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Abstract: We propose a simple label-free electrochemical biosensor for monitoring protein kinase
activity and inhibition using a peptide-modified electrode. The biosensor employs cys-kemptide
(CLRRASLG) as a substrate peptide which was immobilized on the surface of a gold electrode via
the self-assembly of the thiol terminals in cysteine (C) residues. The interaction between protein
kinase A (PKA) and adenosine 5'-triphosphate (ATP) on the cys-kemptide immobilized electrode
can cause the transfer of ATP terminal phosphates to the peptide substrates at serine (S) residues,
which alters the surface charge of the electrode, thus enabling monitoring of the PKA activity via
measuring the interfacial electron transfer resistance with electrochemical impedance spectroscopy.
The proposed sensor showed reliable, sensitive, and selective detection of PKA activity with a wide
dynamic range of 0.1-100 U/mL and a detection limit of 56 mU/mL. The sensor also exhibited high
selectivity, rendering it possible to screen PKA inhibitors. Moreover, the sensor can be employed to
evaluate the activity and inhibition of PKA in real samples.

Keywords: label-free sensor; peptide electrode; electrochemical sensor; protein kinase A activity;
protein kinase A inhibition

1. Introduction

Protein phosphorylation by protein kinase is one of the most common and important
post-translational modifications, representing the basis of numerous cellular processes,
as well as many pathological conditions [1]. Recent research has shown that protein
kinases can be implicated in carcinogenesis and the metastasis of several different types of
cancers [2]. Thus, protein kinases are known to play a hallmark role in cancers. In addition,
a group of researchers has reported that protein kinases can be connected to the infection
by the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [3]. Therefore,
the connection of protein kinases with cancers or COVID-19 allows an insight into the
development of potential therapies and drugs that could have therapeutic effects on cancer-
or COVID-19-infected patients [2,4].

For drug development and disease diagnosis of such pathological conditions, an
effective monitoring system of protein kinase activity and inhibition is crucial to ensure
reliable, sensitive, and selective detection. The conventional analytical technique for
protein kinase activity is the radioisotopic method utilizing radio-labeled adenosine 5'-
triphosphate (ATP), which has the characteristic of being highly sensitive [5]. However, the
instrumentation and detection process of the method is time-consuming and expensive.
A high risk of radioactive contamination exists when using the radioisotopic method. To
overcome the limitations, alternative assays for protein kinase activity have been developed
based on many different techniques, including colorimetry [6], mass spectrometry [7],
fluorometry [8], flow cytometry [9], resonance light scattering [10], and electrochemical
luminescence method [11]. As useful and beneficial as they are, these techniques still
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have certain drawbacks, such as expensive instrumentation, labor-intensive sampling
procedures, and the need for labeling. With its advantages of low production cost, simple
instrumentation, fast response, high sensitivity, portability, and label-free detection, the
electrochemical methods have attracted the most attention in the assay development of
protein kinase activity and inhibition [12]. Furthermore, electrochemical assays are well
suited to miniaturization and integration into parallel processing biochips, thereby enabling
the use in high-throughput assays [13-15].

Herein, we report a label-free peptide-based electrochemical biosensor for monitor-
ing the activity and inhibition of protein kinase A (PKA). Scheme 1 depicts the fabrica-
tion and sensing principle of the peptide-based biosensor. To construct the biosensor,
cysteine-terminated substrate peptides (cys-kemptide, CLRRASLG) were immobilized
on the surface of a gold electrode via gold-thiol self-assembly. When the target PKA is
added to the sensing system in the presence of adenosine 5'-triphosphate (ATP) as the
co-substrate (as the phosphate group donor), the site-specific phosphorylation would occur
on serine (S) residues in the cys-kemptide-immobilized gold electrode (kemptide/AuE).
This phosphorylation makes the electrode surface negatively charged, which can interrupt
the penetration of the external redox probe ((Fe(CN)g)37) into the Au electrode surface,
thus resulting in the hindered electron transfer of the redox probe and the increase of the
impedance in the system. On the other hand, the addition of an inhibitor in the sensing
system makes it difficult for PKA to regulate the phosphorylation on the modified electrode,
resulting in no change in electrochemical response, thus enabling it to be employed for the
identification of new PKA inhibitors. With the advantages of the simple fabrication method
and the label-free sensor, as well as sensitive detection of electrochemical impedance spec-
troscopy (EIS), the proposed biosensor has been successfully applied to the monitoring of
PKA activity and inhibition with satisfactory results. Therefore, the developed biosensor
shows great promise for clinical application and pharmaceutical research.
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Scheme 1. Construction and sensing principle of the peptide-based electrochemical biosensor for the
detection of protein kinase A (PKA) activity and inhibition. MCP, 3-mercapto-1-propanol; AuE, Au
electrode; ATP, adenosine 5 -triphosphate; ADP, adenosine 5'-diphosphate.
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2. Materials and Methods
2.1. Chemicals

