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ABSTRACT: Zinc ﬁngers are highly ubiquitous structural motifs that provide
stability to proteins, thus contributing to their correct folding. Despite the high
thermodynamic stability of the ZnCys4 centers, their kinetic properties display
remarkable lability. Here, we use a combination of protein engineering with
single molecule force spectroscopy atomic force microscopy (AFM) to uncover
the surprising mechanical lability (∼90 pN) of the individual Zn−S bonds that
form the two equivalent zinc ﬁnger motifs embedded in the structure of the
multidomain DnaJ chaperone. Rational mutations within the zinc coordinating
residues enable direct identiﬁcation of the chemical determinants that regulate
the interplay between zinc bindingrequiring the presence of all four
cysteinesand disulﬁde bond formation. Finally, our observations show that
binding to hydrophobic short peptides drastically increases the mechanical
stability of DnaJ. Altogether, our experimental approach oﬀers a detailed,
atomistic vista on the ﬁne chemical mechanisms that govern the nanomechanics
of individual, naturally occurring zinc ﬁnger.

M

In this Letter, we use single molecule force spectroscopy in
combination with molecular biology engineering techniques to
investigate the mechanical unfolding pathways of the
structurally complex DnaJ Hsp40 chaperone, containing two
consecutive highly conserved zinc ﬁngers.18,19 DnaJ, working
alone or in combination with the Hsp70 (DnaK) chaperone
family,20 is involved in a wide variety of cellular functions,
encompassing protein folding and transport, proteolysis,
activation of transcription factors, and control of the redox
state of diﬀerent proteins.18,19 Hence, guaranteeing the correct
active, folded form of the protein is of capital importance for
the cell. Our experiments provide new insights into the
mechanochemistry of individual Zn−S bonds,21 which is ﬁnely
regulated by the chemical composition of the zinc ﬁnger motif.
An active truncated DnaJΔ107 (Figure 1A) protein containing
three distinct domains (Domain I, II and III) was bracketed
between two Protein L modules at each side (Figure 1B) and
stretched in our AFM setup at a constant velocity of 400 nm
s−1. The resulting unfolding trajectories displayed a sawtooth
pattern with unfolding peaks of alternating mechanical stability
(Figure 1C). Such scenario is evocative of an unfolding
mechanism whereby a mechanically labile domain remains
protected from the eﬀect of force until a more resilient domain
unfolds ﬁrst.22,23 The four unfolding peaks eliciting ΔLc ∼ 19
nm as revealed by WLC ﬁts (Figure 1D) occurring at forces of
∼140 pN (Figure 1E) correspond to the unfolding of the wellcharacterized PL marker (green ﬁts).24,25 The remaining four

etals are essential cofactors in around 50% of all
proteins.1,2 Zinc is the second most abundant transition
metal in living organisms, carrying crucial functions for life.3
The unique chemical properties of zinc ﬁnely regulate the
nature of its coordination within the protein scaﬀold. In
structural sites Zn2+ is tetrahedrally coordinated, mostly
forming zinc ﬁnger conformations formed by ≥2 cysteines
and ≤2 histidines. Structural zinc ﬁngers are involved in the
correct folding of proteins by stabilizing their tertiary
structure.4,5 Disruption of the individual zinc ligand bonds
can lead to protein unfolding and to a loss in protein activity.6
Hence, understanding the mechanisms by which zinc ﬁngers
rupture and reform provides new information on the folding
mechanisms of metalloproteins, with important biological
implications.7
The large biological signiﬁcance of zinc contrasts with the
limited amount of available biochemical techniques able to
characterize the metal coordination sphere in biological zinc
complexes,6 especially due to the diamagnetic character of zinc
and its lack of redox properties. Single molecule spectroscopy
atomic force microscopy (AFM) has emerged as a powerful
experimental tool to investigate the mechanical activation of
individual chemical bonds.8 The low forces required to unfold
proteins (∼10−200 pN), usually occurring through the
disruption of a key patch of hydrogen bonds,9 contrasts with
the signiﬁcantly higher (∼0.5−2 nN) forces required to break
homolytic and heterolytic covalent bonds,10 and to activate
chemical reactions.11 More recently, this approach has been
extended to the investigation of metalloproteins, mostly ironbased,12−14 and also to study the eﬀects of ligand15 and metal
binding16 on the protein’s mechanical resistance.17
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Figure 1. Sequential mechanical unfolding of DnaJ does not follow a hierarchy in the mechanical stability. (A) The DnaJΔ107 mutant is composed of
three distinct domains: (i) Domain I (pink); (ii) Domain II or Zn-Binding Domain, which contains two zinc ﬁnger motifs (blue and purple; PDB:
1exk18); and (iii) Domain III (cyan). (B) Scheme of the engineered (PL)2DnaJΔ107(PL)2 polyprotein. (C) Typical force−extension trajectory
corresponding to the mechanical unfolding of the (PL)2DnaJΔ107(PL)2 polyprotein. (D,E) Histograms corresponding to the contour length increase
(D) and force (E) hallmarking each individual unfolding event.

