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ABSTRACT: Protein kinases catalyze the phosphorylation of cellular
proteins involved in the regulation of many cellular processes and have
emerged as promising targets for the treatment of several diseases.
Conventional assays to monitor protein kinase activity are limited because
they typically rely on transfer of radioactive phosphate or phospho-specific
antibodies that recognize specific substrates or sequence motifs. To
overcome the limitations of conventional assays, we have developed a
versatile approach based on transfer of ferrocene-phosphate that can be
readily monitored using electrochemical detection or detection with
antiferrocene antibodies in an immunoarray format. This assay is readily
adapted to multiplex arrays and can be employed for monitoring kinase activity in complex mixtures and for kinase inhibitor
profiling.

■ INTRODUCTION

Protein kinases catalyze the phosphorylation of proteins and
modulate fundamental cellular function including cell regener-
ation and death.1 Hyperactivity of some kinases is recognized as
a molecular cause for diseases, including some cancers and
tauopathies.2 As a result, signal pathways involving protein
kinases are currently undergoing intense study. The activity of
protein kinases can be down-regulated with the help of small
molecular inhibitors and as such are viewed as drugable targets
for therapeutic applications.3 Currently, the gold standard for
monitoring protein kinase activities and inhibition is the a
[γ-32P]ATP radiometric assay,4 and has been applied to the
multiplexed detection of phosphorylations on peptide chips.5

Radioactivity is an obvious drawback. An alternative to
radiolabeling is an immunoassay approach using nonlabeled
or fluorescently labeled antiphospho antibodies (phospho-Ab)
for detection of specific phosphorylation products.6 Currently,
the phospho Ab are phosphorylation-site dependent (pSer/
pThr/pTyr) and exhibit minimal cross reactivity with non-
phosphorylated residues but are found to be promiscuous. In
addition, phospho-Ab methodology is less compatible with a
multiplexed array format and with high-throughput screening,
which require multiple phospho-Ab for the detection of
phosphorylation. Given a large kinome library which includes
over 500 protein kinases and substrates, hundreds of phospho-
Ab targets are currently commercially available whose epitopes
target pSer/pThr/pTyr of a specific substrate, which helps in
kinase profiling and identification. Toward developing new
platforms for the protein kinase detection, a range of analytical
methods based on phospho-Ab are available such as

fluorescence,7 surface plasmon resonance (SPR),5a electro-
chemical impedance spectroscopy,8 quartz-crystal microba-
lance,9 and magnetic resonance imaging.10 Alternatively, a
small phosphosensor molecule may be used in a peptide
microarray format, which altogether eliminates the need for Ab
chemistry.11 Alternatives to immunoassays and/or radiolabeled
assays are based on nanoparticles,12 mass spectrometry,13

electrochemistry,14 and fluorescence,15 and occasionally employ
the use of γ-modified ATP cosubstrates.16

In an effort to develop an alternative to commonly used
methodologies, we designed 5′-γ-ferrocenyl (Fc)-adenosine
triphosphate (Fc-ATP) shown in Figure 1 and demonstrated its
utility for the electrochemical detection of kinase-catalyzed
phosphorylations of the surface-bound peptides.14a Such Fc-
phosphorylated films on gold produced a quantifiable redox
response that can be exploited for kinase activity profiling and
inhibitor studies even under dirty conditions.
In this work, we present a methodology that is comple-

mentary to our electrochemical approach, making use of a
robust polyclonal rabbit antiferrocene (Fc) antibody (Fc-Ab1),
which in combination with Fc-phosphoryl transfer represents a
powerful new approach to monitoring protein kinases activity
and inhibition, ultimately requiring a single Fc-antibody for all
protein kinase catalyzed processes. The nonbiological antigen
Fc and the highly specific Fc-Ab1 are key to our approach
detailed here. Limited reports of Fc-Ab1 have appeared in the
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context of immunoprecipitation and as mimics of a cyclic
transition state of a Diels−Alder reaction.17
Here we describe how we utilize Fc-Ab1 as a versatile

bioanalytical tool for developing a new biosensing strategy able
to monitor phosphorylation reactions of Thr/Ser/Tyr residues
in peptides or proteins. In a biochemical assay, we apply the Fc-
Ab1/Ab2 system for visualization of the protein kinase-driven
transfer of the γ-Fc-phosphate group from Fc-ATP to the
hydroxyl group of a peptides or proteins, and compare the
reaction kinetics of Fc-ATP versus ATP. In addition, we carry
out a head-to-head comparison of the Fc-ATP conjugate and its
performance in cell lysate with the standard [γ-32P]ATP
radiolabel. Comparative inhibition studies for ATP and Fc-ATP
were also performed. This report clearly demonstrates the
utility of Fc-Ab1 in combination with Fc-ATP for probing
phosphorylation of peptides and proteins in solution and on
surfaces, which may find use in the field of proteomics and
pharmaco-proteomics.

■ EXPERIMENTAL SECTION
Methods. All reagents and chemicals were used as received unless

otherwise specified. Serum enriched with polyclonal rabbit anti-
ferrocene antibodies (Fc-Ab1) were produced at the YenZym
Antibodies, LLC (CA, U.S.) against the monosubstituted ferrocene-
amide-alkylamine. Fc-Ab1 was used without further purification and
used at 1:10 000 in 0.1% bovine serum albumin (BSA) in Tris buffer
saline Tween20 (TBST), unless otherwise specified. Fluorescently
labeled secondary goat antirabbit antibodies GAR 800, GAR 600,
GAM 800, and GAM 600 (Ab2) were purchased from the Biocompare
(NJ, U.S.) and were used at 1:10 000 dilution. Au on silicon sputtering
wafers were obtained from the Nanofabrication facility at Western
University and were used for TOF-SIMS and XPS analyses, as well as
for the fluorescence assays. Polycrystalline gold disk electrodes (0.02

cm2) were purchased from CHInstruments and were used for all
electrochemical studies. The surface roughness factor and the
associated reproducibility were previously estimated to be 1.2 ± 0.2
and 10−20%, respectively.18 Surface Plasmon resonance (SPR) array
chips were purchased from the GWC Technologies (WI, U.S.) and
were used without further cleaning. All SPR experiments were
performed on a SPRimager (GWC Technologies, USA) using a self-
assembled monolayer on a microarray Au-coated glass surface by
immersion in the appropriate solutions. A LI-COR Odyssey Imager
(LI-COR Biosciences) was used to produce fluorescence images of the
microarray slides by monitoring channel 800. Incubation with shaking
was achieved with VWR Scientific Model 100 (rocking platform,
USA). HeLa cells were cultured as previously described, and the
protein content was determined using the BCA method to be 4 mg
mL−1. The synthesis of the Fc-ATP was previously reported.14a