Protein kinase A (PKA), ATP, N-(2-(p-bromocinnamylamino)ethyl)-5-iso-quinolinesul-
fonamide dihydrochloride (H-89 dihydrochloride hydrate), 3-mercapto-1-propanol (MCP),
phosphate- buffered saline (PBS, pH 7.4, 0.01 M), potassium ferricyanide (K3Fe(CN)g),
human serum albumin (HSA), thrombin, haemoglobin (Hb), and glucose were obtained
from Sigma-Aldrich Co., (St. Louis, MO, USA). cys-kemptide (H-CLRRASLG-NH,) was
synthesized by Peptron Co., (Daejeon, Korea). Deionized (DI) water was prepared in a
Millipore water purification system (Milli-Q, specific resistivity >18 M() cm, Millipore
Korea, Co., Ltd.; Seoul, Korea).

2.2. Preparation of the Peptide-Based Sensor

Before the modification of the electrode, a 3 mm diameter bare Au disk electrode
was polished with 1, 0.3, and 0.05 um Al,O3; powders, respectively. Then, to remove the
residual powder, the electrode was cleaned by using a mixed solution of ethanol and DI
water (1:1, ethanol: DI water) in an ultrasonic bath for 10 min. Afterward, the surface
of the Au electrode was electrochemically activated in 0.5 M H,SO; solution by cyclic
voltammetry (CV) cycling between 0.2 and 1.6 V at a scan rate of 0.1 V s~! until a steady
reproducible CV curve was obtained. To immobilize cys-kemptide on the Au electrode,
10 pL of 0.5 mM cys-kemptide solution (in 10 mM pH 7.4 PBS solution) solution was
dropped on the electrode and incubated in humid conditions for 30 min. To passivate
the regions between the peptide strands on the modified electrode, 10 pL of 10 mM MCP
solution was drop-casted and incubated for 3 h in humid conditions, followed by DI water
wash and N dry.

2.3. Electrochemical Measurements

All electrochemical experiments were performed with a Model 660D electrochemical
analyzer (CH Instruments, Inc., Austin, TX, USA) using a conventional three-electrode
cell. Bare Au and kemptide/Au electrodes were used as working electrodes. A Pt wire
and an Ag/AgCl (3 M NaCl) electrode were used as a counter and a reference electrode,
respectively. EIS studies were carried out in 0.01 M PBS buffer (pH 7.4) containing 2 mM
K3Fe(CN)g. EIS spectra were recorded in the frequency range of 10°-10~2 Hz at a sinu-
soidal voltage perturbation of 5 mV amplitude. To evaluate ATP-dependent PKA activity,
various concentrations of ATP were tested in 0.01 M PBS containing 2 mM K3Fe(CN)g and
100 U/mL PKA on kemptide/AuE after incubation for 1 h. For PKA activity measurements,
various concentrations of PKA were tested with 10 uM ATP in 0.01 M PBS containing 2 mM
K3Fe(CN)g on kemptide/AuE after incubation for 1 h.

