or magnitude
are required for mechanistic studies.

16. Other BMG plate readers can be used, for example, the
FLUOstar Galaxy or Omega versions.

17. Rotate grid 90� and slowly push a drop of MQ H2O from a
syringe with filter attached over the grid and allow it to fall
onto blotting paper below. Repeat this three times.
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Chapter 20

Disaggregation of Aβ42 for Structural and Biochemical
Studies

Hyewon Chung, Elliot J. Crooks, Martine Ziliox, and Steven O. Smith

Abstract

The amyloid-β (Aβ) peptides that form the amyloid fibrils associated with Alzheimer’s disease are generated
by sequential proteolysis of the amyloid precursor protein by β- and γ-secretase. The two predominant Aβ
peptides, Aβ40 and Aβ42, differ by two amino acids, are soluble as monomers at low concentration (and/or
low temperature) and are normally cleared from the brain parenchyma. In order to study the structure and
assembly of these peptides, they are often synthesized using solid-phase peptide synthesis and purified.
Here, we outline the method we use to prepare monomeric Aβ for structural and biochemical studies.

Key words Aβ peptides, Aβ40, Aβ42, Alzheimer’s disease, FTIR, NMR

1 Introduction

Amyloid β (Aβ) peptides are the major constituent of senile plaques,
a hallmark of Alzheimer’s disease (AD) [1]. The peptides are
derived from the amyloid precursor protein (APP), a ubiquitously
expressed type 1 transmembrane protein [2, 3]. With age or in the
presence of familial mutations, the peptides aggregate with the
longer Aβ42 peptide having the highest occurrence in the insoluble
plaques found in the brains of AD patients [4].

Depending on the concentration, the Aβ peptides associate to
form nuclei that give rise to fibrils through monomer addition or
form soluble oligomers that aggregate to form protofibrils, which
convert into mature fibrils [5]. Although Aβ fibrils were first
thought to be responsible for AD-induced neurotoxic events, the
soluble Aβ oligomers have since been shown to more strongly
correlate with clinical symptoms associated with the disease
[6, 7]. Different Aβ oligomers have been described, ranging from
dimers to dodecamers and high molecular weight assemblies. These
have been characterized in vitro, in transgenic mouse brains
[6, 8–10] and to some extent in brains of AD patients [11].

Bradley L. Nilsson and Todd M. Doran (eds.), Peptide Self-Assembly: Methods and Protocols, Methods in Molecular Biology,
vol. 1777, https://doi.org/10.1007/978-1-4939-7811-3_20, © Springer Science+Business Media, LLC, part of Springer Nature 2018
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Structural studies on Aβ assemblies have largely come from
in vitro measurements of synthetic peptides corresponding to
Aβ40 and Aβ42. The starting point for these studies is the genera-
tion of monomeric Aβ. There are several methods for preparing Aβ
peptides for structural and biochemical studies [12]. Aβ42 peptide
has a stronger propensity to aggregate than Aβ40 and is the pre-
dominant form found in amyloid plaques. Here we focus on the
disaggregation of Aβ42 to generate the monomeric form; the same
approach is applicable to Aβ40.

1.1 Stabilization

of Aβ42 Monomer

and Conversion

to Fibrils

Monomeric Aβ can be stabilized at low temperature and low con-
centration, and has predominantly a random coil structure. Increas-
ing the temperature leads to aggregation. There are several
methods for determining the amount of monomeric Aβ and the
conversion to larger aggregates. Fluorescence and NMR spectros-
copy are two of these methods that can be used over a wide range of
concentrations and temperatures in solution, and are discussed
below.

For fluorescence studies, thioflavin T has been widely used to
characterize the time dependence of fibril formation. Thioflavin T
exhibits a large increase in fluorescence intensity at 490 nm when
bound to Aβ42 fibrils [13]. Thioflavin T does not bind to mono-
meric Aβ, but does associate with Aβ oligomers. Fig. 1 presents the
changes in thioflavin T fluorescence at a concentration of 200 μM
and 37 �C using a plate reader, which facilitates fluorescence mea-
surements at high Aβ42 concentrations. Dilution of Aβ42 in the
fluorescence measurements may alter the monomer-oligomer equi-
librium. At concentrations above ~150–200 μM, there is a rapid
increase in thioflavin T fluorescence followed by a plateau before a
second rise in fluorescence. The initial rise in thioflavin T fluores-
cence is attributed to the weak association of Aβ oligomers at early
times in the aggregation process [5]. The initial rise is not seen if
the solution is diluted, which shifts the monomer-oligomer equi-
librium toward monomer.

NMR spectroscopy provides a high-resolution approach for
following the monomer concentration over a wide range of con-
centrations and temperature. At 4 �C, Aβ42 is predominantly
monomer at concentrations up to at least 200 μM [14]. The inten-
sity of the NMR resonances in the 1H-15N heteronuclear single
quantum correlation (HSQC) spectrum of Aβ42 at 4 �C is a sensi-
tive measure of monomeric peptide (Fig. 2a). As the temperature is
increased or as the Aβ monomers are allowed to sit, they aggregate
and the intensity in the HSQC NMR spectrum decreases due to
line broadening [15]. Fig. 2b illustrates the extent of monomer loss
as a function of time at 4 �C as measured by the NMR signal
intensity. At higher temperatures, the intensity very rapidly drops
as oligomers and protofibrils form as shown by fluorescence studies
(see Fig. 1).
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Finally, it is difficult to distinguish monomeric Aβ from a mix-
ture of monomers and dimers. Using fluorescence spectroscopy,
Garai and Frieden [16] have observed a rapid change in

Fig. 1 Fluorescence spectroscopy of Aβ42. Monomeric Aβ42 above a concentration of ~50 μM exhibits an
initial rapid increase in fluorescence as oligomers of Aβ form (blue curve). There is then a lag phase in
fluorescence as the oligomers laterally associate into protofibrils. During the lag phase, β-sheet secondary
structure develops in the oligomers, which serves as the template for rapid fibril growth. If the solution of Aβ42
monomers contain aggregated peptide with β-structure, then a rapid increase of fluorescence is observed
from time zero (green curve). These aggregates seed fibril growth. The inset shows an AFM image of capturing
individual oligomers and oligomers laterally associating to form protofibrils during the lag phase. The data
shown here were obtained using the NaOH pretreatment
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Fig. 2 Solution NMR spectroscopy of Aβ42 monomers. (a) 1H-15N HSQC spectrum of Aβ42 obtained at 4 �C.
Each contoured spot in the spectrum corresponds to an NH resonance in the Aβ peptide. As a function of time
and temperature, the Aβ peptide aggregrates. Aggregation leads to broadening of the resonances and loss of
NMR intensity. (b) Histograms of the NMR intensity in the 1H-15N HSQC spectrum for Aβ as a function of time
at two different Aβ concentrations (15 μM, grey; 200 μM, black). The data shown here were obtained using the
NaOH pretreatment
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fluorescence of Aβ42 labeled with tetramethylrhodamine that they
associated with the rapid association of monomers to dimers and
trimers. Using NMR spectroscopy, diffusion measurements show
that the monomeric form of Aβ is likely an equilibrium of monomer
and dimer [14]. The rapid initial loss of fluorescence in Fig. 1 and
the loss of NMR intensity in Fig. 2b are associated with the forma-
tion of low MW oligomers (tetramers to hexamers) starting from
monomer or a monomer-dimer mix [5].

1.2 Alkaline

Pretreatment

Raising pH above pH 10.5 will disaggregate the Aβ42 peptide
[12]. The peptide solution can then be lowered to neutral pH
and the peptide will remain monomeric if the temperature of the
solution is kept low (e.g., 4 �C). This method can be combined
with filtration (e.g., size exclusion chromatography) or ultracentri-
fugation to remove remaining insoluble aggregates [12].

1.3 HFIP

Pretreatment

The Aβ peptides have a very hydrophobic C-terminus that is
derived from the N-terminal transmembrane sequence of the amy-
loid precursor protein. In aqueous solutions, the hydrophobic
C-terminus aggregates, which is the reason the monomeric form
is difficult to obtain for structural and biochemical studies. As a
result, organic solvents are widely used to solubilize the Aβ pep-
tides. Two typical solvents for Aβ are hexafluoroisopropanol or
hexafluoro-2-propanol (HFIP) and dimethylsulfoxide (DMSO)
[17]. HFIP is the stronger solvent and is able to monomerize Aβ
at relatively high peptide concentrations. Removal of the solvent by
evaporation induces the Aβ peptide to adopt specific secondary
structure, α-helical structure may form when the Aβ has been
solubilized in HFIP and β-sheets form when the Aβ has been
solubilized in DMSO (Fig. 3a). Consequently, the approach of
evaporating solvent and re-dissolving in buffer does not work. It
is possible to freeze-dry solutions of Aβ peptide in HFIP and
remove the HFIP under vacuum to obtain a fluffy powder. In
Fig. 3b, we show that residual HFIP remains bound to the Aβ
peptide even under these conditions. Re-dissolving Aβ42 that has
been pretreated with HFIP in 50 mM NaOH (which also disag-
gregates the peptide) and re-lyophilizing the sample does not
remove this bound HFIP. Residual solvent (HFIP or DMSO)
influences the Aβ aggregation process [14, 18, 19]. The influence
is minimized as the amount of solvent is reduced.

The above considerations led Stine and coworkers [17] to
develop a two-step protocol. The first step involves monomeriza-
tion of the Aβ peptide with HFIP, followed by removal by evapora-
tion and placing under vacuum. The second step then is to dissolve
the sample in DMSO to make a stock solution with a concentration
of 5 mM. The stock solution is diluted to 100 μM or lower (2%
residual solvent or less) before use. In this protocol, there is both
residual HFIP and DMSO in the sample. Broersen et al. (2011)
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have described a method that makes use of a desalting column to
remove residual DMSO [19].

Our preferred method is to avoid both HFIP and DMSO, and
simply use an alkaline pretreatment when possible. In cases where it
is advantageous to aliquot samples for replicate experiments, we
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Fig. 3 (a) FTIR spectra of Aβ42 as a probe of secondary structure. Aβ42 was dried onto a germanium FTIR
plate from solutions of HFIP or DMSO. B. Solid-state NMR spectroscopy of Aβ42 as a probe of tightly bound
HFIP. Aβ42 (2.5 mgs) was dissolved in HFIP (500 μL), frozen in liquid nitrogen, and placed under vacuum
(24 mTorr) for 48 h. The resulting fluffy powder was loaded into a 2.5 mm NMR rotor for magic angle spinning
(MAS) NMR experiments. 13C and 19F MAS NMR spectra were obtained of the dry Aβ42 peptide. The amount of
Aβ peptide was determined on the basis of the integrated intensity of 13C resonances of specifically labeled
amino acids incorporated into the Aβ sequence compared to the intensity of resonances from a known amount
of internal and external 13C-labeled alanine. The amount of bound HFIP was determined by obtaining 19F MAS
NMR spectra of the Aβ42 peptide with a MAS frequency of 25 kHz (black trace) and comparing the 19F signal
to that from a known quantity of HFIP subsequently added to the NMR rotor (not shown). The 19F signal
corresponds to 5 � 3 HFIP molecules bound to each molecule of Aβ42. The sample was then dissolved in
50 mM NaOH and re-lyophilized. The 19F spectrum (red trace) has broadened—likely the result of the
transition from helical to random coil structure of the Aβ42 peptide. However, the amount of bound HFIP does
not change appreciably as indicated by the integrated signal area. A parallel experiment using Aβ42 (2.8 mgs)
dissolved in HFIP (500 μL), frozen in liquid nitrogen and placed under high vacuum (5 � 10�6 Torr) using a
turbomolecular pump connected to a roughing pump for 4 days (dashed line) indicates that some of the tightly
bound HFIP can be removed with very high vacuum. (c, d) Comparison of Aβ42 fibril formation using FTIR
spectra of Aβ42 monomerized with HFIP, lyophilized, monomerized with alkaline pretreatment and diluted into
buffer (c) or of Aβ42 monomerized with just alkaline pretreatment and dilution into buffer (d) show that both
the preparations yield monomeric Aβ at t ¼ 0 h (solid lines) and fibrils after 24 h (dashed lines)
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prefer HFIP since most of the HFIP can be removed under high
vacuum. In Fig. 3c, d, we show using FTIR spectroscopy that both
alkaline pretreatment and HFIP disaggregation followed by alka-
line pretreatment yield comparable results.

2 Materials

The experimental protocols described below will require access to
equipment typically found in a laboratory equipped for molecular
biology and protein purification. Avoid adding Aβ solutions to glass
containers, as glass increases Aβ aggregation. For characterization
of the Aβ42 of the peptide aggregation state, instrumentation for
NMR and fluorescence spectroscopy is needed (see Note 1).

2.1 Synthetic Aβ42
Peptide

1. Purified Aβ42 peptide (MW 4514 g/mol) (see Note 2).

2. 50 mM NaOH.

3. Low salt phosphate buffer: 10 mM NaCl (58.44 MW,
0.584 g/L), 10 mM phosphate buffer pH 7.4 (6.1 mM
Na2HPO4—anhydrous (141.96 MW, 0.866 g/L), 3.9 mM
NaH2PO4-2H2O (156.01 MW, 0.608 g/L)) (see Note 3).

4. Cellulose acetate filters 0.2 μm and Luer-lock sterile syringes.

5. DMSO, anhydrous.

6. HFIP.

2.2 Fluorescence

Spectroscopy

1. Thioflavin T solution: 1 mg of thioflavin T (MW 318.9 g/mol)
in 1.5 mL of low salt buffer. Keep the thioflavin T solution in
the dark.

2. Fluorometer with plate reading capabilities.

3. 96-well microtiter plates.

2.3 NMR

Spectroscopy

1. Standard NMR tubes with Teflon inserts (see Note 4).

2. NMR spectrometer.

3 Methods

3.1 Preparation

of Aβ42 Monomer

Using NaOH

1. Assess the purity of Aβ42 peptides by analytical reverse phase
HPLC, and matrix-assisted laser desorption or electrospray
ionization mass spectrometry (see Note 2).

2. Dissolve purified, lyophilized Aβ42 (1.5–2 mgs) in 50 mM
NaOH (60–80 μL) at a concentration of 2.2 mM (let sit at
room temperature for 1 h).

3. Dilute the solution in low salt buffer at low temperature (4 �C)
and titrate to pH 7.4. The dilution will determine the final
concentration.
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4. Filter the Aβ solutions with a 0.2-micron cellulose acetate filter
to remove insoluble aggregates that can nucleate and influence
aggregation.

5. Determine the final concentration of Aβ monomer and adjust
as appropriate (see Note 5).

3.2 Preparation

of Aβ42 Monomer

Aliquots Using HFIP

1. Dissolve the Aβ peptide overnight in HFIP in 1.5 mL polypro-
pylene microcentrifuge tubes, freeze in liquid nitrogen, and
place under vacuum (see Note 6).

2. Dissolve the freeze-dried Aβ peptide in 50 mM NaOH (start-
ing from Subheading 3.1, step 2 and continuing through step
5) (seeNote 7). Use the monomer within 1–2 h depending on
the concentration of Aβ (see Fig. 2b).

3.3 Fluorescence

of Monomer

and Conversion

to Fibrils

1. Prepare 150–1000 μL of sample from step 5 in Subheading 3.1
or step 2 in Subheading 3.2 for the fluorescence assay. For each
well in the plate reader, you need between 50 and 200 μL of
sample. We typically use 75 μL. Run replicates (typically 3–5) of
each sample. As a result, you need to start with 150–1000 μL of
sample.

2. Make sure the thioflavin T stock is dissolved well at room
temperature. Cool to 4 �C before adding to the Aβ samples.

3. Add the appropriate amount of concentrated thioflavin T solu-
tion to the Aβmonomer solution to obtain a peptide: thioflavin
T molar ratio of 1:20.

4. Load ~75 μL of Aβ solution with thioflavin T in each well of the
plate reader and run at least in triplicates. Use the thioflavin T
solution without added Aβ as a control.

5. Select the temperature and measurement conditions on the
fluorometer. For monitoring thioflavin T fluorescence, we use
excitation and emission wavelengths of 446 and 490 nm,
respectively.

3.4 NMR of Monomer

and Conversion

to Fibrils

1. Precool the NMR probe and NMR tubes (with Teflon inserts)
to 4 �C prior to use. It is important to shim and calibrate the
NMR instrument prior to adding your sample. This could be
carried out on your actual sample. However, the monomeric
peptide may start to aggregate depending on the concentration
and temperature to be used.

2. Add the solution of Aβ monomer from step 5 in Subheading
3.1 or step 2 in Subheading 3.2 to the NMR tube. Add 10%
deuterium oxide (D2O) that has been cooled to 4 �C for the
NMR lock signal.

3. Insert the NMR tube with the Aβ sample into the NMR
instrument and acquire spectra as a function of time.
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4 Notes

1. We have used both a Horiba Jobin Yvon Fluorolog FL3–22
spectrofluorometer and a SpectraMax M2 microplate reader
for fluorescence measurements. The microplate reader has sev-
eral advantages over Fluorolog spectrofluorometer. Replicate
measurements can easily be set up and time points can be made
continuously without opening the sample compartment. Mea-
surements can readily be made over a range of concentrations.
The HSQC NMR measurements can be made on a wide range
of solution NMR instruments. The instruments require two
channels (1H and 15N). A cryoprobe significantly improves
sensitivity, which allows concentrations as low as 10 μM to be
measured.

2. Aβ42 peptides are most often synthesized by solid-phase pep-
tide synthesis and purified by high performance liquid chroma-
tography (HPLC) using linear water-acetonitrile gradients
containing 0.1% (v/v) trifluoroacetic acid. Other chapters in
this volume discuss the methods for synthesis in detail. Never-
theless, there are two potential problems with the purity of
synthetic Aβ peptides. The first is when the amino acids do
not properly couple during synthesis and there is loss of an
amino acid. This loss can be minimized during synthesis by
double couplings or increasing the coupling time at difficult
positions (typically in the hydrophobic C-terminus). The loss
of an amino acid typically leads to a peak at ~110 mass units less
than the molecular ion in the mass spectrum. It also manifests
itself in a long leading edge in the HPLC chromatogram dur-
ing purification. One can eliminate the peptides eluting at the
leading edge of the HPLC chromatogram during purification.
Another potential problem is oxidation of the Met35 side
chain. This oxidation can easily be checked by mass spectrome-
try or NMR spectroscopy using 13C5-Met35-labeled Aβ.

3. The specific buffer used depends on the application. The low
salt (or no salt) buffer is useful for TEM and NMR measure-
ments. The buffers are typically filtered after they are made up
to remove any particulates, which is again important for TEM
and NMR measurements.

4. Teflon inserts are essential to eliminate glass-induced aggrega-
tion of the peptide.

5. The peptide concentration can be determined in several ways.
Absorption spectroscopy can be used to estimate the peptide
concentration based on the absorption at 280 nm. There is one
tyrosine in Aβ42 with an extinction coefficient of
1490 M�1 cm�1 at 280 nm. Access to high-field NMR instru-
mentation allows one to determine the concentration of Aβ
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monomers on the basis of the signal intensity and calibrating
relative to the signal intensity observed from known concen-
trations of amino acids.

6. HFIP is difficult to remove completely by vacuum. Typical
roughing pumps will achieve 10–20 mTorr vacuums. Under
these conditions, a substantial amount of HFIP (roughly 5 � 3
molecules of HFIP per molecule of Aβ) remains bound to the
Aβ peptide. Removing the HFIP by evaporation prior to plac-
ing under vacuummakes it more difficult to remove, possibly as
a result of forming a film that has trapped HFIP.

7. The Aβ peptide that was dissolved in HFIP and freeze-dried to
remove solvent can be redissolved in 50 mM NaOH or in
DMSO. With DMSO, one can make a concentrated solution
(5 mM) and dilute to 50 μM Aβ (or lower concentration) with
buffer for use. A dilution to 50 μM Aβ results in 1% residual
DMSO. Above this level, the influence of the DMSO on the Aβ
aggregation kinetics is measureable. With DMSO, the solu-
tions must be kept at room temperature or higher due to the
high melting point of DMSO. This protocol results in both
DMSO and HFIP in the sample. 19F NMR studies comparable
to those shown in Fig. 3b reveal that the DMSO effectively
strips most of the bound HFIP from the peptide (data not
shown). Broersen et al. (2011) have described a method that
makes use of a desalting column to remove residual
DMSO [19].
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Chapter 21

Preparation of Stable Amyloid-β Oligomers Without
Perturbative Methods

Samuel A. Kotler and Ayyalusamy Ramamoorthy

Abstract

Soluble amyloid-β (Aβ) oligomers have become a focal point in the study of Alzheimer’s disease due to their
ability to elicit cytotoxicity. A number of recent studies have concentrated on the structural characterization
of soluble Aβ oligomers to gain insight into their mechanism of toxicity. Consequently, providing repro-
ducible protocols for the preparation of such oligomers is of utmost importance. The method presented in
this chapter details a protocol for preparing an Aβ oligomer, with a primarily disordered secondary
structure, without the need for chemical modification or amino acid substitution. Due to the stability of
these disordered Aβ oligomers and the reproducibility with which they form, they are amenable for
biophysical and high-resolution structural characterization.

Key words Amyloid-β, Alzheimer’s disease, Oligomer, Protein aggregation, Purification, NMR

1 Introduction

Alzheimer’s disease (AD) is characterized by neurodegeneration
and atrophy of affected cerebral areas. This deterioration progresses
as the disease progresses, and is generally accompanied with amy-
loid plaques and neurofibrillary tangles, made up of insoluble col-
lections of amyloid-β (Aβ) peptide and tau protein, respectively
[1, 2]. The protein “misfolding” occurring therein may disrupt
basic cellular processes, including calcium ion homeostasis, enzyme
function, and glucose usage, all of which result in cell death
[2–6]. This is normally seen in conjunction with inflammatory
responses, which help induce neural degeneration [3]. The resul-
tant neuronal cell death due to such processes is the root of
AD. While the mechanism of cytotoxicity remains a topic of intense
debate, mounting evidence points to aggregated structures of the
Aβ peptide [7–11].

Numerous studies now implicate soluble Aβ oligomers as the
pathogenic agent in AD, resulting in intensified efforts to identify
such species in biological fluids (such as human cerebrospinal fluid)
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[3]. Furthermore, strengthened efforts to biophysically character-
ize Aβ oligomers have become increasingly important, with the
goal of understanding how structural morphology of oligomeric
species relates to their toxic effect. Methods to prepare and charac-
terize Aβ oligomers have been previously reported [11–15]; how-
ever, detailed high-resolution structural information remains
difficult to obtain. Most of the structural models of Aβ oligomers
that do exist bear a structural resemblance closer to the fibrils of Aβ
[7, 11, 16, 17], with few exceptions [18]. Despite this, there is
significant evidence that some of the most toxic oligomers have a
considerably different structure that may be closer to Aβmonomer
(rather than the fibrils) [9, 10, 19, 20].

The main difficulty in structurally characterizing Aβ oligomers
results from their transient nature; oligomers ultimately aggregate
to large amyloid fibrils (which have been extensively studied)
[21–23]. Thus, it is of utmost importance to prepare stable oligo-
meric Aβ species synonymous with a species that elicits cytotoxicity
[9, 10, 20]. The method of preparation presented here yields
oligomers that share many of the structural qualities of the primar-
ily disordered and toxic Aβ oligomers previously studied. Impor-
tantly, this method is: i) highly reproducible; the disordered
oligomers form at almost 10% of the total peptide concentration,
and ii) results in stable oligomers that persist in solution for at least
3 weeks, allowing for extensive high-resolution structural charac-
terization by techniques such as NMR [24]. Furthermore, while
other protocols exist for preparing Aβ oligomers (see References
11–15), the current method does not require perturbative meth-
ods, such as chemical- or photo-crosslinking, freezing, amino acid
substitution, or any other type of protein engineering to stabilize
the oligomer.

2 Materials

Unless otherwise stated, all solutions are prepared using ultrapure
water (sensitivity of 18.2 MΩ cm at 25 �C) and analytical grade
reagents. All reagents are prepared and stored at room temperature
(if not otherwise stated) and waste materials are disposed of using
appropriate regulations.

2.1 Equipment 1. MS 3 Digital Shaker (IKA).

2. NanoDrop 2000 UV-Vis Spectrophotometer.

3. Tabletop microcentrifuge.

4. Incubator.

5. Benchtop lyophilizer (i.e., a freeze-dry system).

6. NMR spectrometer (field suitable for 2D experiments).
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7. High-resolution magic angle spinning (HR-MAS) probe (e.g.,
Agilent 3.2 mm Nanoprobe).

8. 3.2 mm zirconium HR-MAS rotor.

2.2 Sample

Components

1. 10 mM sodium phosphate buffer: Prepared at pH 7.4 as
described in Ref. 25.

2. 2.5% sodium azide (NaN3) solution: 2.5 g in 100 mL water/
buffer.

3. Aggregation buffer: 10 mM sodium phosphate and 0.01%
NaN3.

4. 0.22 μm Costar Spin-X microcentrifuge tube filters (see Note
1).

5. Pierce BCA (bicinchoninic acid) protein assay kit.

6. Deuterium oxide (D2O): used in buffers for NMR
experiments.

2.3 Preparing

Disaggregated Aβ1–40

1. Amyloid-β(1–40) (Aβ1–40): prepared by solid-phase peptide
synthesis using Fmoc chemistry (see Note 2).

2. 1% ammonium hydroxide solution: Dilute ammonium hydrox-
ide in water to 1% (v/v).

3. Liquid nitrogen (LN2).

3 Methods

3.1 Disaggregation

of Aβ1–40

This disaggregation protocol was developed from previously pub-
lished protocols [26, 27].

1. Suspend approximately 1 mg of dry Aβ1–40 peptide in 1 mL of
1% ammonium hydroxide solution for 1 h at 4 �C. Gently
vortex and sonicate to aid with peptide dissolution.

2. Aliquot 100–300 μL of 1 mg/mL peptide solution into
microcentrifuge.

3. Flash freeze the solution aliquots using LN2 and freeze-dry
samples for 24 h. Store the aliquots at �80 �C.

3.2 Preparing

Aggregated Samples

of Aβ1–40

1. Dissolve 0.1–0.3 mg of disaggregated Aβ1–40 (see step 3 of
Subheading 3.1) in aggregation buffer at a peptide concentra-
tion of 1 mg/mL (231 μM) (Fig. 1b). Verify Aβ1–40 concentra-
tion by UV-Vis (ε280 ¼ 1490 M�1 cm�1) and adjust as needed.

2. Place the freshly dissolved Aβ1–40 sample in an incubator
adjusted to 37 �C and allow the sample to aggregate under
shaking conditions for 48 h (with the digital shaker set to
1000 rpm). This sample is saved to use as preformed seeds
(Fig. 1b).
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3. Prepare a freshly dissolved Aβ1–40 sample in 10 mM sodium
phosphate, pH 7.4 at 1 mg/mL (verify Aβ1–40 concentration
by UV-Vis and adjust as needed). Add the preformed aggre-
gated seed prepared in step 2 at 5% of the total Aβ1–40 concen-
tration (Fig. 1c).

4. Incubate the seeded sample for 48 h at 37 �C under shaking
conditions (1000 rpm) (Fig. 1c).

5. Following the round of seeded aggregation (see step 3), the
Aβ1–40 sample will contain a mixture of amyloid fibrils and
non-β-sheet oligomers (typically around 7–10% of the total
Aβ1–40 concentration as measured by the BCA assay (see Note
3)). The solution should appear mildly opaque due to the
formation of amyloid fibrils.

3.3 Isolating

the Non-β-sheet
Aβ1–40 Oligomers

1. Load the aggregated Aβ1–40 sample (prepared as described in
Subheading 3.2) onto the 0.22 μm tube filter and microcen-
trifuge the sample for 15 min at 2300 � g (Fig. 1d).

2. The filtrate will appear clear and contains the disordered Aβ1–40
oligomers. These oligomers are stable for at least 3 weeks
(see Ref. 24).

3. The retentate contains the fibrillar Aβ1–40 species that are too
large to pass through the filter and can be re-suspended in
100 μL of the aggregation buffer for further biophysical char-
acterization (see Note 4) (Fig. 1d).

3.4 Preparation

of Isolated Aβ1–40
Oligomers for NMR

Experiments

The yield of the disordered Aβ1–40 oligomer (ca. 20 μM) is relatively
low for NMR measurements; therefore, it is necessary to concen-
trate the oligomer species.

1. Flash freeze either the aggregated mixture or isolated, disor-
dered oligomer of Aβ1–40 with LN2 and freeze-dry for 24 h.

2. Redissolve the freeze-dried sample at half of its original volume
to effectively double the concentration (verify oligomer con-
centration by the BCA assay) (see Notes 5 and 6).

