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A novel magnetic bead-based protein kinase assay was developed using MALDI-TOF mass spectrometry
(MALDI-TOF MS) and immunochemifluorescence as two independent detection techniques. Abltide sub-
strate was immobilized onto magnetic beads via noncovalent biotin–streptavidin interactions. This non-
covalent immobilization strategy facilitated peptide release and allowed MALDI-TOF MS analysis of
substrate phosphorylation. The use of magnetic beads provided rapid sample handling and allowed sec-
ondary analysis by immunochemifluorescence to determine the degree of substrate phosphorylation.
This dual detection technique was used to evaluate the inhibition of c-Abl kinase by imatinib and dasat-
inib. For each inhibitor, IC50 (half-maximal inhibitory concentration) values determined by these two dif-
ferent detection methods were consistent and close to values reported in the literature. The high-
throughput potential of this new approach to kinase assays was preliminarily demonstrated by screening
a chemical library consisting of 31 compounds against c-Abl kinase using a 96-well plate. In this proof-of-
principle experiment, both MALDI-TOF MS and immunochemifluorescence were able to compare inhib-
itor potencies with consistent values. Dual detection may significantly enhance the reliability of chemical
library screening and identify false positives and negatives. Formatted for 96-well plates and with high-
throughput potential, this dual detection kinase assay may provide a rapid, reliable, and inexpensive
route to the discovery of small-molecule drug leads.

� 2010 Elsevier Inc. All rights reserved.
Protein phosphorylation is considered a critical posttransla-
tional modification [1], regulating processes such as signal trans-
duction, apoptosis, proliferation, differentiation, and metabolism
in all living cells [2,3]. The deregulation of protein phosphorylation
is directly responsible for the pathogenesis of several inherited and
acquired human diseases, ranging from cancer to immune disor-
ders [4–6]. The selective inhibition of protein kinases is an effective
approach for the treatment of a wide range of human cancers [7–
10]. The clinical success of imatinib in the targeted treatment of
chronic myelogenous leukemia (CML),1 by the direct inhibition of
Bcr-Abl, stimulated interest in the development of more potent
inhibitors [11–13]. Toward this end, a variety of kinase assay tech-
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niques are being developed for the discovery and efficient evaluation
of novel small-molecule inhibitors [14–30].

Peptides are widely used as substrates for kinase assays because
they are easy to synthesize, characterize, and manipulate compared
to protein substrates. The detection of phosphorylated amino acids
on peptide substrates can be accomplished via antibody-based
recognition and labeling or label-free methods such as mass
spectrometry (MS) [30–33]. In a typical antibody-based ELISA
kinase assay, a peptide substrate is immobilized and reacted with
a kinase. The phosphorylated substrate is probed with a phospho-
specific antibody and enzyme-conjugated secondary antibody with
readout by chemiluminescence or chemifluorescence. This method
is sensitive, straightforward, and routinely used in laboratory and
clinical settings. On the other hand, mass spectrometry detects
the peptide mass before and after phosphorylation. The difference
in mass before and after reaction with a kinase is calculated and
matched with the expected addition of an HPO3 ion. While immuno-
chemifluorescence depends on the availability of a phosphorylated
amino acid and/or sequence-specific antibody, mass spectrometry
provides a nonbiased analysis of reaction products.

Peptide substrates were immobilized on magnetic beads to facil-
itate rapid handling and product isolation. Magnetic beads have
been used extensively in many fields of biochemistry, molecular
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biology, and medicine [34]. They are well suited to automated proce-
dures because robotics are available to rapidly distribute and sepa-
rate the particles in 96-well plates [35]. Magnetic beads have
already been used to enrich endogenous phosphopeptides from cell
lysates in preparation for MS analysis [36,37]. Herein, we designed
and developed a novel magnetic bead-based kinase assay (Fig. 1)
in which a synthetic peptide substrate is immobilized on magnetic
beads via a noncovalent streptavidin–biotin interaction. Phosphory-
lated peptides are analyzed by on-bead immunochemifluorescence
using a primary antibody against phosphorylated tyrosine and a sec-
ondary horseradish peroxidase (HRP)-conjugated antibody. The
fluorescence intensity is used to estimate the degree of substrate
phosphorylation. Separately, peptide substrates are released from
the beads and analyzed by MALDI-TOF MS to estimate the degree
of substrate phosphorylation by relative ionization intensity.
Although each detection technique presents separate advantages
in sensitivity and accuracy, data from this dual detection system
yield results that are validated with higher confidence than with
either technique used alone.

