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a b s t r a c t

Protein tyrosine kinase (PTK)-catalysed phosphorylation reactions of peptides are monitored electro-
chemically in the presence of Au nanoparticles (NPs) on peptide modified indium tin-oxide (ITO)
electrodes. The method is based on the thiophosphorylation using adenosine 5′-[�-thio] triphosphate
(ATP-S) as the co-substrate. Upon thiophosphorylation of the peptides, the Au NPs accumulate on the
surface and can be detected electrochemically by monitoring Cl− oxidation at the Au NP surface. The
activity of a clinically important PTK, Abl-T315I, which is implicated in the therapy of chronic myel-
ogenous leukaemia (CML), is determined. Abl-T315I was assayed in combination with its highly specific
substrate peptide EGIYDVP. The detection limit for the electrochemical detection of Abl-T315I activity was
10 ng/mL. The performance of the biosensor was optimized and control experiment using non-specific
Phosphorylation
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A
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peptide-modified electrodes were carried out. The electrochemical current response obtained from the
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. Introduction

Human genome sequence analysis has identified about 518
uman protein kinases, constituting about 1.7% of all the human
enes (Robinson et al., 2000). Within this large “kinome”, at least
0 tyrosine kinase genes have been identified, 58 of which are
eceptor tyrosine kinases (RTKs) and 32 non-receptor tyrosine
inases (NRTKs). A significant number of protein tyrosine kinases
PTKs, both receptor and non-receptor types) are associated with
ancers (Schlessinger, 2000). Clinical studies suggest that over-
xpression/de-regulation of PTKs may be of prognostic/predictive
alue in patients and may indicate aggressive tumour biology or
ay predict poor response to therapy and shorter survival (Hunter,

998). PTKs play a central role in oncogenic transformation of cells
Blume-Jensen and Hunter, 2001).

During PTK-catalysed phosphorylation, the �-phosphoryl of
TP is transferred to specific tyrosine residues of the protein
Cohen, 2002a,b). Thus, modifications on the �-position of ATP pro-
ided a novel trend of detection methods. Recently, Elphick et al.

2007) reviewed the approaches on the design of ATP analogues
nd protein kinase binding site mutants. In particular, adeno-
ine 5′-[�-biotin] triphosphate (ATP-biotin) has been utilized in
hophorylation assays as a promising alternative to the exist-
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d monitoring the inhibition of the thiophosphorylation reactions using
inhibitor.

© 2008 Elsevier B.V. All rights reserved.

ng technologies (Green and Pflum, 2007; Kerman et al., 2007a).
ang et al. (2005, 2006) utilized the optical properties of Au

anoparticles (NPs) and developed kinase activity assays in con-
ection with ATP-biotin. Recently, Oishi et al. (2007) developed a
olorimetric kinase-activity evaluation method utilizing cationic
ubstrate peptides as potential coagulants of citrate-coated Au
Ps with anionic surface charge. Allen et al. (2007) and Blethrow
t al. (2008) utilized adenosine 5′-[�-thio] triphosphate (ATP-S)
o create an epitope for thiophosphate-ester specific antibod-
es. In our group, we also utilized ATP-S for the electrochemical
etection of phosphorylation of a target peptide catalysed by
rotein kinase C, a serine-threonine kinase (Kerman and Kraatz,
007). Our group has also demonstrated the use of adenosine
′-[�-ferrocene] triphosphate (ATP-Fc) as an electro-active co-
ubstrate for the kinase-catalysed phosphorylation reactions (Song
t al., 2008). In a label-free format, field-effect transistor-based
etection of kinase activity was developed by Freeman et al.
2007). Kerman et al. (2007b) have also reported a label-free

ethod to determine small molecule inhibitors of PTKs using the
lectrochemical oxidation of tyrosine residues in substrate pep-
ides.

The routinely used tools to detect phosphorylation involve mass

pectroscopy (Steen et al., 2005; Kruger et al., 2006), radioisotopes
Houseman et al., 2002; Turk et al., 2006; Hastie et al., 2006) and
uorescent labels (Sato et al., 2002; Umezawa, 2005; Tomizaki and
ihara, 2006), phospho-specific antibodies in connection with sur-

ace plasmon resonance (Stenlund et al., 2006; Catimel et al., 2006;

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:hkraatz@uwo.ca
dx.doi.org/10.1016/j.bios.2008.10.024
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iht et al., 2007) and fluorescence-based systems (Allen et al., 2006;
othman et al., 2005; Shults et al., 2005; Han et al., 2008).