Synthesis of Fc-BSA. The protocol for the synthesis of Fc-labeled
bovine serum albumin (Fc-BSA) was based on the modified literature
procedure.19 To a stirred solution of BSA (0.1 g, 1.5 μmol) in 50 mM
potassium phosphate buffer (pH 7.4) (3 mL) was dropwise added a
solution of ferrocene N-hydroxysuccinimide ester (0.05 g, 0.14 mmol)
in anhydrous dimethylformamide (DMF) (0.07 mL). The reaction
mixture was stirred at 25 °C overnight and then centrifuged to remove
the supernatant. The supernatant was dialyzed for 4 days against 50
mM potassium phosphate buffer (pH 7.4) to remove excess salts and
unreacted Fc-compounds. Dialyzed solution contained approximately
500 μM of protein and was used as such for further study. The
characterization of Fc-BSA solution was achieved by MALDI-TOF MS
and the spectra indicated the formation of the Fc-BSA conjugate with a
4:1 ratio of Fc groups to BSA molecule. Fc-BSA solution of known
protein concentration was used as the standard in Western blotting
analysis.

Western Blotting. Protein samples were resolved by 10% and 12%
SDS−polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore) and
subjected to Western blotting analysis. Membranes were blocked in
5% bovine serum albumin (BSA) in TBST for 1 h, followed by

Figure 1. Strategy for Fc-phosphorylation of peptides and proteins. Target peptide or protein is Fc-phosphorylated in the presence of protein kinase
and Fc-ATP cosubstrate. This process is successfully measured for the immobilized target by surface electrochemistry. In an immunoassay approach,
primary polyclonal anit-ferrocene antibodies (Fc-Ab1) bind to Fc-phosphates, on surfaces or in solution, specifically followed by fluorescently labeled
goat antirabbit antibodies (Ab2) binding in a two-step immunoreaction. On surfaces, the fluorescence imaging of Fc-phosphorylations, in an
immunoarrray method, takes advantage of the proposed strategy. Similarly, the immunoreaction principle was utilized in a biochemical approach for
Western blotting.
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overnight incubation at 4 °C with the appropriate primary antibody
diluted in 1% BSA/TBST. Membranes were washed with TBST and
then incubated with the secondary antibodies. After incubation with
secondary antibody, the membranes were washed with TBST and
visualized with the LI-COR imager.
Serial Dilutions of Fc-BSA. Fc-BSA was serially diluted in water

with concentrations ranging from 1 μg to 1 pg and subjected to
Western blotting analysis as previously described. Bands were
quantified using LI-COR Odyssey Software (LI-COR Biosciences)
and graphed using performed using GraphPad Prism version 5.00.
Assays were done in triplicates.
Phosphorylation of His-Procaspase 3. His-tagged inactive

procaspase 3 C163A (Addgene plasmid 11822, Caspase-3) and
GST-tagged CK2α were purified from Escherichia coli as described.19

For the phosphorylation reaction, 1 μg His-procaspase 3 C163A was
phosphorylated by 100 ng GST-CK2α in CK2 kinase assay buffer (50
mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2) using either
100 μM ATP or 100 μM FcATP. The reactions were incubated for 1 h
at 30 °C with shaking and stopped by boiling in sample buffer.
Phosphorylation was analyzed by Western blotting analysis.
Development of Phospho-Caspase 3 Antibody. Phospho-

spec ific caspase -3 ant ibodies were genera ted aga ins t
GIEpTDpSGVDDMAC by YenZym Antibodies, LLC (San Francisco,
CA) using proprietary methods.20

Substrate Concentration Studies. To further our kinetic
characterization, increasing concentrations of C-terminal 6x His tagged
caspase 3 C163A (0−25 μM) were incubated with 100 ng GST-CK2α
in CK2 kinase assay buffer with either 100 μM ATP or FcATP for 15
min at 30 °C with shaking and stopped by boiling in sample buffer. To
control for nonphospho-specific binding of antibodies due to
increasing substrate concentrations, phosphorylation was assayed
with and without the addition of either ATP or FcATP.
Phosphorylation was detected with phosphor-caspase 3 antibodies or
Fc-Ab1. Phosphorylation was analyzed by Western blotting analysis
and quantified by using LICOR Odyssey software. Kinetic parameters
were calculated using nonlinear regression with GraphPad Prism
version 5.00. Assays were done in triplicate.
General Protein Phosphorylation Reactions. To biochemically

test for variety of protein phosphorylations, different protein
constructs were tested. A 1-μg portion of purified CK2 substrates α-
casein (E.H. Ball, Western University, Canada), C-terminal 6x His
tagged caspase 3 C163A, N-terminal 6x His tagged caspase 8 C360A,
N-terminal 6x His tagged caspase 8 C360A (Addgene plasmid 11828),
and caspase 8 C360A T373A, were incubated with 100 ng GST-CK2α
in CK2 kinase assay buffer and either 100 μM ATP supplemented with
10 μCi [γ-32P]ATP (3000 Ci/mmol) or 100 μM FcATP for 30 min at
30 °C with shaking and stopped by boiling in sample buffer. Proteins
were resolved by SDS-PAGE. Fc-phosphorylation was detected by Fc-
Ab1 in Western blotting analysis. ATP phosphorylation was detected
using a phosphorimager.
Inhibition Studies. The inhibition studies were performed in the

presence of 4,5,6,7-tetrabromo-1H-benzotriazole (TBB), 2-dimethyla-
mino-4,5,6,7-tetrabromo-1H-benzimidazole (TBBz), and E-3-(2,3,4,5-
tetrabromo-mophenyl)acrylic acid (DMAT). GST-CK2α was incu-
bated on ice for 18 min with increasing concentrations of CK2
inhibitors TBBz, TBB, and DMAT (0.006−60 μM). A 100-ng portion
of GST-CK2 plus inhibitor was diluted 5-fold into kinase reactions
containing 1 μg C-terminal 6xHis tagged caspase 3 C163A in CK2
kinase assay buffer and either 100 μM ATP or FcATP. Reactions were
incubated at 30 °C for 30 min with shaking and stopped by boiling in
sample buffer.
Proteins were resolved by SDS-PAGE and phosphorylation was