3. Affirmation of oligomer presence can be verified by biophysical
characterization (CD, fluorescence, DLS, etc.); however, to
characterize distinct structural differences between a random
coil monomer and a globular, disordered oligomer, magic
angle spinning NMR experiments are necessary (see Ref. 24)
(Fig. 2).

�

Fig. 1 Schematic representation for the preparation of stable, disordered Aβ1–40 oligomers. (a) Cartoon
representation of different types of Aβ aggregates. The disordered Aβ1–40 oligomers are prepared by making
Aβ1–40 seeds (b), using seeded aggregation to create a mixture of oligomeric and fibrillar Aβ1–40 species (c),
and separation of the disordered Aβ1–40 oligomers from the amyloid fibrils (d)
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4 Notes

1. A 100 kDa molecular weight cutoff microcentrifuge tube filter
can be used as well.

2. Aβ1–40 and Aβ1–42 can be prepared by expression in E. coli as
well (see Ref. 27, 28); however, the method presented in this
chapter utilized Aβ samples from either synthesis in-house or
by purchasing it from commercial vendors (e.g., Genscript).
There are excellent protocols available describing synthesis of
amyloidogenic peptides [29, 30].

3. It is important to use the BCA assay for measuring peptide
concentration at this stage as A280 measurements do not accu-
rately report on the actual concentration of aggregated Aβ
present (see Ref. 13).

4. Resuspending the Aβ1–40 fibrils is achieved by gently pipetting
the buffer solution up and down on the membrane of the tube
filter.

5. Use D2O at a ratio of 9:1 (v:v) H2O:D2O for NMR
measurements.

Fig. 2 Workflow to structurally characterize Aβ (and other amyloids) oligomers at high resolution. Elucidating
size, morphology, and secondary structure through biophysical characterization prior to NMR measurements
aids greatly in choosing the type of NMR experiments to complete in addition to understanding the nature of
the oligomers before analyzing NMR results
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6. Freeze-drying of amyloid oligomers is commonly used to
structurally characterize powder samples of intermediate spe-
cies of Aβ and other amyloid-forming peptides. Previous stud-
ies have demonstrated that the freeze-drying process does not
measurably perturb oligomer morphology (see References 11,
16, 24, 31).
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Chapter 22

Discriminating Strains of Self-Propagating Protein
Aggregates Using a Conformational Stability Assay

Heather H. C. Lau, Angus Lau, and Joel C. Watts

Abstract

Prions and other self-propagating protein aggregates can exist as distinct strains, which are thought to
represent different conformations of aggregates. There is growing evidence that protein aggregate strains
may be important for understanding the biology of common neurodegenerative disorders, such as Alzhei-
mer’s disease and Parkinson’s disease. While methodology for discriminating prion strains is in widespread
use, there is a paucity of tools for comparing the conformational properties of aggregates composed of
β-amyloid (Aβ) peptide or α-synuclein protein, particularly when present in complex samples such as brain
extracts. The conformational stability assay (CSA) is a simple technique that measures the relative resistance
of protein aggregates to chemical denaturation. While originally developed to differentiate prion strains, the
CSA has since been adapted for use with other protein aggregates. Here, we describe the CSA in detail and
outline its utility for distinguishing prion strains as well as unique conformational states of Aβ and
α-synuclein aggregates.

Key words Protein aggregates, Protein misfolding, Strains, Prions, Amyloid, α-Synuclein, Alzhei-
mer’s disease, Parkinson’s disease, Creutzfeldt-Jakob disease, Self-propagation

1 Introduction

The presence of misfolded, aggregated proteins in the brain is a
hallmark of many human neurodegenerative disorders, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), and Creutz-
feldt-Jakob disease (CJD). In each disease, a different protein
adopts a conformation that is enriched in β-sheet content and is
prone to aggregation. In prion diseases such as CJD, the cellular
prion protein (PrPC) undergoes a conformational change into a
disease-associated, infectious conformer termed PrPSc. In PD, the
α-synuclein protein polymerizes into aggregates called Lewy bod-
ies. In AD, the initiating event is thought to be the misfolding and
aggregation of the β-amyloid (Aβ) peptide.
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Emerging evidence suggests that aggregates composed of Aβ
or α-synuclein may become self-propagating during disease
[1–4]. This occurs when protein aggregates attain the ability to
catalyze their own formation by templating the conversion of their
properly-folded counterparts into additional copies of the mis-
folded conformer. This is reminiscent of the prion diseases in
which the production of PrPSc from PrPC underlies the infectious
nature of prions [5]. The formation of self-propagating prion-like
protein aggregates composed of α-synuclein or Aβ may in part
explain why PD and AD are progressive disorders as well as the
stereotypical spread of protein aggregates observed within the
brains of patients [6]. There has been considerable debate over
whether self-propagating proteins aggregates composed of
α-synuclein or Aβ should be referred to as “prions” or by other
terms, such as “prion-like,” “prionoids,” or “proteinaceous nucle-
ating particles” [7–9], to discriminate them from the authentic,
infectious prions that cause prion diseases such as CJD. Regardless
of the nomenclature, there is a growing consensus that self-
propagating, prion-like protein aggregates may play a key patho-
logical role in several neurodegenerative diseases.

A widely observed phenomenon in the prion diseases is the
existence of distinct prion “strains,” which are encoded by different
conformations of PrPSc aggregates [10]. Recent studies have
revealed that other self-propagating protein aggregates, including
those composed of Aβ or α-synuclein, may also exist as different
strains [11–22]. The existence of distinct strains of protein aggre-
gates may potentially help to explain the clinical and pathological
diversity observed among AD and PD patients. Many methods
have been developed that are capable of distinguishing unique
strains of PrPSc. One of these, the conformational stability assay
(CSA), has been useful for demonstrating that a continuum of
PrPSc conformations is possible and that the stability of PrPSc

aggregates may be related to the rate of prion disease progression
[23–25].

In the CSA, samples containing PrPSc aggregates are exposed
to increasing concentrations of a chemical denaturant such as gua-
nidine hydrochloride (GdnHCl) (Fig. 1). In the absence of
GdnHCl, PrPSc is insoluble in nonionic detergents and will appear
in the pellet fraction following ultracentrifugation. Once a critical
GdnHCl concentration is reached, the aggregates become solubi-
lized and will instead be present in the supernatant fraction. Fol-
lowing removal of the supernatant, the pellets are resuspended in
loading buffer and then analyzed by SDS-PAGE and immunoblot-
ting. The disappearance of PrPSc in the pellet fraction is quantified
by densitometry and then the [GdnHCl]1/2 value, the concentra-
tion of GdnHCl required to denature 50% of the PrPSc, is calcu-
lated using computer software. The [GdnHCl]1/2 value is strain-
specific. For example, the RML strain of PrPSc exhibits a
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[GdnHCl]1/2 value of ~1.6 M when propagated in transgenic mice
expressing bank vole PrP [26] whereas chronic wasting disease
(CWD) prions and prions from a sporadic CJD patient with the
VV2 disease subtype possess much higher stabilities ([GdnHCl]1/
2 values of ~2.4 and ~3.0 M, respectively) when propagated in the
same mice (Fig. 2).

We have found that the CSA can also be used to distinguish
strains of protein aggregates composed of either Aβ or α-synuclein.
In patients with two different genetic forms of AD caused by the
“Arctic” or “Swedish” mutations, distinct conformations of Aβ
aggregates can be discerned in the brain using the CSA (Fig. 3).

Fig. 1 Schematic representation of the conformational stability assay (CSA). Samples containing protein
aggregates are incubated with various concentrations of GdnHCl and then ultracentrifuged to separate the
insoluble and soluble fractions. Residual levels of protein aggregates in the pellet fraction are determined by
immunoblotting and then the concentration of GdnHCl required to solubilize 50% of the aggregates (the
[GdnHCl]1/2 value) is calculated. Different [GdnHCl]1/2 values are indicative of distinct protein aggregate
conformations or strains
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When the Arctic and Swedish AD brain homogenates were intrace-
rebrally injected into susceptible transgenic mice, distinct Aβ
pathologies were observed, supporting the notion that the two
samples contain unique strains of self-propagating Aβ aggregates
[15]. The CSA is also useful for delineating the conformational
properties of α-synuclein aggregates generated by polymerization
of recombinant α-synuclein (Fig. 4). Thus, the CSA is a simple
technique capable of discriminating different conformations of
protein aggregates in a variety of biological samples, including

Fig. 2 Distinguishing strains of PrPSc in bank vole PrP transgenic mice using the CSA. (a) Transgenic mice
expressing bank vole PrP with methionine at codon 109 were inoculated with RML, CWD, or sporadic CJD
(sCJD) VV2 prions and then CSAs were performed using brain homogenates from clinically ill animals
[26]. Prior to ultracentrifugation, the samples were digested with PK. PK-resistant PrPSc was detected using
the antibody HuM-P. (b) Denaturation curves were constructed for the three samples and the [GdnHCl]1/
2 values were calculated to be 1.6, 2.3, and 3.0 M for RML, CWD, and sCJD VV2 prions, respectively

Fig. 3 Discrimination of distinct strains of Aβ aggregates in Alzheimer’s disease patients using the CSA. (a)
Brain samples from AD patients with the Swedish or Arctic mutations were subjected to the CSA [15]. Prior to
ultracentrifugation, the samples were digested with PK. Residual Aβ levels were detected by immunoblotting
using the antibody 6E10. (b) The denaturation curves reveal that Aβ aggregates in the Arctic AD patient are
less stable ([GdnHCl]1/2 ¼ 3.9) than the Aβ aggregates in the Swedish AD patient ([GdnHCl]1/2 ¼ 5.2),
indicating the existence of distinct strains of Aβ aggregates
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complex samples such as brain homogenates. It should be noted
that while different [GdnHCl]1/2 values obtained using the CSA
imply distinct protein aggregate conformations, similar or identical
[GdnHCl]1/2 values between two samples do not guarantee the
presence of a single unique strain. For example, two clearly distinct
strains of CWD PrPSc exhibit identical conformational stabilities
[27]. Therefore, the CSA is best applied in combination with
orthogonal techniques when characterizing the strain-specified
properties of protein aggregates.

In this chapter, we outline step-by-step instructions for
performing the CSA on protein aggregates contained in brain
homogenates or composed of recombinant protein. A thorough
discussion of the most important steps in the assay including sample
preparation, GdnHCl treatment and isolation of protein aggre-
gates, visualization of results, and data analysis is provided, as well
as troubleshooting tips.

2 Materials

Prepare all solutions with ultrapure water (dH2O; prepared by
purifying deionized water to attain a resistivity of 18 MΩ cm at
25 �C) and analytical-grade reagents. Prepare and store all reagents
at room temperature (unless otherwise indicated). Follow all waste
disposal regulations when disposing waste materials. No sodium
azide was added to the reagents.

2.1 Brain

Homogenization (Not

Required If Using

Recombinant Proteins)

1. 1� Phosphate Buffered Saline (PBS) without calcium or mag-
nesium: 2.67 mM potassium chloride, 1.47 mM potassium
phosphate monobasic, 8.06 mM sodium phosphate dibasic,
138 mM sodium chloride.

Fig. 4 Differentiating strains of recombinant α-synuclein aggregates using the CSA. (a) Wild-type full-length
human recombinant α-synuclein was fibrillized using two different buffer conditions and then the fibrils were
subjected to the CSA. Samples were not digested with PK. Residual α-synuclein levels were detected by
immunoblotting using the antibody Syn1. (b) Denaturation curves for the fibrils formed under the two
conditions were distinct, with calculated [GdnHCl]1/2 values of 2.2 and 3.8 M
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2. Homogenization tubes containing homogenization beads
(2 mL tubes and 7 mL tubes). We use the CK14 soft tissue
homogenization tubes containing 1.4 mm zirconium oxide
beads (Bertin).

3. Homogenizer. We use the Minilys apparatus (Bertin).

4. Microbalance or scale.

5. Frozen brain samples.

2.2 Detergent

Extraction

1. Detergent extraction buffer (10� DB): 5% (wt/vol) sodium
deoxycholate, 5% (vol/vol) NP-40 in 1� PBS.

2. Halt Phosphatase Inhibitor (100�; ThermoFisher Scientific).

3. Pierce Universal Nuclease (ThermoFisher Scientific).

2.3 Conformational

Stability Assay (CSA)

1. 8 M GdnHCl: Dilute 8 M stock solution with dH2O to make
2, 3, 4, 5, 6, and 7 M solutions.

2. Recombinant Proteinase K (PK; 20 mg/mL stock).

3. 200 mM phenylmethylsulfonyl fluoride (PMSF) solution
prepared in methanol. Store in aliquots at �20 �C.

4. 30% (wt/vol) N-Lauroylsarcosine (Sarkosyl) sodium salt solu-
tion (Sigma-Aldrich).

5. 4� Bolt lithium dodecyl sulfate (LDS) sample buffer (Thermo-
Fisher Scientific). Dilute to 1� in dH2O and add
β-mercaptoethanol to a final concentration of 2.5% (vol/vol).

6. A shaking microtube incubator such as the Eppendorf Ther-
moMixer F1.5 (see Note 1).

7. A tabletop ultracentrifuge such as the Beckman Coulter
Optima MAX-XP and a rotor for snap-cap microtubes such as
the TLA-55.

8. Polypropylene ultracentrifuge microtubes (Beckman Coulter).

9. A refrigerated microtube centrifuge.

10. A digital dry bath for boiling samples.

2.4 SDS-Page 1. 10- and 12-well 10% or 4–12% Bolt Bis-Tris Plus gradient gels
(ThermoFisher Scientific, see Note 2).

2. 20� Bolt MES SDS Running Buffer (ThermoFisher Scientific,
see Note 3).

3. Bolt Mini Gel Tank (ThermoFisher Scientific, see Note 3).

4. Power supply for electrophoresis.

5. Novex Sharp Pre-stained Protein Standard (ThermoScientific).

2.5 Immunoblotting

Components

1. Immobilon-P Polyvinylidene fluoride (PVDF) membranes,
0.45 μm (Millipore).

2. Western blot transfer buffer (10�): 250 mM Tris, 1.92 M
glycine in dH2O. Adjust pH to 8.0. For working solution,
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dilute to 1� in dH2O and add methanol to a final concentra-
tion of 20% (vol/vol).

3. Grade 703 Western blotting filter paper (VWR).

4. Bolt Mini Blot Transfer Modules with blotting sponges
(ThermoFisher).

5. 10� Tris-buffered saline (TBS): 250 mM Tris, 1.37 M NaCl,
27 mM KCl in dH2O. Adjust pH to 7.4.

6. 1� TBS with 0.05% (vol/vol) Tween-20 (TBST).

7. Methanol.

8. Blocking buffer: 5% (wt/vol) skim milk powder in TBST. Store
at 4 �C.

9. 16% (wt/vol) paraformaldehyde. For working solution, dilute
to 0.4% (vol/vol) in 1� PBS.

10. Plastic containers for soaking immunoblotting components.

11. Square Petri dishes or similar containers for performing anti-
body incubations, membrane washes, etc.

12. Humanized anti-PrP recombinant Fab HuM-P [28].

13. Purified anti-Aβ mouse monoclonal antibody 6E10
(BioLegend).

14. Anti-α-synuclein mouse monoclonal antibody Syn-1 (also
called Clone 42) (BD Biosciences).

15. Horseradish peroxidase (HRP)-conjugated goat anti-mouse
secondary antibody (Bio-Rad).

16. HRP-conjugated goat anti-human IgG F(ab’)2 secondary
antibody.

17. Western Lightning ECL Pro (PerkinElmer).

18. HyBlot CL autoradiography film (Denville Scientific Inc.).

2.6 Computer

Software

1. Photoshop (Adobe Systems Inc.).

2. Curve-fitting software, such as GraphPad Prism (GraphPad
Software).

3. Excel (Microsoft Corporation).

4. Software for performing densitometry, such as ImageJ [29].

3 Methods

3.1 Preparation

of Brain Homogenates

If you are using purified or recombinant protein aggregates, skip to
Subheading 3.2.

1. Weigh the homogenizing tube and tare the scale.

2. Add the frozen brain containing the protein aggregates of
interest to the homogenizing tube and then weigh it to calcu-
late the weight of the brain (see Note 4).
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3. Add 9 volumes of chilled PBS to give you a 10% (wt/vol) brain
homogenate. For example, if the brain section weighs 0.4 g,
add 3.6 mL of PBS (see Note 5).

4. Place the homogenizing tube containing the brain and the
beads into the homogenizer apparatus. Set the speed on the
instrument to the highest value (5000 rpm for the Minilys) and
then homogenize the sample for 30 s.

5. Place the homogenizing tube on ice for 5 min and then
homogenize for an additional 30 s.

6. Aliquot the homogenate into labeled microtubes and then
store at �80 �C until needed.

3.2 The

Conformational

Stability Assay

1. Perform a detergent extraction by mixing nine volumes of
sample (brain homogenate or purified/recombinant protein
aggregates) with 1 volume of 10� DB. See Note 6 for sug-
gested volumes. If you are analyzing brain homogenates con-
taining α-synuclein aggregates, add Halt Phosphatase Inhibitor
(if you will be probing for phosphorylated α-synuclein) and
Pierce Universal Nuclease (see Notes 7 and 8).

2. Incubate on ice for 20 min with periodic vortexing.

3. Centrifuge samples at 1500 � g for 5 min at 4 �C. Collect the
supernatant into a new tube and discard the pellet. Keep the
supernatant on ice. This step is not necessary if using purified or
recombinant protein aggregates.

4. Dilute the 8 M GdnHCl stock solution in dH2O to final
concentrations of 2, 3, 4, 5, 6, and 7 M. These 2� stocks will
be used to create final GdnHCl concentrations of 1–4 M.

5. Add 20 μL of detergent-extracted sample from steps 1–3 to
each of 8 ultracentrifuge microtubes.

6. Add 20 μL of 2� GdnHCl stocks to seven of the tubes to give
final GdnHCl concentrations of 1, 1.5, 2, 2.5, 3, 3.5, or 4 M.
To the eighth tube add 20 μL of dH2O to give a final concen-
tration of 0 M GdnHCl. If you need to test higher concentra-
tions of GdnHCl (i.e., 4.5, 5, 5.5, and 6 M, see Note 9),
use 10 μL of sample and add the following components: for
4.5 M, add 30 μL of 6 M GdnHCl; for 5 M, add 25 μL of 8 M
GdnHCl and 5 μL of dH2O; for 5.5 M, add 27.5 μL of 8 M
GdnHCland2.5μLofdH2O; for6M,add30μLof8MGdnHCl.

7. Incubate the samples at room temperature (22 �C) for 2 h with
shaking (800 rpm) using a microtube thermal mixer. If you do
not have a thermal mixer, see Note 10.

8. Normalize theGdnHCl concentration in all samples to 0.4Mby
adding the following to each tube (in this order) (seeNote 11):
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(a) Samples containing PrP or Aβ aggregates: add (500 � x)
μL of PBS, then 60 μL of 10� DB, and then x μL of 8 M
GdnHCl, where x ¼ 0, 2.5, 5, . . ., 22.5, 25, or 30 μL for
the 6, 5.5, 5, . . ., 1.5, 1, and 0 M GdnHCl tubes, respec-
tively. The final volume in each tube is 600 μL.

(b) Samples containing α-synuclein aggregates: add (410� x)
μL of PBS, then 50 μL of 10� DB, and then x μL of 8 M
GdnHCl, where x¼ 5, 7.5, 10, . . ., 17.5, 20, or 25 μL for
the 4, 4.5, 3, . . ., 1.5, 1, and 0 M GdnHCl tubes, respec-
tively. The final volume in each tube is 500 μL.

9. Samples containing PrP or Aβ aggregates are next digested
with PK (see Note 12). For samples containing α-synuclein
aggregates, skip to step 10.

(a) Dilute the 20 mg/mL PK stock solution to 5 mg/mL
using PBS.

(b) Add 2.4 μL of diluted PK to each tube to give a final PK
concentration of 20 μg/mL.

(c) Incubate at 37 �C for 1 h with shaking (600–650 rpm)
using a thermal mixer (see Notes 1 and 13).

(d) Add 6 μL of 200 mM PMSF to give a final concentration
of 2 mM and then vortex.

(e) Add 43 μL of 30% (wt/vol) sarkosyl solution to give a final
concentration of 2% and then mix by vortexing.

(f) Continually rotate or periodically vortex the sample at
4 �C for ~10 min until the white precipitate disappears
(see Note 14).

10. Ultracentrifuge the samples at 100,000 � g for 1 h at 4 �C
(see Note 15).

11. Carefully remove and discard the supernatant (see Note 16).

12. Add 40 μL of 1� LDS sample buffer (seeNote 2) to the 0–4M
GdnHCl tubes (i.e., the tubes that originally contained 20 μL
of detergent-extracted sample). Add 20 μL of 1� LDS sample
buffer to the 4.5–6 M GdnHCl tubes (i.e., the tubes that
originally contained 10 μL of detergent-extracted sample).

13. Resuspend the pellets by vortexing and then boil using a digital
dry bath set at 95 �C for 5–10 min. Briefly centrifuge the
samples to bring down any condensate that forms on the
tube lid.

14. Store the samples at �20 �C if not proceeding immediately to
SDS-PAGE.

3.3 SDS-Page 1. Prepare 1� Bolt MES SDS running buffer and place a Bolt
4–12% or 10% gel (seeNote 3) into the Bolt Mini Gel tank after
removing the comb and the gel tape at the bottom of the
cassette. Fill up the inner chamber with running buffer so
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that the buffer covers the wells of the gel. Pour sufficient buffer
in the outer chamber so that the buffer level is higher than the
gel foot. Thoroughly rinse the wells with running buffer.

2. Load 5–10 μL of Novex Sharp Standard into the first lane.

3. Load 10–15 μL of samples per well.

4. Place the lid on the gel apparatus and electrophorese the sam-
ples at 165 V for 30–35min, or until the dye front has migrated
to approximately 1 cm from the bottom of the gel.

3.4 Immunoblotting

(see Note 17)

1. Prepare 1� transfer buffer containing 20% (vol/vol) methanol
(see Note 18).

2. Cut a PVDF membrane to the size of the gel (~7.5 � 8.5 cm).
Activate the membrane by placing it in methanol for 1–2 min
and then transfer to a plastic container (see Note 19) contain-
ing 1� transfer buffer.

3. Soak the blotting sponges and blotting paper (2 pieces per gel,
cut to a size of ~7.5� 9 cm) in 1� transfer buffer (seeNote 20).

4. Remove the gel cassette from the electrophoresis apparatus and
thoroughly rinse with dH2O. Gently pry open the cassette
using a gel knife so that the gel adheres to one side of the
cassette. Cut off the wells and the gel foot using a razor blade,
and then carefully transfer the gel to a plastic container with 1�
transfer buffer in it (see Note 21).

5. Lay one presoaked blotting sponge on the cathode (negative)
core of the Bolt Mini Blot Module and then one piece of
blotting paper. Smooth out any bubbles by gently using a gel
roller or similar apparatus (see Note 22).

6. Gently place the gel on the blotting paper and carefully remove
any bubbles.

7. Place the activated PVDF membrane on the gel and carefully
remove any bubbles.

8. Place a second piece of pre-wet blotting paper on top of the
membrane, smooth out any bubbles, and then place a second
sponge on top.

9. Place the anode (positive) core of the Mini Blot Module over
the top of the transfer sandwich and gently apply pressure to
seal the module.

10. Place the module into the Bolt Mini Gel tank and then fill up
the interior of the blotting module with 1� transfer buffer.

11. Fill up the outer chamber of the apparatus with dH2O (it is not
necessary to use transfer buffer).

12. Place the lid on the gel apparatus and transfer the samples at
20 V for 1 h.
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13. Following transfer, remove the Mini Blot Module from the gel
apparatus and carefully disassemble the transfer sandwich. An
efficient transfer has occurred if the pre-stained protein stan-
dard has entirely migrated to the PVDFmembrane (i.e., it is no
longer visible on the gel).

14. For PrP- or Aβ-containing samples, skip to step 15. For sam-
ples containing α-synuclein aggregates, it is advisable to cross-
link the proteins to the membrane as follows (see Note 23):

(a) Transfer the membrane to a square Petri dish containing
0.4% (vol/vol) paraformaldehyde in PBS.

(b) Incubate the membrane at room temperature on a rocker
for 30 min.

(c) Discard the formaldehyde solution and quickly rinse the
membrane two times with 1� TBST.

15. Transfer the membrane to a square Petri dish containing block-
ing buffer and then incubate with orbital agitation for a mini-
mum of 1 h.

16. Discard the blocking buffer and incubate the membranes with
primary antibody diluted in blocking buffer overnight with
rocking at 4 �C. For PrP, use the antibody HuM-P at a dilution
of 1:10,000 (see Note 24); for Aβ, use the antibody 6E10 at a
dilution of 1:4000; for α-synuclein, use the antibody Syn-1 at a
dilution of 1:10,000 (see Note 25).

17. Wash the membrane 3 times with 1� TBST for 10 min.

18. Incubate with HRP-conjugated secondary antibodies, diluted
in blocking buffer, for 1–2 h with rocking. For 6E10 and Syn1
antibodies, use a goat anti-mouse secondary antibody at a
dilution of 1:10,000; for the HuM-P antibody, use a goat
anti-human F(ab’)2 secondary antibody at a dilution of
1:10,000.

19. Wash the membrane 3 times with 1X TBST for 10 min.

20. Remove excess TBST from the membrane by blotting with a
Kimwipe. Add equal volumes of the two ECL components to
cover the surface of the membrane. Using a pipette, gently
spray the membrane with ECL for ~1 min (see Note 26).

21. Remove excess ECL from the membrane by blotting with a
Kimwipe and then wrap the membrane in plastic wrap (see
Note 27).

22. Place the wrapped membrane into an X-ray cassette and expose
to X-ray film (see Note 28).
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3.5 Data Analysis 1. Scan the X-ray film and save it as a digital image.

2. If necessary, convert the image to grayscale using Photoshop
and, if desirable, adjust the image contrast using the Auto
Contrast function in Photoshop.

3. Import the image into software capable of performing densi-
tometry, such as ImageJ. Invert the image so that the back-
ground is black and the protein bands are white.

4. Draw a rectangular region of interest around the brightest
band and then perform densitometry on each band using the
same region of interest. Also using the same region of interest,
determine the background signal by placing the rectangle on an
area of the blot with no protein signal.

5. Copy and paste the densitometry values into Excel.

6. Subtract the background signal from each of the measured
protein signals.

7. Normalize the background-corrected signals by dividing each
value by the signal obtained with the lowest GdnHCl concen-
tration used. Multiply each value by 100 so that the starting
value for the denaturation is 100%.

8. Create a new “XY” graph in GraphPad Prism and enter the
GdnHCl concentrations used in the “X” column.

9. Copy and paste the normalized values into the “Y” column.

10. For data analysis, choose “Non-linear regression (curve fit)”
under “XY analyses” and then “log(inhibitor) vs. response—
Variable slope (4 parameters)” under “Dose-response—Inhibi-
tion.” The [GdnHCl]1/2 value will be the “LogIC50” value
(see Note 29).

4 Notes

1. If a thermal mixer is not available, just incubate the samples
without shaking in a dry bath or a water bath set at 37 �C.

2. Other gel-loading buffers, such as SDS loading buffer, should
also work if standard SDS-PAGE gels are being used.

3. Other gel systems and running buffers should work equally
as well.

4. Half mouse brains fit fine into the 2 mL homogenizing tubes.
If homogenizing whole brains, it is advisable to using the 7 mL
homogenizing tubes.

5. If the volume necessary to give a 10% (wt/vol) homogenate is
too large for the homogenizing tube, add less, homogenize,
and then add the remaining volume after homogenization. For
example, when using the 2 mL homogenizing tubes, we
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typically add 1 mL of PBS, homogenize, and then add the
homogenate to a 15 mL Falcon tube containing the remaining
volume of PBS.

6. For each concentration of GdnHCl to be tested, 20 μL of
detergent-extracted brain homogenate is required. If GdnHCl
concentrations of 1–4 M in 0.5 M steps as well as a 0 M sample
are being tested, you will need 160 μL of the detergent-
extracted brain homogenate. To account for pipetting error,
it is best to prepare ~200 μL of the extract. To ensure that this
volume is obtained, multiply by 1.5 to calculate the final vol-
ume of 10% brain homogenate plus 10� DB needed (since
some of the volume will be taken up by the pellet fraction
following centrifugation). For example, to get ~200 μL of
detergent-extracted brain homogenate, combine 270 μL of
10% brain homogenate and 30 μL 10� DB.

7. Since the majority of disease-associated α-synuclein aggregates
are phosphorylated [30], it is advisable to add phosphatase
inhibitor to prevent dephosphorylation of the aggregates dur-
ing the CSA when analyzing brain extracts. This step is not
strictly necessary when using an antibody for immunoblotting
that detects total α-synuclein, such as Syn-1.