Materials and methods

Materials

Dimethyl sulfoxide (DMSO) (P99.5%, ultra for molecular
biology, Fluka), ethylene glycol tetraacetic acid (EGTA) (P97%,
Fig. 1. Schematic representation of a magnetic bead-based kinase assay with two indepen
in peptide molecular mass from incorporated phosphate. Separately, immunochemifl
substrates. 1� Ab and 2� Ab represent primary and secondary antibodies, respectively.
Sigma–Aldrich), dithiothreitol (DTT) (99%, Alfa Aesar), Amplex
red reagent (Molecular Probes, Invitrogen), anti-phosphotyrosine
(4G10) HRP conjugate (Millipore), hydrogen peroxide, 30 wt% solu-
tion in water (Sigma–Aldrich), HRP-conjugated sheep anti-mouse
immunoglobulin G (IgG) secondary antibody (Amersham, Piscata-
way, NJ, USA), BupH phosphate-buffered saline packs (Thermo Sci-
entific, Pierce Protein Research Products), maleimide-PEG11-biotin
(MAL-dPEG11-biotin, Quanta Biodesign Ltd.), streptavidin Magne-
Sphere paramagnetic particles (Promega, Madison, WI, USA), bo-
vine serum albumin (BSA) (United States Biological, Swampscott,
MA, USA), recombinant c-Abl (Upstate, Charlottesville, VA, USA),
and 96-well magnetic-ring stand (Ambion Inc.) were used as re-
ceived. Abltide with an amino-terminal cysteine (CGGGGSGGGKGE
AIYAAPFAKKKG) was prepared according to the procedure re-
ported previously [25].

Kinase inhibitors

Imatinib mesylate (Novartis) was provided by Wendy Stock
(The University of Chicago). Dasatinib (free base) was purchased
from LC Laboratories (Woburn, MA, USA). A chemical library con-
sisting of 31 ATP-competitive kinase inhibitors were synthesized
using methods developed by Klutchko et al. [38] and Boschelli
et al. [39]. Each compound was provided at 10 mM in DMSO and
further diluted into three different concentrations (500 nM, 5 lM,
50 lM) with DMSO.
dent detection techniques. Label-free MALDI-TOF MS was used to detect the change
uorescence was used to detect fluorescence from the oxidation of HRP enzyme
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Immobilization of Abltide onto magnetic beads

Magnetic beads at their original concentration (1 mg/ml) were
washed with BupH PBS buffer. A magnetic stand (DynaMag-2 Mag-
net, Invitrogen) was used to collect the beads against the side of a
tube, and supernatant was removed by pipette. A 10 mM Abltide
(CGGGGSGGGKGEAIYAAPFAKKKG) in BupH PBS buffer and
40 mM maleimide-PEG11-biotin in DMF were mixed (4:1, v/v).
The reaction mixture was centrifuged for 1 h to prevent dimeriza-
tion of peptide due to the sulfhydryl oxidation. The resulting bio-
tinylated peptide solution was directly conjugated to magnetic
beads without further purification. Five microliters of 8 mM biotin-
ylated peptide in BupH PBS buffer–DMF mixture solution was
added to washed magnetic beads and mixed at room temperature
for 1 h. Peptide-conjugated magnetic beads were washed four
times with 0.1% Tween 20 in BupH PBS buffer (all percentages
noted in the text are percentage (v/v) unless otherwise specified)
to reduce nonspecific binding and washed with sterilized water
four times to give 1.2 ml of peptide-conjugated magnetic beads
in water. Abltide-conjugated magnetic beads were stored at 4 �C.