analyzed by phospho-caspase 3 antibodies (Phospho-C3) or Fc-Ab1
and Western blotting analysis. Phosphorylation was quantified by
using LICOR Odyssey software. Relative inhibition was graphed with
GraphPad Prism version 5.00. Assays were done in triplicate.
Co-Substrate Concentration Studies. The cosubstrate concen-

tration studies were performed by incubating 1 μg His-procaspase 3
C163A (Caspase-3) with 100 ng GST-CK2α in CK2 kinase assay
buffer with increasing concentrations of FcATP or ATP (10 − 500

μM). The reactions were incubated for 15 min at 30 °C with shaking
and stopped by boiling in sample buffer. Phosphorylation was analyzed
by Western blotting analysis. Phosphorylation was quantified using LI-
COR Odyssey software. Kinetics parameters were calculated using
nonlinear regression with GraphPad Prism version 5.00. Assays were
done in triplicate.

Lysate Phosphorylation. In vitro studies were performed by
incubating 10 μg HeLa lysate with either 1 mM ATP supplemented
with 10 μC [γ-32P]ATP (3000 Ci/mmol) or 1 mM FcATP in CK2
kinase assay buffer for 1 h at 30 °C with shaking, and the reaction
stopped by boiling in sample buffer. As a control, 200 mM EDTA was
added to the reaction to inhibit kinase-catalyzed phosphorylation.
Proteins were resolved by SDS-PAGE and transferred to PVDF
membranes. Fc-phosphorylation was analyzed by Western blotting
analysis with Fc-Ab1, whereas ATP phosphorylation was detected with
a phosphorimager (Molecular Dynamics). Relative phosphorylation
was determined with ImageQuant TL software (Amersham Bio-
sciences). Assays were done in triplicate.

Substrate Cleaning and Preparation. All electrochemical
experiments were performed using Au disk electrodes. The surface
characterization and fluorescence experiments were performed using
Au on silicon sputtering wafers (∼0.5 × 4 cm or 2 × 2 cm for array
studies). Au wafers were marked by etching alongside the top and the
right side of the plate to allow for proper positioning of the spots. The
cleaning of the Au wafers was achieved by etching in pirhana solution
(3:1%vv H2SO4: H2O2, 3 min), rinsing with Milli-Q water, sonicating
in freshly distilled ethanol (10 min), and drying under N2.

Peptide and Protein Film Formation on Au Substrates. The
Au substrates were immersed in 2 mM lipoic-NHS acid ester (Lip-
NHS) for 2 days at 5 °C. After rinsing with ethanol, the Au substrates
were spotted with 5 μL of the target protein or peptide sequence (100
μM aqueous solution unless otherwise specified) to form 8−16 spots
and incubated at 5 °C overnight.

Ferrocenyl Phosphorylation of Surface-Bound Targets on
Au Substrates. The kinase catalyzed Fc-phosphorylation reactions
were performed in the kinase assay buffer. The buffer composition
used was similar to that suggested by the kinase provider with
omission of DTT. Following target peptides were used: Glu-Gly-Ile-
Tyr-Asp-Val-Pro, His-His-Ala-Ser-Pro-Arg-Lys, Arg-Arg-Leu-Ser-Ser-
Leu-Arg-Ala, Arg-Arg-Arg-Asp-Asp-Asp-Ser-Asp-Asp-Asp, and Glu-
Pro-Leu-Thr-Pro-Ser-Gly. The protein investigated were α-casein
and caspase-3.

Sarcoma (Src) kinase, Cyclin-dependent kinase (CDK2), casein
kinase II (CK2), Erk1 and protein kinase A (PKA) were used in the
phosphorylation reactions. Typically, a phosphorylation reaction was
performed using the protein kinase (1 μg mL−1) and Fc-ATP (200
μM) in the kinase assay buffer, unless otherwise mentioned. The
kinase reaction was spotted (0.4 μL) on the predetermined peptide
spots on the Au plate. All kinase assays were performed at 37 °C for 2
h to ensure the maximum Fc-phosphate coverage. The microarray
plates were rinsed with kinase buffer prior to immunoreactions. Other
concentration studies were performed in a similar manner in the
presence of increasing PKA kinase concentration: 0, 0.1, 0.5, and 1 μg
mL−1, increasing CK2 concentration: 0, 0.1, 0.2, 0.3, 0.5, and 1 ng
mL−1 or increasing Fc-ATP concentration: 0, 5, 10, 20, 50, 100, and
200 μM.

Inhibition studies were also performed in a fluorescence array
format at 5 μM TBB, TBBz, and DMAT.

The control studies were performed in the presence of ATP (200
μM).

Surface kinetics associated with the kinase-catalyzed phosphor-
ylation was evaluated using the Michael-Menten equation with respect
to the cosubstrate Fc-ATP, and surface enzyme-catalyzed reactions
with respect to the CK2 protein kinase.

Electrochemical Experiments. In a typical electrochemical
experimental set-up a Fc-film or peptide-modified Au electrode was
used as a working electrode, Ag/AgCl in 3 M KCl as the reference
electrode, and a platinum wire as the counter electrode. All cyclic
voltammetry (CV) and square-wave voltammetry (SWV) experiments
were carried out using a CHInstrument potentiostat 660B (Austin,
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TX), 0.2−0.6 V potential range, and 0.1 sodium phosphate buffer, pH
7.4. All electrochemical measurements were performed in duplicate.
Immunoarray Fluorescence Imaging. Following the surface-

assisted phosphorylation on Au surfaces, the substrates were immersed
in the LI-COR blocking reagent for 1 h at RT to further eliminate the
nonspecific binding of the antibodies. The substrates were rinsed in
TBST (5 min) and incubated in a primary Fc-Ab solution (1:100 or
1:1000 dilution in 0.1%BSA/TBST) for 1 h at RT. The Au substrates
were then rinsed twice with TBST (5 min) and subsequently
incubated with secondary goat antirabbit antibody (Ab2, GAR 800,
1:10 000 dilution in 0.1%BSA/TBST) for 45 min at RT. The
substrates were then rinsed twice with TBST and twice with TBS and
imaged using the LI-COR imager.
Surface-Plasmon Resonance Experiments. The 25-SPR array