8. Because the α-synuclein aggregates are not subjected to PK
digestion during the CSA, the solubilized pellets following
ultracentrifugation can produce “streakiness” during
SDS-PAGE. Including a nonspecific nuclease during the deter-
gent extraction step greatly improves this problem.

9. It is usually necessary to use the extended range of GdnHCl
concentrations when analyzing Aβ aggregates. We have found
that the vast majority of PrPSc and α-synuclein aggregates
(especially those present in brain extracts) are completely solu-
bilized by 4 M GdnHCl.

10. Instead of using a thermal mixer set to 22 �C, the tubes can be
placed in an Eppendorf tube rack and attached to any orbital
shaker (such as a microplate shaker) and then incubated at
room temperature.

11. The 8 M GdnHCl solution used for normalization must be
added last. If it is added first, the concentration of GdnHCl will
be transiently much higher in the tube and we have found that
this can result in the undesirable solubilization of protein
aggregates in the tubes containing lower GdnHCl
concentrations.

12. Although it is not strictly necessary, adding PK to samples
containing aggregates that are PK-resistant (such as the major-
ity of PrPSc and Aβ aggregates) greatly improves resolution
during immunoblotting.
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13. A white precipitate will likely form during the PK digestion.
It does not affect the performance of the digestion or the CSA.

14. The precipitate that forms likely results from the coprecipita-
tion of the detergent buffer and GdnHCl when incubated at
37 �C. Re-solubilization occurs readily when the samples are
incubated on ice with frequent vortexing. It is essential that
complete re-solubilization occur before proceeding to the
ultracentrifugation step. Otherwise, the precipitate will appear
in the ultracentrifuge pellet.

15. If an ultracentrifuge is unavailable, it may be possible to use a
standard microcentrifuge set at maximum speed
(>20,000 � g). Longer centrifugations may be necessary to
achieve complete pelleting of the aggregates. Thus, optimiza-
tion of the protocol at these lower speeds is required.

16. This is the trickiest step in the CSA. The ultracentrifuge pellet
is typically very small or not visible, and comes off the side of
the tube very easily. Removal of the supernatant can be
achieved by either (1) slow, gentle aspiration using a gel load-
ing tip with the vacuum set on low power; or (2) careful pipet-
ting. In our experience, the performance of the CSA is not
substantially affected if it is necessary to leave a few microliters
of supernatant to ensure that the pellet is not lost.

17. For recombinant protein aggregates, we have also had good
success with using Coomassie Blue-stained gels to analyze the
CSA.

18. Other transfer buffers may also work. We always include 20%
(vol/vol) methanol in the transfer buffer, but this may not be
necessary for all proteins.

19. We use GladWare plastic food storage containers for soaking
the sponges, blotting papers, and membranes prior to transfer.

20. The 1� transfer buffer used for soaking the transfer compo-
nents can be reused for subsequent transfers.

21. To prevent the gel from ripping, pour some 1� transfer buffer
on it, use the gel knife to carefully lift one of the bottom
corners of the gel, and then gently “peel” the gel off the
cassette from the bottom to the top using your gloved fingers.

22. We frequently use the cap from a Sharpie marker to smooth out
the blotting paper and membrane.

23. It has been shown that cross-linking α-synuclein species to the
membrane following transfer prevents them from detaching
during subsequent incubation and washing steps and greatly
increases the sensitivity of immunoblotting [31].

24. The HuM-P antibody is not commercially available. Other PrP
antibodies such as 3F4 (BioLegend; for detecting hamster or
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human PrPSc), 6D11 (BioLegend; for detecting PrPSc from
many different species), or 8H4 (Abcam; for detecting PrPSc

from many different species) should work equally as well.

25. It may also be possible to use phospho-specific α-synuclein
antibodies such as EP1536Y (Abcam) to detect disease-specific
α-synuclein aggregates using the CSA.

26. We find that excellent results can be obtained using low
volumes of ECL (800 μL of each of the two components)
and constant pipetting of the solution over the membrane.

27. The plastic wrap prevents excess ECL from coming into con-
tact with the X-ray film (which can cause black splotches on
the film).

28. Although we most often use X-ray film, Western blot imaging
systems should also work perfectly well.

29. For optimum results, it is often useful to constrain the bottom
value of the curve to “0” and the top value to “100.”
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Chapter 23

Model Phospholipid Liposomes to Study
the β-Amyloid-Peptide-Induced Membrane Disruption

Wei Qiang and Katelynne E. Doherty

Abstract

Model phospholipid liposomes have been utilized widely to study the molecular interactions between
peptides and membrane bilayers. In the mechanistic study of Alzheimer’s disease (AD), disruption of
neuronal cell membranes has been considered as a major contribution for the β-amyloid (Aβ) peptides’
neurotoxicity. However, clear interpretation of the Aβ-induced cellular membrane at high-resolution level is
challenging because of the co-existence of multiple pathways. Here we present the generation of simplified
model liposome systems that will facilitate the in-depth mechanistic studies. Protocols for the preparation of
model liposomes and the characterization of individual membrane disruption effects will be described.

Key words β-Amyloid peptides, Phospholipid liposomes, Membrane disruption, Fibrillation, lipid
mixing, Electrophysiology, Ion channels

1 Introduction

A major challenge that hinders the in-depth, high-resolution stud-
ies on the β-amyloid (Aβ)-peptide-induced membrane disruption
process is that the Aβ-liposome systems are typically heterogeneous
[1]. Such heterogeneity is mainly induced by the high tendency of
aggregation for Aβ peptides in aqueous solution at the concentra-
tion of most biophysical studies (i.e., � μM range) [2–4]. Even in
the simplest phospholipid bilayers that contain only zwitterionic
phosphatidylcholine (PC) and negatively charged phosphatidylgly-
cerol (PG), interactions between Aβ and membranes may be
initiated with monomeric, small oligomeric, and large oligomeric
peptides in in vitro model systems. Distinct individual states of Aβ
at the initial stage are structurally heterogeneous, and may lead to
different downstream membrane disruption effects [5, 6]. The
co-existence of these pathways greatly increases the complexity of
model systems. For instance, two of the previously reported
membrane-associated Aβ aggregation pathways, the fibrillation
and the formation of Ca2+-selected ion channel, involved
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membrane interactions of distinct Aβ species. The Aβ fibrillation
pathway is initiated from monomeric peptides that were absorbed
by the membrane bilayer [5, 7]. In this case, the bilayer surface may
serve as templates, which promote the formation of specific struc-
tures on pathway of the fibrillation [5]. Along with the fibrillation
process, local membrane disruption may lead to membrane leakage
and/or the uptake of lipids [5, 8]. On the other hand, the ion
channel activities were detected in the presence of membrane-
incorporated Aβ oligomers [9]. Molecular dynamic simulations
suggest that the β-barrel-like oligomer structures are stabilized by
the surrounding lipids [9–11].

This protocol describes the generation and biophysical charac-
terization of three distinct Aβ-membrane model systems
[12]. These systems are produced with well-controlled initial Aβ
concentrations and peptide-to-lipid (P:L) molar ratio. Biophysical
techniques are utilized to determine the dominant membrane-
disruption effects in each system. These model systems, because
of the reduction of heterogenity, may be utilized in future works for
high-resolution studies of the molecular mechanisms that contrib-
ute to Aβ-related toxicity.

2 Materials

Buffer solutions utilized in this protocol were prepared with deio-
nized water. All organic solvents were analytical grade with the
exception of HPLC-grade water and acetonitrile used for high-
performance liquid chromatography (HPLC). Procedures for the
manual peptide synthesis and purification are well established and
considered as routine protocols, and therefore will not be described
in details here.

2.1 Liposome

Preparation

1. Aβ40 peptides (see Note 1).

2. HFIP.

3. Phospholipids: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), 25 mg/mL in chloroform (see Note 2).

4. Extruder.

5. Support filter paper.

6. 1.0 μm or 100 nm pore-size polycarbonate membranes.

7. 10 mM phosphate buffer (10 mM Na2HPO4, 10 mM
NaH2PO4, 0.01% m/v NaN3) with pH adjusted to 7.4.

8. Vacuum desiccator.

9. n-Decane.
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2.2 Circular

Dichroism

(CD) Spectroscopy

1. Circular Dichroism Spectrometer.

2. Quartz cuvette with 1 mm path length (max. Volume 350 μL).

2.3 Fluorescence

Assays

1. A fluorimeter equipped with temperature control or a
water bath.

2. Fluorescent phospholipid mixture: POPC containing 1 mol%
NBD-phosphatidylethanolamine (NBD-PE, 0.2 mg/mL in
chloroform) and 1 mol% Rhodamine-B-labeled phosphatidyl-
ethanolamine (Rh-PE, 0.2 mg/mL in chloroform).

3. Thioflavin-T (ThT) buffer: 4 mM ThT in 10 mM phosphate
buffer, pH ¼ 7.4 (see Note 3).

4. Calcein-contained phosphate buffer: 5 mM calcein in 10 mM
phosphate buffer (pH 7.4).

5. Quartz micro-scale fluorescent cuvette with 1 mm path length
(max. Effective volume 120 μL).

2.4 Fluorescence

Imaging

1. Rhodamine-green-labeled Aβ (Anaspec, Part # AS-61134).

2. Rh-PE.

3. Phospholipid mixture for fluorescence imaging: POPC con-
taining 1 mol% Rh-PE (0.2 mg/mL in chloroform).

2.5 Transmission

Electron Microscopy

(TEM)

1. Glow-discharged carbon film, 300-mesh carbon-coated
copper grid.

2. Uranyl acetate.

2.6

Electrophysiological

Measurements

1. Two-compartment electrophysiological chamber with a
200 μm aperture.

2. Glutaraldehyde: �10% v/v in deionized water.

3. HEPES buffer: 10 mM HEPES with 150 mM KCl and 1 mM
magnesium gluconate, pH adjusted to 7.4.

4. n-Decane.

3 Methods

3.1 Preparation

and Characterization

of the “External

Addition”

Aβ-Liposome Model

System with Dominant

Fibrillation Pathway

Figure 1 illustrates the Aβ evolution pathway within this model
system. Briefly, Aβ peptides are absorbed to membrane surface,
where the enhancement of local peptide concentration promotes
the initial fibrillation. Chain elongation is then continued on the
rapidly formed fibril nucleus. Membrane bilayers are locally dis-
rupted by the initial nucleation process, which results in content
leakage [7, 13, 14].
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3.1.1 Liposome

Preparation

1. Dry the desired amount of POPC in chloroform under
N2 flow.

2. Remove all organic solvent in a vacuum desiccator for at least
8 h.

3. Resuspend the dried lipid film in phosphate buffer (seeNote 4).

4. Rotate the mixture for 1 h at room temperature.

5. Extrude the mixture using 100 nm pore-size polycarbonate
membrane for at least 15 cycles at room temperature to ensure
the homogeneity of vesicle size. The liposome solution can be
stored at 4 �C, but extrusion should be done freshly before
usage.

3.1.2 Addition of Aβ

Peptides into Liposome

1. Dissolve the desired amount of Aβ peptide in 0.1MNaOH and
lyophilize to remove any pre-formed Aβ aggregates [6].

2. Dissolve the peptide powder in DMSO (2% v/v to the final
volume of liposome solution) and transfer it into liposome
solution (see Note 5).

3.1.3 Monitoring

Fibrillation Using ThT

Fluorescence (see Note 6).

1. Equilibrate the fluorimeter sample chamber to 37 �C and
stabilized for 1 h before measurement. For example, one can
use a fluorimeter that is equipped with a water-bath cuvette
holder.

Membrane
Bilayer

Aqueous
Solution

(1)             (2)                         (3)                (4)
Fig. 1 Proposed Aβ fibrillation pathway in the presence of membrane. Step (1), absorption of Aβ to the
membrane surface. Step (2), initial binding between Aβ and membrane bilayer, which induces local
membrane disruption and cellular leakage. Step (3), initial nucleus of Aβ on membrane surface. Step (4),
the fibril chain elongation
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2. Mix a 100 μL aliquot of the Aβ-liposome solution with 10 μL
of 4.0 mM ThT solution and transfer the mixture into the
fluorescence cuvette (see Note 3) [15].

3. Cap the cuvette and seal it with parafilm.

4. Allow the sample to sit in the holder for 5 min before data
collection.

5. Record the fluorescence signal with excitation and emission
wavelengths at 440 nm and 490 nm, respectively, over
�14,400 s with 5 s dwell time.

6. Record control ThT fluorescence traces for liposomes without
the addition of Aβ and subtract this trace from the sample trace.
A typical fluorescence emission trace for this mode system was
shown in Fig. 2a.

3.1.4 Monitoring

of Fibrillation Using TEM

1. Prepare the sample as outlined in Subheadings 3.1.1 and 3.1.2,
and incubate at 37 �C quiescently.

2. Remove a 10 μL aliquot of the Aβ-liposome solution at the
desired time point and dispense onto a glow-discharged carbon
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Fig. 2 Biophysical characterization of the “external addition” sample with P:L ratio 1:30. (a) Fluorescence
assays for fibrillation (gray) and calcein content leakage (black) plotted on the same time scale. (b) TEM
images of Aβ-membrane system taken at different time points of incubation. The scale bar represents
100 nm. (c) CD spectrum of Aβ-membrane system taken at 20-h incubation time
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film supported by lacey carbon on a 300 mesh copper
TEM grid.

3. After 2 min, blot the residual solution with tissue paper and
rince the grid twice with deionized water.

4. Stain the grid with 10 μL 2% uranyl acetate for 35 s (see
Note 7).

5. Blot the excess staining solution with tissue paper.

6. Dry the grid in air and tested using TEM. Representative TEM
images with different incubation time was shown in Fig. 2b.

3.1.5 Monitoring

of Liposome Leakage Using

Calcein Fluorescence

1. Prepare the calcein-contained liposome using a protocol similar
to Subheading 3.1.1, with the exception that the calcein-
contained phosphate buffer is used for the resuspension of
the dried lipid film in step 3.

2. The final concentration of calcein should be kept at 1 mM for
the liposome solution (in 10 mM phosphate buffer).

3. Extrude the liposome mixture as in step 5 Subheading 3.1.1.

4. Transfer the extruded liposome mixture to a snakeskin dialysis
tube with 3.5 kDa molecular weight cutoff and dialyze against
1000� bulk phosphate buffer (10 mM, pH 7.4).

5. Repeat the dialysis procedure three times with buffer exchange
to ensure complete removal of uncaptured calcein (seeNote 8).

6. After dialysis, add Aβ peptide to the liposome solution as in
Subheading 3.1.2.

7. Transfer 110 μL of Aβ-liposome (calcein contained) solution to
the fluorescence cuvette and pre-warm the solution to 37 �C in
the cuvette holder.

8. Record a kinetic fluorescence trace of the Aβ-liposome-calcein
mixture as in Subheading 3.1.3, using excitation and emission
wavelengths set to 495 nm and 515 nm, respectively.

9. Record control calcein fluorescence traces for the liposomes
without Aβ and subtract the control trace from the sample. A
representative trace is shown in Fig. 2a above the ThT
fluorescence.

3.1.6 Monitoring

of the Global Secondary

Structures of Aβ Using CD

Spectroscopy

1. Incubate Aβ-liposome preparations at 37 �C quiescently.

2. Dilute a 12 μL aliquot solution to 300 μL using deionized
water (see Note 9), and transfer it into a 1 mm path-length
CD cuvette.

3. Record the CD spectrum from 190 nm to 260 nm wavelength
range with at least a 1 nm/s scanning rate and 40-scan signal
averaging.
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4. Control CD spectrum was recorded with only POPC lipo-
somes in the absence of Aβ, and subtracted from the spectrum
for the POPC/Aβ samples. A representative CD spectrum with
20-h incubation time for this sample was shown in Fig. 2c.

3.2 Preparation

and Characterization

of the “External

Addition”

Aβ-Liposome Model

System with Dominant

Lipid Mixing Pathway

The main difference between the fibrillation pathways and lipid
mixing, in terms of the sample preparation protocol, is the P:L
molar ratio. The identification and characterization of these two
competing pathways were described in our published papers [7, 13,
14, 16]. For this protocol, we will focus on the fluorescence assay
that has been utilized to characterize the vesicle fusion in the A-
β-liposome model system (sketched in Fig. 3a).

3.2.1 Liposome

Preparation

1. Premix the fluorescent phospholipid mixture containing 80%
v/v non-fluorophore-labeled liposomes (only POPC), 20%
fluorophore-labeled liposomes (POPC with NBD-PE and
Rh-PB) as shown in Subheading 2.3.

2. Dry the film in a similar fashion as described in step 2 of
Subheading 3.1.1.

3. Take up the mixture in 10 mM phosphate buffer and form
liposomes using the same protocols in Subheading 3.1.1, steps
4–5.

4. Add Aβ at a concentration of 1:120 P:L ratio (see Note 10).

3.2.2 Measurements

of Lipid Mixing Using

Fluorescence

1. Warm up the fluorimeter to 37 �C and equilibrate for 1 h.

2. Transfer a 110 μL aliquot of the Aβ-liposome mixture to the
fluorescence cuvette.

3. Incubate the mixture in the cuvette holder for 5 min and
record the fluorescence trace with the excitation and emission
wavelengths at 480 nm and 585 nm, respectively.

4. Record control fluorescence traces for liposomes without the
addition of Aβ and subtract them from the sample.
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Fig. 3 Fluorescence measurements on vesicle fusion. (a) Fluorescence assay that has been utilized to
measure the lipid mixing. The distances between fluorophore-labeled lipids (black spheres) and quenching
lipids (gray spheres) become larger during vesicle fusion. (b) Representative fluorescence emission curve of
lipid mixing for the “external addition” sample with P:L ratio 1:120
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5. To quantify the percentage of vesicle fusion, after the fluores-
cence signal reaches plateau, add a 10 μL aliquot of 20% SDS
solution (SDS dissolved in deionized water) to the fluorescence
cuvette.

6. Incubate the mixture for 5 min and record the fluorescence
emission level. This value represents 100% lipid mixing
[17, 18]. A representative fluorescence trace for this sample
was shown in Fig. 3b.

3.3 Preparation

and Characterization

of the “Pre-

incorporation”

Aβ-Liposome Model

System with Dominant

Membrane

Fragmentation

Pathway

As shown in Fig. 4, using a different sample preparation protocol,
named “pre-incorporation,” the model system adopted a
completely different membrane disruption pathway. We have iden-
tified that membranes are largely fragmentized in this model sys-
tem, resulting in an aggregation composed of Aβ-lipid complex
[7, 12–14]. During this process, ion channels may be temporarily
formed and stabilized within the membrane bilayer at low P:L ratio
such as 1:120, but not at high ratio such as 1:30. In this protocol,
we will describe the “pre-incorporation” sample preparation proce-
dure and the characterization of the formation of Aβ-lipid complex
and ion channels.

3.3.1 Co-dissolving

of Lipids and Aβ

1. Dissolve Aβ in HFIP (see Note 11).

2. Mix the desired amount of lipids (in chloroform) and Aβ
(in HFIP).

(A)                                                 (B)

(C)

Abeta 
Oligomer

Ionic Channel

Abeta-lipid complex (aggregation)

Fig. 4 Proposal of membrane disruption for the “pre-incorporation” samples. (a) Absorption of Aβ oligomers by
membrane (blue spheres, top view). (b) Incorporation of Aβ oligomers in the membrane bilayer forms ion
channels at low P:L ratio. (c) Elution of Aβ oligomers from membrane bilayer results in Aβ-lipid complex and
large aggregation
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3. Remove the organic solvents using N2 flow.

4. Dry the film by completely removing residual solvents in a
vacuum desiccator for at least 8 h.

3.3.2 Liposome

Preparation

1. Resuspend the dried film in 10 mM phosphate buffer. The Aβ
concentration should be kept at 2.0 mg/mL.

2. Rotate the mixture at ambient temperature for 1 h.

3. Perform 10 freeze-thaw cycles on the mixture using liquid N2

and bath sonicator (see Note 12).

4. Extrude the mixture using a 100 nm pore-size polycarbonate
membrane (see Note 13). For “pre-incorporation” samples,
the Aβ-contained liposome has to be prepared freshly before
measurements and cannot be stored.

5. Incubate the pre-incorporation mixture at 37 �C quiescently
for further testing, such as the CD and fluorescence assays
described in previous sections.

3.3.3 Visualization

of the Co-localization

of Lipids and Aβ Peptides

1. Prepare the “pre-incorporation” Aβ-liposomes using the pro-
tocols in Subheadings 3.3.1 and 3.3.2 using rhodamine-green-
labeled Aβ and 1 mol% Rh-PE (molar percentage to the total
lipids), with the exception that a 1.0 μm pore-size polycarbon-
ate membrane was utilized for the extrusion (see Note 14).

2. Add 400 μL of Aβ-liposome suspension to glass bottom confo-
cal dish (MatTek Corporation).

3. Capture the liposome images using a laser scanning confocal
microscope (Leica TCS SP2, Germany) with HCX PL APO
63 � 1.4 oil immersion objective by 4 time digital zoom-in,
with 488 nm and 543 nm excitation and emission wavelengths.
A representative fluorescence image obtained on the “pre-
incorporation” sample with P:L 1:30 was provided in Fig. 5a.
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Fig. 5 Membrane fragmentation and ion channels induced by “pre-incorporation” Aβ in liposomes. (a)
Confocal fluorescence images of Aβ-lipid aggregation (models presented in Fig. 4c) which showed the
co-localization of lipid (red channel, Rh-PE) and peptides (green channel, Rh-green-labeled Aβ). (b) Repre-
sentative electrophysiological current traces of samples prepared using protocol steps 5–7 in Subheading 3.3
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3.3.4 Measurements

of Ion Channel Activities

1. Dry 20 μL, 25 mg/mL POPC in chloroform using N2 flow.

2. Resuspend the lipid film in 75 μL, 10 mM phosphate buffer
with brief sonication.

3. Add 11.7 μL, 2 mg/mL freshly dissolved Aβ in deionized
water.

4. Perform 10 freeze-thaw cycles on the mixture using liquid N2

and water bath sonicator for 10 cycles (see Note 15).

5. Sample preparation with cross-linking:

(a) Prepare the Aβ-liposome using steps 1–4. After freeze-
thaw, add 15.7 μL of glutaraldehyde (70% v/v in water) to
the liposome solution to cross-link any membrane-
associated Aβ oligomers [9, 19].

(b) React at ambient temperature for 20 min.

(c) Quench the reaction with 21.7 μL Tris buffer (1.0 M,
pH 7).

6. Black lipid membrane (BLM) for ion channel measurements:

(a) Dry a 50 μL aliquot of POPC in chloroform with N2 flow.

(b) Re-dissolve the lipid film in 75 μL n-decane.

(c) Fill the electrophysiological chamber with 10 mM
HEPES buffer.

(d) Deposit a 10 μL aliquot POPC/decane solution onto the
200 μm aperture between two compartments in the
electrophysiological chamber to form the BLM (see
Note 16).

(e) Place the cathode and anode of an Ag/AgCl electrode in
the inner and outer compartments of the electrophysio-
logical chamber, respectively.

(f) Allow the BLM to stabilize for 10 min, and record the
baseline.

(g) Add the Aβ liposomes into the outer compartment of the
chambers (see Note 17).

(h) Add 3 μL, 100 mM CaCl2 to both compartments to
facilitate the fusion between liposomes and BLM [20].

(i) Gently mix the solution with pipette tips and recording of
current trace was continued for 30–90 min. Two repre-
sentative electronic traces were shown in Fig. 5b.

4 Notes

1. For the synthesis of 40-residue Aβ peptides, it is important to
use resin with relatively low substitution because the primary
sequence is highly hydrophobic. We found that �0.3 mmol/g
substitution works fine for our synthesis.
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2. The amount of POPC was calculated specifically for individual
sample preparation based on the desired amount of Aβ and the
P:L ratio.

3. The ThT solution was prepared by directly dissolving ThT
powder into the deionized water, bath-sonicating for 5 min at
ambient temperature and filtering through 0.22 μm syringe
filter unit. This solution should be prepared fresh.

4. Phosphate buffer was added so that the final concentration of
Aβ was � 50 μM for all our samples.

5. For practicality, it is better to dilute the concentrated DMSO/
Aβ solution with phosphate buffer rather than adding the
DMSO solution drop by drop into the buffer. This is to avoid
instant aggregation of Aβ due to the slow dispersion of DMSO
in water.

6. Technically, we have utilized ThT fluorescence to measure the
initial stage of fibrillation instead of the elongation of Aβ fibrils.

7. The staining time and the concentration of uranyl acetate has
been optimized to provide best contrast for the TEM imaging
for the Aβ-liposome samples. These parameters must be opti-
mized for other samples.

8. The first and second dialysis were performed at ambient tem-
perature for 2 h, and the third round was done at 4 �C over-
night. We observed that the green color (calcein) in the dialysis
buffer faded over multiple rounds.

9. The dilution of Aβ-liposome solution was necessary for our CD
spectrometer setup. Otherwise the driving voltage for our
instrument tends to be too high. It may not be necessary for
other instrumental setups, and should be optimized.

10. This particular P:L ratio gives dominant vesicle fusion effect
over the fibrillation, based on our published work [13].

11. The exact volume of HFIP was not critical here. We typically
use 1.0 mL to ensure all Aβ peptides are dissolved.

12. For POPC, the bath sonication was performed at ambient
temperature, because this lipid has a phase transition tempera-
ture at � �2 �C. If other types of lipid with higher phase
transition temperature are utilized. A heated water bath may
be necessary.

13. For the “pre-incorporation” sample, we found it was necessary
to do the extrusion with 1.0 μm pore-size membrane followed
by 100 nm pore-size membrane.

14. In this case, the larger pore-size membrane was utilized
because of the resolution obtained on our fluorescence imag-
ing instrumental setup.
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15. Experimentally, we observed that the mixture becomes trans-
parent after 10 cycles of freeze-thaw.

16. Since the aperture is submerged below the surface of buffer, it
is critical to insert the pipette tip under the liquid surface. Let
the tip hang slightly above the aperture and slowly deposit the
POPC/decane, using a microscope to visualize the process. We
found that it was necessary to let the dispersed decane cover the
aperture for a few seconds to obtain the best BLM. In addition,
the concentration of POPC in decane seems to be critical.

17. The amount of Aβ-liposome that has been added in our exper-
iment was 60 μL, and we found that it gave best results in the
recorded electronic traces. This parameter should be optimized
experimentally [21].
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Chapter 24

Using Molecular Tweezers to Remodel Abnormal Protein
Self-Assembly and Inhibit the Toxicity of Amyloidogenic
Proteins

Ravinder Malik, Jing Di, Gayatri Nair, Aida Attar, Karen Taylor,
Edmond Teng, Frank-Gerrit Kl€arner, Thomas Schrader, and Gal Bitan

Abstract

Molecular tweezers (MTs) are broad-spectrum inhibitors of abnormal protein self-assembly, which act by
binding selectively to lysine and arginine residues. Through this unique mechanism of action, MTs inhibit
formation of toxic oligomers and aggregates. Their efficacy and safety have been demonstrated in vitro, in
cell culture, and in animal models. Here, we discuss the application of MTs in diverse in vitro and in vivo
systems, the experimental details, the scope of their use, and the limitations of the approach. We also
consider methods for administration of MTs in animal models to measure efficacy, pharmacokinetic, and
pharmacodynamic parameters in proteinopathies.

Key words Amyloidosis, Proteinopathy, Amyloid, Protein aggregation, Synaptic toxicity, Blood–-
brain barrier, Alzheimer’s disease, Parkinson’s disease

1 Introduction

Proteinopathies are characterized by abnormal folding and self-
assembly of proteins into cytotoxic oligomers and aggregates.
There are over 30 proteinopathies [1, 2], of which prominent
examples are Alzheimer’s disease (AD) and Parkinson’s disease
(PD). In addition, abnormal protein self-assembly contributes to
the pathologic process in diverse conditions, such as human immu-
nodeficiency virus (HIV) infection [3], traumatic brain injury [4],
cancer [5], and preeclampsia [6]. The aberrant oligomerization and
aggregate formation may occur intra- or extracellularly, and the
resulting protein assemblies disrupt various processes in susceptible
cells and organs of affected individuals [7]. The reasons for the
preferential targeting of particular cells or tissues by each amyloi-
dogenic protein are not known and the exact mechanisms by which
the abnormal protein assemblies cause disease are still untangling.

Bradley L. Nilsson and Todd M. Doran (eds.), Peptide Self-Assembly: Methods and Protocols, Methods in Molecular Biology,
vol. 1777, https://doi.org/10.1007/978-1-4939-7811-3_24, © Springer Science+Business Media, LLC, part of Springer Nature 2018

369

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7811-3_24&domain=pdf


To date, there are no therapeutic strategies available to cure pro-
teinopathies [1]. In most cases, no therapy is available at all. For
one rare disease, familial amyloidotic polyneuropathy, the drugs
tafamidis and diflunisal slow the disease progression [8]. For
other diseases, such as AD, PD, and amyotrophic lateral sclerosis,
drugs are available that offer moderate and temporary symptomatic
relief, but not disease-modifying therapy. Thus, there is a pressing
need to obtain a deeper understanding of disease mechanisms and
develop strategies for effective prevention and treatment of
proteinopathies.