In vitro kinase assay

Dasatinib and imatinib were assayed in vitro using recombinant
c-Abl. Abltide-conjugated magnetic beads were blocked with 10%
BSA (w/v) in kinase buffer (50 mM Tris–Cl, pH 7.50, 10 mM MgCl2,
1 mM EGTA, 0.01% Brij-35) for 2 h at 4 �C. A typical 50 ll kinase
reaction buffer contained 50 mM Tris–Cl (pH 7.5), 10 mM MgCl2,
1 mM EGTA, 2 mM DTT, 0.01% Brij-35, 1.2 mg/ml BSA, 50 lM
ATP, 0.10 mg/ml BSA-blocked magnetic beads, 0.0068 U recombi-
nant c-Abl as well as various concentrations of inhibitors. To deter-
mine IC50 values of imatinib and dasatinib, a series of kinase
reactions with inhibitor concentrations of 0, 1, 10, 100, 200, 500,
103, 104, and 105 nM for imatinib and 0, 0.2, 0.5, 1, 2, 5, 10, 100,
and 1000 nM for dasatinib) were performed at 30 �C for 1 h. After
kinase reactions, magnetic beads were separated and washed
twice. Kinase-treated beads were stored in 50 ll water at 4 �C.

Immunochemifluorescence analysis

Twenty microliters of beads was washed and blocked with 1%
(w/v) BSA in TBS-T buffer at room temperature for 1 h. After block-
ing, kinase-treated magnetic beads were washed with TBS-T twice,
and incubated in a 1:1000 dilution of primary antibody 4G10 in
TBS-T at room temperature for 1 h. Beads were washed twice with
TBS-T and incubated with a 1:2000 dilution of secondary antibody
in TBS-T at room temperature for 30 min. Kinase-treated magnetic
beads were washed twice with TBS-T buffer and followed by the
addition of 50 mM sodium phosphate (pH 7.5). Fifty microliters
of freshly prepared 50 lM Amplex red reagent and 1 mM H2O2 in
50 mM sodium phosphate (pH 7.5) was added to each well. The
intensity of the generated fluorescence was detected using a
Quad-4-monochromator microplate reader (Tecan Safire 2) with
an excitation wavelength of 532 nm and an emission wavelength
of 590 nm.

MALDI-TOF MS analysis

Thirty microliters of kinase-treated magnetic beads was col-
lected and resuspended in 3 ll of water, and 0.5 ll was spotted
onto a MALDI sample plate and dried under vacuum. The same vol-
ume of a matrix solution, composed of 10 mg/ml of a-cyano-4-
hydroxycinnamic acid in 50% acetonitrile and 0.1% TFA, was spot-
ted onto the surface of each sample and allowed to dry. The MALDI
sample plate was loaded into a Voyager-DE Biospectrometry mass
spectrometer. The MALDI-TOF MS analysis was operated in de-
layed extraction mode using a 3-ns pulse nitrogen laser (337 nm)
for desorption and ionization and an accelerating voltage of
20 kV. Positively charged ions were detected using time-of-flight
in linear mode. Commercial peptides, Des-Arg bradykinin
([M+H]+ 904) and neurotensin ([M+H]+ 1673) were used as exter-
nal standards for accurate mass calibration. The degree of phos-
phorylation of Abltide immobilized on magnetic beads, expressed
by phosphorylation ratio, is defined as the ratio of ion intensities
for the phosphorylated to unphosphorylated biotinylated Abltide
substrates and calculated by the following equation reported pre-
viously by Katayama and co-workers [40,41].

Ep ¼
IP�bP

IUP�bP þ IP�bP
� 100%

where Ep is the phosphorylation ratio of peptide substrate, IP–bP and
IUP–bP are the intensities of phosphorylated and unphosphorylated
biotinylated peptide peaks in a single MALDI spectrum.

Chemical screening

A chemical library consisting of 31 compounds was screened
against c-Abl kinase activity. For each inhibitor, three working con-
centrations of 500 nM, 5 lM, and 50 lM were prepared by diluting
10 mM with DMSO. Fifty-microliter kinase inhibition assays were
performed in clear 96-well V-bottom microplates (Greiner, NC,
USA). Reactions contained a buffer composed of 50 mM Tris–Cl
(pH 7.5), 10 mM MgCl2, 1 mM EGTA, 2 mM DTT, 0.01% Brij-35,
1.2 mg/ml BSA, and 50 lM ATP as well as 5 ll of BSA-blocked mag-
netic beads bearing peptide substrates, 0.068 U of purified recom-
binant c-Abl, and 1 ll of working inhibitor solution. Control
samples were treated with 1 ll of DMSO, corresponding to 2% final
concentration in all samples. Following incubation at 30 �C for 1 h,
beads were magnetically isolated and washed twice with sterilized
water to remove salts. Beads were then analyzed by both the MAL-
DI and the immunochemifluorescence techniques as described.
The amount of substrate phosphorylation was calculated by the
intensity of two MALDI peaks corresponding to phosphorylated
and unphosphorylated peptides. The fluorescence intensity in each
well was monitored by the Tecan Safire 2 microplate reader, with
excitation and emission wavelengths set at 532 and 590 nm,
respectively. The fluorescence intensity indirectly reflects the de-
gree of phosphorylation in each sample.
Results and discussion