chip was immersed in 2 mM lipoic-NHS acid ester for 2 days at 5 °C.
After rinsing with ethanol, the array was spotted with 0.3 μL of the
target peptide sequence Arg-Arg-Arg-Asp-Asp-Asp-Ser-Asp-Asp-Asp
(100 μM in ddH2O) and incubated in a humid chamber at 5 °C for 16
h. The plates were then rinsed with ddH2O and dried under nitrogen.
The peptide arrays were treated with the kinase reaction mixture
containing CK2 protein kinase: 0, 0.1, 0.2, 0.3, 0.5, and 1.0 ng mL−1

and Fc-ATP (200 μM) for 2 h at 37 °C. The control studies were
performed in the presence of ATP (200 μM) and CK2 (1.0 ng mL−1).
The SPR arrays were subsequently washed and treated with the LI-
COR blocking solution for 1 h at 25 °C and further washed with
TBST. The peptide arrays were placed into an SPR instrument and the
buffer (0.1% BSA/TBST) was applied to the array surface at 200 μL
min−1 for 6 min. The array was then treated with Fc-Ab1 solution
(1:1000 dilution in 0.1%BSA/TBST) for 8 min and followed with the
buffer for 6 min. The binding was given in the response units (RU) as
a function of time for each ROI. The plots were generated from the
normalized RU values estimated after the addition of Fc-Ab1 and signal
stabilization. SPR data was fitted to the surface-based kinetic model to
estimate KM.

20 The association and dissociation rate constants were
estimated from SPR data by assuming the single binding model and a
fitting software kindly provided by the GWC Technologies.
Time-of-Flight Secondary Ion Mass spectrometry (TOF-

SIMS). Samples for TOF-SIMS analysis were prepared as previously
described. Au substrates were cleaned and immersed in the Lip-NHS
solution, followed by immobilization of a peptide (Arg-Arg-Arg-Asp-
Asp-Asp-Ser-Asp-Asp-Asp) or a protein (caspase-3). Each substrate
was subsequently Fc-phosphorylated in the presence of CK2 and Fc-
ATP. Subsequently, the Fc-phosphorylated films were exposed to Fc-
Ab1. TOF-SIMS experiments were performed with TOF-SIMS IV
(ION-TOF GmbH, Munster, Germany). For all measurements, a 25
keV Bi3+ cluster primary ion beam with a pulse width of 12 ns was
employed (target current of ∼1 pA). The cycle time for the processes
of bombardment and detection was 100 μs (or 10 kHz) was used. A
pulsed, low energy electron flood was used to neutralize the sample
charging. For each sample, spectra were collected from 128 × 128
pixels over an area of 500 × 500 μm for 60 s. The positive and negative
secondary ions were extracted from the sample surface, mass
separated, and detected via a reflectron-type of time-of-flight analyzer,
allowing parallel detection of ion fragments having a mass/charge ratio
up to 900 within each cycle (100 μs). Positive and negative ion spectra
were internally calibrated by using H+, H2

+, and CH3
+ and H−, C− and

CH− signals, respectively. Two spots per sample were analyzed using a
random approach.
X-ray Photoelectron Spectroscopy. Au substrates were cleaned

and immersed in the Lip-NHS solution followed by immobilization of
a peptide (Arg-Arg-Arg-Asp-Asp-Asp-Ser-Asp-Asp-Asp) or a protein
(caspase-3). Each substrate was subsequently Fc-phosphorylated in the
presence of CK2 and Fc-ATP. Subsequently, the Fc-phosphorylated
films were exposed to Fc-Ab1. The samples were analyzed by Kratos
Axis Ultra X-ray photoelectron spectrometer using a monochromatic
Al Kα source (15 mA, 14 kV). The instrument was calibrated to give
the binding energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic
gold and the spectrometer dispersion was adjusted to give BE of
932.62 eV for the Cu 2p3/2 line of metallic copper. The Kratos charge
neutralizer system was used on all samples. Survey scan analyses were

carried out with an analysis area of 300 × 700 μm and a pass energy of
160 eV. High-resolution analyses were carried out with an analysis area
of 300 × 700 μm and a pass energy of 20 eV. Spectra have been charge
corrected to the main line of the C1s spectrum (adventitious carbon)
set to 284.8 eV. Spectra were analyzed using CasaXPS software
(version 2.3.14).

■ RESULTS AND DISCUSSION
Ferrocenyl-Phosphorylations in Solutions: Biochem-

ical Approach. First, the Fc-Ab1 was characterized with
respect to the dynamic range and working concentrations in a
standard biochemical assay (Figure 2a). For this study, Fc-BSA

was synthesized according to the literature protocol19 and used
at varying concentrations (0−60 pmol) and the signal was
measured following the incubation with Fc-Ab1 and Ab2.
The limit of detection was estimated to be 30 fmol Fc-BSA,

which translates into 120 fmol of Fc as there are 4 Fc per BSA
molecule. This represents the appropriate working range to
study phosphorylation reactions which was explored next. The
phosphorylation and Fc-phosphorylation of His-tagged inactive
procaspase 3 C163A (caspase-3) by casein kinase II (CK2)
were detected by phospho-Ab1 and Fc-Ab1 as shown in Figure
2b. CK2 has been implicated in cancer since it is often
overexpressed, and one of its targets is caspase.20,21 Other
proteins, such as α-casein and caspase-8 were successfully Fc-
phosphorylated by Fc-ATP indicating the utility of Fc-ATP and
the generality of the Fc-Ab1 assay (Supporting Information,
Figures S8−9). Additionally, when Thr 373 of caspase-8 is
mutated to an Ala no phosphorylation was detected with both
ATP and Fc-ATP. The pattern of phosphorylation between
these substrates is comparable for ATP and Fc-ATP and follows
the phosphorylation order: α-casein > caspase-3 > caspase-8.