remainder protein (namely Domains I and III), thus conﬁrming
that zinc release is a highly localized event.
The measured forces required to disrupt the zinc ﬁngers
(∼90 pN) are surprisingly low, especially given the seemingly
large Zn−S binding energies, of up to 185 kJ mol−1.28
Compared to the forces required to break a covalent bond,
ranging from 0.8 to 2 nN,10 the mechanical resistance of
individual organometallic bonds has been found to be, in
general, remarkably low, despite their relatively large covalent
character. In particular, the mechanical forces required to break
a Fe−S bond in rubredoxin are signiﬁcantly lower than
expected (∼210 pN).12,21 The relative decrease in mechanical
stability for the Zn−S bond compared to the Fe−S bond may
be rationalized in terms of the higher ionic character of the
Zn−S bond (and hence, of its smaller degree of covalency).
Indeed, in the ZnS4 complex, all the d orbitals of the metal are
occupied, including the Zn dx2-y2-Sthiolate pπ, which cancels the
π contribution to covalency.29 In this vein, recent computational analysis suggest that the most commonly used
description of the [Zn(SR)4]2− center, involving a Lewis
structure with four covalent σ S−Zn bonds, does not provide
an accurate representation of the electronic environment
around the zinc. Instead, a better representation of the
electronic density is provided by four equivalent resonance
structures whereby the central Zn cation forms one covalent
and three ionic bonds to its four cysteine ligands. Such
description is able to explain the generally high kinetic lability
encountered in ZnS4 cores despite the high Zn−S dissociation
energy.28 However, the measured forces for the Zn−S bond in
DnaJ are still signiﬁcantly lower than those observed for the
Zn−S rupture found in modiﬁed rubredoxin (∼170 pN)21
despite the almost identical bond lengths of the Zn−S center in
each case (2.30 Å in DnaJ, PDB 1exk; 2.31 Å in rubredoxin,
PDB 1zrp). These ﬁndings suggest that the protein environment, probably including the role of adjacent hydrogen
bonds,13,30 plays a crucial role in modulating the mechanical
stability of the zinc ﬁnger.
To further investigate the role of the physicochemical
properties of the zinc center on its nanomechanics, we ﬁrst
constructed a DnaJΔ107 Apo mutant (DnaJΔ107(C161/164/197/200S))
in which the two cysteines forming one of the two chelating
motifs in each zinc ﬁnger were mutated to serines31 to impair