For the PKA inhibition test, various concentrations of protein kinase inhibitor H-89
were initially incubated with 100 U/mL PKA and 10 pM ATP for 1 h, and then the activity
of PKA was measured. For selectivity experiments, 10 mg/mL of potential interferences,
such as HSA, thrombin, Hb, and glucose, were tested with 10 uM ATP in 0.01 M PBS
containing 2 mM K3Fe(CN)g on kemptide/AuE after incubation for 1 h. For real sample
analysis of PKA activity and inhibition, HeLa cell lysates containing PKA were tested in
0.01 M PBS containing 10 uM ATP and 2 mM K3Fe(CN)¢ on kemptide/AuE in the presence
and the absence of 50 uM H-89, after the incubation for 10 min and 60 min.

2.4. Preparation of HeLa Cell Lysates

For the real sample analysis, the human cervical cancer cell line HeLa was obtained
from the Korean Cell Line Bank (Seoul, Korea). HeLa cells were cultured in Roswell
Park Memorial Institute (RPMI) 1640 media containing 10% FBS and 1% ABS at 37 °C
in an incubator containing 5% CQO,. The cultured HeLa cells were washed in Dulbecco’s
Phosphate-Buffered Saline (DPBS) and lysed in Pro-PREP protein extraction solution
(INTRON, Seongnam, Korea) at 4 °C for 8 h. The lysate was centrifuged at 4 °C, 15,000 rpm,
for 15 min, and the supernatant was boiling to determine. Then, the obtained supernatants
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were transferred to a freezing centrifuge tube (Axygen, Union City, CA, USA) and stored at
—20 °C in a refrigerator. The concentration of protein was determined by the bicinchoninic
acid (BCA) assay using a Microplate Absorbance Spectrophotometer at 562 nm. All cell
lysates were diluted to 10 ng/mL total protein concentration for kinase activity assay.

3. Results and Discussion
3.1. Fabrication and Feasibility of the Biosensor

Cyclic voltammetry (CV) and EIS experiments were employed to study the fabrication
process and the feasibility of the proposed sensor by using (Fe(CN)s)®~ as a redox probe.
Figure 1A shows CV curves for a 2 mM solution of (Fe(CN))3~ in 10 mM PBS (pH 7.4)
recorded with a bare Au electrode, following modification with a mixed layer of cys-
kemptide and MCP, and subsequent phosphorylation of kemptide on the Au electrode by
PKA in the presence of ATP. All three electrodes showed a pair of well-defined redox peaks.
However, peak-to-peak separation, AE,, (67 mV) for kemptide/AuE is smaller than that for
bare Au electrode (86 mV), while the redox peak currents, ips for kemptide/ AuE are bigger.
This is because two arginine (R) residues at the internal position in kemptide are charged
positively [16] in pH 7.4 on the surface of Au electrode, which results in the attractive
interaction between negative Fe(CN)>~ and the electrode, leading to a relatively facile
diffusion process of redox probe to the electrode surface (Scheme 1). After the addition of
PKA and ATP into the system, the shape of the CV curve changed with increased AE, and
decreased ips, indicating that serine residue (S) at the upper internal position in kemptide
was phosphorylated on the Au electrode surface, which caused the repulsive effect of
positively charged kemptide on the electron transfer of the (Fe(CN)g)®~ to the electrode
surface (Scheme 1). These results clearly show the proposed kemptide/AuE biosensor was
successfully fabricated and could be used for monitoring the PKA activity.
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Figure 1. (A) CV and (B) EIS responses of bare Au electrode and kemptide/AuE before and after
phosphorylation by 100 U/mL PKA in 0.01 M phosphate-buffered saline (PBS) solution (pH 7.4)
containing 10 M adenosine 5 -triphosphate (ATP) and 2 mM K3Fe(CN)g redox probe. (C) The
effect of cys-kemptide modification time (0.5, 2, 8, 16, 20, 24 h) on the change in the electrochemical
responses before and after the phosphorylation by 100 U/mL PKA in 0.01 M PBS solution (pH 7.4)
containing 10 pM ATP and 2 mM K3Fe(CN)g. (D) The effect of ATP concentration (0.1, 0.5, 1, 5,
10, 50 uM) on the change in the electrochemical responses before and after the phosphorylation by
100 U/mL PKA in 0.01 M PBS solution (pH 7.4) containing 2 mM K3Fe(CN)g. Each experiment was
performed in triplicate.
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Electrochemical impedance spectroscopy (EIS) measurements also confirm the fab-
rication and the feasibility of the proposed biosensor. EIS results are presented using
Nyquist plots comprising of a semicircle in the high-frequency region and a slope in the
low-frequency region, as shown in Figure 1B. Charge transfer resistance, AR estimated
from the semicircle diameter is the most sensitive and immediate parameter to reflect
the changes of the electrode interface. As shown in Figure 1B, compared to the bare Au
electrode, the electrode after self-assembly of cys-kemptide exhibits a smaller semicircle
domain with an AR of 22.4 (), indicating a very low electron transfer resistance to the
redox probe in the electrolyte solution. This is ascribed to the attractive effect of positively
charged arginine residues in the kemptide on the redox probe, verifying the immobilization
of cys-kemptide on the Au electrodes surface, thus forming the proposed kemptide/AuE
biosensor. After the introduction of PKA and ATP into the system, the diameter of the
semicircle increased dramatically and the ARt was about 709 Q2 due to the phosphorylation
of serine residue at kemptide/AuE and the subsequent repulsion between (Fe(CN)g)3~
and the negatively charged electrode surface. This result verifies the sensing principle of
the proposed kemptide/AuE biosensor which can be employed for the label-free electro-
chemical detection of PKA activity by CV and EIS experiments. However, as shown in
Figure 1A,B, the EIS experiments exhibited more sensitive measurements, thus the follow-
ing measurements have been performed by impedimetric experiments.