In this work, we present our results describing an electrochem-
cal biosensor for the detection of PTK activity using Abl1-T315I
s the model enzyme. The method is based on the labelling of a
pecific thiophosphorylation reaction of substrate peptides with
TP-S and Au NPs, followed by electrochemical detection using the
l− redox chemistry. Briefly, the biotinylated PTK substrate pep-
ides were immobilized on streptavidin-coated indium-tin oxide
ITO) electrode surface. After PTK-catalysed thiophosphorylation,
he peptide surface was exposed to Au NPs (20 nm, A525 = 0.5). The
lectrochemical response obtained from the Cl− on Au NPs enabled
onitoring the activity and inhibition of Abl-T315I in vitro.

. Experimental

.1. Reagents

Colloidal Au NPs (20 nm) were purchased from Sigma. The
urified recombinant Abl1-T315I mutant, as well as its biotiny-

ated substrate peptide, biotin-EGIYDVP were purchased from Cell
ignalling Technology (MA, USA). Streptavidin from Streptomyces
vidinii, (3-aminopropyl)triethoxysilane (APTES) and biotinami-
ohexanoic acid N-hydroxysuccinimide ester (biotin-NHS) were
urchased from Sigma–Aldrich. Other reagents were purchased
rom Merck and Sigma–Aldrich. All solutions were prepared and
iluted using ultra-pure water (18.3 M� cm) from the Millipore
illiQ system.

.2. Instruments

Square wave voltammetry (SWV) was performed using a CHIn-
truments 660 system (Austin, TX). Indium-tin oxide (ITO) coated
lass substrates (resistivity between 8 and 12 �) were used as the
orking electrode and were purchased from Structure Probe, Inc.

West Chester, PA).

.3. Procedure
.3.1. Electrode pre-treatment
The electrode pre-treatment was carried out before the surface

odifications with the aim of improving the sensitivity and repro-
ucibility of the results. Briefly, ITO electrodes were immersed into
cetonitrile, isopropanol and methanol solutions, respectively and

t
c
b
w
m

ig. 1. Biotinylation of the APTES-modified ITO electrodes using biotinamidohexanoic aci
1) for 2 h in 0.1 M MES (pH 6).
ioelectronics 24 (2009) 1484–1489 1485

onicated for 5 min in each solution. The electrodes were washed
xtensively using MilliQ after each sonication process.

.3.2. Immobilization of the biotinylated substrate peptides on
treptavidin-modified ITO electrodes

The substrates were subsequently immersed in a 10% (v/v) aque-
us solution of APTES as the amino-functional silane for 2 h. From
ur research, this concentration of APTES solution and immersion
ime was enough to deposit sufficient APTES on the substrate. After
mmersion, the substrates were dipped in MilliQ to rinse off excess
PTES for 30 min. MilliQ was slowly and continuously added to the
eaker and overflowed to prevent deposition of other substances
resent on the water surface, when the substrate was removed
rom the water. The substrate was then dried in air for 10 min.
fter drying, the substrate was baked at 120 ◦C for 10 min in a
lass jar that was pre-heated on a hot plate, and its temperature
as monitored using a thermometer. This baking time was found

nough to prevent elution of APTES from the sufficiently rinsed
ubstrate (data not shown). After the APTES-modified ITO elec-
rode is brought back to room temperature, an aliquot of 10 �M
iotin-NHS solution (100 �L) in 0.1 M MES (pH 6) was dropped
n the surface and the covalent modification of the surface was
llowed for 2 h (Fig. 1). After a stringent washing of the surface to
emove excess biotin-NHS, an aliquot of 10 �M streptavidin solu-
ion (100 �L) was allowed to coat the working electrode of the
iotin-modified ITO electrodes and kept overnight at 4 ◦C. Free sur-
ace sites of the streptavidin-modified ITO electrodes were blocked
ith 1.0% (w/v) Tween-20 in MilliQ. Then, the biotinylated peptides
ere immobilised by incubating for 90 min on the streptavidin-

oated surface. After this incubation step, the peptide-modified ITO
lectrodes were rinsed with MilliQ.