Common structural and pathogenic features of aggregating
proteins in various diseases can be targeted by therapeutic strategies
such as antibodies, chaperones, and small molecules [9–11]. Our
chapter discusses one class of small molecules—molecular tweezers
(MTs), which are unique compounds with promising activity
against multiple amyloidogenic proteins [12, 13]. MTs bind to
amyloidogenic proteins regardless of assembly state and remodel
the assembly process into formation of nontoxic and
non-amyloidogenic structures that can be degraded efficiently by
the natural clearance mechanisms. The current lead MT derivative,
CLR01 (Fig. 1), has been used successfully to inhibit abnormal
protein aggregation and dissociate pre-formed aggregates in vitro,
protect cultured cells from the toxicity of various amyloidogenic
proteins, and provide therapeutic effects in multiple animal models
[12, 13]. Importantly, CLR01 has been shown to have a high safety
margin [14], supporting the use of MTs as attractive therapeutic
drug candidates for proteinopathies.

1.1 Molecular

Tweezers and Their

Mechanism of Action

Lysine-specific molecular tweezers were first reported by Fokkens
et al. in 2005 [15] and their ability to remodel abnormal protein
aggregation and prevent the toxicity of the resulting oligomers and
aggregates was discovered subsequently by the Bitan group
[16]. Labile binding of MTs to lysine residues competes with a
combination of key electrostatic and hydrophobic interactions that
mediate the formation of toxic oligomers and fibrillation nuclei of
amyloidogenic proteins. Because the binding is highly labile [17]
and occurs with micromolar affinity, it does not interfere with the
structure or function of normal proteins (unless substantially
higher concentrations are used). This unique mechanism of action
of MTs is not specific to one particular protein and thus they can be
used as broad-spectrum nanochaperones that inhibit assembly and
toxicity of many amyloidogenic proteins.

Recently, a new function was discovered for CLR01—disrup-
tion of viral membranes [18], which appears to be distinct from the
effect of the compound on amyloidogenic proteins. Presumably,
the specificity of the effect to viral membranes is related to the high
concentration of cholesterol and sphingomyelin in these mem-
branes relative to membranes of mammalian cells [18], but the
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mechanistic details are not known and it is not yet clear whether
this activity is unique to CLR01 or common to other MTs. Addi-
tional support for the membrane activity of CLR01 also was found
in a study of the effect of different assembly modulators on Aβ42 in
the presence of lipid membranes [19].

1.2 In Vitro Studies CLR01 has been the main derivative explored to date for its ability
to remodel abnormal protein self-assembly and inhibit the toxicity
of the resulting oligomers and aggregates. Several studies have
shown that CLR01 binds with high selectivity to lysine and arginine
residues in amyloidogenic proteins [16, 17, 20, 21] and does not
act by a nonspecific, colloidal mechanism [18]. Mass spectrometry
(MS) coupled with electron-capture dissociation, and solution-
state NMR studies were used to identify the main binding sites in
amyloid β-protein (Aβ) [16] and α-synuclein (α-syn) [20], whose
aggregation is involved in AD and PD, respectively.

In most of the in vitro and cell culture experiments, a control
derivative named CLR03, which lacks the hydrophobic side arms of
the tweezer structure (Fig. 1), was used as a negative control. For
example, oligomerization and aggregation of Aβ42 were disrupted
effectively by CLR01, whereas CLR03 was inactive, as expected
[16]. The aggregation kinetics were followed using thioflavin T
(ThT) fluorescence [22] and the morphology of the aggregates
characterized by electron microscopy. Formation of oligomers was
studied by dot-blots using the anti-oligomer antibody, A11
[23]. More recently, ion-mobility spectroscopy-coupled mass-
spectrometry experiments showed that CLR01 disrupted specifi-
cally formation of Aβ42 hexamers and dodecamers [24]. Impor-
tantly, these oligomers previously have been shown to be key toxic
structures linked to Aβ42 toxicity [25–28].

CLR01, but not CLR03, inhibited the aggregation of α-syn
and disaggregated pre-formed α-syn fibrils when added either in
the middle of the growth phase or after mature fibrils formed

Fig. 1 Chemical structure of CLR01 and CLR03. These compounds are slightly
basic and are partially protonated at physiological pH

Remodeling Abnormal Protein Self-Assembly Using Molecular Tweezers 371



[20]. Fibril dissociation was a slow reaction completed over
~2 months and required a tenfold excess of CLR01, consistent
with the mechanism of action of MTs. Similar results were observed
with Aβ40 or Aβ42 [16]. In the case of islet amyloid polypeptide, a
highly amyloidogenic peptide associated with pancreatic β-cell
death in type-2 diabetes, CLR01 halted fibril growth but did not
dissociate preexisting fibrils [21]. In contrast, fibrils of amyloido-
genic peptides derived from semen proteins, which greatly enhance
HIV infection, were dissociated by CLR01dose-dependently
within ~2 h [18]. These results suggest that CLR01’s ability to
dissociate pre-formed fibrils of amyloidogenic proteins depends
strongly on the thermodynamic and kinetic stability of the fibrils.

To date, CLR01 has been found to inhibit the aggregation of
16 different amyloidogenic proteins, including tau, transthyretin
(TTR), β2-microglobulin, insulin, calcitonin [16, 29], and several
others that have not yet been published. Recently, aggregation of
amyloidogenic p53 mutants has been shown to be disrupted by
CLR01, suggesting the potential application of MTs as anticancer
agents [30].

1.3 Cell Culture

Studies

Thanks to their ability to modulate the self-assembly process of
amyloidogenic proteins, MTs would be expected to inhibit the
toxicity of oligomers and aggregates of these proteins. Indeed, in
all the cases tested to date, CLR01 showed dose-dependent inhibi-
tion of the toxicity of diverse proteins in cell viability assays using
different cell lines [16, 20, 21, 29, 30].

CLR01 also was found to inhibit synaptic toxicity caused by
Aβ42. When added to primary cortical or hippocampal neurons at
nanomolar or low micromolar concentrations, Aβ42 caused retrac-
tion of dendritic spines and inhibition of both basal synaptic activity
and long-term potentiation (LTP), a cellular correlate of learning
and memory [31]. CLR01 prevented these toxic effects effectively
when added at tenfold excess to the neuronal culture. Dendritic
spine retraction and varicosities were alleviated (Fig. 2a) and spine
density was rescued to ~80% of the baseline level in the presence of
CLR01 (Fig. 2b). Similarly, basal synaptic activity was rescued and
LTP was restored to ~80% of baseline [31].

A surprising activity of CLR01 was observed when it was tested
with seminal amyloid proteins. CLR01 inhibited the formation of
infectivity-enhancing seminal amyloids and dissociated pre-formed
fibrils. Interestingly, it also inhibited viral infection directly when
tested in TZM-bl cells [18]. CLR01 prevented the formation of
virion-amyloid complexes and directly disrupted the membrane
integrity of the viruses. Following these surprising findings, the
antiviral activity of CLR01 was tested further in other viruses.
Infection by the enveloped viruses herpes simplex virus type 2 and
hepatitis C virus was inhibited, whereas infection by the nonenve-
loped human cytomegalovirus was not, supporting the direct effect
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of CLR01 on viral membranes and suggesting that the compound
could be used as a broad-spectrum antiviral microbicide [18].

1.4 In Vivo Studies The in vivo efficacy of CLR01 was examined in animal models of
several proteinopathies. The compound was evaluated in a triple-
transgenic (3 � Tg) mouse model of AD, which overexpresses
mutant human presenilin 1 (PS1(M146 V)), amyloid β-protein
precursor (APP(KM670/671NL)), and tau(P301L). The mice
develop amyloid plaques and neurofibrillary tangles in
AD-relevant brain regions (hippocampus, cortex, amygdala) and
deficits in synaptic plasticity and memory [32]. 15-month-old
3 � Tg mice were treated for 28 days with 0.04 mg/kg per day
CLR01 in saline (vehicle), or with vehicle alone, applied subcuta-
neously (s.c.), continuously using osmotic minipumps [31]. Immu-
nohistochemical (IHC) analysis of brain sections of mice showed a
significant, ~33% decrease in Aβ burden in the hippocampus and
cortex of CLR01-treated mice compared to vehicle-treated mice
(Fig. 3a–c). Hyperphosphorylated tau (p-tau), but not total tau,
also decreased substantially following CLR01 treatment
(Fig. 3d–h). Presumably downstream of CLR01’s effect on Aβ
and p-tau burden, levels of microgliosis also decreased with
CLR01 treatment, with no effect found on levels of microglia in
CLR01- or vehicle-treated wild-type animals (Fig. 3i–k).

Recently, in a small study in a Tg rat model of AD, which
expresses familial AD-linked mutant forms of human APP
(K670N/M671L/V717I) and PS1 (M146V) [33], CLR01 was

Fig. 2 CLR01 protects neurons from Aβ42-induced changes in dendritic spine number and morphology. (a) Rat
primary hippocampal neurons incubated for 72 h with media alone or with Aβ42 in the absence or presence of
CLR01 or CLR03. Arrows point to Aβ42-induced varicosities. Scale bar ¼ 5 μm. (b) The number of dendritic
spines per 100 μm was quantified. ***p < 0.001 compared with control;+++p < 0.001 compared with
Aβ42 + CLR01. Published originally by Oxford University Press: Brain 135(12): 3735–3748, Protection of
primary neurons and mouse brain from Alzheimer’s pathology by molecular tweezers
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administered in a similar manner to the 3 � Tg mouse experiment
described above, at 0.1 or 0.3 mg/kg/day. The animals were
mixed-gender and were treated at 9-months of age, an age at
which they are expected to have moderate plaque pathology
[34]. Due to the relatively young age of the animals, the plaque
pathology found by IHC using the Aβ-specific mAb MOAB-2,
which recognizes Aβ but not APP [35], was highly variable
(Fig. 4d). Nonetheless, the treatment led to 45% and 52%

Fig. 3 CLR01 decreases abnormal Aβ and tau deposition and ameliorates microgliosis in Tg mouse brain.
3� Tg mice were treated with 0.04 mg/kg per day CLR01 or vehicle. (a) Vehicle-treated Tg brain stained with
monoclonal antibody (mAb) 6E10 showing amyloid plaques and intraneuronal Aβ deposition predominantly in
the hippocampus. (b) 6E10-stained CLR01-treated Tg brain. (c) % Aβ burden quantified by calculating the total
6E10-stained area divided by the total area measured (Hippo—hippocampus, Ent—entorhinal, Peri—peri-
rhinal, Pir—piriform cortex, Amyg—amygdala). (d) Vehicle-treated brain showing mAb AT8-positive neurofi-
brillary tangles in the CA1 region. (e) AT8-stained CLR01-treated brain. (f) % Aggregated p-tau load quantified
by calculating the total AT8-stained area divided by the total area. (g) Vehicle-treated brain stained with mAb
HT7 for total tau. (h) HT7-stained CLR01-treated brain. (i) Vehicle-treated brain showing Iba1-positive
activated microglia in the subiculum and CA1 region. (j) Anti-Iba1-stained CLR01-treated brain. (k) Activated
microglia load (# of stained microglia in a 1.14 mm2 area) per treatment condition. The scale bar in panel B is
applicable also to A and in J also to panels D–I. *p < 0.05, **p < 0.01, ***p < 0.001 compared to vehicle-
treated mice. Published originally by Oxford University Press: Brain 135(12): 3735–3748, Protection of primary
neurons and mouse brain from Alzheimer’s pathology by molecular tweezers
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reduction in plaque burden in the 0.1- and 0.3-mg/kg/day treat-
ment groups, respectively (Fig. 4, whole brain analysis).

In the context of Parkinson’s disease, CLR01 was tested in a
zebrafish (ZF, Brachydanio rerio) embryo model. In this model,
neuronal expression of human, wild-type α-syn led to severe defor-
mation and death within 48–72 hours post fertilization (hpf).
Addition of 1 or 10 μM CLR01 to the water in which the embryos
developed at 8 hpf caused a dramatic improvement in phenotype
and survival [20]. IHC analysis showed that in untreated ZF, α-syn
formed abundant cytoplasmic aggregates, whereas in CLR01-
treated fish α-syn was completely soluble in the cytoplasm. Inter-
estingly, the treatment led to ~80% reduction in total α-syn con-
centration levels in the ZF neurons. Additional experiments using
proteasome inhibitors or a GFP-coupled degron system showed
that by keeping α-syn from aggregating, CLR01 enabled its rapid
clearance, predominantly by the 26S ubiquitin-proteasome system
(UPS) [20]. A recent subsequent study showed that the pesticide
Ziram, which increases significantly the risk of developing PD [36],
caused selective aminergic neuronal death in ZF embryos, which

Fig. 4 CLR01 reduces amyloid plaque burden in Tg AD rats. (a–c) Representative brain sections. (d) % Plaque
burden quantified by calculating the total MOAB-2-stained area divided by the total area measured. *p< 0.05
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was linked to aggregation of the endogenous ZF synuclein. CLR01
was found to significantly rescue the survival and phenotype of
Ziram-treated embryos [37], similarly to its effect in the ZF
model expressing human α-syn.

To determine whether CLR01 was effective against TTR amy-
loidosis in vivo, the compound was tested in Tg mice expressing
human mutant TTR(V30M) on a mouse TTR-null background
and heterozygous for deletion of the heat shock transcription factor
1 (HSF1)—a model of familial amyloidotic polyneuropathy
[38]. The mice develop progressive amyloidosis in the gastrointes-
tinal (GI) tract and peripheral nervous system. Treatment with 1.2-
mg/kg/day CLR01 via s.c. osmotic minipumps for 35 days led to
a significant decrease in TTR deposition in the stomach, colon, and
dorsal-root ganglia, and in associated markers of disease, including
apoptosis, endoplasmic reticulum stress, and protein
oxidation [29].

The safety of CLR01 was evaluated in both acute and chronic
administration experiments in wild-type mice [14]. Acute adminis-
tration of 100 mg/kg CLR01 caused obvious signs of distress,
primarily hunching and freezing, which was alleviated completely
by 2 h following administration. 10 mg/kg did not appear to cause
any distress. Histological and serological analysis showed expected
liver injury, but not damage to other organs. No mortality was
recorded in either of the groups. In follow-up chronic administra-
tion experiments, 10 mg/kg CLR01 for 30 days yielded no signs of
discomfort. There were no histological findings and the only sig-
nificant serum change was ~40% decrease in cholesterol [14]. These
findings indicate that CLR01 has a high safety margin in mice.

2 Materials

2.1 In Vitro Studies 1. Active MTs, e.g., CLR01, in a powder form [39].

2. CLR03 in a powder form (as a negative control).

3. Appropriate buffer for dissolving MTs depending on the desired
study. For details of different buffers used previously seeNote1 in
Subheading 4.1. For a discussion of solubility, refer to item 1 in
Subheading 3.1.

4. Protein sample under study. See Note 2 in Subheading 4.1.

5. Appropriate assay for monitoring the effect of MTs (see item 5 in
Subheading 3.1).

2.2 Cell Culture

Studies

1. Active MTs in a powder form.

2. CLR03 in a powder form (as a negative control).

3. Sterile water for making MT stocks.

4. Cell culture system for studying the effects of MTs.
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5. Growth medium, growth supplements, growth factors, antibio-
tics, differentiation medium as appropriate for the cell line under
study.

6. Protein under study, if the protein is added exogenously (see
Note 2 in Subheading 4.2).

7. An appropriate assay for monitoring the effect of MTs.

2.3 In Vivo Studies The materials described below are two examples: (1) measuring
blood–brain barrier (BBB) penetration of CLR01 by spiking the
compound with a radiolabeled derivative following different routes
of administration; and (2) administering CLR01 s.c. via osmotic
minipumps for efficacy experiments. In addition to s.c. injection,
several other routes of administration have been used to administer
CLR01 and may be used for other MTs, including intravenous
injection (i.v.), oral gavage, and intraperitoneal injection (i.p.). If
osmotic pumps are used, they can be of different sizes, depending
on the animal size, route of administration, delivery rate, and the
duration of the experiment. The example below uses the Alzet
model 1004 pump (http://www.alzet.com/downloads/
1004specs.pdf), which delivers 0.11 μL/h and typically is used for
up to 28 days. However, per the manufacturer’s instructions, the
pump use can be extended up to 35 days.

1. For efficacy studies—osmotic minipumps (model 1004; Alzet).

2. Hemostat (Kent Scientific).

3. Wound clips (7-mm Reflex clips, Alzet).

4. For BBB studies—3H-CLR01 (seeNote 1 in Subheading 4.3).

5. A scintillation counter (see Note 2 in Subheading 4.3).

6. Solvable™ (Perkin Elmer).

7. Ultima Gold™ liquid scintillation cocktail (Perkin Elmer).

8. DecapiCones (Braintree Scientific, Inc.).

9. 28 gauge � 0.500 syringe needles (BD).

10. 30% H2O2.

3 Methods

3.1 In Vitro Studies The method described here is for a broad range of experiments.
Changes can be made for specific experimental designs. The high
aqueous solubility of CLR01 allows dissolution in the same buffer
as the protein. If other MTs are used, the concentrations may need
to be adjusted based on the solubility of the specific compound.
The protein:MT molar ratio should be examined and potentially
optimized for specific experiments depending on the protein under
study. The following are common steps for evaluating the effect of
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MTs in vitro on different aspects of amyloid proteins’ self-assembly,
such as oligomerization, aggregation, and remodeling of oligomers
or amyloid fibrils.

1. Prepare a stock solution of the MTs used in the experiment. We
recommend preparing the stock solution in deionized water.
This way, it is easier to recover any unused compound without
any contamination of salts or buffers. Typically, 10 mM stock
solutions can be made for CLR01. The limit of solubility has not
been determined formally, yet based on our experience, it is
between 10 and 15 mM. The solubility of other MTs may vary
substantially and should be determined for each compound.

2. Prepare the protein in a buffer system in which it is to be studied.
In most cases, this should be the last step and experiments
should begin immediately because many amyloidogenic proteins
aggregate fast (see Note 3 in Subheading 4.1).

3. Add MT to the protein under study at different molar ratios
to obtain a dose–response relationship (see Note 4 in Subhead-
ing 4.1). The negative control MT, CLR03, may be added only
at the highest concentration ratio if appropriate (see Note 5 in
Subheading 4.1). A positive control is the protein alone, with no
MTs added.

4. Incubate the protein:MT mixtures under suitable aggregation
conditions. Online monitoring of the samples may be done by
measuring various parameters, such as absorbance (e.g., for
turbidity assays) or fluorescence (e.g., for thioflavin T assays),
using common plate readers. If desired, aliquots of the reaction
mixtures may be withdrawn periodically and analyzed separately.

5. Typical methods for analysis of the aggregation reaction, con-
formational change, and morphology of the protein assemblies
include thioflavin T fluorescence, dynamic light scattering, cir-
cular dichroism spectroscopy, and electron microscopy [40, 41]
(see Note 6 in Subheading 4.1).

3.2 Cell Culture

Studies

The steps below are general instructions for testing the effect of
MTs in cell lines. Some steps may need to be modified to suit the
specific cell line being used. Specific details for PC-12 cells, the cell
we have used most often, are mentioned in the Notes section.

3.2.1 Plating Cells

for Measurement

1. Harvest the cells in media when cell confluence reaches 70–80%
of flask surface (see Note 2 in Subheading 4.2).

2. Plate in a 96-well plate at a cell density of 30,000 cells/well
(90 μL/well, see Notes 3 and 4 in Subheading 4.2).

3. Incubate cells in a cell culture incubator at 37 �C and 5% CO2 for
24–48 h (see Note 5 in Subheading 4.2).
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3.2.2 Adding the Protein

and MTs to Cells and Assay

1. Prepare stock solutions of MTs at 1–10 mM concentration by
dissolving in sterile water (see Note 6 in Subheading 4.2), and
then dilute in media for a dose–response experiment (see Notes
7 and 8 in Subheading 4.2).

2. Make stock solutions of the protein under study if the protein is
added exogenously (see Note 1 in Subheading 4.2).

3. Remove a small volume of the media (approximately 40 μL) and
add the protein:MT mixture to make the final total volume in
each well 100 μL (see Note 9 in Subheading 4.2).

4. Incubate the cells in a cell culture incubator at 37 �C and 5%
CO2 for the time required for the specific assay to be performed
(see Notes 10–12 in Subheading 4.2).

3.3 In Vivo Studies In vivo studies may be used to determine the safety, efficacy, phar-
macokinetics, and pharmacodynamics of MTs. The species, specific
disease models, and route of administration vary according to the
goals of the experiment. To date, most experiments have tested
CLR01 in mice or fish [13]. Below are examples of protocols
suitable for measuring BBB penetration of CLR01 in mice by
spiking the compound with a radiolabeled derivative, and for treat-
ing mice by s.c. administration via osmotic minipumps.

3.3.1 Measuring BBB

Penetration of CLR01

1. Restrain mice using DecapiCones or other mouse restrainers.

2. Measure the body weight (BW) of mice and prepare a mixture of
CLR01, 1 mg/g BW spiked with ~2 μCi/g BWof 3H–CLR01.
The 3H–CLR01 makes up 10% of the total CLR01.

3. Inject 4 μL/g BW of the CLR01:3H–CLR01 mixture into the
tail vein using 28-gauge � 0.500 syringe needles (see Note 3 in
Subheading 4.3).

4. After the appropriate amount of time (seeNote 4 in Subheading
4.3), collect the blood via cardiac puncture, perfuse the mouse
thoroughly through the heart with PBS, and collect the brain.

5. Dissect the brain into the two hemispheres. Weigh out one
hemisphere. Draw 100–350 μL of blood. Digest the brain
hemisphere and the blood, each with 1 mL Solvable for 2 h at
60 �C.

6. To the blood sample, add 0.1 mL EDTA-Na2 solution, then add
0.3 mL 30% H2O2 in small aliquots, incubate for 15–30 min at
ambient temperature, cap tightly, and incubate for additional
30 min at 60 �C.

7. Add 10 mL Ultima Gold, mix well, and measure the radioactiv-
ity in the sample in a liquid scintillation counter. Take three
measurements for each sample, subtract the background radio-
activity, and average.

8. Brain penetration percentage is calculated as radioactivity per
gram of brain divided by radioactivity per milliliter of blood.

Remodeling Abnormal Protein Self-Assembly Using Molecular Tweezers 379



3.3.2 Administering

CLR01 to Mice Via

s.c. Osmotic Minipumps

1. Anesthetize mice by intraperitoneal injection of a ketamine/
xylazine cocktail (87.5 mg/kg ketamine, 12.5 mg/kg xylazine)
0.1 mL/20 g mouse BW.

2. Once the animal is anesthetized, shave and disinfect the skin
over the implantation site.

3. Make an incision 1.5-times the diameter of the implant adja-
cent to the site chosen for pump placement and perpendicular
to the long axis of the implant. If the back of the animal is the
site of choice, make a mid-scapular incision across the back
perpendicular to the spine.

4. Insert a hemostat into the incision and by opening and closing
the jaws of the hemostat, spread the subcutaneous tissue to
create a pocket for the pump. The pocket should be large
enough to allow some free movement of the pump (e.g.,
1 cm longer than the pump). Avoid making the pocket too
large, as this will allow the pump to turn around or slip down
on the flank of the animal. The pump should not rest immedi-
ately beneath the incision because this may interfere with the
healing of the incision.

5. Insert a filled pump into the pocket, delivery portal first. This
minimizes interaction between the compound delivered and
the healing of the incision. If the pocket is not large enough to
hold the implant comfortably, remove the implant and enlarge
the pocket as described above.

6. Close the wound with wound clips. Two clips will normally
suffice.

7. The daily dose is determined by the concentration of the
CLR01 in the pump and calculated by the rate of delivery of
the pump (0.11 μL/h for the Alzet 1004 model).

8. Once the treatment has been completed, anesthetize mice with
pentobarbital (100 mg/kg), and collect blood via a cardiac
puncture.

9. Perfuse mice with cold, fixative or non-fixative saline buffer
containing protease inhibitors (see Note 5 in Subheading 4.3).

10. Immediately excise and fix in 10% formalin or 4% paraformal-
dehyde, or flash-freeze organs of interest, by placing the sample
into a 1–2 mL cryovial. Cap the vial tightly and submerge in
liquid nitrogen. When the content is frozen, transfer to
a – 80 �C freezer.

11. IHC, western blots, ELISA, or any other techniques may be
used for analysis of the tissue.
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4 Notes

4.1 In Vitro Studies 1. MTs have been used in different solvents and buffer solutions,
including water [18, 19]; 10 mM sodium phosphate, pH 7.4
[16, 20]; 100 mM sodium phosphate, pH 7.7 or 9.0 [31, 42];
100 mM sodium phosphate, pH 7.4, 10 mM tris(2-carbox-
yethyl)phosphine (TCEP), and 0, 10, 20, or 30% sucrose
(w/w) [43]; 60 mM sodium hydroxide, 20 mM phosphate
buffer; 5 mM dithiothreitol (DTT), 10 mM 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES), 100 mM
NaCl, pH 7.6; 10 mM glycine-HCl, pH 3.5; 10 mM sodium
acetate pH 3.2; or 10 mM sodium acetate pH 4.4 [16, 21].

2. For best results, fresh protein solutions should be used for most
experiment types. In case the protein is already present in solu-
tion in a frozen state, freeze and thaw cycles should be mini-
mized as it may alter the state of protein and protein aggregation
pattern.

3. Certain amyloidogenic proteins require removal of pre-formed
aggregates, which nucleate further aggregation and reduce
reproducibility substantially. For such proteins this step should
be done every time to make the assay uniform and get reproduc-
ible aggregation studies. For example, we consistently treat Aβ
with 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) before
performing aggregation or oligomerization assays [44].

4. The concentrations of MTs to be used in an assay should be wide
so as to test the minimum and maximum range of effect. If the
effect on a particular protein is not known, a good rule of thumb
is to start at a protein:MTconcentration ratio 1:10. If no effect is
observed at this ratio, one should consider whether increasing
the ratio would make sense in view of future applications in
biological systems, given the safety limits. If an effect is
observed, the next logical step is to determine the dose–response
relationship of this effect.

5. In some studies, CLR03 had unexpected effects on certain
proteins [24, 30]. These effects were small relative to those of
CLR01, but in those cases, CLR03 could not be considered a
true negative control.

6. Molecular tweezers may interfere with the analysis by some
techniques. For example, high concentrations of MTs may
suppress the radical reaction required for Photo-Induced
Cross-linking of Unmodified Protein (PICUP). If a technique
that has not been tested before is going to be used to monitor
the reaction, possible interference by MTs should be tested
first.
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4.2 Cell Culture

Studies

1. Cell toxicity assays can be performed with peptides/proteins
added exogenously [16] or plasmid transfected to express the
peptide or protein endogenously, as has been described previ-
ously, e.g., for α-syn [20].

2. Mix a small volume of cells with Trypan blue (we typically mix
0.5 mL of cells in media with 0.1 mL of a Trypan blue solution)
and use a hemocytometer to count viable cells. We use a Bright
Line Reichert 0.1-mm deep hemocytometer. Other counting
methods also may be used.

3. We typically plate PC-12 cells in 96-well plates at a cell density
of 30,000 cells/well. For different cell lines, cell density may
need to be optimized to avoid overcrowding of cells and to
ensure proper differentiation of cells that need to be differen-
tiated into a particular phenotype.

4. In our typical experiments, PC-12 cells are harvested with
differentiation media and neuronal growth factor (NGF) is
added at 150 ng/mL before plating in a 96-well plate.

5. The time of incubation may vary depending upon the require-
ments for preparation of cells, e.g., 80–90% confluence or
differentiation into mature cells.

6. To ensure sterility, we recommend using autoclaved distilled
water filtered through a 0.2-μm filter and preparing the solu-
tion inside a biological safety cabinet (laminar-flow tissue-
culture hood).

7. A wide concentration range of MTs should be tested to deter-
mine the minimum concentration (lower limit) below which
inhibition on peptide toxicity is not significant and up to a
maximum concentration (upper limit) at which MTs show
cytotoxicity [16]. For example, we tested the inhibition of
toxicity induced by 5–10 μM Aβ42 using concentrations of
MTs increasing by half-log steps (1, 3, 10, 30, and 100 μM).
In these experiments, we used NGF-differentiated PC-12 cells
and prepared serial dilutions of MTs in differentiation media
containing NGF.