Our goal was to describe a dual detection kinase assay method
and test it by comparing the efficacy of small-molecule inhibitors
against c-Abl kinase. Toward this end, a peptide substrate specific
to c-Abl was immobilized on magnetic beads to allow the rapid
separation of product from reagents prior to detection. The peptide
substrate, Abltide (CGGGGSGGGKEAIYAAPFAKKKG), based on an
optimized recognition sequence [42], included a series of nonreac-
tive glycine residues to provide distance between the amino-ter-
minal site of immobilization and the single tyrosine to be
phosphorylated. Abltide was biotinylated at the amino-terminal
cysteine using maleimide-PEG11-biotin, a sulfhydryl-reactive bio-
tin reagent with a polyethylene glycol (PEG) spacer [43]. Immedi-
ately following biotinylation and without further purification,
Abltide was immobilized on streptavidin-coated beads. After
immobilization, peptide-conjugated magnetic beads were washed
and further analyzed by MALDI-TOF MS. Minor peaks representing
nonspecifically bound unbiotinylated peptide (P) were detected
along with the main peak corresponding to biotinylated peptide
(bP) (Fig. 2A). This nonspecific substrate binding was reduced by
washing with 0.1% Tween 20 in PBS buffer. Peptide-conjugated



Fig. 2. A representative set of MALDI-TOF MS spectra showing Abltide released from magnetic beads before (A) and after (B) phosphorylation by c-Abl kinase. Singly- and
doubly-charged molecular ion peaks of biotinylated Abltide substrates (bP) were observed at m/z = 3088.66 and 1545.64, respectively, very close to their theoretical values of
m/z = 3088.57 ([MbP+H]+) and 1544.79 ([MbP+2H]2+) before phosphorylation (A), and m/z = 3088.66 and 1545.43 after phosphorylation (B). The peak at m/z = 3105.05
represents oxidized products. Unbiotinylated Abltide (P) was observed at m/z = 2167.47 (theoretical m/z = 2167.11 ([MP+H]+)), bound nonspecifically to streptavidin or the
bead surface through hydrophobic or ionic interactions. Singly- and doubly-charged molecular ion peaks of phosphorylated biotinylated Abltide were observed at m/
z = 3168.56 and 1585.37 (B) (theoretical m/z = 3168.54 ([MbP+HPO3]+) and 1584.78 ([MbP+H2PO3]2+)). Minor peaks at m/z = 2167.33 and 2247.18 were attributed to
nonspecifically bound unphosphorylated and phosphorylated unbiotinylated Abltide, which can be removed by washing with 0.1% Tween 20 in PBS buffer.
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magnetic beads had an estimated loading capacity of 4 nmol of
biotinylated Abltide substrates per milliliter of beads by MALDI-
TOF MS, which was close to the estimate of 7.0 nmol per milliliter
of beads provided by a standard bicinchoninic acid (BCA) protein
assay (estimation of bead loading capacity in Supporting Informa-
tion). Only 2–3.5 pmol of immobilized biotinylated peptide was
necessary for detection by MALDI-TOF MS with a signal-to-noise
ratio (S/N) of 1350. This further confirmed that peptide substrates
can be successfully immobilized and released from magnetic beads
through the noncovalent streptavidin–biotin interaction. MALDI-
TOF MS is able to detect biotinylated Abltide without the need
for specific labeling treatments.