Figure 2. Fc-Ab1 characterization and the phosphorylation of caspase-
3. (a) Characterization of Fc-Ab1 by varying the concentration of Fc-
BSA (0−60 pmol). (b) Phosphorylation of caspase-3 by ATP and Fc-
ATP and detection by Phospho-caspase Ab1 and Fc-Ab1. (c) Fc-
phosphorylation as a function of Fc-ATP (0−500 μM). (d)
Phosphorylation as a function of ATP (0−500 μM).
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Notably, no cross reactivity was observed for Fc-Ab1 with
phosphorylated and unphosphorylated protein samples.
Importantly yet, phospho-Ab1 does not bind Fc-phosphory-

lated protein which provides an opportunity to utilize two
different antibodies for complex analysis. There was no
background signal observed when either ATP or Fc-ATP was
omitted from the reaction.
The phosphorylation reactions were further explored with

respect to ATP and Fc-ATP concentrations. In Figure 2c, the
saturation in Fc-phosphorylation was observed at 500 μM Fc-
ATP. From the reciprocal plots of reaction velocity versus Fc-
ATP concentrations, the KM value was determined to be 165 ±
24 μM. Similarly, KM value was determined for ATP reaction
(Figure 2d) and estimated to be 12 ± 2 μM, which is consistent
with values previously reported in the literature.22

The caspase-3 concentration dependent experiments were
carried out and indicate the increase in the phosphorylation
levels by ATP (Figure 3a) or Fc-ATP (Figure 3b) as the

substrate concentration is increased. From the nonlinear
regression plots, the KM values, with respect to caspase-3
substrate, were determined to be ∼1.32 ± 0.15 and 1.40 ± 0.19
μM for ATP and Fc-ATP, respectively, and are statistically
similar.
Comparing this data to the kinetics with increasing ATP or

Fc-ATP cosubstrate concentrations, it is evident that CK2 has a
lower affinity for Fc-ATP than ATP (different KM values with
respect to the cosubstrate) but has a similar ability to
phosphorylate capase-3 substrate (similar KM values with
respect to the substrate). Next, the utility of Fc-ATP was
explored with respect to whole cell lysate phosphorylations and
compared to ATP reactions. In the presence of phosphatase
and protease inhibitors and excess cosubstrate concentration,
the phosphorylation reactions were performed for 1 h at 30 °C.
The phosphorylation patterns in Figure 4a,b suggest that Fc-
ATP is widely used by protein kinases inherent to the cell lysate
to phosphorylate a number of proteins. Notably, the
phosphorylation and Fc-phosphorylation trends are similar,
but a slight difference exists in the lower molecular weight
range. Additionally, these bands are specific to Fc-phosphory-
lated cellular proteins as no background bands are present in
the cell lysate and antibody control lanes. Furthermore, these
bands are specific to kinase-catalyzed Fc-phosphorylation as

incubation in the presence of EDTA prevents phosphorylation,
demonstrated by the absence of bands (Figure 4a,b).
Since the protein kinases are drugable biological targets,

screening for the kinase inhibitors is of interest and was probed
next with Fc-Ab1. For inhibition of CK2 kinase, 4,5,6,7-
tetrabromo-2-azabenzimidazole (TBB), 2-dimethylamino-
4,5,6,7-tetrabromo-1H-benzimidazole (TBBz), and E-3-
(2,3,4,5-tetrabromo-mophenyl)acrylic acid (DMAT) inhibitors
were chosen due to their well-known inhibitory activity.23 The
CK2 inhibition studies were also performed with ATP and Fc-
ATP and caspase-3 as a cosubstrate (Figure 5).

Figure 3. Comparative cosubstrate phosphorylation studies. Phos-
phorylation reactions in the presence of GST-CK2α and (a) ATP and
(b) Fc-ATP as a cosubstrate at caspase-3 concentrations of 0, 0.125,
0.25, 0.5, 2.5, 5, 12.5, and 25 μM. Total protein content was detected
with the Coomassie blue stain, the phosphorylated protein was
detected with the phospho-caspase 3 antibodies (Phospho-C3) and
Fc-phosphorylated protein was detected with Fc-Ab1.

Figure 4. Phosphorylation of whole cell lysates. (a) Autoradiograph of
phosphorylation reactions of cell lysates. (b) Western blot of Fc-
phosphorylation reactions of cell lysates. (c) Plots of relative intensity,
taken from the blots, versus pixel for phosphorylation reactions with
Fc-ATP and ATP.

Figure 5. Comparative cosubstrate inhibition studies. (a) ATP and (b)
Fc-ATP cosubstrates used in the phosphorylation reactions of caspase-
3 in the presence of GST-CK2α and inhibitors TBB, TBBz, and
DMAT. Inhibitor concentrations: 0, 0.006, 0.06, 0.6, 6, and 60 μM.
Total protein content was detected with the caspase-3 antibodies
(Caspase 3 Ab), phosphorylated protein was detected with phospho-
caspase 3 antibodies (Phospho-C3) and Fc-phosphorylated proteins
were detected with Fc-Ab1.
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In the absence of CK2, no phosphorylation was observed. In
the presence of CK2 and the control, dimethylsulfoxide
(DMSO) which served as the inhibitor solvent, very small
effects on phosphorylation levels were observed for both ATP
and Fc-ATP. By adding the increasing amounts of CK2
inhibitors: TBBz, TBB, and DMAT, the phosphorylation levels
with ATP and Fc-ATP decreased accordingly. The relative
phosphorylation intensities were compared to the inhibitor-free
runs and plotted. In the case of ATP and Fc-ATP, TBB, and
DMAT appeared to be better inhibitors than TBBz. Overall, the
inhibition profiles for all three inhibitors are similar for ATP
and Fc-ATP.
Ferrocenyl-Phosphorylations on Surfaces: Electro-

chemical and Fluorescence Approach. To explore the
utility of Fc-Ab1 in a biosensing format, we next targeted an
enzymatic reaction on the surface, which utilizes the Fc-ATP as
a cosubstrate. Toward this goal, the clean Au surface was
incubated in a solution of 2 mM lipoic N-hydroxysuccinimide
ester (Lip-NHS) and conjugated to a short target peptide or
protein.24 The peptide- and protein-modified Au surfaces were
exposed to the kinase reaction mixtures containing the Fc-ATP
(200 μM) and a CK2 protein kinase (1 ng mL−1). Figure 6a