unfolding peaks stem from the mechanical unfolding of
DnaJΔ107. The ﬁrst unfolding event characterized by ∼85 pN
and ΔLc ∼ 23 nm (cyan ﬁt) is compatible with the unfolding of
Domain III (Figure 1A, cyan and Table S1). A second highforce unfolding peak occurring at ∼187 pN with an associated
ΔLc ∼ 28 nm (pink ﬁt) is likely to correspond to the unfolding
of Domain I (Figure 1A). Domain II is composed of two
consecutive zinc ﬁnger motifs that protrude out from Domain I
(Figure 1A). The second zinc ﬁnger (Zf2, purple) is inserted
into the ﬁrst ﬁnger (Zf1, dark blue). Each ﬁnger motif contains
four cysteines that coordinate an individual Zn2+ ion (green).
Disrupting the ﬁrst ZnS4 center elicits ΔLc ∼ 11 nm (blue ﬁt,
Figure 1C), whereas the mechanical disruption of the Zf2 is
hallmarked by ΔLc ∼ 9 nm (purple ﬁt, Figure 1C and Figure
SI1). Surprisingly, the forces associated with these events are as
low as ∼90 pN. This result is further conﬁrmed by the low
mechanical stability of each individual Zn-thiolate bond
measured in the (Zf1Zf2-I27)4 polyprotein (Figure SI2).
Thermal denaturation measured with bulk techniques
showed that DnaJ unfolds via one or two intermediates;26
these measurements, however, evaded structural characterization due to their ensemble-average nature. Follow-up CD
experiments revealed that DnaJΔ107 exhibits a rather cooperative
unfolding mechanism.27 These experiments further demonstrated that releasing of Zn2+ from DnaJ decreased the overall
stability of the entire protein.26 An alternative hypothesis to
explain the thermodynamic stabilization of the DnaJ structure
in the Apo-protein was the putative presence of disulﬁde bonds
between neighboring cysteines after Zn2+ release. However,
direct observation and location of these disulﬁde bonds
remained elusive.26 In sharp contrast with these biochemistry
experiments, our single molecule experiments reveal that when
force is used as a denaturing agent, DnaJΔ107 unfolds following a
well-deﬁned, sequential pathway where each protein domain
unfolds independently and does not follow a typical mechanical
hierarchy scenario; once Domain III has unfolded, the
mechanical disruption of both zinc ﬁnger motifs requires
prior unfolding of the mechanically resilient Domain I, which
acts as a mechanical protector22 as further conﬁrmed with
analogous force-clamp experiments (Figure SI3). Crucially, zinc
depletion only aﬀects the mechanical stability of the zinc ﬁnger
motifs, and does not aﬀect the mechanical stability of the
3336

DOI: 10.1021/acs.jpclett.5b01371
J. Phys. Chem. Lett. 2015, 6, 3335−3340

Letter

Downloaded by KINGS COLLEGE LONDON on August 25, 2015 | http://pubs.acs.org
Publication Date (Web): August 21, 2015 | doi: 10.1021/acs.jpclett.5b01371

The Journal of Physical Chemistry Letters

Figure 2. Both zinc ﬁnger motifs in DnaJ are able to hybridize in a non-native conformation. (A) Schematic representation of the residues that form
the Zn-Binding Domain in DnaJΔ107 (top), DnaJΔ107(C161/164/197/200S) in its Apo-form (middle) and DnaJΔ107(C161/164/197/200S) in its hybrid form
(bottom), and (B) their corresponding force−extension trajectories. (C) Histograms corresponding to the ΔLc values associated with the unfolding
of Domain I (pink) and the rupture of the ﬁrst and second ZnS4 centers (blue and purple) observed in each case.

Figure 3. Nanomechanics of the zinc ﬁnger is ﬁnely regulated by the interplay between zinc binding and disulﬁde bond formation. (A) Schematic
representation of the residues forming the second zinc ﬁnger motif in the DnaJΔ107(C161/183H) mutant. The presence of a disulﬁde bond between
cysteines placed in opposing chelating motifs in alternate positions is conﬁrmed by the increase in contour length after incubation with 10 mM BME.

Zn2+ binding. In this case, the I27 protein was used as a
molecular marker (Figure 2, yellow WLC ﬁts). Stretching this
Apo- mutant (Figure 2A, middle) resulted in unfolding
trajectories lacking the mechanical signature of the two zinc
ﬁngers. In these trajectories (Figure 2B, middle), unfolding of
Domain I (pink ﬁt) elicits a longer protein extension (ΔLc ∼ 48
nm, Figure 2C, middle) that includes the stretching of the
amino acids that were previously hidden behind Finger 1 and
Finger 2 (ΔLc ∼ 48 nm = 28 nm +11 nm + 9 nm, Table S1 and
Table S2). Surprisingly, this pattern was only observed in 40%
of the trajectories. In the remaining 60% of the recordings
(Figure 2B, bottom) an individual event at ∼90 pN (Table S3)
occurred (blue ﬁt) after the unfolding of Domain I (pink ﬁt),
which in this case was accompanied by a larger increment in
contour length (ΔLc ∼ 33 nm, Figure 2C, bottom) than in the
wild-type case (Figure 2C, upper), but shorter than in the
previous apo- form (Figure 2C, middle). This is compatible
with a scenario in which a hybrid ﬁnger is formed, whereby the
remaining four cysteines, two from each ﬁnger, create a new
non-native zinc ﬁnger motif that coordinates a single Zn2+ ion
(Figure 2A, bottom).
ZnCys4 ﬁngers have been described to be the most common
form of ﬁngers with predominant structural roles. However,