8. The toxicity of MTs may vary depending on the cell type used
and needs to be evaluated for specific systems. For example, in
NGF-differentiated PC-12 cells, CLR01 caused ~25% decrease
in cell viability at 400 μM [16], whereas no toxicity was
observed in TZM-bl cells at 500 μM [18].

9. The protein and MTs can be mixed together before adding to
the cells [16, 20] or MTs can be added separately after adding
the protein. If MTs are added after adding protein, the cells
should not be left exposed to protein for more than ~20 min.

10. When adding the solution to the well, tilt the plate and let the
solution trickle down along the wall of the well to avoid dis-
rupting the cells.
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11. Different cytotoxicity assays can be used such as Caspase-3,
TUNEL, and other similar assays. We have used
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay to measure cell viability [16], lactate dehy-
drogenase (LDH) assay to assess cell death [45], and an ELISA
kit which measures cytoplasmic histone-associated nucleo-
somes for measurement of apoptosis [21].

12. The assembly state of the proteins is important for studying
cytotoxicity. For example, to induce toxicity in
NGF-differentiated PC-12 cells, α-syn added exogenously
had to be incubated for 24 h to allow formation of toxic
oligomers, whereas freshly dissolved α-syn was not toxic [20].

4.3 In Vivo Studies 1. In our experiments, 3H–CLR01 was prepared by Moravek Bio-
chemicals (Brea, CA) using a method that provides 3H incor-
poration into the hydrocarbon skeleton (i.e., non-labile
protons) [46].

2. We use a Triathler liquid scintillation counter (model 425–034).
Any other scintillation counter suitable for measuring tritium
radiation may be used.

3. I.v. injection in the tail vein may be technically difficult because
the veins are hard to visualize, especially for a learner. Consulting
an experienced user should be considered. Injection into the
exposed jugular vein may be an optional method in
anesthetized mice.

4. The plasma half-life was found to be ~ 2.5 h and approximately
5% of the initial CLR01 levels were found in the plasma 8 h
following i.v. administration. The radioactivity level in the brain
did not change significantly up to 72 h post injection [14].

5. The buffer composition depends on the subsequent analysis and
the experimental design. Protease inhibitors are always included.
Phosphatase inhibitors also may be included if analysis of phos-
phorylated proteins is planned. Non-fixative buffer is needed if
biochemical analyses are planned, whereas fixative buffer can be
used for subsequent IHC analysis. Depending on the experi-
mental design, some animals may be perfused with fixative
buffer and others with non-fixative buffer. Alternatively, all the
animals may be perfused with non-fixative buffer and tissues may
be post-fixed for IHC analysis.
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Chapter 25

Incorporation of an Azobenzene β-Turn Peptidomimetic into
Amyloid-β to Probe Potential Structural Motifs Leading
to β-Sheet Self-Assembly

Todd M. Doran and Bradley L. Nilsson

Abstract

Alzheimer’s disease (AD) is characterized by chronic neurodegeneration and the insidious accumulation of
senile plaques comprised of the amyloid-β (Aβ) peptide. An important goal in AD research is to characterize
the structural basis for how Aβ aggregates exert their noxious effects on neurons. We describe herein
synthetic steps to incorporate a light-controlled β-turn mimetic, 3-(3-aminomethylphenylazo)-phenylace-
tic acid (AMPP), into the backbone of a putative turn region within Aβ. AMPP adopts a rigid β-hairpin turn
when azobenzene is in the cis conformation, and can adopt an extended “β-arc” turn in the trans-
azobenzene conformation. The long lifetimes of these conformationally stable isomers permit detailed
biochemical analyses that help to clarify the controversial role played by these two types of turns during the
toxic misfolding pathway of Aβ. Methods to photo-nucleate the cis- or trans-AMPP isomeric turns in
aqueous buffer are also described. Finally, we detail selected techniques to characterize the Aβ aggregates
derived from these photoisomerized variants.

Key words Azobenzene, Photoswitch, Photoisomerization, Amyloid-β, Alzheimer’s disease,
β-Hairpin, β-Arc

1 Introduction

The amyloid-β (Aβ) peptide has been implicated as a causative agent
in Alzheimer’s disease (AD) pathology. This causal relationship has
its origins in early observations that AD patients characteristically
possess senile plaques comprised principally of Aβ folded into
β-sheet amyloid [1]. Nevertheless, strategies aimed at reducing Aβ
plaque levels in AD patients have failed to significantly delay disease
progression [2]. This failure has recently been explained by obser-
vations that Aβ fibrils, though diagnostic of AD, may be pathologi-
cally benign [3]. Compelling evidence suggests that much smaller,
soluble aggregates of Aβ are the functional mediators of
Aβ-induced toxicity [4–7]. Indeed, in vitro preparations of these
so-called pre-fibrillar species, including oligomers [8] and
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protofibrils [9], are highly proteotoxic. Despite their clinical value,
the precise mechanisms by which these species exert their toxicity
remain elusive. Deciphering the key structure–function relation-
ships is complicated by the dynamic and atypical folding behavior
of low-order Aβ aggregates. For example, misfolding of Aβ is a
multi-step, nucleation-polymerization process, and aggregation
proceeds by a concentration-dependent association of soluble com-
ponents into insoluble fibrils once fibrils are initially seeded
(Fig. 1a) [10, 11]. Consequently, soluble preparations of Aβ oligo-
mers and protofibrils are transient and metastable, creating an
inseparable mixture of various polymorphs. Bulk analyses of Aβ
secondary structures at varying degrees of self-association reveal a
conformationally heterogeneous mixture of secondary structures,
with each playing an uncertain role in cytotoxicity. Collectively, this
behavior of Aβ soluble assemblies has obviated the use of conven-
tional biochemical assays to unequivocally ascribe functional prop-
erties to oligomers or protofibrils. Thus, innovative methods to

Fig. 1 The many possible β-turn structures along the Aβ42 β-sheet misfolding pathway. (a) Schematic of the
major Aβ misfolding pathway that leads the formation of β-sheet fibrils. As the pathway progresses from a
monomeric β-hairpin to a β-arc multimer, toxicity increases before decreasing again in insoluble fibrils. The
difficulty in separating oligomers and protofibrils has made it difficult to unequivocally determine the structure
of assemblies at the inflection point, where toxicity is highest. (b) The β-hairpin turn observed in monomeric
Aβ (PDB:2OTK) [17] and the β-arc observed in Aβ fibrils (coordinates graciously provided by R. Tycko) (c) The
photoswitch, cis-AMPP, with flanking N- and C-termini of Aβ adopts a type I0 β-hairpin turn. Upon photo-
isomerization at 434 nm, cis-trans isomerization leads to the formation of a more extended conformation,
allowing it to model a β-arc [31]
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associate specific structural features of Aβ oligomers or protofibrils
with neurotoxicity have been sought to unravel disease mechanisms
and define targets for drug discovery.

Many efforts to understand the toxic behavior of discrete Aβ
oligomers or protofibrils have focused on addressing the precise
nature of a reverse turn motif located between residues 23 and
30 that is featured in NMR structures of Aβ fibrils [12–16]. A
critical role for reverse turn nucleation on aggregate toxicity is
evidenced by the acceleration of Aβ misfolding kinetics upon
β-turn formation, and the significant structural reorganization of
this region during key transitions associated with proteotoxicity
(Fig. 1b) [17–19]. During Aβ misfolding, natively unfolded Aβ
monomers adopt a β-hairpin turn, accompanied by the formation
of intramolecular β-sheet secondary structure [17]. For fibrilliza-
tion to occur, the β-hairpin morphs, and Aβ fibrils universally adopt
a multi-residue “U-turn/β-arc” reverse turn with flanking
β-strands aligned in a parallel, cross-β sheet arrangement [12–16,
20]. Conversely, structural models of this turn region in pre-fibrillar
Aβ species are less definitive, having been variably described as
possessing β-hairpin [21, 22] or U-turn morphology [23]. Divorc-
ing the functional effects of these two turn elements more precisely
thus remains a central problem in defining the structural basis of Aβ
toxicity.

Precise structure–function analyses of the turn region of Aβ
have been achieved using chemical engineering to restrict confor-
mational space around the turn region in Aβ. For example, chemi-
cally constraining the conformation around the turn region of Aβ
with disulfide bond engineering [24], lactam ring condensation
[25], and a D-ProGly motif [26] have shed considerable light on
the functional significance of β-turn formation. Our laboratory has
extended this list to include an azobenzene turn mimetic that locks
the turn region into a β-hairpin or a β-arc conformation depending
on the cis-trans isomerization state of azobenzene [27]. Specifically,
3-(3-aminomethylphenylazo)-phenylacetic acid (AMPP) models a
type I0 β-hairpin in the cis-azobenzene conformation or an
extended turn in the trans-azobenzene state (Fig. 1c)
[28–31]. The two states can be attained via photoisomerization
using UV-visible light. By incorporating this turn mimetic into the
25–27 region of Aβ42, we demonstrated that imposing a cis-azo-
benzene β-hairpin causes Aβ to resist fibrillization via the Aβ-sheet
misfolding pathway. Conversely, the trans-azobenzene variant
readily formed toxic oligomers and nucleated fibrillization. These
data reveal a less important role for assemblies containing a
β-hairpin turn in toxic aggregates, and suggest that a more
extended, perhaps a β-arc, turn confers toxicity to oligomers.
A caveat to these findings, however, is that cis-AMPP induces a
type I0 β-turn, and native Aβ appears to adopt a type II0 β-hairpin
during β-sheet misfolding. Nevertheless, photo-stabilization of
metastable conformers provides tantalizing new evidence about
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the folding behavior of Aβ, and may prove useful in screens that
stabilize β-hairpins that cannot be accessed easily by other means.

In this protocol, we outline steps to investigate the morpho-
logical properties of Aβ42 containing the AMPP photoswitch in the
cis and trans conformation, which we will refer to as cis-AMPP-
Aβ42 and trans-AMPP-Aβ42, respectively. First, we describe the
incorporation of AMPP into the Aβ42 peptide using solid-phase
peptide synthesis (SPPS). We also outline a procedure for the
purification and disaggregation of Aβ42 variants for use in bio-
chemical assays. Steps to photomodulate between cis/trans aggre-
gation states are detailed. Finally, this protocol describes several
methods to characterize the morphology of the Aβ42 variant aggre-
gates formed by these conformational variants. Azobenzene pepti-
domimetics offer exceptional spatiotemporal control over the
formation of β-hairpin and β-arc turn in the Aβ42 peptide, and
other peptides containing this multipurpose photoswitch may be of
use as probes to investigate the folding behavior of other highly
dynamic and structurally ambiguous proteins.

2 Materials

2.1 Synthesis

and Purification

of AMPP-Containing

Peptides

1. 0.1 mmol equivalents of low-loading Rink amide resin coated
in polyethylene glycol (PEG), such as NovaPEG Rink Amide
resin.

2. Automated peptide synthesizer with a microwave reaction ves-
sel for 0.1 mmol scale peptide synthesis, such as a CEM Liberty
microwave-equipped peptide synthesizer running on PepDri-
ver software (see Note 1).

3. N,N-Dimethylformamide (DMF).

4. Dichloromethane (DCM).

5. Amino acid solutions: 0.2 M Fmoc-protected amino acids dis-
solved in DMF.

6. 9-Fluorenylmethoxycarbonyl-N-3-(3-aminomethylpheny-
lazo)-phenylacetic acid (Fmoc-AMPP-OH, see Note 2) [29].

7. Activating solution: 0.5 M O-(Benzotriazol-1-yl) N,N,N0,N-
0-tetramethyluronium hexafluorophosphate (HBTU) in DMF.

8. N,N-Diisopropylethylamine (DIPEA).

9. Activator base: 2 M DIPEA in DMF.

10. 1-Hydroxybenzotriazole (HOBT).

11. Deprotection solution: 20% piperidine in DMF containing
0.1 M HOBt.

12. Cleavage solution: 95% TFA, water, 2.5% triisopropylsilane,
2.5% water (v/v/v).

13. Fritted syringe.
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14. Diethyl ether.

15. Liquid nitrogen.

16. 50 mL conical tube.

17. Centrifuge capable of 2500 � g.

18. 0.2 μm syringe tip filter.

19. Lyophilizer.

20. Water purified to a resistance of 18.2 MΩ or HPLC-grade
water.

21. High-performance liquid chromatography pump with a semi-
preparative C4 column, such as one with an approximate diam-
eter of 21.2 mm and length of 250 mm (see Note 3).

22. Organic HPLC solution: HPLC-grade acetonitrile containing
0.5% TFA.

23. Aqueous HPLC solution: HPLC-grade water, or ultra-purified
water, containing 0.5% TFA (v/v).

24. Dimethylsulfoxide (DMSO).

25. MALDI-TOF mass spectrometer.

26. MALDI-TOF matrix solution: 10 mg/mL α-cyano-4-hydro-
xycinnamic acid in 50:50 acetonitrile:water (v/v).

2.2 Peptide

Disaggregation

1. Freshly distilled 1,1,1,3,3,3-hexafluoroisopropanol (HFIP).

2. Anhydrous DMSO, such as from a newly opened ampule or
DMSO dried over molecular sieves.

3. Liquid nitrogen.

4. 1 dram glass vials.

5. Water bath sonicator.

6. Dry nitrogen source.

2.3 Photo-

isomerization

and Self-Assembly

of Peptides

1. Ultra-purified water, 18.2MΩ resistance, such as obtained with
a Barnstead water purifier.

2. 0.1 cm quartz cuvette.

3. 500 W mercury lamp (see Note 4).

4. Phosphate-buffered saline (PBS): 10 mM Na2HPO4, 1.8 mM
KH2PO4, 137 mM NaCl, 2.7 mM KCl.

5. 100–1000 μL micropipettes.

6. Gel-loading micropipette tips.

7. 1.5 mL low-bind microcentrifuge tubes.

8. 400 nm longpass filter (see Note 5).

9. 365 nm bandpass filter (see Note 5).
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2.4 Spectral

and Morphological

Characterization

of Peptide Fibrils

1. UV-vis spectrophotometer or photo-diode array.

2. 1 cm quartz cuvette.

3. Low-bind, clear-bottom black 96-well microtiter plates.

4. Fluorometer with 485 nm excitation and 515 nm emission
filters.

5. Thioflavin T stock solution: 2.5 mM thioflavin T in PBS.

6. Analytical HPLC with C18 column.

7. FT-IR spectrometer with ATR stage.

8. Deuterated water (D2O).

9. 1 cm quartz cuvette.

10. Circular dichroism (CD) spectrophotometer.

11. TEM staining solution: 2% uranyl acetate in water.

12. Filter paper.

13. Formvar stabilized carbon on 200-mesh copper grids.

14. Filter paper.

15. Transmission electron microscope (TEM).

16. Centrifuge capable of speeds of at least 14,000 � g.

3 Methods

All methods employ ultrapure water with a resistance of 18.2 MΩ,
obtained by filtering distilled water through a reverse osmosis
ultrapurification system containing activated charcoal and UV irra-
diation. The protocols describe the synthesis and characterization
of AMPP Aβ variants only, and any controlled experiments should
include comparisons to the native peptide, Aβ42.

3.1 Synthesis

of Aβ42 Containing

AMPP (AMPP-Aβ42)

1. Load the resin into the automated synthesizer reaction vessel
and load the vessel into an automated peptide synthesizer with
microwave capabilities.

2. Using the standard protocols as defined by the manufacturer,
remove the Fmoc group protecting the Rink linker with the
deprotection solution (see Note 1).

3. Wash the resin with 5 mL DMF, and evacuate the reaction
vessel.

4. Program the instrument to perform the following iterative
steps for amino acid chain extension using command prompts
provided by the manufacturer (see Note 6). In general, we use
the following protocol and agitating the resin in each step using
nitrogen gas bubbled through the reaction vessel.

392 Todd M. Doran and Bradley L. Nilsson



(a) Add 5 equivalents of the appropriate amino acid solution
to the reaction vessel, followed by the activator solution
and the base solution.

(b) Agitate the coupling mixture at high temperatures
(75 �C) for approximately 1–2 min. Following the cou-
pling reaction, evacuate the reaction vessel and wash the
resin three times with 5 mL of DMF.

(c) Deprotect the terminal Fmoc protecting group by adding
5 mL deprotection solution for 0.5 min at a microwave
temperature of 75 �C. Evacuate the reaction vessel and
wash the resin with 5 mL of DMF. Repeat the wash two
more times.

(d) Repeat these steps iteratively until amino acids 28–42
have been incorporated into the nascent peptide.

5. Remove the resin from the reaction chamber. Coupling of
Fmoc-AMPP-OH should be performed manually (seeNote 7).

6. Activate Fmoc-AMPP-OH as the HOBt ester by preparing a
mixture containing 0.5 mmol of each of the following in DMF:
Fmoc-AMPP-OH, HOBt, and HBTU, followed by 1 mmol
DIPEA.

7. Vigorously mix the activated Fmoc-AMPP-OH coupling mix-
ture and let stand for 5 min. It will be a deep orange color.

8. Add the coupling mixture containing activated Fmoc-AMPP-
OH to the resin in a separate reaction vessel.

9. Heat the activated Fmoc-AMPP-OH/resin mixture at
37–50 �C for 3 h with agitation in order to couple Fmoc-
AMPP to amino acid 28 (beads will become orange, even
after washing). Filter the resin and wash three times with
5–10 mL of DMF at 3 min per wash.

10. Repeat steps 6–9 at room temperature overnight (seeNote 8).

11. Wash the resin three times for 3 min with 5–10 mL of DMF.

12. Add 7 mL deprotection solution and agitate for 5 min.

13. Filter the resin and add 7 mL deprotection solution. Agitate an
additional 10 min.

14. Wash the resin three times for 3 min with 5 mL of DMF.

15. Transfer the resin back into the automated peptide synthesizer
reaction vessel.

16. Continue iterative amino acid chain extension using the SPPS
procedures in step 4 until residues 1–24 are incorporated
(see Notes 1 and 6).

17. After coupling of the final residue is complete, deprotect the
N-terminal Fmoc group as per step 4c, wash the resin with
5–10 mL of DCM three times and then with 5–10 mL of
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methanol one time. Transfer the washed beads to a fritted
syringe for cleavage.

18. Cleave the resulting peptide from the resin by adding cleavage
solution for 1–2 h at room temperature.

19. Filter the cleavage solution and collect in a 50 mL conical tube;
evaporate 90–95% of the TFA using a delicate stream of dry
nitrogen gas.

20. Precipitate the product peptide by adding 10–20 mL diethyl
ether that is pre-cooled in liquid nitrogen.

21. Centrifuge the crude product mixture to sediment the preci-
pitated peptide.

22. Carefully decant the supernatant.

23. Resuspend the peptide pellet in 10–20 mL of room tempera-
ture diethyl ether and repeat steps 21 and 22.

24. Dissolve the pellet in 5–10 mL of DMSO.

25. Filter the solution through a 0.2 μM syringe tip filter.

26. Purify peptide by reverse-phase HPLC using a C4 column
using a binary gradient solvent system that mixes water and
acetonitrile (see Note 9). Inject the crude mixture onto the
column and purify Aβ by eluting with a steadily increasing
gradient of 25–45% organic HPLC solution in aqueous
HPLC solution (v/v) over 15 min. Aβ will elute during this
ramp, but, due to dead volume of the column, may elute after
15 min. After the initial ramp up, the gradient should be
increased to 95% organic HPLC solution over 2 min and run
isocratically with this concentration for at least 5 min to wash
residual Aβ from the column. The column should be
re-equilibrated in the aqueous HPLC solution by ramping
down the organic HPLC solution to 5% over 2 min, and
washing the column with this concentration for at least 5 min.

27. To ensure that a highly pure Aβ sample is obtained, lyophilize
the purified Aβ42, dissolve the dried product of each purifica-
tion run in 2 mL of dry DMSO. Rerun the purified Aβ42
through the column a second time using the same method as
described in step 26 of this section.

28. Confirm the identity of the peptide by MALDI-TOFMS using
α-cyano-4-hydroxycinnamic acid as the matrix.

29. Pool and freeze the HPLC fractions containing the desired
peptide using liquid nitrogen and lyophilize each HPLC run
separately as an aliquotof pureproduct inglass vials (seeNote9).

30. Dissolve one aliquot of the lyophilized powder in 100 μL
of DMSO.

31. Construct an HPLC concentration curve to assist in accurately
quantifying the peptide in aggregation experiments. This is

394 Todd M. Doran and Bradley L. Nilsson



done by injecting serial dilutions of the DMSO solution from
step 29 onto an analytical HPLC and plotting the integrated
area of the peak absorbances at 215 nm against the amount of
peptide injected. A small aliquot of known volume of the
DMSO solution is saved to correlate peptide concentration
by amino acid analysis. Wetzel and coworkers described in
great detail the construction of HPLC concentration curves
for Aβ [32, 33].

32. Once a concentration curve has been constructed, the concen-
tration of Aβ can be quantified for any solution of Aβ stock by
eluting a known volume of the stock onto the same column
and HPLC system. To determine the concentration, integrate
the eluted Aβ42 absorbance peak and correlate it to the con-
centration of Aβ using your constructed standard curve from
step 31 (see Note 10).

33. Store unused aliquots as lyophilized powders at �80 �C (see
Note 11).

3.2 Disaggregation

of Aβ42 and AMPP-

Containing Variants

1. Dissolve 0.5–1 mg of purified, lyophilized peptide in 1 mL
of TFA.

2. Sonicate the solution at room temperature for 1 min. Let the
mixture stand for 10 min.

3. Evaporate the TFA using a gentle stream of dry nitrogen,
leaving a thin film of peptide on the walls of the vial.

4. Dissolve the film in 500 μL HFIP and incubate at 37 �C for 1 h
(see Notes 12 and 13).

5. Evaporate HFIP using a gentle stream of dry nitrogen.

6. Dissolve the peptide film in 1 mL of HFIP once again.

7. Remove a 5–10 μL of the HFIP solution and dilute it into
50 μL of DMSO to determine the concentration of peptide by
HPLC analysis or UV-vis (seeNotes 12 and 13). To determine
concentration, inject the 40 μL of the HFIP/DMSO mixture
onto an analytical HPLC column and elute.

8. Based on the estimated peptide concentration from step 7,
aliquot the amount of HFIP stock solution corresponding to
the desired amount of peptide into low-bind centrifuge tubes
(see Note 14).

9. Freeze the Aβ42 variant HFIP aliquots by immersion of the
tubes in liquid nitrogen.

10. Lyophilize these HFIP aliquots for 16 h to obtain a powder (see
Note 15).

11. Prepare a stock solution of the peptide in dry DMSO at a
concentration of 2 mM or ~10 mg/mL. These solutions
should be used immediately and not stored.
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3.3 Photo-

isomerizing AMPP-

Containing Amyloid

Peptides

and Monitoring Fibril

Assembly by

Thioflavin T

Fluorescence

3.3.1 Trans ! Cis

Isomerization of AMPP-

Aβ42 in DMSO

and Characterization

of Fibrillization Kinetics

This protocol describes the preparation of cis-AMPP-Aβ42 in
DMSO. DMSO is the preferred solvent because it prevents fibril
nucleation of the thermally relaxed trans-AMPP-Aβ42 isomer that
predominates following the previous steps in Subheadings 3.1 and
3.2. Cis-AMPP mimics a restricted type I0 β-hairpin turn providing
a long-lived model of the short-lived β-hairpin turn observed in
early stages of the Aβ β-sheet folding pathway (Fig. 1). This model
provides a more well-behaved system to monitor the kinetics of
fibrillization of β-hairpin conformers. Methods to profile cross-β
fibrillization kinetics are also described.

1. Add the freshly disaggregated peptide DMSO stock solution to
a 0.1 cm pathlength quartz cuvette.

2. Obtain an absorbance spectrum and identify the maxima at
~320 nm for trans-azobenzene and ~430 nm for cis-azoben-
zene (Fig. 2a, see Note 16).

3. Irradiate the solution near the maximum at 320 nm using a
500 W mercury lamp with a 365 nm or similar wavelength
cutoff filter (see Note 5).

4. After 5 min, obtain an absorbance spectrum to monitor the
extent of isomerization at the two maxima at 320 nm and
430 nm (Fig. 2a, see Note 17).

5. Replace the cuvette in the lamp apparatus to continue irradiat-
ing the sample at 365 nm for additional 5 min.

6. Record an absorbance spectrum of the sample. If it has not
changed from step 5, proceed to step 8. If the profile continues

Fig. 2 Spectroscopic characterization of freshly disaggregated cis- and trans-AMPP-Aβ. (a) Absorbance
spectra of 10 μM cis- and trans-AMPP-Aβ in PBS. (b) ThT fluorescence intensity at 497 nm of freshly
isomerized cis- and trans-AMPP-Aβ in PBS at 10 μM monitored over 48 h
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to change, repeat steps 6 and 7 until the two absorbance
maxima remain constant (see Note 18).

7. Dilute the DMSO stock into PBS to a final Aβ42 variant
concentration of no more than 10 μM (see Note 19). All
experiments with AMPP variants should be performed concur-
rently with the native peptide as a necessary comparative
control.

8. Monitor ThT fluorescence by removing 148.5 μL of the Aβ
solution in PBS and add 1.5 μL ThT stock solution to a final
concentration of 25 μM ThT.

9. Monitor ThT fluorescence in the aliquot from step 9 using an
excitation wavelength of 465 nm and reading the emission
intensity at 497 nm. Perform this measurement in triplicate
for each time point (Fig. 2b, see Note 20).

10. Repeat steps 9 and 10 until characterization has been per-
formed, but no longer than 72 h (see Note 21). ThT fluores-
cence will increase proportionally to the degree of fibril
formation. After an initial lag phase, you should see an expo-
nential increase that eventually plateaus, indicating completion
of fibril formation.

11. Characterize the aggregates that are formed by cis-AMPP-
Aβ42 using the methods described in Subheading 3.4.

3.3.2 Cis ! Trans

Photoisomerization

of AMPP-Aβ42 in Aqueous

Buffer

Isomerization of cis- to trans-AMPP in Aβ42 nucleates fibrillization
in the β-sheet pathway due to the opening of the β-hairpin turn to
permit fibrils to form with a cross-β arrangement. The following
protocol describes the cis! trans isomerization of AMPP-Aβ42 to
demonstrate the importance of an extended, non-β-hairpin turn in
nucleating the β-sheet fibrillization pathway. Methods to monitor
the elongation kinetics of nucleated fibrillization are also described.

1. Transfer the aqueous cis-AMPP-Aβ42 solution from Subhead-
ing 3.3.1, step 7 into a 1 cm pathlength quartz cuvette.

2. Obtain an absorbance spectrum by UV-vis spectrophotometry
to record the initial absorbance reading for the isomerization
process (see Note 22).

3. Remove 148.5 μL of the cis-AMPP-Aβ42 solution and add
1.5 μL ThT stock to a final concentration of 25 μM ThT and
record a baseline thioflavin T fluorescence measurement by
exciting the mixture containing the fluorophore at 465 nm
and monitoring fluorescence emission at 497 nm.

4. Transfer the aqueous solution containing the cis isomer into a
0.1 cm quartz cuvette. Depending on the volume required for
the kinetics and characterization experiments, two lamp setups
may be necessary. Alternatively, two isomerizations can be
performed on one apparatus sequentially.

Photoresponsive β-turn Mimetic in Aβ42 Nucleates Fibril Elongation 397



5. Irradiate the sample in the cuvette with light of wavelength
~434 nm using a 400 nm longpass filter, or similar, for 1–2 h
using a 500 W mercury lamp (see Note 5).

6. Mix the solution by inserting a gel-loading pipette tip and
aspirating the solution in and out of the pipette tip at least
15–20 times. Do this every 10–15 min.

7. Move the cuvette to the UV-vis spectrophotometer and mea-
sure the absorbance spectrum in a 1 cm cuvette as in step
2 (Fig. 3a, see Note 22).

8. Remove the sample from the UV-vis spectrophotometer and
continue irradiating the sample at 434 nm for 30 min in the
lamp apparatus.

9. Repeat steps 6–8 until the absorbance of the peptide at 430 nm
and 320 nm remains unchanged, indicating that conversion has
reached its upper limit.

10. Monitor fibril formation by ThT as in steps 9–10 of Subhead-
ing 3.3.1 (Fig. 3b, see Note 17)

11. Once fibrillization is complete, remove ~500 μL of sample to
perform structural characterization experiments (see Subhead-
ing 3.4).