depicts a typical redox signal observed for the Fc-phosphopep-
tide-modified Au surface and is characterized by a formal
potential E0 at 360 ± 10 mV (versus Ag/AgCl reference
electrode). Similar redox activity for other Fc-phosphorylated
peptides and Fc-phosphorylated proteins on the Au surfaces
were reported earlier.24 The Fc-phosphorylation of peptides
containing Thr/Ser/Try residues, by a variety of protein
kinases, has been demonstrated using the Fc-ATP cosubstrate
using electrochemical measurements. For example, we demon-
strated Fc-phosphorylation of the immobilized peptide
sequences by a variety of protein kinases including sarcoma-
related kinase (Src), protein kinase A (PKA), protein kinase C
(PKC), Abl kinase, Her2 kinase, cyclin-dependent 2 kinase
(CDK2), Erk1 kinase, glycogen-synthase kinase, and CK2
kinase, indicating that Thr/Ser/Tyr residues may be modified
using Fc-ATP cosubstrate and monitored by electrochemical
means.24,25 In general, the electrochemical determination of the

Fc-ATP cosubstrate kinetics resulted in the KM values in the
20−200 μM range, depending on the protein kinase used,
which are overall lower than the corresponding ATP values.24,25

Hence, the protein kinases have lower affinity for Fc-ATP than
ATP. The biochemical assays further support this trend as
shown above. Notably, sub-mM concentrations of Fc-ATP may
not be well tolerated by other protein kinases. The electro-
chemical signal-on response, previously observed for the Fc-
phosphorylated peptide films, may be attenuated in the
presence of the specific Fc-Ab1, which offers a secondary
confirmation of the successful Fc-modifications. Incubation
with Fc-Ab1 at 1:1000 dilution resulted in a 6-fold current
reduction due to the binding of Fc-Ab1 to the Fc-groups on the
surface. The fluorescence imaging was achieved by Ab2 to
visualize the two distinctly different surfaces. The fluorescence
images of the unphosphorylated and phosphorylated peptide
films are shown in Figure 6b (top). In the control experiment,
in the absence of Fc-phosphoryalation, Fc-Ab1 does not bind
the peptide spot on the surface. Clearly, the nonphosphorylated
films are only weakly fluorescent following the treatment with
Fc-Ab1 and labeled Ab2. Moreover, there was no nonspecific
binding to a bare Au surface, ethanolamine layer and
hexanethiol background. By contrast, the Fc-phosphorylated
film is characterized by the relatively strong fluorescence
judging by the average fluorescence intensities (Figure 6b
(bottom)). For the background-subtraction, the Au surface
with Lip-NHS, ethanolamine and hexanethiol layers was used
as the reference.
The fluorescence signal is related to Ab2 that targets Fc-Ab1

which binds the Fc-groups on the surface. For the peptide-
modified Au, the intensity ratio for the unphosphorylated to Fc-
phosphorylated films was close to a factor of 10. These proof-
of-concept studies demonstrate the utility of Fc-Ab1 for
monitoring Fc-phosphorylations on two separate Au surfaces,
however, monitoring multiple kinase reactions on a single chip
is desirable.
We have investigated the process of the substrate

immobilization, Fc-phosphorylations and antibodies binding
on Au surfaces by a variety of surface-based characterization
techniques, such as time-of-flight secondary ion mass
spectrometry (TOF-SIMS) and X-ray photoelectron spectros-
copy (XPS). From the TOF-SIMS spectra, the ion intensities of
interest were compared for different samples ranging from (a)
bare Au surface to Au surfaces with the following modifications:
(b) Lip-NHS, (c) conjugated peptide, (d) conjugated protein,
(e) Fc-phosphorylated peptide, (f) Fc-phosphorylated protein,
(g) Fc-Ab1 bound to Fc-phosphorylated peptide, and (h) Fc-
Ab1 bound to Fc-phosphorylated protein. The overall
intensities for Fe+ ions in the positive TOF-SIMS spectra
(Figure 7a) clearly show the presence of the iron content
following the Fc-phosphorylations of the immobilized peptide
or protein (e,f). No iron was detected in the non-Fc-
phosphorylated samples (a−d). Notably, the subsequent
binding of the Fc-Ab1 to the Fc-films, results in a dramatic
decrease in the Fe+ ion intensities. Antibody/Fc interactions
will increase the film thickness, resulting in lower ion intensities
due to limits in penetration depth associated with the
measurement.26 In addition, intensity of Au− ions decreased
(Figure 7a). The bare Au surface (a) is characterized by a high
Au- content which decreases upon further surface modifica-
tions. After Fc-Ab1 binding (g,h) to the Fc-films, the Au- ions
are dramatically suppressed. Figure 7b shows the relative trends
of normalized ion intensities of interest Fe+, Au−, and CNO− as

Figure 6. Immuno-electrochemical detection of Fc-phosphorylation of
immobilized peptides. (a) Background-subtracted cyclic voltammo-
grams of the Au surfaces containing the Fc-phosphorylated peptide
film before and after addition of Fc-Ab1 (1:1 000). (b) Fluorescence
images (top) of peptide-modified and Fc-phosphopeptide-modified Au
surfaces following the addition of Fc-Ab1 (1:1 000) and fluorescent
Ab2 (1:10 000). Plot of the average fluorescence intensities versus film
type (bottom b) taken from the images (intensities were estimated
from the average fluorescence intensities and errors were estimated
from duplicate measurements).
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a function of film type on Au surfaces. Of particular importance
is the intensity of the CNO− ion, which is related to the organic
content of the films. The CNO− ion content significantly
increases with film thickness. Notably, the CNO−/Au− ion
intensity ratio is greater for the films containing the bound Fc-
Ab1 (76 for (g), and 66 for (h)) than for the antibodies' free
films (8 for (e), and 10 for (f)). In addition, all of the films,
except bare Au, possess strong S− ion content, which points to
the successful attachment and stability of the Lip-NHS ester
and the subsequent surface modifications.
XPS analysis for the different films revealed that sequential