other forms including one or two histidine ligands, leading to
ZnCys3His or ZnCys2His2, are also found in structural zinc
ﬁngers,5 and are prevalent in zinc ﬁngers with a catalytic
function.6 In the particular case of DnaJ, several biochemical
studies have suggested the capability of zinc binding in a variety
of mutant proteins harboring ligands diﬀerent from cysteine.32
However, due to the ensemble averaging nature of classical
biochemical techniques, it remained ambiguous to determine
whether zinc was indisputably bound in a particular position
within the double zinc ﬁnger structure of DnaJ. Motivated by
these studies, we systematically mutated the second ﬁnger while
leaving the ﬁrst ﬁnger intact as a benchmark. To this end, we
introduced an increasing number of histidinesranging from 1
to 4to rationally change the chemical environment of the
putative Zn2+ binding site (Figure SI4).
Introducing 1 histidine through the DnaJΔ107(C161H) mutated
protein form gave rise to unfolding trajectories that consistently
lacked the mechanical signature of the second ﬁnger as
ﬁngerprinted by an increase in contour length of ΔLc ∼ 20
nm. Replacing two of the cysteines by histidines showed three
diﬀerent scenarios; if both replaced cysteines were part of the
same −CXXC− chelating motif, for example, in the
DnaJΔ107(C161/164H) case, a similar trend was observed where
3337
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no zinc binding was measured. By contrast, when the two
histidines are introduced in opposed chelating motifs in
alternate positions as in the case of DnaJΔ107(C161/183H) (Figure
3A), disrupting the ﬁrst zinc motif (Figure 3B, blue ﬁt) extends
the protein by only ΔLc ∼ 11 nm (Figure 3C). This is
compatible with the presence of a putative disulﬁde bond as
conﬁrmed by the larger extension ΔLc ∼ 20 nm measured
when the protein was stretched in the presence of 10 mM βmercaptoethanol (BME). Crucially, neither BME nor DTT
were able to reduce the holo wt-form of the DnaJ protein. A
similar outcome was measured when the cysteines are placed
facing each other within both opposing chelating motifs, as is
the case of DnaJΔ107(C164/183H). However, the presence of the
disulﬁde bond was only observed in 71% of the cases, as
hallmarked by the bimodal histogram shown in Figure SI4(iv).
Finally, a conformation whereby all four cysteines were
replaced by histidines, DnaJΔ107(C161/164/183/186H) displayed the
expected trend with the absence of zinc binding (Figure
SI4(v)).
Reﬁned thermodynamic experiments concluded that binding
of Zn(II) to their canonical Cys4, Cys3His, or Cys2His2 sites is
entropy driven and modulated by proton release.33 Crucially, at
physiological pH, the three diﬀerent sites are equivalent, with
an associated binding constant of 2.0 × 1012 M−1 that provides
16.8 kcal mol−1 as a driving force for protein folding and
stabilization.34 By contrast, our experiments show the nonequivalency of the diﬀerent centers in DnaJ, demonstrating that
the presence of all four cysteines is a strong requisite for proper
Zn-mediated folding. This can be partially explained by the
most favorable (by ∼2 kcal mol−1) binding of zinc to cysteine
when compared to histidine.34 Interestingly, even when the
four cysteines do not belong to the same ﬁnger (i.e., they are
physically apart in the native tertiary structure) the polypeptide
can elastically deform to create a non-native hybrid zinc ﬁnger
conformation. In this case, the entropic cost of loop closing35 is
overcome by the enthalpic contributions associated with zinc
binding. Similarly, in the cases where two opposing cysteines
are present within an individual ﬁnger, it is the disulﬁde bond
formation that counteracts the loss of conformational entropy
associated with loop closure. It is tempting to speculate that the
formation of the disulﬁde bond in the apo- form might work as
a protective mechanism that helps the structural integrity of the
chaperone, which has to conduct its function under stress
conditions despite the reducing conditions of its natural
cytosolic environment.
The intrinsic biological function of a molecular chaperone
such as this paradigmatic Type I Hsp40 involves binding to
unfolded substrates to prevent their irreversible aggregation.
Both Domain I, which contains a hydrophobic pocket that
accommodates short peptides and regions of unfolded
substrates,36 and the Zn-Binding domain have been postulated
to be involved in the binding of the unfolded proteins.37 In
particular, the small peptide APPY, exhibiting the hydrophobic
sequence CALLQSRLLLSAPRRAAATARY (Figure 4A), has
been shown to bind to DnaJ with high aﬃnity, and also to
Hsp70 chaperones.27,38 Ligand (protein) binding often triggers
a conformational change in the protein substrate. Such slight
structural rearrangement often induces a change in the
mechanical properties of the bound substrate with respect to
the apo- form.15,17,39 Stretching the DnaJΔ107 polyprotein
previously incubated with a saturating concentration of APPY
(150 μM) results in unfolding trajectories that globally display
the same unfolding trend than that previously observed in the