The peptide immobilization condition is an essential factor to fabricate a biosensor
with good performance, therefore it was optimized by controlling the immobilization
time before the impedimetric analysis. The Au electrodes were separately incubated
with 0.5 mM cys-kemptide solution for the different time from 30 min to 24 h, and
then their AR change before and after the phosphorylation was compared. The AR
change was estimated by the equation, ARqt/Rcg where ARt is (Ret—Rcto), and Ry and
AR are electron transfer resistances before and after the phosphorylation. As shown in
Figure 1C, the AR¢t/Rt value decreases with the increase of immobilization time from
30 min to 6 h, and then it increases until 20 h. Although the AR/R values for 30 min
and 20 h are comparable, 30 min was set as the optimal time for peptide immobilization in
a time-effective manner.

ATP plays a critical role as a co-substrate in the PKA-regulated phosphorylation of
peptides or proteins, which provides phosphate groups for the whole process. Hence, the
effect of ATP concentrations on the electrochemical response was examined. Figure 1D
shows the electrochemical responses with increasing concentrations of ATP from 0.1 uM
to 50 uM in the presence of 100 U/mL PKA. The ARt/Ry value gradually increased
with increasing concentration of ATP and saturated after the concentration reached 10 pM.
Therefore, 10 uM ATP was used in the phosphorylation reaction. The Michaelis-Menten
constant, Ky, of PKA for ATP, could be calculated to be 7.4 x 10~7 M from the ATP titration
curve in Figure 1D.