To test the accessibility of substrate and the sensitivity of our
method, immobilized Abltide was phosphorylated by purified re-
combinant c-Abl. Five microliters of conjugated beads (1 mg/ml)
containing approximately 20–35 pmol of peptide substrate was
used per 50 ll kinase reaction. By MALDI-TOF MS, three pairs of
ions were observed per spectrum (Fig. 2B), representing the phos-
phorylated and unphosphorylated forms of (1) singly-charged bio-
tinylated Abltide, (2) doubly-charged biotinylated Abltide, and (3)
singly-charged unbiotinylated Abltide. Despite this distribution,
the relative intensity of phosphorylated product was consistent
in each set of peaks. Therefore, the relative degree of substrate
phosphorylation was calculated as a percentage from ratio of peak
intensities from the singly-charged phosphorylated and unphos-
phorylated pair. The advantage of using MALDI-TOF MS to detect
substrate phosphorylation is the unambiguous assignment of
product peaks with an 80 Da difference in mass following the
incorporation of HPO3 [44]. This property is characteristic of phos-
photyrosine (P-Tyr) residues analyzed by MS. On the other hand,
phosphoserine (P-Ser) and phosphothreonine (P-Thr) residues
generate a characteristic shift in mass by 97 Da as a result of losing
H3PO4 by b-elimination [33].

Although MALDI-TOF MS is not inherently quantitative, the rel-
ative intensity of the phosphorylated and unphosphorylated sub-
strate ion peaks can be used to determine the relative degree of
substrate phosphorylation [41,45]. By this method, 40% of immobi-
lized Abltide was phosphorylated in 1 h using 0.0068 U of c-Abl ki-
nase with 50 lM ATP at 30 �C. This relatively low degree of
phosphorylation may be attributed to limited accessibility of the
peptide substrate at the bead surface. In particular, streptavidin
on the bead surface may occlude the bound peptide substrate from
easy access to kinases in solution. In general, solid-phase kinase as-
says have been characterized as less efficient that solution-phase
kinase reactions [46]. Post-reaction capture of phosphorylated sub-
strates, after solution-phase kinase reactions, has been used as an
alternative to solid-phase kinase assays. Although post-reaction
substrate capture provides both high reaction rates and substrate
isolation prior to analysis, the technique was not used for this ini-
tial characterization of the method [20]. Future applications may
benefit from the phosphorylation of biotinylated substrates in
solution followed by capture on streptavidin-coated magnetic
beads.

Kinase-treated and untreated magnetic beads bearing peptide
substrates were also analyzed by immunochemifluorescence. This
method used HRP enzyme to catalyze the oxidization of Amplex
red substrate and generate a fluorescent resorufin product. The
distinct difference in fluorescence intensity (ca. 40,000 vs 1000)
between kinase-treated and untreated peptide-conjugated magnetic
beads demonstrated that phosphorylated peptides on magnetic
beads can be detected with high sensitivity by immunochemifluo-
rescence. Thousand-fold signal-to-noise ratios were obtained by
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both immunochemifluorescence and MALDI-TOF MS. The specificity
of MALDI-TOF MS for the unambiguous identification of product and
the amplified signal sensitivity available through chemifluorescent
immunodetection provide parallel platforms for the separate valida-
tion of kinase activity and inhibition.

Two clinically relevant Bcr-Abl/c-Abl kinase inhibitors, imatinib
[11] and dasatinib [47] (structures, see Fig. 3A), were used to dem-
onstrate kinase-specific phosphorylation of Abltide. Phosphory-
lated Abltide peaks decreased in intensity with increasing
concentrations of imatinib (Fig. S2 in Supporting Information)
and dasatinib. The dose-dependent decrease in Abltide phosphory-
lation was monitored by MALDI-TOF MS and chemifluorescent
immunodetection to demonstrate that both methods generated
similar results (Fig. 3B and C). IC50 values were calculated from a
sigmoidal curve fit. Values were consistent (Fig. 3) with previously
published results (typical IC50 values are reported using c-Abl and
peptide substrates at 25–440 nM [11,48–53] for imatinib and 0.6–
14 nM [51–55] for dasatinib). Validated by two separate detection
methods, the phosphorylation of immobilized peptide substrates
provided an efficient reporter for kinase activity and inhibition in
this magnetic bead-based kinase assay.