.3.3. Abl1-T315I-catalysed phosphorylation
The activity of Abl1-T315I kinase was measured using the fol-

owing conditions: 60 mM HEPES (pH 7.5), 5 mM MgCl2, 5 mM
nCl2, 3 �M Na3VO4, 200 �M ATP-S in a total reaction volume

f 100 �L. The peptide-modified ITO electrodes were incubated at
7 ◦C for 2 h in a block-heater. The reaction solution (100 �L) was
sed to cover the whole peptide-modified surface. After rinsing

he electrodes with MilliQ water, the peptide-modified surface was
overed with 100 �L Au NP solution (20 nm, A525 = 0.5) and incu-
ated at room temperature for 30 min. After rinsing the electrodes
ith MilliQ water, the electrodes were used for the electrochemical
easurements.

d N-hydroxysuccinimide ester (1). The APTES-modified electrodes were exposed to
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Fig. 2. The experimental flow-chart of the Au nanoparticle-based detection of kinase-catalysed phosphorylation reactions on the ITO electrodes. Biotin-modified ITO elec-
trodes (A) are modified with streptavidin to enable the attachment of the biotinylated peptides on the surface (B). The protein tyrosine kinase (PTK)-catalysed phosphorylation
reaction transfers the �-thiophosphate group from ATP-S to the substrate peptides (C) resulting in the formation of ADP. The exposure of the thiolated peptides to Au NPs
results in their accumulation on the surface (D).

Fig. 3. (A) Square-wave voltammograms for the electrochemical detection of Abl-T315I-catalysed phosphorylation reactions on peptide (biotin-EGIYDVP) modified ITO
electrodes. The reduction peak at 0.3 V showed dependence on the amount of the kinase involved in the reaction, (a) 100 ng/mL, (b) 20 ng/mL, (c) 10 ng/mL, (d) 5 ng/mL, and
(e) no enzyme in the reaction buffer (60 mM HEPES (pH 7.5), 5 mM MgCl2, 5 mM MnCl2, 3 �M Na3VO4, 200 �M ATP-S). (B) Plot for the dependence of current signals on the
Abl-T315I concentration in the phosphorylation reactions. The electrochemical measurements were performed for three times at each condition (n = 3), except otherwise
stated. The data points show the average of three measurements with the error bars indicating the relative standard deviation (R.S.D.). (C) square-wave voltammograms for
the detection of optimum ATP-S concentration for the Abl-T315I-catalysed phosphorylation reactions on peptide (biotin-EGIYDVP). The reduction signal showed dependence
on the amount of the co-factor ATP-S, (a) 400 �M, (b) 200 �M, (c) 150 �M, (d) no ATP-S. (D) plot for the dependence of current signals on the ATP-S concentration in the
phosphorylation reactions (n = 3). The data points show the average of three measurements with the error bars indicating the R.S.D.
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be detected on the surface (Fig. 4A-c). Fig. 4B shows a plot describ-
ing the influence of peptide concentration on the electrochemical
current response. A linear range for the peptide concentration was
observed between 10 and 500 �M with five experimental data
ig. 4. (A) Square-wave voltammograms for the electrochemical detection of Abl-T3
he reduction signal showed dependence on the amount of the immobilized peptid
ther experimental conditions were as described in Fig. 3. (B) Plot for the dependenc
he data points show the average of three measurements with the error bars indica

.3.4. Electrochemical measurement on ITO surface
Electrochemical experiments were carried out in an in-house

ade cell specifically designed for flat working electrodes (Khan
t al., 2008). After filling the cell with 0.1 M HCl (pH 2, 5 mL),
eference electrode (Ag/AgCl) and the counter electrode (Pt wire)
ere inserted into the solution. Square wave voltammetry (SWV)

nvolved the oxidation of Au NPs by applying 1.20 V for 60 s. Imme-
iately after this oxidation procedure, the oxidized ions were
educed by sweeping the potential from 1 to 0 V with an amplitude
f 25 mV at 15 Hz frequency.