Fig. 3 Spectroscopic characterization of AMPP-modified Aβ42 before and after cis ! trans isomerization in
aqueous buffer. (a) Absorbance spectra of cis-AMPP-Aβ (black line). After 24 h, the cis-AMPP-Aβ was
photoisomerized to trans-AMPP-Aβ and the absorbance spectrum recorded again (gray line). The arrows
indicate the movement of the maxima after irradiation. (b) Kinetics of cis-AMPP-Aβ fibrillization were
monitored using the ThT assay for 24 h. After photoisomerization (indicated by the arrow), the fibrillization
kinetics assay was resumed for trans-AMPP-Aβ. All experiments were performed in PBS using 10 μM starting
concentration of the AMPP-modified Aβ42 variants
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3.3.3 Trans ! Cis

Photoisomerization

of AMPP-Aβ42 in Aqueous

Buffer

Once fibrillization of the trans-AMPP-Aβ42 peptide is complete, it
is possible to reverse cross-β sheet aggregation by isomerizing the
trans-AMPP to cis-AMPP-Aβ42. This section describes the conver-
sion of trans-AMPP-Aβ42 aggregates to cis-AMPP-Aβ42 aggre-
gates and describes monitoring of cross-β sheet aggregates.

1. Dilute the trans-AMPP-Aβ42 variant DMSO stock from Sub-
heading 3.2 into PBS to a final concentration of no more than
10 μM (see Note 19).

2. Transfer 148.5 μL of the trans-AMPP-Aβ42 solution and add
1.5 μL of stock ThT to a final ThT concentration of 25 μM.

3. Mix the sample by aspirating the sample into a pipette tip and
expelling it 10 times. Then, measure ThT fluorescence over
time by exciting the dye at 465 nm and recording the emission
intensity at 497 nm.

4. Repeat steps 2–3 every 15 min to monitor fibril formation as
indicated by an increase in ThT fluorescence at 497 nm.

5. Once the elongation phase of fibrillization is complete the ThT
fluorescence emission intensity at 497 nm will begin to plateau.
At this stage, immediately transfer the AMPP-Aβ42 variant
solution to a 0.1 cm quartz cuvette.

6. Irradiate the sample at 365 nm for 2 h to convert the trans
isomers to a cis conformation (see Note 23).

7. Determine the extent of isomerization by monitoring the
absorbance at 365 nm and 434 nm on a UV-vis spectropho-
tometer (Fig. 4a, see Note 22).

8. After 2 h of irradiation, monitor the level of fibrillization by
ThT fluorescence. Transfer 148.5 μL to a fluorimeter sample
vessel and add 1.5 μL ThT stock solution to a final concentra-
tion of 25 μM ThT.

9. Measure the ThT fluorescence at 497 nm using an excitation
wavelength of 465 nm. If a reduction in fluorescence is
observed, continue to step 8. If no reduction in fluorescence
is observed, repeat step 6, but this time irradiate for 0.5–1 h
each time (Fig. 4b).

10. Continue to monitor absorbance and ThT fluorescence over
time by repeating steps 6–9 until no additional change is
observed.

3.4 Characterization

of Fibrils Derived from

Aβ42 and AMPP-

Containing Variant

The following section describes methods to characterize the mor-
phology of aggregated fibrils comprised of Aβ42 and the Aβ42 cis/
trans variants.
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3.4.1 Fourier Transform

Infrared (FT-IR)

Spectroscopy

1. Use the leftover insoluble aggregates from the kinetic experi-
ments or prepare aggregates of the cis- and trans-Aβ42 con-
formers by irradiating a 2 mMDMSO stock solution at 365 nm
or 434 nm to produce either the cis- or trans-Aβ42, respec-
tively (see Note 24).

2. Dilute the DMSO stock solution into PBS to a final Aβ42
concentration of 10 μM.

3. Allow fibrils to assemble in the dark for 2 days.

4. Sediment the insoluble fibrils at 14,000 � g, and carefully
remove the supernatant by decanting.

5. Wash the Aβ42 fibrils in three successive washes of 500 μLD2O
by suspending the fibrils, vortexing thoroughly, and sediment-
ing them, as in step 4. This D2O exchange is necessary to avoid
interference from water in the diagnostic region of the IR
spectra.

6. After the final wash, resuspend the fibrils, freeze them by
immersion in liquid nitrogen, and lyophilize the samples.

7. Apply the lyophilized fibrils to an ATR stage for FT-IR analysis.

8. Record the FT-IR spectrum of the sample to obtain diagnostic
amide carbonyl stretching frequencies between 1600 and
1700 cm�1 (Fig. 5a).

Fig. 4 Spectroscopic characterization of AMPP-modified Aβ42 before and after trans ! cis isomerization in
aqueous buffer. (a) Absorbance spectra of trans-AMPP-Aβ42 (black line). After 24 h, the cis-AMPP-Aβ was
photoisomerized to cis-AMPP-Aβ and the absorbance spectrum recorded again (gray line). The arrows
indicate the movement of the maxima after irradiation. (b) Fibrillization kinetics were monitored using the
ThT assay for 24 h. After photoisomerization (indicated by the arrow), the fibrillization kinetics assay was
resumed for cis-AMPP-Aβ42. All experiments were performed in PBS using 10 μM starting concentration of
the AMPP-modified Aβ42 variants
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3.4.2 Transmission

Electron Microscopy (TEM)

1. Prepare fibrils as described in steps 1–3 of Subheading 3.4.1.

2. Apply 10 μL of a suspension of the mature fibrils onto a
200 mesh, carbon-coated copper TEM grid for 5 min.

3. Wick off excess buffer by gently touching filter paper to the
edge of the grid.

4. Apply 10 μL H2O to the grid for 10 s.

5. Remove excess H2O by capillary action by touching a piece of
filter paper gently to the edge of the grid.

6. Repeat steps 4–5.

7. Stain the grid with 10 μL TEM staining solution for 10 min.

8. Remove excess staining solution by gently touching filter paper
to the edge of the grid.

9. Allow the grid to air-dry for at least 10 min prior to imaging.

10. Record digital TEM images using an electron microscope at
100,000–200,000� magnification (Fig. 5b, c). We typically
use an accelerating voltage of 120 kV.

4 Notes

1. Alternatively, manual iterative SPPS peptide couplings may be
performed, but we have observed that peptides prepared in this
way suffer from poor product yield and quality.

2. Rigidity of the peptide backbone can be enhanced using azo-
benzene peptidomimetics containing fewer methylene units
adjacent to the diazobenzene rings [34, 35]. Chain extension
onto an aminophenyl nitrogen is difficult, however, and use of
such moieties would require optimization of the chain
extension step.

3. A C18 column can be used, though we obtained better results
using a C4 column.

Fig. 5 Structural characterization of aggregates formed by Aβ42, trans-AMPP-Aβ42, and cis-AMPP-Aβ42. (a)
FT-IR spectra obtained by examining aggregates comprised of Aβ42, cis-AMPP-Aβ42, or trans-AMPP-Aβ42.
Wavenumbers for the strongest absorption peaks are indicated at 1628 cm�1 and 1680 cm�1 with vertical
lines. (b) TEM images obtained from insoluble Aβ42 (c) TEM images obtained from insoluble trans-AMPP-
Aβ42 aggregates. (d) TEM images of cis-AMPP-Aβ42 aggregates. Figures are reproduced with permission
from Ref. 27
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4. A lower power light source may be used, but longer irradiation
times will be required. Optimization will be necessary.

5. Filters should be chosen judiciously, and tested to make sure
that light is passable with a wavelength at or near the maxima of
320 nm or 430 nm.We typically use a longpass filter to block all
incident light below 400 nm, a wavelength sufficiently high
enough not to excite the trans-azobenzene chromophore
around 330 nm. Any longpass filter can be used that has a
cutoff between ~400 and 430 nm. A bandpass filter can also
be used if available, but any of these changes will require
optimizations (described in the Methods section). Similarly,
though we employ a bandpass filter to narrow irradiating
light wavelengths to 365 nm, a shortpass filter should suffi-
ciently block light that would excite the cis-azobenzene
chromophore.

6. Certain amino acids require special coupling conditions. You
should consult with the manufacturer of your automated syn-
thesizer about special coupling conditions that may not be
listed here. More forcing conditions will be particularly impor-
tant during manual synthesis. Some considerations are:

(a) Always perform two identical coupling steps in sequence
without washing or deprotecting (double couple) after
β-branched amino acids Ile, Thr, and Val.

(b) To reduce histidine and cysteine racemization during cou-
pling, the CEM standard protocol is to reduce the tem-
perature of coupling to no more than 50 �C after a 2 min
RT reaction.

(c) To reduce arginine lactam formation, couple arginine at
room temperature for 25 min and then heat to 75 �C for
2 min. Double couple each arginine.

(d) Double couple the last four residues onto the growing
Aβ42 chain, which corresponds to the N-terminal DAEF
sequence.

7. It is advised not to use automated synthesizers to deliver azo-
benzene peptidomimetics to the reaction vessel, as synthesizers
often use spectral properties of the amino acid solution in DMF
to determine the quantity delivered to the reaction vessel.
Thus, care should be exercised if using automation for this step.

8. The beads will turn bright orange after a successful coupling of
the AMPP chromophore onto the growing peptide chain. For a
more precise qualitative test, unreacted amines can be detected
using a ninhydrin test after the first and second coupling [36].

9. The product will give the acetonitrile-water mixture an orange
tint. The lyophilized powder will be orange.

10. Your standard concentration curve must be a linear line. Due to
detector limitations, high concentrations of peptide cannot be
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measured accurately, and the curve will begin to plateau at
these high concentrations. These points should not be used
when constructing your best-fit line that will have the form
y¼mx + b. A good check to make sure you are working within
the linear range is to ensure the square of your fitted linear
line’s Pearson’s correlation coefficient is >95%. Also note that
when measuring concentration, ensure that your experimental
concentration falls within this linear range of your standard
curve. If your absorbance is higher than the data points used
to construct your standard curve, simply dilute your test sam-
ple and repeat HPLC-assisted quantification.

11. It is best to aliquot the desired amount of material at this
pre-disaggregation stage and store under dry conditions
below �20 �C. We typically dispose of unused stocks after
6 months of storage.

12. HFIP is volatile, and pipetting will be imprecise. Therefore, the
concentration determined at this step should only be used as an
estimation of the final peptide concentration.

13. HFIP must be dry at this stage, since any residual water will
evaporate more slowly than HFIP, creating an aqueous envi-
ronment that will seed fibrillization of the highly concentration
Aβ42. For this reason, we always freshly distill our HFIP prior
to use in disaggregation studies.

14. It is best to start with more peptide than needed at this stage,
since the characterization techniques described here destroy
the sample. If you run out of sample during the experiment,
you must start over. It is advised that an initial pilot experiment
be performed with a small amount of peptide to determine
fibrillization kinetics under your experimental conditions. This
will inform the number of time points that will be needed
during the kinetics experiments.

15. Lyophilization is the preferred drying method here because a
dry film can trap HFIP. A lyophilized powder also dissolves
more quickly, whereas solvating a dry film takes more time and
introduces high local concentrations of peptide that may seed
aggregation.

16. It is convenient to perform photoisomerizations near a UV-vis
spectrophotometer to monitor kinetics of photoswitching by
observing the absorbance maxima at 320 nm and 430 nm. Cis-
azobenzene absorbs at 430 nm and trans-azobenzene absorbs
at 320 nm in Aβ42. Prior to photoisomerization, >80% of the
peptide will contain AMPP in the trans conformation. HPLC is
an inappropriate method to monitor the ratio of cis-AMPP:
trans-AMPP in Aβ42 because the two isomers are difficult to
resolve. In our hands, the Aβ42 chromatogram peak often has a
“lagging tail.” The predominant trans-AMPP-Aβ42 partially
overlaps with the cis-AMPP-Aβ42, which elutes second.
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17. The kinetics of switching can be affected by solvent polarity
and local folding environment of the peptide [37].

18. We have found that typical irradiation times vary, and isomeri-
zation can be achieved between 15 and 30 min in the DMSO
solution. However, this will vary depending on many experi-
mental conditions such as cuvette pathlength, lamp power and
filter strength, the peptide concentration, etc.

19. Amyloid self-assembly is concentration-dependent, and the
preparation of Aβ42 may vary slightly due to synthetic purity,
etc. Therefore, each laboratory should optimize the appropri-
ate concentration to use for these experiments.

20. The alternative method (to add the ThT directly to the Aβ42
solution and read the fluorescence of this one solution
throughout the entirety of the kinetics experiment) is inappro-
priate. ThT absorbs near 434 nm, and may be affected by
irradiation with high-power lamps (e.g., photobleaching). We
also suggest using a narrow bandwidth when exciting ThT to
minimize absorption of the chromophore at wavelengths near
the maximum of 430 nm.

21. The cis-AMPP chromophore will thermally isomerize back to
the thermodynamically stable trans state over time. This will
lead to fibril formation once the trans state is populated suffi-
ciently enough to nucleate the misfolding pathway. Thermal
cis-trans isomerization occurs in these peptides in water after
~48 h, though this time frame will depend on a multitude of
experimental parameters.

22. The concentration of AMPP-modified Aβ42 may be too low to
get an accurate absorbance using a 0.1 cm cuvette in a standard
spectrophotometer. On the other hand, a 1 cm pathlength may
require too large of a solution volume to obtain an accurate
reading. If the volume is too low in a 1 cm pathlength cuvette
for UV-vis, and a low-volume adaptor is unavailable, then
multiple isomerizations must be performed in parallel as
described in Subheading 3.3.2 in step 4. Each one should
then be combined into a single 1 cm pathlength cuvette to
obtain an accurate absorbance reading.

23. Presumably, almost all photoisomerization occurs when the
Aβ42 variant is fully solvated. We have adopted the practice
of isomerizing aggregates immediately when ThT begins to
reach its maximum and mixing the solution by pipetting it in
and out of the pipette tip inside the cuvette frequently. This
way, all of the sedimented fibrils and protofibrils can be
exposed to the light source.

24. To produce trans-AMPP-Aβ42 fibrils from a freshly disaggre-
gated sample, you do not have to irradiate at 434 nm because
the species in the sample will exist predominantly in the trans-
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AMPP state due to thermal relaxation during synthesis and
purification. However, the absorbance at 365 nm should still
be recorded at 365 nm on a photodiode array spectrophotom-
eter to estimate the ratio of trans:cis conformers in the ther-
mally relaxed state and to note change in absorbance at 320 nm
during isomerization.
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Chapter 26

Solid-State NMR Studies of Amyloid Materials: A Protocol
to Define an Atomic Model of Aβ(1–42) in Amyloid Fibrils

Yiling Xiao, Dan McElheny, Minako Hoshi, and Yoshitaka Ishii

Abstract

Intense efforts have been made to understand the molecular structures of misfolded amyloid β (Aβ) in order
to gain insight into the pathological mechanism of Alzheimer’s disease. Solid-state NMR spectroscopy
(SSNMR) is considered a primary tool for elucidating the structures of insoluble and noncrystalline amyloid
fibrils and other amyloid assemblies. In this chapter, we describe a detailed protocol to obtain the first
atomic model of the 42-residue human Aβ peptide Aβ(1–42) in structurally homogeneous amyloid fibrils
from our recent SSNMR study (Nat Struct Mol Biol 22:499–505, 2015). Despite great biological and
clinical interest in Aβ(1–42) fibrils, their structural details have been long-elusive until this study. The
protocol is divided into four sections. First, the solid-phase peptide synthesis (SPPS) and purification of
monomeric Aβ(1–42) is described. We illustrate a controlled incubation method to prompt misfolding of
Aβ(1–42) into homogeneous amyloid fibrils in an aqueous solution with fragmented Aβ(1–42) fibrils as
seeds. Next, we detail analysis of Aβ(1–42) fibrils by SSNMR to obtain structural restraints. Finally, we
describe methods to construct atomic models of Aβ(1–42) fibrils based on SSNMR results through
two-stage molecular dynamics calculations.

Key words Aβ(1–42), Amyloid fibrils, Seeding method, SSNMR, Structure, Atomic model

1 Introduction

Misfolded fibrillar aggregates of amyloid β (Aβ) peptide are the
primary components of amyloid plaques in Alzheimer’s disease
(AD) [1]. While monomeric Aβ is not toxic, misfolded Aβ fibrils
exhibit toxicity [2, 3]. Aside from Aβ fibrils, several diffusible Aβ
oligomers are reported to be highly neurotoxic [4–10]. A handful
of mutations of Aβ are associated with early onset of AD, and many
of the mutations promote formation of Aβ amyloid plaques
[11]. Therefore, misfolded Aβ is believed to play a vital role in the
development of AD.

Aβ is produced via proteolysis of amyloid precursor protein
(APP) in the brain [12]. Two of the major isoforms of Aβ are
40-residue Aβ (Aβ(1–40)) and 42-residue Aβ (Aβ(1–42)). Despite
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minor sequence differences at the C-terminus, Aβ(1–40) and Aβ
(1–42) vary significantly in their propensity to aggregate, and they
are considered to play different roles in AD [13–17]. The more
soluble Aβ(1–40) is the abundant form of Aβ in plasma and cere-
brospinal fluid in AD [18]. It is also the predominant species in
vascular amyloid found in cerebral amyloid angiopathy (CAA)
[16, 19]. In contrast, Aβ(1–42) is generally considered to be
more pathogenically relevant to AD. Although Aβ(1–42) constitu-
tes only approximately 20% of the total Aβ in plasma [20], fibrillar
Aβ(1–42) is often the predominant species in AD plaques [14, 15,
21]. Previous studies indicated a lowered diffusible Aβ(1–42)/Aβ
(1–40) ratio as a risk factor for AD [22, 23], presumably through
selective aggregation of Aβ(1–42). In addition, Aβ(1–42) fibrils
show higher neurotoxicity than Aβ(1–40) fibrils [11, 24]. Thus,
Aβ(1–42), rather than Aβ(1–40), has been linked to the onset
of AD.

Intensive efforts have focused on structural studies of amyloid
aggregates of Aβ [8, 25–33] and other amyloid proteins [34–37],
as molecular structures of the amyloids may give insight into the
pathological mechanisms and possible means for preventing amy-
loid aggregation in AD [38, 39]. Due to their insoluble and non-
crystalline nature, solid-state NMR (SSNMR) has become the
primary tool for studying structures of amyloid and other pro-
teins at atomic resolution [25, 40–43]. Multiple fibril structures
of Aβ(1–40) prepared in vitro have been characterized by SSNMR
and electron microscope (EM) techniques [26, 28–30]. However,
despite numerous attempts, only a few crude structural models of
Aβ(1–42) fibrils exist [9, 27, 31, 32, 44], with limited structural
restraints and little assessment of the structural homogeneity of the
analyzed fibrils. Because misfolding of Aβ(1–42) often leads to the
formation of heterogeneous aggregates or polymorphs of Aβ fibrils
[31, 32], a critical challenge remains in the preparation of homoge-
neous Aβ(1–42) fibrils that are suitable for structural investigation.

In the following protocol, we describe detailed procedures for
the sample preparation and structural analysis used in our recently
published work on the first elucidation of an atomic model for
structurally homogenous Aβ(1–42) fibril based on SSNMR data
[45]. In the structural study, we first prepared Aβ(1–42) fibrils with
a “seeding” method [25]. The structural homogeneity of the
seeded fibril sample was validated by transmission electron micros-
copy (TEM), Thioflavin T (ThT) fluorescence, and SSNMR results.
Well-resolved two-dimensional (2D) 13C, 15N-SSNMR spectra
allowed for a detailed structure analysis. Our SSNMR-based struc-
ture modeling yielded a unique “S”-shaped triple β-sheet motif
with an in-register parallel β-sheet arrangement. The triple-β
motif of the fibril is stabilized with a Lys28-Ala42 salt bridge,
which is linked with unique biological properties of Aβ(1–42).
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The protocol can be utilized for structural analyses of other mis-
folded amyloid peptides by SSNMR.

2 Materials

2.1 Aβ(1–42) Peptide
Preparations

The following reagents and materials are prepared for solid-phase
peptide synthesis (SPPS) and purification of Aβ(1–42). If any spe-
cific reagents and materials listed below, they were used in our past
research and are given as an example. Although equivalent products
may be usable, it should be noted that SPPS and purification of Aβ
(1–42) are both generally very difficult unless reagents and condi-
tions are highly optimized. All aqueous solutions are prepared with
double deionized and distilled water (DDI water) purified with a
High Q water purification system (High-Q Inc. Wilmette IL).
Buffers described below are used without 0.22 μM filtration unless
otherwise mentioned. All of the reagents used for SPPS are peptide
synthesis grade.

1. 0.1 mmol equivalence (~500 mg) 9-fluorenyl-methyl-oxycar-
bonyl-(Fmoc)-Ala-Novasyn TGT resin (Novabiochem,
8.56125.0005; 0.2 mmol/g substitution).

2. Automated peptide synthesizer capable of a 0.1 mmol scale
synthesis protocol, such as Applied Biosystems, Model ABI
433A (see Note 1).

3. An 8 mL reaction vessel (Applied Biosystems, 401571).

4. Amino acid cartridges (AnaSpec, AS-60881) packed with
1 mmol of unlabeled Fmoc-protected amino acids. (Peptides
International).

5. 0.4 mmol of 13C, 15N-uniformly labeled amino acid (Sigma-
Aldrich or Cambridge Isotope) with Fmoc-protection.

6. 400 mL of Fmoc deprotection reagent: 99.5% piperidine
(Sigma, 571261-450 mL).

7. 400 mL of capping reagent: 19 mL of acetic anhydride, 25 mL
of 2.0 M N-diisopropylethylamine (DIEA) in 356 mL
N-methylpyrrolidone (NMP, Applied Biosystems, 401517).

8. 6 mL of 1.0 M 1-hydroxybenzotriazole (HOBt) in NMP
(ReagentWorld, ABCA-0).

9. 350 mL NMP (Applied Biosystems, 400580).

10. 400 mL of unlabeled amino acid activation reagent: 0.5 M
1H-benzotriazolium-1-[bis (dimethylamino) methylene]-5-
chloro-hexafluorophosphate-(1-), 3-Oxide (HCTU, Peptides
International, KHC-1018-PI) in N, N-dimethylformamide
(DMF, Applied Biosystems, Gen002007).
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11. 100 mL of labeled amino acid activation reagent: 0.2 M
HCTU in DMF.

12. Coupling reagent for coupling unlabeled amino acids: 2.0 M
DIEA in NMP.

13. Coupling reagent for coupling labeled amino acids: 0.8 M
DIEA in NMP.

14. Washing reagent: NMP.

15. Final washing reagent: dichloromethane (DCM, Applied Bio-
systems, 400142).

16. Cleavage mixture B: containing 0.375 g of crystalline phenol
(Fisher Scientific, A92-100), 5.000 mL of trifluoroacetic acid
(TFA) (AmericanBIO, Ab02010-00500), 0.25 mL of water,
0.25 mL of thioanisole (Fluka, 88470), and 0.125 mL of
1,2-ethanedithiol (Fluka, 02390).

17. PTFE syringe filter, 13 mm in diameter, with 0.5 μm pore size
(GE Healthcare, 6784-1350).

18. Peptide extraction solvent: ethyl ether (Fisher Scientific, E134-
4).

19. Analytical balance, max: 200 g; d ¼ 0.1 mg.

20. 10% acetonitrile (ACN) solution: 10% ACN in DDI water with
0.1% TFA.

21. 30% ACN solution: 30% ACN in water with 0.1% TFA.

22. HPLC system (Shimadzu, CBM-20A), equipped with a
UV-vis detector (Shimadzu, SPD-20A), a degassing unit (Shi-
madzu, DGU-20A), and a pump (Shimadzu, LC-20AT).

23. HPLC column (Agilent Technologies, 5mic Zorbax 300 -
Extend-C18, 9.4 � 250, 899999-555).

24. HPLC mobile water phase: 70 mM NH4OH in 1 L water.

25. HPLC mobile organic phase: 70 mM NH4OH in 200 mL of
water and 800 mL of acetonitrile.

26. Lyophilizer (Labconco, Model FreeZone 4.5 Plus, 7386021)
for freeze-drying purified Aβ(1–42) peptide and fibril samples
harvested for SSNMR.

27. Purified Aβ(1–42) peptide with purity >95% (see Note 2),
stored under �20 �C (see Note 3).

28. Hexafluoroisopropanol (HFIP, Sigma-Aldrich, 105228).

29. Lyophilizer (EYELA, Model FDU-1200) for removing HFIP
from an Aβ(1–42) solution in HFIP (see Note 4).

2.2 SSNMR Sample

Preparation of Seeded

Aβ(1–42) Fibrils

1. Peptide dissolution solution: 10 mM NaOH in DDI water,
stored at 4 �C until use.

2. Peptide dilution buffer: 10 mM sodium, potassium phosphate
buffer containing 7.74 mM Na2HPO4, 2.26 mM KH2PO4,
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and 0.02% (w/v) NaN3 at pH 7.5, filtered through a 0.22 μm
filter. Use 0.1 M HCl in DDI water to adjust pH. The buffer
and HCl solution were stored at 4 �C until use.

3. pH meter equipped with a micro and semimicro size glass
combination electrodes.

4. 0.22 μm sterile syringe filters with PES membrane (EMD
Millipore, SLG033RS).

5. Amicon ultra-4 and ultra-15 centrifugal filters (EMD Milli-
pore, UFC805096 and UFC905096). They have regenerated
cellulose membrane of 50 kDa nominal molecular weight limit
(NMWL).

6. Refrigerated centrifuge (Eppendorf, Model 5810R) equipped
with a fixed angle rotor (Eppendorf, FA-45-6-30) with capacity
of 6 � 15/50 mL conical tubes, and a maximum spinning
frequency of 12,100 rpm (20,130 � g).

7. UV-vis spectrometer (Jasco, Model V-660) assembled with a
cell holder for a 50 μL micro cell (Jasco, EMC-709).

8. Fluorescence spectrometer (Hitachi, Model F-7000).

9. Thioflavin T (ThT) solution: 300 μMThT in water, stored in a
light-proof container at 4 �C until use.

10. Glycine buffer: 0.05 M glycine and 4 μM NaOH in water at
pH 9.0, stored at RT.

11. Ultrasonic cleaner (Fisher Scientific, Model FS20H), used as a
sonication bath with ice water.

12. Rotating shaker (Barnstead, C415110), for agitating the Aβ
solution during incubation for fibril growth.

13. Staining solution for TEM and scanning TEM (STEM): 2%
(w/v) uranyl acetate in water, stored at room temperature, in a
light-proof container. The solution was filtered through a
0.22 μm filter before every use (see Note 5). Fixing solution
for STEM: 2% glutaraldehyde in DDI water, stored at 4 �C, and
filtered through a 0.22 μm filter right before use (seeNote 6).

14. TEM grids: formvar/carbon 300 copper mesh (Electron
Microscopy Sciences, FCF300-CU-50).

15. STEM grids: carbon 400 copper mesh (Electron Microscopy
Sciences, CF400-CU-50).

16. TEM instrument (JEOL, Model JEOL-1200) and STEM
instrument (JEOL, Model JEM-ARM200CF).

2.3 SSNMR

Spectroscopy

1. 2.5 mm MAS rotor (11 uL sample volume) with Torlon caps
and zirconia sleeve (Revolution NMR, AMP4085-001).

2. Fluorosilicone (fs) O-ring, with an inside diameter of 0.03600

and a cross section of 0.01600 (Apple Rubber Products,
R0003601660FSE).
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3. Custom-made Kel-F cylindrical spacer of 0.06200 in diameter
and 0.19100 in height. The surface of the spacer has a machine
cut circular groove across the cylindrical axis (depth 0.013500,
width 0.02500) to accommodate the O-ring for better seal. The
upper edge of the groove is positioned at 0.02500 from one end
of the cylinder.

4. Teflon tape.

5. Packing tools: A Teflon 2.5 mm funnel, a brass packing tool, a
removal tool, and a stainless steel packing stick.

6. SSNMR spectrometer. In our previous studies, all the SSNMR
experiments were performed on a 9.4 T magnetic field (1H
frequency of 400.2 MHz) with a Bruker Avance III or Varian
Infinity-Plus SSNMR spectrometer with a home built 1H, 13C,
15N triple-resonance 2.5 mm MAS probe that was capable of
stable spinning at 10–30 kHz. A triple-resonance SSNMR
system at a 1H NMR frequency of 400 MHz or higher is
recommended.

2.4 Software

for SSNMR Data

Analysis and Structure

Calculations

1. NMRPipe [46].

2. TALOS-N [55].

3. Cyana 2.1 [47].

4. SpinEvolution [48].

5. AMBER 12 [49].

6. SHIFTX2 [50].

7. STRIDE [51].

8. VMD 1.9.1.

9. PROCKECK-NMR [52].

3 Methods

3.1 Peptide

Synthesis

and Purification of Aβ
(1–42) in Various 13C-

and 15N-Labeling

Schemes

Automated peptide syntheses of Aβ(1–42) are performed with an
ABI 433 (or equivalent) synthesizer following the manufacture’s
protocol using “fast Fmoc” chemistry (detailed operation protocols
are available at online user manuals) with minor modifications.

1. Pack the 8 mL reaction vessel with 0.1 mmol Fmoc-Ala-Nova-
syn TGT resin.

2. Set the reaction vessel at the synthesizer and swell the resin with
3 mL of DCM for 30 min using the synthesizer’s standard
function. Repeat the swelling process twice.