To demonstrate the potential for high throughput, a chemical li-
brary consisting of 31 compounds (Table S1 in Supporting Informa-
tion) was screened against c-Abl kinase. Arranged in a 96-well
plate, each inhibitor was tested at three concentrations: 10, 100,
and 1000 nM. Control samples were treated with DMSO alone. Fol-
lowing the kinase reaction, peptide-conjugated magnetic beads
were washed in-plate by magnetic separation and analyzed by
MALDI-TOF MS and immunochemifluorescence (Fig. 4A and B).
With a variety of chemical structures constructed from the
pyrido-[2,3-d]pyrimidine scaffold, these experimental inhibitors
demonstrate the effect of changing substituent chemical groups.
Twelve different inhibitors in the chemical library (Inhibitors
1–4, 6, 7, 9–13, 22 in Fig. 4 and Table S1) were previously screened
with cells expressing wild-type and mutant Bcr-Abl [56]. Our
results indicate that these compounds inhibited Bcr-Abl kinase
activity with higher potency than imatinib (Inhibitor 28). Two of
Fig. 3. (A) Chemical structures of imatinib and dasatinib. (B and C) Inhibition assays usin
phosphorylation was determined by two separate techniques. (B) Detected by MALDI-TO
unphosphorylated peak intensities; each data point is the average based on triplicate spe
was measured at 590 nm with an excitation wavelength of 532 nm.
the most active compounds were PD166326 and DV-M016. DV2-
103 (Inhibitor 14) is an inactive pyridopyrimidine and displayed
no inhibitory effects even at 1000 nM.

Our observations using both MALDI-TOF MS and immunochem-
ifluorescence are consistent with results from an in vitro enzyme-
coupled assay that was used to screen these inhibitors. Confirming
our results, previous experiments using a two-dimensional presen-
tation of Abltide in a hydrogel-based kinase assay demonstrated
that Inhibitors 21–25 were less effective than PD166326 (Inhibitor
1) [25]. Similarly, known kinase inhibitors, PD166326 (Inhibitor 1)
and dasatinib (Inhibitor 31), have been confirmed to be more po-
tent for c-Abl kinase inhibition than imatinib (Inhibitor 28). Previ-
ously reported IC50 values for several inhibitors are available
(Table S1) and reflect the degree of kinase inhibition that we ob-
served. Taken together, these methods provide an effective means
for ranking inhibitors with high confidence within a large com-
pound library. Both MALDI-TOF MS and immunochemifluores-
cence are able to distinguish between inhibitor efficacies using
only three data points per method per inhibitor.
Conclusions

Using a model system consisting of the Abltide peptide sub-
strate and c-Abl kinase, a library of kinase inhibitors was evaluated
using our magnetic bead-based kinase assay. For each inhibitor,
IC50 values were consistent between the two detection methods
and were comparable to values reported in the literature. Using a
chemical library of 31 compounds, we demonstrated that both
MALDI-TOF MS and immunochemifluorescence generated consis-
tent results. With respect to general expense and opportunities
for miniaturization, our dual detection technique used 10 nmol of
peptide substrate to produce enough magnetic beads bearing pep-
tide substrates for 200 individual kinase reactions. For each batch
of beads produced, 5 ll of magnetic beads at the stock concentra-
tion of 1 mg/ml was sufficient for one kinase reaction. Only
1 ll each of kinase-treated magnetic beads was required for
g imatinib and dasatinib against c-Abl kinase and its substrate Abltide. The degree of
F MS, the phosphorylation ratio was calculated from the ratio of phosphorylated and
ctra. (C) Detected by immunochemifluorescence, Amplex red fluorescence intensity



Fig. 4. Screening compounds for c-Abl kinase inhibition in a 96-well plate using MALDI-TOF MS (A) and immunochemifluorescence (B). Some compounds were known c-Abl
kinase inhibitors. Inhibitor 14 is an inactive control pyridopyrimidine that did not affect kinase activity, even at 1000 nM. Inhibitors 21–25 were found to be less effective than
other inhibitors. Known kinase inhibitors PD166326 (Inhibitor 1) and dasatinib (Inhibitor 31) were shown to be potent against c-Abl kinase. Inhibitor 28 (imatinib) was
shown to be less effective than dasatinib.
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MALDI-TOF MS and immunochemifluorescence detection of sub-
strate phosphorylation, resulting in a cost of less than $1 per data
point. Easily adapted to 96-well plates and with high-throughput
capability, this dual detection kinase assay may improve the
dependability of rapid drug screening by avoiding the false posi-
tives and negatives that often dominate pharmaceutical hit lists.
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