surface modifications reduced the intensities associated with the
Au 4f core levels. A decrease in the atomic percent of Au 4f is
most evident for the Fc-phosphorylated films, which have been
incubated with Fc-Ab1 (Figure 7c). These findings are in strong
agreement with the TOF-SIMS analysis. Assuming the average
polymer electron attenuation length (EAL),27 the film thickness
was calculated for different films from the XPS intensities of Au
4f and are presented in Figure 7d. The Au percentages, seen
from the underlying Au films, suggest that the thickness
increases from 1.3 nm for a peptide film to 13 nm upon binding
of Fc-Ab1. Notably, the variations in the film thickness across
the surface may influence the XPS estimation. Importantly, the
surface characterization and film thickness determination
suggest single layer film formation and do not support peptide
multilayers.
Ferrocenyl-Phosphorylations in a Fluorescence Im-

munoarray Format. Next, we focused on preparing peptide
immunoarrays on a single Au chip to evaluate the utility of Fc-
Ab1 for screening multiple kinase reactions, protein kinases and
their inhibitors. A peptide-array, depicted in Figure 8, was
fabricated by manual micropipet-spotting of the target peptides
on a Lip-NHS layer on Au substrate (a). All reactions were

performed as described above in the presence of Fc-ATP and
the desired protein kinase. The kinase reaction mixture was
applied to a given peptide spot on a peptide array.
Following the Fc-phosphorylation reaction, the peptide-

arrays were subsequently exposed to Fc-Ab1 followed by Ab2
and imaged. Fc-phosphorylation resulted in the transfer of a γ-
Fc-phosphate group from Fc-ATP to the immobilized peptide
(Figure 8c).
Notably, the reaction spots wherein the kinase-catalyzed

phosphorylation was performed in the presence of Fc-ATP will
bind the Fc-Ab1 and Ab2 as depicted in Figure 8d.
In contrast, the phosphorylation reactions performed in the

presence of unmodified ATP will transfer the γ-phosphate
group from ATP to the immobilized peptide but will not bind
Fc-Ab1 and Ab2, as proposed in Figure 8b. Hence, the
fluorescence will result only if the appropriate cosubstrate is
used.
First, we probed the effects of cosubstrate concentration on

the kinase reaction by increasing the Fc-ATP concentrations in
the reaction buffer from 0 to 200 μM. Figure 9a shows the
image of the peptide-array (Arg-Arg-Arg-Asp-Asp-Asp-Ser-Asp-
Asp-Asp) following the CK2-catalyzed kinase phosphorylation
and the two-step immunoreaction. The fluorescence image in
Figure 9a indicates that Fc-Ab1 binds the Fc-phosphorylated
peptide spots rather than the surrounding organic layers. The
average fluorescence intensities, extracted from these images
were plotted and indicate a saturation level at ∼200 μM for Fc-
ATP. This finding is comparable to the optimal Fc-ATP
concentrations reported using the surface-based electro-
chemical method.24 Moreover, a surface-based enzyme
model28 was applied to estimate the Michaelis−Menten
constant, KM, with respect to Fc-ATP to be ∼40 μM. Next,
the Fc-phosphorylation reaction was evaluated with respect to
CK2 protein kinase concentration. From the fluorescence
image in Figure 9b the average fluorescence intensities were
plotted as a function of CK2 and indicate that 0.2 ng mL−1 is
the optimal CK2 concentration. Assuming the surface-based

Figure 7. Surface characterization of films on Au surfaces. (a) TOF-
SIMS spectra showing Fe+ and Au- ions. (b) Normalized TOF-SIMS
ion intensities: Fe+, Au−, and CNO- as a function of the film types.
The intensities were normalized to the total ion intensities of the
samples. (c) XPS analysis of the Au 4f atomic percent values as a
function of film type. (d) Film thickness estimated from the Au 4f area
as a function of film type. Film compositions: (a) bare Au surface, (b)
Lip-NHS, (c) conjugated peptide, (d) conjugated protein, (e) Fc-
phosphorylated peptide, (f) Fc-phosphorylated protein, (g) Fc-Ab1
bound to Fc-phosphorylated peptide, and (h) Fc-Ab1 bound to Fc-
phosphorylated protein.

Figure 8. Immunoarray platform for detection of the surface-
immobilized phosphorylated peptides. Representation of the peptide
array on Au surfaces showing: (a) the discrete peptide spot, and
peptide spot following the kinase-catalyzed reaction in the presence of
ATP (b) or Fc-ATP (c). Subsequent incubation of peptide array with
Fc-Ab1 followed by addition of fluorescently labeled Ab2 (d) was used
for fluorescence imaging.
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enzyme kinetics, the surface Michaelis−Menten constant, KM,
for the protein kinase was determined to be 0.1 ng mL−1.
To address the generality of the Fc-Ab1 platform, a variety of

the peptide substrates and protein kinases were investigated on
a single peptide array. For example, the peptide array
containing the following short peptides Glu-Gly-Leu-Tyr-Asp-
Val-Pro, His-His-Ala-Ser-Pro-Arg-Lys, Arg-Arg-Leu-Ser-Ser-
Leu-Arg-Ala, and Arg-Arg-Arg-Asp-Asp-Asp-Ser-Asp-Asp-Asp
were used for kinase-catalyzed phosphorylation reactions by Src
kinase, CDK2, CK2, and PKA, respectively. These protein
kinases are commonly overexpressed kinases in cancer cells or
cell cycle regulators and drive the phosphorylation of different
amino acid residues (Ser and Tyr).29 Figure 9c depicts an image
of the peptide array (left) following the Fc-phosphorylation
reactions in the presence of four different kinases. The average
fluorescence intensities (right) vary with the protein kinase
used and follow the order observed by using the surface-peptide
electrochemical approach.
Using Fc-Ab1, multiple phosphorylation sites can be detected

by a single antibody which cannot be achieved using more
conventional antiphospho immunoassays, which require
specific antibodies for each of the phosphorylated targets.
The cross-reactivity of Fc-Ab1 with phosphorylations

performed in the presence of unmodified ATP was also
addressed. No fluorescence was observed after the treatment
with Fc-Ab1 and Ab2 (Figure 9d). Our data suggest that the Fc-