Figure 4. Binding of APPY to DnaJ signiﬁcantly increases the
mechanical stability of its Domain I. (A) Amino acidic sequence of the
hydrophobic APPY peptide. (B) Force extension trajectories
corresponding to the unfolding of DnaJΔ107 in the absence (top) or
presence (bottom) of 150 μM APPY (saturating conditions). (C)
Histograms corresponding to the forces associated with the diﬀerent
unfolding events observed for DnaJΔ107 in the absence or in the
presence of APPY at diﬀerent concentrations. The bound-form is
ﬁngerprinted by a ∼ 50 pN increase in the unfolding force of the
Domain I.

absence of peptide binding (Figure 4B). Remarkably, while
APPY binding does not signiﬁcantly change the unfolding
forces of Domain III and the zinc ﬁngers, it has a massive eﬀect
on the mechanical unfolding of Domain I, which is increased by
as much as ∼50 pN (Figure 4C). Using intermediate
nonsaturating concentrations of APPY, ranging from 5 μM to
15 μM, provides a bimodal distribution in the force required to
unfold Domain I, whereby the relative weight of the peak
corresponding to the unbound and bound species is directly
modulated by the concentration of APPY. Our observations
demonstrating a localized change in mechanical stability in only
one of the domains indicate that the change in the unfolding
force serves as an internal, speciﬁc molecular reporter that
ﬁngerprints the binding position, of particular importance in
large, multidomain proteins.
Altogether, our single molecule results provide a new piece
to the puzzle of understanding the unfolding pathways of
structurally complex, multidomain proteins. The interesting
topology of DnaJ, harboring two functionally important zinc
ﬁnger domains, is used as a platform to study the ﬁne-tuned
molecular mechanisms controlling the largely unstudied
mechanochemistry of a natural zinc-containing metalloprotein.

■

EXPERIMENTAL METHODS
The genes codifying DnaJΔ107 and its mutants were ampliﬁed
by PCR using the appropriate primers containing the restriction
sites for BamHI, BglII and KpnI. All polyproteins were cloned
into the pQE80L (Qiagen) expression vector and transformed
into the BLR (DE3) Escherichia coli expression strain.
Single molecule experiments were conducted at room
temperature using both a homemade setup described elsewhere40 and a commercial Luigs and Neumann force
spectrometer.41 Each protein sample was prepared by
depositing 1−5 μL of protein (at a concentration of 0.5−1.5
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mg/mL) onto a freshly evaporated gold cover slide. All the
experiments were carried out using PBS buﬀer at pH 7.4. Each
cantilever (Si3N4 Bruker MLCT-AUHW) was individually
calibrated using the equipartition theorem, yielding a typical
spring constant of ∼15 pN/nm. The pulling speed was set at
400 nm s−1. Information about the data supporting this
research and conditions of access can be found by emailing
research.data@kcl.ac.uk.
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