. Results and discussion

The experimental flow-chart is shown in Fig. 2 for the electro-
hemical detection of PTK-catalysed phosphorylation reactions on
he ITO surface using Au NPs. The biotinylated substrate peptides
ere attached o the streptavidin-coated surface. The enzymatic

eaction took place under controlled temperature in a block-heater.
fter the reaction, the electrodes were washed and the thiophos-
horylated peptides were exposed to Au NPs. After rinsing the
lectrodes, the surface-attached Au NPs were detected using a
ingle-surface redox process, which involved the oxidation of the
u NPs at 1.2 V for 1 min in 0.1 M HCl (pH 2). As a result of this
xidation step in highly acidic environment, [AuCl4]− ions were
roduced and the biomolecules were denaturated on the surface.
he denaturation of biomolecules allowed a large electrode surface
or the [AuCl4]− ions to be reduced back at ∼0.4 V (vs. Ag/AgCl).
he voltammetric detection of Au NPs via the Cl− chemistry on a
ingle surface has recently been reported as a simple and highly
ensitive detection method for DNA hybridization and antibody-
ntigen interactions (Pumera et al., 2005a,b; Kerman et al., 2007a,b;
degami et al., 2008).

Fig. 3A shows the SWV responses obtained from the reduction
cans from 1 to 0 V (vs. Ag/AgCl) following the Abl-T315I-catalysed
hosphorylation reactions. The concentrations of substrate pep-
ide and ATP-S were kept constant at 250 and 200 �M, respectively.
he dependence of the current responses on Abl-T315I concentra-
ion was recorded as shown in Fig. 3B. The peak current heights
eached a saturation level, when Abl-T315I concentrations reached
ver 100 ng/mL. The detection limit for the phosphorylation activ-
ty of Abl-T315I on peptide modified ITO surface was determined

s 10 ng/mL.

In order to optimize the experimental conditions, a series of
easurements were taken in the presence of varying ATP-S concen-

rations and 100 ng/mL Abl-T315I as shown in Fig. 3C. When 200 �M
TP-S was used together with 100 ng/mL Abl-T315I, a high current

F
c
d

talysed (50 ng/mL) phosphorylation reactions on peptide-modified ITO electrodes.
olved in the reaction: (a) 250 �M, (b) 25 �M, (c) no peptides on the ITO electrode.
rrent signals on the peptide concentration in the phosphorylation reactions (n = 3).
e R.S.D.

esponse was observed (Fig. 3C-b) indicating that the surface-
mmobilized substrate peptides were phosphorylated efficiently.
s the concentration of ATP-S increased, the phosphorylation of

he peptides resulted in the increased accumulation of Au NPs on
he surface (Fig. 3D). The current responses did not increase sig-
ificantly for concentrations over 200 �M (Fig. 3C-a), thus, 200 �M
TP-S was applied for further assays. In the absence of ATP-S, no
ignificant current response was observed indicating negligible
on-specific adsorption of Au NPs (Fig. 3C-d). The voltammograms
nd plot for the detection of HER2, which is an important target in
he breast cancer therapy, are presented in the Supplementary data
ection.

As shown in Fig. 4A, the current responses were also depen-
ent on the amount of peptides that were immobilized on the

TO surfaces. By using 200 �M ATP-S and 100 ng/mL Abl-T315I,
he concentration of the peptides immobilized on the surface was
aried between 25 �M (Fig. 4A-b) and 250 �M (Fig. 4A-a). As a con-
rol experiment, we performed the same PTK assay on a different
ubstrate peptide, which cannot be phosphorylated by Abl-T315I
biotin-SIYRRGSRRWRKL). This control peptide contained a Ser
esidue, which was specifically designed for phosphorylation by
rotein kinase C (PKC). When the ITO surface was coated with
50 �M of the control peptide, negligible current responses were
bserved indicating the non-specifically bound Au NPs could not
ig. 5. Lineweaver–Burk plot for the determination of kinetics of the Abl1-T315I-
atalysed phosphorylation of the immobilized substrate peptide at varying surface
ensity conditions on the Au microelectrode surface.
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ig. 6. Plot for the dependence of current responses on the concentration of the g
�M. As the concentration of staurosporine increased in the reaction buffer includin

o a decrease in the current signals (n = 3). Experimental conditions were as describ

oints. For each concentration the reaction was carried out in trip-
icate with three measurements for each concentration in order to
et statistically meaningful data. The paired and unpaired t-test
etween the results obtained from target peptides and non-target
eptides indicated the two-tailed P values less than 0.005, which
as considered to be statistically significant with the confidence

nterval of 95%. For the results obtained from four measurements
sing 250 �M target peptide-modified electrode, the Chi-squared
qualled 1.388 with the two-tailed P value of 0.71, thus, the dif-
erence between these measurements was not considered to be
tatistically significant. Moreover, the paired and unpaired t-test
etween the two sets of four measurements using 250 �M tar-
et peptide-modified electrode indicated the two-tailed P values
etween 0.14 and 0.23, which was not considered to be statistically
ignificant with the confidence interval of 95%.