3. Extend the Aβ(1–42) peptide chain (DAEFR-HDSGY-
EVHHQ-KLVFF-AEDVG-SNKGA-IIGLM-VGGVV-IA)
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from the C-terminus one amino acid per cycle using the fol-
lowing coupling cycle:

(a) Deprotect Fmoc using Fmoc deprotection reagent.

(b) Activate Fmoc amino acid using activation reagent.

(c) Peptide bond formation with coupling reagent.

(d) Cap unreacted N-terminal residue with capping reagent.

4. Remove the final Fmoc group from the resin after the last
coupling cycle.

5. Wash the deprotected resin with NMP and then DCM.

6. Transfer the wet resin from the reaction vessel to a conical tube.

7. Vacuum dry the resin for 1 day to completely remove DCM.

8. The dried resin of Aβ(1–42) (see Table 1) was stored at�20 �C.

9. Remove the Aβ(1–42) peptide from the resin beads with a
cleavage mixture B (15 μL of reagent per 1 mg of resin). Gently

Table 1
Labeled Aβ(1–42) samples described in this study

Sample Number Seeding generation Labeling Schemea

1 Unseeded 1st generation F20, A21, V24, G25, L34

2b Seeded 4th generation F20, A21, V24, G25, L34

3 Seeded 4th generation A2, G9, F20, V39, I41

4 Seeded 13th generation F4, V12, L17, A21, G29

5 Seeded 4th generation H13, V18, I32, G37

6 Seeded 4th generation V18, D23, S26, K28

7b Seeded 4th generation F19, A30, I31, G33, V36

8 Seeded 4th generation F19, A30, I32, G38, V40

9 Seeded 4th generation F19, I31, L34, G38, V40

10 Seeded 4th generation A21(15N), A30(13CO)

11 Seeded 4th generation L17(15N), L34(13CO)

12 Seeded 4th generation I31, V39

13b Seeded 4th generation G29, I41

14b Seeded 4th generation K28(15N), A42

15 Seeded 4th generation H14, L17, V36, G38

16 Seeded 4th generation V39(13CO)

aUnless otherwise mentioned, 13C-, 15N-uniformly labeled amino acids were introduced

at the residue noted above
bIsotope diluted samples (50%) were also prepared
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stir the resin in the cleavage mixture for 2.5 h at room
temperature.

10. Remove the resin beads with a 0.5 μm PTFE syringe filter and
keep the flow-through containing Aβ(1–42) at 4 �C.

11. Wash the resin beads in the syringe with TFA three times (total
TFA amount was 30 μL per mg of resin), and combine all flow-
through at 4 �C.

12. Extract Aβ(1–42) from the cleavage mixture from step 10 by
adding ice-cold ethyl ether (5–10 mL) to the cleavage mixture.

13. Isolate the Aβ(1–42) pellets by discarding the supernatant after
centrifugation at 6000 rcf at �9 �C for 5 min.

14. Wash the Aβ(1–42) pellets two more times with ice-cold ether
(5–10 mL for each wash), and discard the ether after pelleting
down Aβ(1–42) under the same centrifugation conditions (see
Note 6).

15. Vacuum dry the ether-extracted Aβ(1–42) for 1 h.

16. Add 5mL of 30% ACN solution to dissolve the peptide at 4 �C.

17. After 30 min of quiescent dissolution at 4 �C, gently tap the
conical tube containing the sample against the bench top for
10 min.

18. After centrifugation of the Aβ solution at 3000 rpm for 1.3 min
at 4 �C, transfer the supernatant containing dissolved Aβ to a
weighed clean conical tube.

19. Add a 5 mL aliquot of fresh 30% ACN solution to the undis-
solved Aβ(1–42) pellet and collect the soluble Aβ by combin-
ing all supernatants after tapping-dissolution.

20. Repeat steps 17 and 18 until most of the Aβ(1–42) pellets are
dissolved. The combined supernatant was lyophilized for
2 days before purification.

21. Estimate the amount of crude Aβ(1–42) by measuring weights
of the conical tube with and without the dry Aβ(1–42) protein.

22. Dissolve the Aβ(1–42) with 10% ACN solution to a concentra-
tion of 3 mg/mL on ice for 40 min and filter the solution with
a 0.22 μm syringe filter before HPLC separation.

23. Purify Aβ(1–42) by reverse-phase HPLC using a gradient
aqueous and organic phase. The mobile phase flow rate is
4 mL/min. A water-ACN gradient (containing 70 mM
NH4OH) is applied. The elution of Aβ(1–42) takes place
when the ACN concentration reaches about 25%.

24. Lyophilize eluates containing pure Aβ(1–42) overnight. The
purity of the Aβ samples should be approximately 85% and 95%
before and after the HPLC purification (see Note 2).
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25. Weigh the lyophilized peptide after HPLC purification and
redissolve it in 30% ACN solution at a 2 mg/mL peptide
concentration.

26. Lyophilize the solution again overnight. The lyophilized pep-
tides were stored with drying reagents at �20 �C.

3.2 Preparation of Aβ
(1–42) Fibrils

for SSNMR Analysis

1. Warm the purified Aβ(1–42) peptide from �20 �C to room
temperature (RT) inside a desiccator for 0.5–1 h.

2. Dissolve the peptide in HFIP at a concentration of approxi-
mately 2 mg/mL at RT (see Note 3).

3. After an hour of dissolution in HFIP, flash freeze the Aβ(1–42)
solution in liquid nitrogen and lyophilize it for 3–4 h to
remove HFIP.

4. Redissolve the lyophilized Aβ(1–42) peptide in HFIP at a
concentration of approximately 2 mg/mL for 1 h and then
freeze-dry again. The second lyophilization should be per-
formed overnight to ensure complete removal of HFIP. The
two successive HFIP treatments disaggregate preformed
aggregates in the Aβ(1–42) sample and the pretreated Aβ
(1–42) peptide is ready for further experiments [6].

5. Dissolve the Aβ(1–42) peptide from step 4 in an ice-cold
10 mM NaOH solution to a concentration of 0.6 mM, and
then dilute the Aß solution further to 60 μM with 10 mM
phosphate buffer at 4 �C. Adjust the pH of the Aβ solution to
pH 7.4 with 0.1 MHCl (about 1/10 in volume of the total Aβ
solution) on ice.

6. Remove any undissolved peptide or preformed aggregates from
the ice-cold fresh Aβ(1–42) solution by centrifuge filtration
with a 50 kDa molecular mass cutoff filter at 4.8 � 103 � g
for 3 min at 4 �C.

7. Use the ThT assay and TEM analysis (described below at steps
9 and 12) to confirm that no aggregated Aβ remains in the
solution at the beginning of the incubation.

8. Determine the concentration of the recovered Aβ monomer
spectrophotometrically by measuring the absorbance at
280 nm and 400 nm in triplicate. Calculate the concentration
of Aβ monomer (typically about 50 μM) with an equation
based on the Beer-Lambert law as:

cAβ ¼
AbsAβ 280 nmð Þ � AbsAβ 400 nmð Þ
� �� Absblank 280 nmð Þ � Absblank 400 nmð Þ

� �� �

bcell � εAβ 280 nmð Þ
,

where the cell length of the cuvette bcell was 1.0 cm in our
previous study, and the blank was the phosphate buffer used for
dilution of Aβ monomer. The extinction coefficient of Aβ
(1–42) peptide is εAβ(280 nm) ¼ 1280 (M�1 cm�1). The
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minimal baseline absorption is measured at 400 nm, confirm-
ing that there is no scattering due to aggregated Aβ.

9. Monitor the time course for Aβ(1–42) fibril formation using a
ThT fluorescence assay: Dilute a 10 μL aliquot of the Aβ(1–42)
solution with a premixed ThT solution containing 990 μL of
glycine buffer and 10 μL of ThT solution. The unseeded fresh
monomeric Aβ solution should not emit fluorescence above
background level in this assay.

10. For the non-seeding incubation, place the Aβ(1–42) solution
on a rotator for agitation at RT for 3–7 days (typically
3–4 days). We term the fibril formed under such a condition
generation one (G1). For the seeding incubation, sonicate the
previously formed fibrils from the n-th generation in an ice
water bath for 2 min and then introduce the sonicated sample
as seed fibrils into a freshly prepared Aβ(1–42) monomer solu-
tion from the steps 1–9 at a concentration of 5% (w/w). Then
agitate the Aβ solution on a rotator for seeded fibril formation
at room temperature for 1–7 days (typically 3–4 days). The
seeded fibril is named as generation (n þ 1) (Gn þ 1). See a
schematic illustration of the protocol in Fig. 1 with typical
electron microscope images of Aβ(1–42) fibrils for different
generations.

11. Monitor fibril formation with the ThT fluorescence assay as
described in step 9. The fluorescence curve represents the
β-sheet formation. Fit the sigmoidal curves using an equation
of:

Fig. 1 A schematic illustration of preparation of Aβ(1–42) fibril samples used for SSNMR analysis. The electron
microscope images were obtained for the fibrils sampled at the incubation times indicated in the figure
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y tð Þ ¼ a= 1þ exp �k t � t0ð Þð Þ½ �
where y(t) denotes the ThT fluorescence at the incubation time
t, a, k, and t0 are fitting parameters, and t0 and k define a lag
time of tL as tL ¼ t0–2/k (see Ref. 45). Curve fitting is
performed using χ2 analysis, and the error range for the lag
time was estimated at the 90% confidence level. For the Aβ
(1–40)- and Aβ(1–42)-seeded data, which show no lag time,
curve fitting was performed with an equation of:

y tð Þ ¼ a 1� exp �ktð Þ½ �
as the data typically follow first order kinetics (see Note 8).

12. Capture the morphologies of Aβ(1–42) fibrils and the initial
monomers at a nanometer scale using EM. For the TEM grid
preparation, load 10 μL of Aβ solution, sampled at 24–72 h
into the incubation time, onto a 300 mesh copper formvar/
carbon grid for 1 min. Blot the excess solution with filter paper
to remove excess. Stain the sample attached to the grid with a
10 μL solution of 2% (w/v) uranyl acetate for 1.5 min. Blot off
the excess staining solution and air-dry the grid. Store the grid
in a desiccating chamber before use. Perform TEM on a stan-
dard electron microscope using magnifications greater than
120,000�.

13. Obtain high-resolution images of fibrils at 400,000� using
STEM. For the grid preparation, collect a 10 μL aliquot of
fibrils at 24–72 h during the incubation time and load it onto a
400 mesh copper carbon grid. Blot excess solution with filter
paper after 1 min. Wash the sample on the grid by placing 5 μL
of DDI water onto the grid for 30 s and blotting it away and
repeating the DDI water wash. Fix the sample with 10–20 μL
of 2% (w/v) glutaraldehyde solution for 30 min under a fume
hood, and then blotting away the excess glutaraldehyde; wash
the fixed sample with DDI water again twice. Negatively stain
the fixed sample with 10 μL of 2% (w/v) uranyl acetate solution
for 2 min and blot the excess solution. Dry the grid in air and
store it in a desiccating chamber.

14. Harvest the 13C-, 15N-labeled Aβ fibril samples after incuba-
tion for 1 day to 1 week at G4 or at a later generation. This
seeding protocol improves structural homogeneity as
described below. Pellet the fibril samples by centrifugation at
9000 � g for 45 min at RT, remove the supernatant and then
lyophilize the fibril in the pellet. Pack the lyophilized fibril
samples (5–10 mg) into 2.5 mm SSNMR MAS rotors (10 μL
volume) and subsequently rehydrate with about 0.5 μL of
water per mg of peptide. The samples used for the SSNMR
analysis are listed in Table 1.
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3.3 Structure

Analysis Based

on SSNMR

Spectroscopy

Perform all SSNMR experiments in a 9.4 T magnetic field (1H
frequency of 400.2 MHz) using MAS at spinning speeds of
10–20 kHz with a 1H, 13C, 15N triple-resonance 2.5 mm MAS
probe.

All the detailed NMR experimental conditions can also be
found in previously published work [45].

1. Validate structural homogeneity of the Aβ(1–42) fibril samples
by comparing 2D 13C-13C chemical shift correlation (2D 13C)
SSNMR spectra of unseeded and seeded fibril samples (G4),
particularly for Samples 1 and 2 listed in Table 1. For both
seeded and unseeded samples, 2D 13C spectra were collected
with an fp-RFDR sequence of a 1.6 ms mixing time, as in our
previous study [53]. If the unseeded fibril for Sample 1, which is
13C, 15N-uniformly labeled at five residues, shows more than
one set of corresponding cross peaks in a 2D 13C spectrum (the
black spectrum in Fig. 2), it indicates polymorphism. However,
the seeded fibril for Sample 2, which is labeled at the same sites as
Sample 1, should yield a corresponding 2D 13C spectrum with
only one set of cross peaks (the red spectrum in Fig. 2), indicat-
ing a single structurally homogeneous conformer in the fibril. It
is worth mentioning that distinguishing between the seeded and
unseeded fibril samples used for Fig. 2 is difficult from standard
TEM data. SSNMR offers an excellent means to assess structural
homogeneity of an amyloid fibril sample in a quantitative man-
ner. The seeded Aβ(1–42) fibril samples up to G13 were con-
firmed to show identical spectra with that of the G4 fibrils.

2. Complete 13C, 15N backbone and side chain chemical shift
assignments by SSNMR. Perform SSNMR experiments on
Samples 2–9 and 14–15 in Table 1 with 2D 13C experiments
with a 50 ms DARR mixing [54] and 2D 13C-15N chemical
shift correlation (2D 13C-15N) experiments using a double CP
scheme. The observed chemical shifts should be reproducible
for different batches of the samples. All the backbone and 13Cβ
assignments are used for secondary structure analysis by
TALOS-N prediction [55] and secondary chemical shift
calculation.

�

Fig. 2 (a) A comparison of the aliphatic spectral regions of 2D 13C–13C correlation spectra for non-seeded Aβ
(1–42) fibrils (G1 black) and Aβ(1–42) fibrils obtained by three successive seeded incubations (G4 red) with
slices along the indicated positions 1–4, which display cross peaks. The non-seeded fibril sample shows
another set of cross peaks corresponding to the second conformer (black dotted circles) for Ala21, Val24, and
Leu34 (assigned with blue arrows and labels). The seeded fibrils sample shows a single set of cross peaks for
Phe20, Ala21, Val24, and Gly25 (assigned with black arrows and labels). Although Leu34 still displays a weak
peak for the second set of cross peaks, the secondary species was nearly completely suppressed by seeding.
The base contour levels were set to (black) 5% and (red) 4% of the diagonal signal for 13Cα of Ala21, which
both correspond to 4 times the root-mean-squared noise level
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3. Collect inter-residue restraints on Samples 2–9, 12–13, and
15 (Table 1) with 2D 13C DARR experiments and a 200 ms
mixing time. The 2D 13C DARR spectra with a 200 ms mixing
time display both cross peaks representing intra- and inter-
residue contacts. Corresponding DARR 2D spectra with a
50 ms mixing time is a reference to identify intra-residue con-
tacts, which enables the identification of long-range restraints
in the data with a 200 ms mixing time.

4. Classify long-range intra-residue interactions into inter- or
intramolecular contacts using an isotope dilution approach
[28]. Mix the 13C-, 15N-labeled sample with unlabeled Aβ
(1–42) at a ratio of 1:1 (Samples 2, 7, 13, and 14). The isotope
diluted sample is studied using the procedure described in step
3. This dilution does not affect relative cross peak intensities for
intramolecular contacts. On the other hand, inter-molecular
cross peaks are attenuated as the chance of having a labeled
molecule next to another labeled molecule is reduced by 50%.
Thus, when peak intensities are compared between the isotope
diluted and undiluted Aβ(1–42) samples, unaffected intra-
residue signals can be identified as signals due to intramolecular
contacts.

5. Perform inter-strand 13CO-13CO distance measurements on
Sample 10, 11, and 16 using fp-RFDR-CT experiment [56].

6. For MD-assisted structural modeling efforts, systematically
change peptide dihedral angles to minimize the deviation of
experimental chemical shifts and those calculated from
SHIFTX2 [50] (see Note 9).

7. Obtain inter-residue restraints between 13C and 15N using
frequency-selective REDOR on Samples 6 and 14. Perform
an isotope dilution experiment (described in step 4) on Sample
14 to confirm long-range interactions within the Aβ molecule.

3.4 Computational

Simulation Assisted

Structure Finalization

Perform a two-step structural optimization so that the final atomic
model satisfies all the distance, dihedral angle, and chemical shift
constraints from the SSNMR experiments.

3.4.1 Structural Modeling

by CYANA 2.1

1. At the first stage, generate an ensemble of 1000 structures with
CYANA 2.1 program [48] by adopting a similar approach used
for the Het-s prion fibril [41]. The initial model of a 12-mer for
Aβ(1–42) is built. If needed, remove N-terminus residues that
are likely to be flexible and disordered. In our previous study
for Aβ(1–42), the residues 1–10 were removed for this
reason [45].

2. From the intermolecular 13CO-13CO distance measurements,
estimate supramolecular arrangements and generate intermo-
lecular restraints. Many amyloid fibrils are known to misfold
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into in-register parallel β-sheet arrangements. In our previous
study on Aβ(1–42) fibril, neighboring strands formed
in-register parallel β strands throughout the well-structured
residues at positions 17–42 [45]. Thus, internuclear
13CO-13CO distance restraints were included at residues
20, 24, 30, and 34 as lower and upper restraints of 4.6 and
5.0 Å, respectively. Amyloid fibrils often have stacks of β strands
all with identical structure [41]. This is the case with Aβ(1–42)
as evidenced by single sharp peaks observed in Fig. 2 and from
internuclear 13CO-13CO distance measurements. In such a
case, a quasi 1D-symmetry restraint can be implemented for
all heavy atoms between neighboring strands [41] during both
AMBER and CYANA refinements below. The upper and lower
limits are set to 5.0 and 4.6 Å, respectively. It should be noted
that such restraints and their force constants should not be
overly weighted so as to artificially drive down the rmsd or
should not be too loose to let the observed symmetry broken.
We found that the force constants given below provide for a
decent compromise for deriving the models. Neighboring
strands of the Aβ molecules were connected by virtual atom
linkers, each of which was 210 residues in length.

3. Create a list of upper-limit restraints set to 6.5 Å from the long-
range DARR cross peaks. Additionally, generate a list of lower
limit restraints for a pair of well-structured residues (residues
17–42) for which no cross peaks are identified in DARR experi-
ments with a 200 ms mixing period. This should be done only
when the S/N of the relevant experiments are sufficiently high
and all the signals are well separated. The lower limit restraints
are implemented at the Cβ atoms of nonglycine residues and set
to 6.5 Å.

4. Set the upper and lower limits for intramolecular contacts from
quantitative REDOR distance measurements. For example,
our REDOR experiment for the Aβ(1–42) fibril identified a
unique contact between the 13CO2

� terminus of Ala42 and the
15NH3

+ side chain of Lys28; for such a contact, the distance
constraints with the lower and upper limits are set to 3.9 and
4.1 Å, respectively.

5. Set restraints on dihedral angles to define conformations. To
elucidate likely dihedral angles (φ, ψ) from the obtained 13C
and 15N chemical shifts, TALOS-N software [55] is used, and
these dihedral angles are used as restraints only when the
program determined the prediction as a consistent match to
the database (i.e., “strong” or “generous”). Other details are
discussed in our previous published paper [45].
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6. Perform thermal annealing routines for the given sequence and
structural restraints defined above. A total of 1000 structures is
calculated with CYANA with the standard anneal.cya method
included in the program, with a slight modification. The
annealing procedure by CYANA is modified to include three
rounds of high-temperature annealing instead of one for each
molecule because this provided structures that better satisfied
overall experimental restraints [45]. Of the 1000 structures,
the 100 with the lowest target energies are retained for optimi-
zation at the next stage by AMBER software.

3.4.2 AMBER/ShiftX2

Refinement and Structural

Validation

1. Perform a refinement by thermal annealing with AMBER
12 [49], as previously reported for globular proteins [57]. All
of the distance and dihedral restraints used in CYANA are
transferred to AMBER 12.

2. Minimize the energy of the CYANA structures for 10,000 steps
without experimental restraints. The first 5000 steps invoke the
steepest decent algorithm and the last 5000 steps are conjugate
gradient minimization.

3. Carry out thermal annealing with the structural restraints
determined in step 2. For the distance, torsional, chirality,
angular (bond), and symmetry restraints, set force constants
to 10 kcal/(mole Å2), 540 kcal/(mole rad2), 100 kcal/(mole
rad2), 40 kcal/(mole rad2), and 1 kcal/(mole Å2), respectively.

4. Perform three rounds of simulated annealing from 0 to 1000 K
and then back to 0 K using a Berendsen thermostat to regulate
temperature; each round of the annealing process is implemen-
ted for a 20 ps period. The temperature ramping and restraint
weighting are the same as those previously reported [51]. A
standard pairwise generalized Born solvation [58] is used with
a cutoff of 12 Å. The time step of the MD simulation is set to
1 fs with a total of 60,000 steps or 60 ps for the three rounds of
annealing. The last step of the simulated annealing involves a
final energy minimization, including NMR restraints and
implicit solvation, for 10,000 steps similar to the initial energy
minimization with the steepest descent and conjugate gradient
algorithms.

5. Keep the 20 structures from AMBER with the lowest nonres-
traint energies for structural analysis. SHIFTX2 [50] is used to
further assess structural quality by back-calculating the 13Cα,
13Cβ,

13CO, and amide 15N chemical shifts from the deter-
mined structures and comparing these results to the experi-
mentally measured shifts. The shift prediction is performed for
each Aβ molecule, and the ensemble average of the 13C or 15N
was obtained for each site. The top ten models that show the
lowest rms deviations between the predicted and experimental
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shifts are selected as representative structural models.
Figure 3a, b shows an example of the best-fit model from our
previous study of Aβ(1–42) fibril. For the models, the average
rms deviation shift of 13Cα,

13Cβ,
13CO, and amide 15N was

1.29 ppm, indicating reasonable fitting. The average rms devi-
ation value obtained for our model is comparable to the rms
deviation value of 1.38 ppm that was obtained from the

Fig. 3 A structural model of the amyloid fibril of Aβ(1–42) based on the SSNMR data. Disordered residues 1–10
were omitted for clarity. (a) View from the fibril axis shows three β strand regions (arrows) connected by short
coil (white) or turn (silver) regions (tube); the three β strands are represented by arrows in cyan (residues
12–20), yellow (24–33), and green (36–41). The unique salt bridge between Lys28 (blue) and Ala42 (red) is
shown (purple arrow). (b) Side chain contacts for a single Aβ chain in a skeletal and a ribbon diagram with van
der Waals surface and polarity diagram for the rest of the Aβ chains. Hydrophobic, polar, acidic, and basic
residues are represented by green, cyan, red, and blue, respectively. Observed long-range side chain
intramolecular contacts (purple arrows) are shown. All β-sheet regions are presented in yellow. The surface
plot indicates positively charged (Lys; blue) and negatively charged (Glu, Asp; red) side chains, and Ala42 that
has a negatively charged carboxyl group (red). (c) Overlay of the ten best fit atomic structural models of the Aβ
(1–42) fibril. The molecules at the edge and the N-terminal side chains at residues 11–15 were omitted for
clarity. The structural images were reproduced from Ref. [45]
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amyloid fibril structure for the Het-s prion protein (PDB
2RNM) and its experimental shifts [41]. Further discussion
about the protocol and comparisons is given in ref. [45].

6. Perform structural validation for the obtained structures. Per-
form an analysis by PROCKECK-NMR [52] to examine
whether nearly all the residues for the fibril model reside in
allowed φ/ψ space. Perform distance and dihedral-restraint
violations within PSVS and AMBER for the final structures
(see Table 1 in ref. [45] for an example). The minimal number
of violations confirms that the structures are consistent with all
the SSNMR structural constraints. Confirm that overlaid struc-
tures show similar structural folds and calculate the rms devia-
tion from the mean structure. For example, the overlaid
ensemble structures for Aβ(1–42) fibril in Fig. 3c indicates
that all ten models show very similar tertiary folds except for
a few side chains near the loop regions and the dynamic
N-terminus residues 11–16. The average rms deviation from
the mean structure is estimated for the main chain and all the
heavy atoms, respectively [45]. The obtained structures in the
example were displayed by VMD 1.9.1 with the secondary
structures elucidated by STRIDE [51].

4 Notes

1. Warm up Fmoc-amino acids and Fmoc-Ala-TGT resin to room
temperature (RT) from �20 �C, and warm up 1.0 M HOBt in
NMP from 4 �C to RT before use.

2. MALDI-TOF mass spectroscopy. The HPLC purified peptide
was dissolved in a 50% acetonitrile solution with 0.01% TFA
(0.1 mg/10 μL), and mixed (1:1 (v/v)) with a MALDI matrix
solution (Sigma-Aldrich, 5 mg in 200 μL of 70% acetonitrile
solution with 2% TFA). The mixture of 0.5–1 μL was loaded
onto a MALDI chip (model ABI 01-192–6-AB, Life Technol-
ogies) and air dried before MALDI-TOF analysis. The peptides
used in this study showed high purity (>95%).

3. Warm up the peptide in a desiccator from�20 �C toRT. Always
handle (in transferring or dissolving) the dry peptide after it is
warmed up. Always operate treatments of the dry peptide
inside of a clean, dry box (humidity <15%).

4. A separate lyophilizer is used to remove HFIP from an Aβ
(1–42) solution in HFIP for reproducible Aβ incubation.
Note that an additional cold trap with dry ice (�78.5 �C) is
connected between the first cold trap and a pump as HFIP is
harmful to a pump.
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5. Uranyl acetate has minimal radiological hazard, however, ura-
nyl acetate-contaminated waste still must be separated from
regular experimental waste for disposal.