Ab1 is highly specific to Fc-phosphorylated films and it does not
bind the phosphorylated peptides.
Next, Fc-Ab1 methodology was applied to a SPR 25-array

chip to compare the ability of the Fc-Ab1 to function as a probe
in the standardized kinase assay. SPR is a label-free method
often used to study protein interactions.30 Initial protein kinase
SPR studies reported on the use of the immobilized antibodies
to capture protein kinases and study their interactions with
potential inhibitors on the surface.30a Alternatively, antiphos-
pho antibodies were used for binding to the phosphorylated
peptides and proteins and monitored by SPR.31

The need for multiple antibodies in a phosphopeptide SPR
array was recently bypassed by a more universal detection
approach based on a small biotin-labeled phosphoreceptor and
streptavidin.30,31 In the present system, we use an SPR array
format for the first time in two distinct ways in order to
monitor protein kinase-catalyzed phosphorylation reactions.
Target peptides were immobilized on the SPR as described
above. The Fc-phosphorylation reactions were performed as
per usual on an SPR peptide-array substrate in the presence of
increasing CK2 concentrations (0−1 ng mL−1) and Fc-ATP
(200 μM).
In the first approach, a conventional SPR response was

monitored to gauge utility of Fc-Ab1. The arrays were evaluated
by SPR imaging with injection of the buffer until a stable
response signal (RU) was obtained. To analyze the level of the
peptide phosphorylation by SPR, the addition of Fc-Ab1 was
monitored followed by rinsing with buffer until a stable signal
was achieved. The association, kon, and dissociation, koff, rate
constants were estimated to be 0.0143 M−1 s−1 and 0.009 s−1,
respectively, by assuming a reversible Langmuir 1:1 binding
model. The kinetics of Fc-Ab1 binding are relatively slower than
those of the protein−protein reactions such as the association
of SH2 domains with the phosphotyrosine peptide ligand (kon
= 10 000 M−1 s−1).31 With the rate constants estimated, the
corresponding dissociation equilibrium constant KD was
determined to be 820 nM. Following the injection sequence,
the SPR response unit (RU) was normalized and plotted as a
function of the CK2 protein kinase concentration used in the
kinase assay as depicted in Figure 10a.
Assuming the surface-based enzyme kinetics, the surface

Michaelis−Menten constant KM value was determined to be 0.7
ng mL−1 by fitting the RU data to the appropriate model. In
addition, there was a good correlation (R2 = 0.9543) between
CK2 concentration (0−0.5 ng mL−1) and the level of Fc-Ab1
binding. Similar linearity (R2 = 0.9750) was observed between
the SPR signal and the Fc-ATP concentration (0−200 μM).
The linear dependence of the SPR response due to Fc-Ab1
binding as a function of the cosubstrate and protein kinase
concentration suggests that the Fc-Ab1 binding is sufficient to
monitor the phosphorylation by conventional methods, such as
SPR. The methodology may be applied to Ser, Thr, and Tyr
phosphorylations of peptides and proteins.
In the second approach, the SPR arrays treated with Fc-Ab1,

as mentioned earlier, were exposed to the fluorescent Ab2 for
imaging. The image of the SPR array is presented in Figure 10b
and shows the peptide spots in the absence and presence of the
protein kinase. Importantly, the kinase reactions performed in
the presence of unlabeled ATP show minimal fluorescence
intensities. From the average fluorescence intensities versus
CK2 concentration shown in Figure 10c and assuming the
surface-based model, KM value for CK2 protein kinase was
estimated to be 0.2 ng mL−1. The KM values estimated from

Figure 9. Evaluation of Fc-Ab1 in an immunoarray format.
Fluorescence images (left) and the fluorescence intensities (right) of
a single Au array treated with the target peptides and following the
kinase-catalyzed phosphorylation reactions in the presence of (a)
variable Fc-ATP concentrations, (b) variable CK2 concentrations, (c)
variable protein kinases and (d) ATP as a cosubstrate. Au surfaces
were exposed to Fc-Ab1 and labeled secondary Ab2. Intensities were
estimated from normalized data of average intensities and error bars
represent duplicate measurements. Dotted lines in images are used to
visually separate the series of two spots on the left and right-hand side
on the same chip.
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SPR arrays are comparable to those derived from the peptide
arrays on Au substrates (vide supra).
In vitro studies were performed with Hela cells at various

concentrations of cell lysate in order to probe the suitability of
the Fc-Ab1 immunoassay method under dirty conditions. Up to
30% of cell lysate was added to the phosphorylation reactions
using the peptide arrays. A 2-fold increase in the fluorescence
intensity was observed with ∼5% lysate content which was
found to be an optimal value (Figure 10d). Presumably,
background fluorescence becomes an issue due to the presence
of numerous protein kinases which contribute to the Fc-
phosphorylation reactions. Our immunoassay works in cell
lysate conditions and may be used for monitoring protein
phosphorylations in cellular media.
The fluorescence intensities in Figure 10e decreased when

the kinase reaction was performed in the presence of 5 μM
inhibitors. The fluorescence intensity in Figure 10f decreased
by 75, 40, and 70% for TBB, TBBZ, and DMAT, respectively.
The relative order of the inhibition is similar to that previously
reported by conventional methods above. As a representative
example, our immunoarray was used to estimate the IC50 value
for the most potent inhibitor TBB and the estimated value of
0.5 μM was similar to that obtained by the previously reported
electrochemical approach25b and biochemical methods based
on Western blotting reported above. However, at present the
fluorescence assay shows only 50% decrease in the signal in the
presence of excess TBB inhibitor. The fluorescence array
platform is currently being optimized for further inhibition
studies. The Fc-Ab1 methodology is amenable to inhibitor
study and determination of the inhibition values.
The comparative biochemical, electrochemical, and optical

studies on the Fc-phosphorylations of the target peptide or
protein demonstrate that the Fc-Ab1 assays may be used in a

multiformat for detection and monitoring the biochemical
processes.

■ CONCLUSIONS

We have presented the selective binding of polyclonal Fc-Ab1
to Fc-modified biomolecules in solution and on surfaces. The
methodology described was used to monitor enzymatic post-
translations, such as Fc-phosphorylations, in an immunoassay
format, thereby making this approach more accessible to the
broader community. Results from biochemical assays and
immunoarray imaging provide complementary information to
the electrochemical studies and indicate the utility of the Fc-
Ab1 system in a bimodal bioanalysis. As such, the Fc-Ab1 may
likely be useful as a biosensor component for peptidomic,
genomic, and pharmacogenomic analysis.
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