The time dependence of the phosphorylation reactions was
etermined by stopping the reaction at different time intervals and
easuring the current response (data not shown). A saturation level

n the signals was reached after 2 h incubation in the presence of
00 ng/mL Abl-T315I. When the reaction was stopped at 150 min, no
ignificant increase in the reduction peak responses was observed.
or the determination of the phosphorylation kinetics, measure-
ents were performed in which the surface concentrations of the

eptide were varied. The initial time dependence of the kinase reac-
ions was determined at varying peptide density conditions. The
hosphorylation reaction was stopped after 5, 15, 30, 60, 90, 120
nd 150 min, and the electrochemical measurement was carried
ut after each time interval. The reciprocals of these current values
ere plotted against the reciprocal of the peptide density, giving

inear Lineweaver–Burk plot (Fig. 5). The kinetic data extracted from
he Lineweaver–Burk plot are given in Table 1. The Km value was
n agreement with the literature values determined using radio-
ctive labelling techniques (Houseman et al., 2002; Turk et al.,
006; Hastie et al., 2006).

Staurosporine is an ATP-competitive inhibitor with broad-

pectrum inhibitory activities. For Abl, the Ki value for stau-
osporine determined by radio-labelling systems is 620 nM
Weisberg et al., 2007; Carter et al., 2005). Fig. 6 shows the current
esponse for the inhibition of the Abl-T315I-catalysed thiophos-

able 1
inetic constants of Abl1-T315I with its substrate peptide immobilized on ITO
lectrodes.

rotein kinase Peptide Km (mM) Vmax (pmol min−1 �g−1) Vmax/Kmax

bl1-T315I EGIYDVP 0.672 6.73 10.02

O
f
f
i

A

d

l protein kinase inhibitor staurosporine: (a) no inhibitor, (b) 0.5 �M, (c) 1 �M, (d)
ng/mL Abl-T315I, the amount of Au NPs attached on the surface decreased, leading
ig. 3 except the addition of the inhibitor in the reaction buffers.

horylation reactions as a function of staurosporine concentration.
ddition of 500 nM of staurosporine to the measurement solu-

ion causes the current response to drop by 50% (Fig. 6b). The
urrent responses dropped to negligible values, when more than
�M staurosporine was added to the assay buffer (Fig. 6c and d).
his concentration range, in which the inhibitory effects of stau-
osporine were observed, was in agreement with the reported
iterature (Weisberg et al., 2007; Carter et al., 2005; Tikhomirov
nd Carpenter, 2001).

. Concluding remarks

Our electrochemical studies demonstrate the use of Au NPs
nd ATP-S in PTK reactions on surface-immobilized substrate pep-
ides. The experimental conditions were optimized using Au NPs
s the electro-active indicator. The Cl− redox chemistry on a sin-
le surface was utilized to detect the activity and inhibition of
bl-T315I, which is implicated in CML. The electrochemical biosen-
or reported here is promising for further development toward
n vitro electrochemical kinase profiling and inhibitor screening
tudies. Biosensors will have important implications on the devel-
pment of high-throughput and multiplexed nanoparticle-based
inase assays for the screening of small molecule kinase inhibitors
s promising anti-cancer drugs. The success of our inhibition mea-
urements in this paper indicate clearly that the electro-activity
f Cl− in the presence of Au NPs is potentially a useful alterna-
ive method of determining small molecule inhibitors of kinases
nd that this approach versatile and can tolerate a wide range of
ransducer surfaces and kinases. With the current success of small

olecule kinase inhibitors in cancer therapy, our electrochemical
esults reported here pave the way to the development of a rapid
creening tool for drug candidates, which will undoubtedly have
otential applications in pharmaceutical research.
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