6. Apply glutaraldehyde to the EM grids under safety hood.

7. Ice-cold ether should be cooled by dry ice; vent off ether in a
fume hood for disposal.

8. Preparation of Aβ(1–40) fibrils utilizes the same method men-
tioned in steps 1–7.

9. It is recommended to start a preliminary structural modeling at
an early stage of the procedure since this will provide possible
contacts to be measured for additional SSNMR analysis.
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Bohrmann B, Döbeli H, Schubert D, Riek R
(2005) 3D structure of Alzheimer’s amyloid-β
(1–42) fibrils. Proc Natl Acad Sci U S A 102
(48):17342–17347

28. Petkova AT, Yau WM, Tycko R (2006) Experi-
mental constraints on quaternary structure in
Alzheimer’s beta-amyloid fibrils. Biochemistry
45(2):498–512

29. Paravastu AK, Leapman RD, Yau W-M, Tycko
R (2008) Molecular structural basis for poly-
morphism in Alzheimer’s β-amyloid fibrils.
Proc Natl Acad Sci 105(47):18349–18354

30. Bertini I, Gonnelli L, Luchinat C, Mao J, Nesi
A (2011) A new structural model of Aβ40
fibrils. J Am Chem Soc 133(40):16013–16022

31. Masuda Y, Uemura S, Ohashi R, Nakanishi A,
Takegoshi K, Shimizu T, Shirasawa T, Irie K
(2009) Identification of Physiological and
Toxic Conformations in Aβ42 Aggregates.
Chembiochem 10(2):287–295

32. Schmidt M, Sachse C, Richter W, Xu C,
F€andrich M, Grigorieff N (2009) Comparison
of Alzheimer Aβ(1–40) and Aβ(1–42) amyloid
fibrils reveals similar protofilament structures.
Proc Natl Acad Sci 106(47):19813–19818

33. Lopez del Amo JM, Schmidt M, Fink U,
Dasari M, Faendrich M, Reif B (2012) An
asymmetric dimer as the basic subunit in Alz-
heimer’s disease amyloid beta fibrils. Ange-
wandte Chemie-International Edition 51
(25):6136–6139

426 Yiling Xiao et al.



34. Dobson CM (2003) Protein folding and mis-
folding. Nature 426(6968):884–890

35. Hyung S-J, DeToma AS, Brender JR, Lee S,
Vivekanandan S, Kochi A, Choi J-S,
Ramamoorthy A, Ruotolo BT, Lim MH
(2013) Insights into antiamyloidogenic prop-
erties of the green tea extract (�)-epigallocate-
chin-3-gallate toward metal-associated
amyloid-beta species. Proc Natl Acad Sci U S
A 110(10):3743–3748

36. Fawzi NL, Ying J, Ghirlando R, Torchia DA,
Clore GM (2011) Atomic-resolution dynamics
on the surface of amyloid-beta protofibrils
probed by solution NMR. Nature 480
(7376):268–U161

37. Sarkar B, Mithu VS, Chandra B, Mandal A,
Chandrakesan M, Bhowmik D, Madhu PK,
Maiti S (2014) Significant structural differ-
ences between transient amyloid-β oligomers
and less-toxic fibrils in regions known to harbor
familial Alzheimer’s mutations. Angew Chem
Int Ed 53(27):6888–6892

38. del Amo JML, Fink U, Dasari M, Grelle G,
Wanker EE, Bieschke J, Reif B (2012) Struc-
tural Properties of EGCG-Induced, Nontoxic
Alzheimer’s Disease A beta Oligomers. J Mol
Biol 421(4–5):517–524

39. Tycko R (2006) Molecular structure of amy-
loid fibrils: insights from solid-state NMR. Q
Rev Biophys 39(01):1–55

40. Lange A, Giller K, Hornig S, Martin-Eauclaire
MF, Pongs O, Becker S, Baldus M (2006)
Toxin-induced conformational changes in a
potassium channel revealed by solid-state
NMR. Nature 440(7086):959–962

41. Wasmer C, Lange A, Van Melckebeke H, Sie-
mer AB, Riek R, Meier BH (2008) Amyloid
Fibrils of the HET-s(218–289) Prion Form a β
Solenoid with a Triangular Hydrophobic Core.
Science 319(5869):1523–1526

42. Cady SD, Schmidt-Rohr K, Wang J, Soto CS,
DeGrado WF, Hong M (2010) Structure of
the amantadine binding site of influenza M2
proton channels in lipid bilayers. Nature 463
(7281):689–U127

43. Loquet A, Sgourakis NG, Gupta R, Giller K,
Riedel D, Goosmann C, Griesinger C,
Kolbe M, Baker D, Becker S, Lange A (2012)
Atomic model of the type III secretion system
needle. Nature 486(7402):276–279

44. Ma B, Nussinov R (2011) Polymorphic triple
beta-sheet structures contribute to amide
hydrogen/deuterium (H/D) exchange pro-
tection in the Alzheimer Amyloid beta 42 pep-
tide. J Biol Chem 286(39):34244–34253

45. Xiao Y, Ma B, McElheny D, Parthasarathy S,
Long F, Hoshi M, Nussinov R, Ishii Y (2015)

A[beta](1-42) fibril structure illuminates self-
recognition and replication of amyloid in Alz-
heimer’s disease. Nat Struct Mol Biol
22:499–505

46. Delaglio F, Grzesiek S, Vuister GW, Zhu G,
Pfeifer J, Bax A (1995) Nmrpipe—a Multidi-
mensional Spectral Processing System Based on
Unix Pipes. J Biomol NMR 6(3):277–293

47. Herrmann T, Güntert P, Wüthrich K (2002)
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Chapter 27

Experimental and Computational Protocols for Studies
of Cross-Seeding Amyloid Assemblies

Baiping Ren, Rundong Hu, Mingzhen Zhang, Yonglan Liu, Lijian Xu,
Binbo Jiang, Jie Ma, Buyong Ma, Ruth Nussinov, and Jie Zheng

Abstract

Alzheimer’s disease (AD) and type 2 diabetes (T2D) are two common protein aggregation diseases.
Compelling evidence has shown a link between AD and T2D, which may derive from interspecies cross-
sequence interactions between amyloid-β peptide (Aβ), associated with AD, and human islet amyloid
polypeptide (hIAPP), associated with T2D. Herein, we present experimental and computational protocols
and tools to study the aggregate structures and kinetics, conformational conversion, and molecular inter-
actions of Aβ-hIAPP mixtures. These protocols could be generally applied to other cross-seeding behaviors
of amyloid peptides.

Key words Amyloid peptides, Aβ, hIAPP, Cross-seeding, Alzheimer disease, Diabetes

1 Introduction

Amyloid peptides can misfold and aggregate into conformationally
similar amyloid fibrils consisting of characteristic cross-β-sheet
structures. Fibrils formed by different amyloid peptides are asso-
ciated with more than 20 neurodegenerative and other protein
aggregation diseases [1]. Among them, Alzheimer disease
(AD) and type 2 diabetes (T2D) are the two common age-related
chronic disorders [2, 3], both affecting millions of people globally.
Accumulating evidence has shown that �81% of AD patients often
have a higher risk of developing type II diabetes (T2D), and vice
versa [4, 5]. Although the precise mechanisms linking these two
disorders are still unclear, the evidence suggests a potential patho-
logical link between AD and T2D.

Considering that amyloid peptides share a common aggrega-
tion process and their aggregates share similar structural hallmarks,
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the AD-T2D link could arise from cross-species interactions
between the amyloid-β peptide (Aβ) [6, 7] and the human islet
amyloid polypeptide (hIAPP or amylin) [8–11], which are asso-
ciated with AD and T2D, respectively. Several lines of evidences
appear to support the hypothesis of the cross-species interaction
between Aβ and hIAPP: (1) Aβ and hIAPP coexist in the serum and
cerebrospinal fluids with similar concentrations [6]; (2) Aβ
co-localizes with hIAPP in pancreatic islet amyloid deposits of
T2D patients [7]; and (3) hIAPP and Aβ show high degrees of
sequence identity (25%) and similarity (50%), making it possible for
them to interact with each other to form hybrid amyloid fibrils
[6, 12]. Similar cross-seeding behavior between different amyloid
species (Aβ and α-synuclein [13], Aβ and tau [14], and hIAPP and
insulin [15]) and even between bacterial curli and amyloid peptides
of SEVI, Aβ, and hIAPP have been reported [16]. This fact at least
suggests that amyloid cross-seeding sets the scene to reveal some
general principles governing heterogeneous protein misfolding and
aggregation.

Only a few studies have shown that Aβ and hIAPP may cross-
seed fibrillization, but with different cross-seeding efficiencies,
strongly depending on experimental conditions (seeding concen-
trations, sequence specifity, and even agitation) [17–20]. Different
seeding abilities of Aβ vs. hIAPP aggregates suggest the existence of
different cross-species barriers for different amyloid species to inter-
act with the other and form hybrid amyloids [21]. Given the
current state of knowledge of the cross-seeding of amyloid pep-
tides, it still remains unclear how Aβ and hIAPP interact with each
other to induce cross-seeding behaviors. Herein, we detail compu-
tational and experimental protocols, obtained from our recent
works, to probe the aggregation kinetics of Aβ/hIAPP mixtures
by fluorescent dye thioflavin-T (ThT), the fibril morphologies by
atomic force microscopy (AFM), the secondary structure transfor-
mation by circular dichroism (CD), and atomic-scale structures and
association by molecular dynamics (MD) simulations. This chapter
will hopefully provide robust and general strategies to study the
cross-species amyloid aggregation by different amyloid peptides,
which may help to reveal a possible link between different neurode-
generative diseases.

Understanding the cross-species aggregation mechanisms
between Aβ and hIAPP peptides is critical for revealing a potential
pathological link between AD and T2D. In this chapter, we report
the details of computational and experimental tools, protocols, and
conditions to study how Aβ and hIAPP peptides interact with each
other and how such cross-sequence interactions affect the struc-
tures of their aggregates and pathways. Collective data demonstrate
the existence of cross-seeding interaction and aggregation between
Aβ and hIAPP, yielding hybrid Aβ � hIAPP amyloid fibrils mor-
phologically similar to pure Aβ or hIAPP fibrils. Further molecular
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simulations reveal different atomic structures of hybrid Aβ� hIAPP
fibrils, indicating that the complex assembly of Aβ and hIAPP
produces polymorphic amyloid cross-seeding species through dif-
ferent aggregation pathways. The cross-seeding effects in this work
may provide a molecular explanation for a potential link between
AD and T2D and hopefully lead to therapeutic advances that could
treat different neurodegenerative diseases. Technically, the tools,
protocols, and conditions we used for Aβ-hIAPP cross-seeding
could be readily applied to other amyloid peptides.

2 Materials

Prepare ultrapure water by purifying deionized water to obtain a
sensitivity of 18 MΩ cm at 25 �C; use this ultrapure water for all
aqueous solutions. All chemical reagents were purchased at the
analytical grade and stored at room temperature (unless indicated
otherwise).

2.1 Experimental

Materials

1. Beta-amyloid (Aβ1–42, �95.0%) and human islet amyloid poly-
peptide (hIAPP1–37, �95.0%) (American Peptide Inc., Sunny-
vale, CA).

2. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, �99.9%).

3. NaOH solution: 10 mM NaOH in water (see Note 1).

4. PBS buffer: 10 mM, pH 7.4. Phosphate buffered saline
(pH 7.4) dry powder was purchased in foil pouches. Dissolve
each pouch in 1 L of water to yield 10 mM phosphate
buffered saline, NaCl 0.138 M, KCl 0.0027 M. Store at
25 �C (see Note 2).

5. Thioflavin T (ThT) Tris-buffer: 10 μM ThT, pH 7.4. Add
about 100 mL water to a 1 L amber bottle. Weigh 1.22 g
Tris and transfer it to the bottle. Add water to a volume of
900 mL. Mix and adjust pH to 7.4 by carefully adding con-
centrated HCl. Make up to 1 L with water to produce a 1 L
10 mM Tris-buffer.

6. ThT-water solution (2 mM): add 33 mg of ThT powder into
50 mL of water. Dilute 250 μL of this ThT-water solution into
50mL of Tris-buffer resulting in a final concentration of 10 μM
ThT Tris-buffer (see Note 3).

3 Methods

3.1 Purification

and Preparation

of Peptides

1. Obtained both Abeta and hIAPP as a lyophilized form and each
peptide of 1 mg was stored separately in a small amber glass
bottle in a �20 �C refrigerator.
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2. Add 1 mL HFIP into each glass bottle with 1.0 mg Aβ or
hIAPP peptide inside and seal the bottle cap with parafilm.
Allow the peptide to fully dissolve in HFIP solution for 2 h,
followed by 30 min sonication to make peptides in a mono-
meric state in the solution (see Note 4).

3. Transfer the 1 mL peptide-HFIP mixture to a 1.5 mL centri-
fuge tube, and centrifuge the mixture solution at 13,148 � g
for 30 min at 4 �C.

4. Extract 80% (0.8 mL) of the top solution, save it in four 500-μL
micro tubes, each containing 0.2 mL of the top solution.

5. Freeze the extracted solutions in a �80 �C refrigerator and
freeze-dry at �110 �C and 10 mTorr.

6. Extract 0.2 mg dry peptide powder from the micro tube and
lyophilize in a �80 �C refrigerator [22] (see Note 5) (Fig. 1).

3.2 Peptide

Incubation

1. Add 25 μL of 10 mM NaOH solution to 0.2 mg purified Aβ
powder in a microfuge tube, and sonicate the mixture for 1 min
to obtain a homogeneous Aβ-NaOH solution.

2. Add 25 μL of 10 mM NaOH solution into 0.2 mg purified
hIAPP powder in the micro tube and sonicate the mixture for
1 min at 13,148 � g to obtain a homogeneous hIAPP-NaOH
solution (see Note 6).

3. Add the 25 μL Aβ-NaOH solution into 2 mL of 10 mM PBS
buffer solution in 2 mL centrifuge tube at 4 �C, and mix using
vortex. Right after mixing, add 25 μL hIAPP-NaOH solution
to the previous Aβ-NaOH-PBS solution, and mix using vortex.

4. Centrifuge the Aβ-hIAPP mixture solution at 13,148 � g for
30 min at 4 �C to remove any potential oligomers, followed by

Fig. 1 Preparation procedure of amyloid peptide purification
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extracting 90% of the top Aβ-hIAPP solution (1.8 mL) in the
monomeric state of both peptides for cross-seeding tests [23]
(Fig. 2).

3.3 Monitor Amyloid

Formation Using

Thioflavin T

Fluorescence Assay

(ThT)

1. Add 3mLThT Tris-buffer to a 1 cm� 1 cm quartz cuvette and
install the cuvette in the sample chamber. Measure the emission
curve between 470 and 500 nm with an excitation wavelength
of 450 nm. The emission curve is used as a background control
(see Note 7).

2. Add 60 μL of incubated peptide solution, obtained from “pep-
tide incubation,” to the ThT Tris-buffer in the cuvette and mix
well. Measure the emission curve and subtract the background
curve to obtain a true-fluorescence intensity at this time point
[24]. Each peptide sample is tested in triplicate (see Note 8).

3. Repeat steps 1–2 at different time points, collect all the data to
do the analysis of variance, use graphics software (Excel, Origin
et al.) to plot a time-dependent ThT curve to quantify the
aggregation kinetics of the cross-seeding of Aβ and hIAPP
(Fig. 3a–c).

3.4 Circular

Dichroism

Spectroscopy (CD)

1. Obtain CD spectra by scanning between 250 and 190 nm at a
0.5 nm resolution and 50 nm/min scan rate. Correct all spectra
by subtracting the baseline and report the data as the average of
three successive scans for each sample.

2. Add 160 μL incubated peptide solution into a rectangular
quartz cuvette with a 1 mm path length without dilution
(see Note 9).

Fig. 2 Procedure of amyloid peptide incubation
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3. Repeat steps 1–2 at different time points to obtain a time-
dependent CD curve to quantify the conformational change of
the cross-seeding of Aβ and hIAPP.

4. The secondary structure contents from the CD spectra can be
estimated using the self-consistent method (CDSSTR pro-
gram) in the CD proanalysis software [25, 26] (Fig. 4a–f).

3.5 Tapping-Mode

Atomic Force

Microscopy (AFM)

1. All images are acquired in tapping mode as 512 � 512 pixel
images at a typical scan rate of 1.0–2.0 Hz with a vertical tip
oscillation frequency of 250–350 kHz [27].

2. Take 20 μL incubated peptide solution and deposit the solution
onto a freshly cleaved mica substrate for 1 min.

3. Gently rinse the surface with 10 mL of ultrapure water to
remove salts and loosely bound peptides, dry the surface with
compressed air for 1 min, and leave the sample to air-dry before
AFM imaging.

4. Representative AFM images are collected by scanning at least
six different locations of different samples (Fig. 5).

Fig. 3 Time-dependent ThT fluorescence curves for pure Aβ, pure hIAPP, and mixed Aβ/hIAPP at different
concentration of 12.5 mM, 25 mM, and 50 mM. Reprinted with permission from ref. [23]. (Copyright 2015 ACS
Publication)
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Fig. 4 Time-dependent far-UV CD spectra for (a) pure Aβ (25 μm), (b) pure Aβ (50 μm), (c) pure hIAPP (25 μm),
(d) pure hIAPP (50 μm), (e) mixed Aβ/hIAPP (25/25 μM), and (f) mixed Aβ/hIAPP (12.5/12.5 μm). Reprinted with
permission from ref. [23]. (Copyright 2015 ACS Publication)
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3.6 Simulation

Protocols

3.6.1 Aβ Pentamer

1. Obtain the atomic structure of Aβ pentamer from the Protein
Data Bank (PDB) database (ID:2EBG) [28].

2. Add the N-terminal missing residues in an in-register manner
in the β-sheet conformation using the GaussView program
(see Notes 10 and 11, Fig. 6).

3. Cap the N- and C-termini with NH3
+ and COO� groups.

Assign the tautomeric state of His residues based on local
environment.

4. Use a 500-step steepest descent (SD) minimization with back-
bone atoms fixed to relax the initial structure of the Aβ penta-
mer (see Note 12).

3.6.2 hIAPP Pentamer 1. The initial coordinates of hIAPP monomer were kindly
provided by the Tycko lab [29].

2. Five hIAPP monomers are parallel-packed on top of each other
in an in-register manner with inter-peptide distance of 4.7 Å

´

(see Note 11).

Fig. 5 Representative AFM images for pure Aβ, pure hIAPP, and mixed Aβ/hIAPP aggregates after incubation
for 0, 4, 8, 12, and 24 h. Reprinted with permission from ref. [23]. (Copyright 2015 ACS Publication)
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3. Construct the intramolecular disulfide bond between Cys2 and
Cys7 at the N-termini of hIAPP peptides. The tautomeric state
of His residues is assigned based on local environment in the
hIAPP monomer.

4. Perform a 500-step SD minimization with backbone atoms
fixed to refine the overall structure (see Note 12, Fig. 6).

3.6.3 Coarse-Grained

Model of Aβ Pentamer

1. First, perform a 100-ns all-atom explicit-solvent simulation of
Aβ to obtain the equilibrium structure of Aβ pentamer in bulk
water.

2. Extract 500 all-atomic structures of the Aβ pentamer from the
last 20-ns MD trajectory excluding water molecules. Each Aβ

Fig. 6 All-atom and CG-based structures and sequences of hIAPP and Aβ peptides
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structure is energy minimized with 500-step SD minimization
to remove any structural clashes.

3. Obtain an average structure of Aβ pentamer by averaging the
500 structures above, followed by 500-step SD minimization
to refine the average structure.

4. Use the elastic network method with the Martini force fields
(version 2.4) to convert the all-atom average structures of Aβ
pentamer into the CG structure of the Aβ pentamer (see Note
13, Fig. 6).

3.6.4 Coarse-Grained

Model of hIAPP Pentamer

1. First, perform 100-ns all-atom explicit-solvent simulation of
hIAPP to obtain the equilibrium structure of the hIAPP pen-
tamer in bulk water.

2. Extract 500 all-atomic structures of the hIAPP pentamer from
the last 20-ns MD trajectory excluding water molecules.
Energy minimize each hIAPP structure with 500-step SD min-
imization to remove any structural derivations.

3. Obtain an average structure of the hIAPP pentamer by averag-
ing the 500 structures above, followed by a 500-step SD mini-
mization to refine the average structure.

4. Use the elastic network method with the Martini force fields
(version 2.4) to convert the all-atom average structures of the
hIAPP pentamer into the CG structure of the hIAPP pentamer
(see Note 14, Fig. 6).

3.7 Simulation

Methods

3.7.1 Coarse-Grained

Replica Exchange

Molecular Dynamics

(CG-REMD) Simulations

of Hybrid Aβ-hIAPP

Assemblies

1. Separate the CG Aβ and hIAPP pentamers from each other by
random intermolecular distances and orientations.

2. Place the Aβ-hIAPP system in a simulation box of
100 � 100 � 100 Å

´ 3 with the three-dimensional periodical
boundary condition (3D-PBC).

3. Fully solvate the simulation system with coarse-grained water
molecules with minimal margins of 15 Å

´
from any protein atom

to any edge of water box.

4. Add Cl� and Na+ counterions into the systems to mimic an
ionic strength of �150 mM.

5. Structurally optimize and relax the resulting system using 5000
steps of the steepest decent minimization.

6. Heat the energy minimized system gradually from 0 to 310 K
by 1-ns MD simulations, constraining the peptide backbones
using the NPTensemble (T¼ 310 K and P¼ 1 atm) and under
periodic boundary conditions.

7. For the production run, treat the Aβ-hIAPP system under NPT
ensemble and 3D-PBC conditions using CG-REMD simula-
tions with the Gromacs-4.6.5 software package. A total of
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40 independent replicas with temperatures ranging from
305 to 410 K should be simulated simultaneously for each
Aβ-hIAPP system (see Note 15).

8. The exchange rate between two replicas is attempted every
1000 integration steps and the acceptance ratio for exchanging
replicas varied between 0.20 and 0.25.

9. Control the temperatures and pressure (1 atm) by the V-rescale
and Parrinello-Rahman methods with coupling constants of
1.0 and 12.0 ps, respectively. Conduct the temperature cou-
pling separately for protein and nonprotein atoms (i.e., ions
and water molecules).

10. Leapfrog integrator was utilized to allow an integration time
step of 4 fs (Fig. 7).

Fig. 7 Schematic illustration of the CG-REMD simulations
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3.7.2 CG Hybrid

Aβ-hIAPP Assemblies

1. From the CG-REMD simulations, construct the free energy
landscape that describes the interaction between hIAPP and Aβ
using �RT log(H(x,y)), where H(x,y) is the histogram of two
selected reaction coordinates: x is root-mean-square derivation
(RMSD) and y is the radius of gyration (Rg) (see Notes 16
and 17).

2. Based on the free energy landscape, identify the four most
populated CG Aβ-hIAPP hetero-assemblies (double-layer,
elongation, tail-tail, and block modes) at different energy
potential wells (Fig. 8).

Fig. 8 CG-based free energy landscape along Aβ and hIAPP aggregation process as a function of two reaction
coordinates of RMSD and Rg. Reprinted with permission from ref. [30]. (Copyright 2015 ACS Publication)
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3.7.3 Conversion of CG

Aβ-hIAPP Models to All-

Atom Aβ-hIAPP Structures

1. Based on the most populated CG Aβ-hIAPP hybrids obtained
from the CG free energy landscape, we developed a two-step
strategy to convert the CG Aβ-hIAPP structures to all-atom
Aβ-hIAPP ones.

2. The first step of backmapping is to generate an initial, all-atom
structure. In the CGmodel, the center of mass of the groups of
atoms are represented by a single CG bead as the center of mass
location of backbone (Bcom), side chains (Scom), and/or
other peripheral groups (Pcom) for each residue. Then, the
centers of mass of all-atom backbones, sidechains, and/or
peripheral groups of each residue of the same hIAPP or Aβ
peptides are superimposed into Bcom, Scom, and/or Pcom,
and all atoms are assigned coordinates according to standard
geometries using GROMACS around these mapped atoms.
This backmapping step produces an initial all-atom of A-
β-hIAPP structure from the CG one. The resulting structure
is then optimized by energy minimization to remove any bad
contacts and to correct internal coordinates for all bonded
atoms (steps 1 and 2 in Fig. 9, see Note 18).

3. The second step is to optimize interfacial contacts between Aβ
and hIAPP. The resulting all-atom structure obtained from the
first stage is further recast into the initial all-atom Aβ or hIAPP
models to maximize residue-residue contacts by minor struc-
tural adjustments through structural superimposition and rota-
tion, followed by energy minimization. In this way, the
structural disorder of the resulting all-atom structures, caused
by the high temperatures in CG-based REMD simulation, is
minimized (steps 2 and 3 in Fig. 9).

Fig. 9 Schematic illustration of the conversion of Aβ-hIAPP cross-seeding assemblies from coarse-grained to
all-atom models
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3.7.4 All-Atom MD

Simulations of Aβ-hIAPP

Models

1. The obtained all-atom Aβ-hIAPP models from the CG models
are then subjected to all-atom explicit-solvent simulations to
validate the models; perform these simulations using the Gro-
macs-4.6.5 program with the CHARMM27 force field with
CMAP correction and SPCE solvent models [31, 32].

2. Solvate all-atom Aβ-hIAPP systems in a cubic water box with
minimal margin of 15 Å

´
from any protein atom to any edge of

the water box. Add Cl� and Na+ ions into the systems to mimic
�150 mM ionic strength.

3. The resulting systems are structurally optimized and relaxed by
50,000 steps of the steepest decent minimization.

4. Gradually heat the energy minimized systems from 0 to 310 K
by 1-ns MD simulations with constrained peptide backbones.

5. Conduct MD simulations for 60 ns using the NPT ensemble
(T ¼ 310 K and P ¼ 1 atm) and under periodic boundary
conditions. The Parrinello-Rahman and the V-rescale methods
are used to maintain a constant pressure of 1 atm and a temper-
ature of 310 K.

6. Constrain all covalent bonds involving hydrogen atoms by the
LINCS method. Short-range Van der Waals (VDW) interac-
tions should be described by the smoothly truncated method
via potential shift at 14 Å. Long-range electrostatic interactions
should be calculated by the particle mesh Ewald (PME)
method with a grid spacing of 0.16 Å and a real-space cutoff
of 12 Å.

7. Integrate the equations of motion using the Leapfrog integra-
tor with a time step of 2 fs. Structures should be saved every
2 ps for analysis.

3.7.5 Structural

and Population Analysis

of All-Atom Aβ-hIAPP

Models

1. Conduct in-house Monte Carlo simulations to calculate the
relative populations for the Aβ-hIAPPmodels. First, 500 struc-
tures per each all-atom Aβ-hIAPPmodel are extracted from the
last 10-ns explicit-water MD trajectories, excluding water
molecules [30].

2. All extracted structures (i.e., all conformers) from all Aβ-hIAPP
models are used to construct an energy landscape of Aβ-hIAPP
assemblies for evaluating the probability of conformers using
an in-house Monte Carlo program as reported in our previous
studies [33–35].

3. Calculate the conformational energies of all conformers using
the generalized Born method with molecular volume (GBMV)
with the CHARMM force field, where the dielectric constant of
80 is used for water and the hydrophobic solvent accessible
surfaces area (SAAS) term factor is set to 0.00592 kcal/mol Å

´

[2]. This GBMV free energy calculation generates a Markov
chain of all conformers [E1, E2. . . Ei, . . .En].
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4. For conformer population analysis, randomly select any two
structures from conformers i and j and calculate their confor-
mational energies using the GBMV model. Then, the metrop-
olis algorithm is applied to determine the transition probability
(i.e., acceptance probability) from conformer i to conformer
j using Paccept,move ¼ min 1; exp

Ei�Ej

kBT

� �h i
. After one million

step samplings, a total number of “accepted” structures (Ni)
for any conformer i is counted, and the relative probability of
conformer i occurring in the energy landscape is evaluated as
pi ¼ Ni/Ntotal (Fig. 10).

4 Notes

1. Prepare fresh NaOH solutions on the same day as Aβ and
hIAPP incubation.

Fig. 10 Schematic illustration of the calculations of the populations for different Aβ-hIAPP hybrid assemblies
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2. PBS solution needs to be filtered by a hydrophilic filter of
0.22 μm pore size prior to use for peptide incubation.

3. Both dissolution and dilution of peptides use sonication to
ensure uniformity of the ThT buffer solution.

4. HFIP is a powerful solvent to dissolve peptide aggregates into
monomers; thus we use HFIP to remove any preexisting pep-
tide aggregates from the originally purchased peptides.

5. This procedure allows the peptides to be maintained in mono-
meric, random coil structures at the initial stage of incubation.

6. Use vortex mixing to ensure the complete dissolution of pep-
tide powders in the micro tube.

7. The ThT fluorescence assay is considered as a standard method
to detect the formation of amyloid fibrils, because ThT can
specifically bind to the β-sheet structure of amyloid fibrils,
typically yielding a strong fluorescence emission around a wave-
length of 485 nm.

8. For ThT measurement at a given time point, the fluorescence
intensity difference between a peptide sample and a blank
sample indicates the amount of β-sheet structure in the peptide
sample solution.

9. Selection of cuvette path length is important for CD spectra,
because appropriate light absorption is required to obtain accu-
rate CD signals. Strong light adsorption increases the photo-
multiplier voltage resulting in the increase of signal noises,
while weak light adsorption often leads to the loss or uncer-
tainty of signal peaks. Both effects will cause inaccurate and
unreliable signals.

10. The N-terminal 1–16 residues (1DAEFRHDS-
GYEVHHQK16) are added to the NMR structure of Aβ. The
backbone of the added residues is aligned with the initial
N-terminal strand of the Aβ structure so that the inter-peptide
backbone hydrogen bonds are constructed.

11. The inter-peptide distance within both Aβ and hIAPPβ-sheets
is set to 4.7 Å

´
, which well reproduces the peptide-peptide

hydrogen bonds and the β-sheet structure.
12. The initially constructed structures may contain some unrea-

sonable steric overlaps between sidechains and backbones. The
SD minimization with CHARMM27 force field is required to
eliminate any bad atom contacts. To minimize the structural
disruption of the β-sheet, the backbone atoms in the structure
are harmoniously constrained during the SD minimization.

13. The obtained all-atom structures are converted into the coarse-
grained models using theMartini force field (version 2.4) using
the martinize.py script (http://md.chem.rug.nl/images/
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tools/martinize/martinize-2.4/martinize.py). In the coarse-
grained models, the secondary structure of the Aβ or hIAPP
pentamer is determined by the DSSP algorithm.

14. Replica exchange simulation requires each replica to contain
exactly the same atoms. Thus, caution should be exercised
when solvating the system so that the number of water mole-
cules in the simulation box will be strictly controlled by the
“genbox” plugin in the Gromacs4.6.5 program with the
“�nmol” flag.

15. The replica temperature distribution is calculated using the
web-server of “A temperature predictor for parallel tempering
simulations” (http://folding.bmc.uu.se/remd/). The toler-
ance is 1e-4, the exchange probability is 0.20, the lowest
temperature is 305 K, the highest temperature is 410 K.

16. The trajectories used to calculate the free energy landscape are
extracted from the previous CG-REMD simulations. The equi-
librium of the systems is confirmed by studying the Rg distri-
bution profiles of the Aβ-hIAPP cross-seeding assemblies at
different simulation intervals.

17. For cluster analysis, RMSD and Rg data for each structure in
the equilibrium trajectories are calculated. The structures with
the RMSD and Rg difference less than 1.5 Å

´
are assigned as the

same cluster.

18. The AutoPsf plugin in the VMD program is used to recon-
struct all covalent bonds when converting the CG Aβ-hIAPP
models to the corresponding all-atom models.
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