3.2. Analytical Performance toward PKA Activity and Inhibition

Under optimal conditions, the analytical performance of the proposed biosensor
was investigated with different concentrations of PKA. Figure 2A shows AR change
responses of the kemptide/AuE sensor upon the addition of increasing concentration of
PKA from 0.1 U/mL to 100 U/mL. The AR change response of the kemptide/AuE sensor
increased with increasing concentrations of PKA from 0.1 U/mL to 10 U/mL, afterward the
response was saturated. The linear range is represented by the linear regression equation:
ARt /Reo = 2.05 (PKA) (U/mL) + 0.241 (#2 = 0.986). The limit of detection (LOD) was
calculated to be 0.056 U/mL (S/N = 3), which is comparable to those of the previously
reported sensitive methods as summarized in Table 1. Along with its attractive features,
such as simple fabrication and facile operational convenience, the proposed sensor is highly
applicable to the sensitive monitoring of protein kinase activity with a wide dynamic range.
We further evaluated the applicability of the kemptide/AuE sensor in screening potential
protein kinase inhibitor. As a model inhibitor, a synthesized highly selective inhibitor, H-89,
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was chosen to study the PKA inhibition assay. The inhibition study was performed with
different concentrations of H-89 from 3 uM to 50 pM in the presence of 100 U/mL PKA
and 10 uM ATP, and the inhibition effect was estimated from the following equation:
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Figure 2. (A) ARt change responses of kemptide/AuE upon the addition of increasing concentration
of PKA (0.01, 0.05,0.1, 0.5, 1, 5, 10, 50, 100 U/mL). (B) The inhibition effect of different concentrations
of H-89 on the response of kemptide/AuE. (C) The interference test of human serum albumin (HSA),
thrombin, haemoglobin (Hb), and glucose on the determination of PKA. The PKA concentration was
100 U/mL while other species were 10 mg/mL. (D) PKA activity and inhibition assay of the sensor
in HeLa cell lysates at incubation time of 10 min (red bars) and 60 min (blue bars) in the absence (left
bars) and presence (right bars) of 50 uM H-89. Each experiment was performed in triplicate.

As shown Figure 2B, the inhibition ratio increased correspondingly with increasing
concentrations of H-89 and reached the minimum value at about 10 uM. The half-maximal
inhibitory value (ICs) was calculated to be about 3.85 uM (Figure 2B, curve a), which is
comparable to the previously reported values [11,17]. This result clearly demonstrates
that the proposed biosensor can be employed for the screening of protein kinase inhibitors
and thus is promising for its potential application in drug discovery and disease therapy.
To examine its specificity for the analysis of PKA activity, the proposed biosensor was
challenged with potential interferences, such as HSA, thrombin, Hb, and glucose. These
biomolecules are possibly present together as a mixture in biological fluids, representing a
complex biological matrix. As shown in Figure 2C, the addition of the interferents caused
little changes in the impedimetric signal relative to the blank control, while the addition of
PKA led to a noticeable AR change response. This proves that the proposed biosensor
has high selectivity toward PKA and can be utilized for analysis of complex real samples.
Indeed, we could detect PKA activity and inhibition in complex biological samples, such as
cell lysates. Figure 2D shows PKA activity and inhibition assay of the sensor in HeLa cell
lysates. As shown in the left bars of Figure 2D, the electrochemical response increased with
the incubation time, which may reflect a time-dependent rise in PKA activity. In contrast,
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when H-89 was introduced into the cell lysate, the sensor responses were suppressed,
indicating H-89 inhibited the enzymatic activity of PKA (Figure 2D right bars).

Table 1. The comparison of the sensing performance of the proposed biosensor with other methods
for PKA.

Method Linear Range (U/mL) LOD (U/mL) Refs.
Electrochemiluminescence 0.05-100 0.17 [11]
Electrochemiluminescence 0.07-32 0.07 [18]
Electrochemiluminescence 0.1-10 0.09 [19]

Fluorimetry 1-2000 0.47 [20]
Fluorimetry 0.1-6 0.038 [21]
Fluorimetry 0.05-1.6 0.02 [22]
Fluorimetry 0.1-1 0.03 [23]
Fluorimetry 0.1-2000 0.039 [24]
Colorimetry 0-1.0 0.232 [25]
Electrochemistry 0.1-10 0.056 This work

4. Conclusions

We have proposed a facile and label-free assay to detect PKA activity and inhibition
using a peptide electrode-based electrochemical biosensor. The proposed biosensor has
shown a good sensitivity with a wide dynamic range and a high selectivity owing to the
specific catalytic ability of PKA towards its substrate peptide. Furthermore, the biosensor
has demonstrated great potential in kinase activity monitoring and its inhibitor screening
in complex real samples. The electrochemical assay reported here provides a powerful
platform for monitoring protein kinase activities and promises to spur the development
of new protein kinase inhibitors. This is a prominent advance since many protein kinases
are involved in numerous forms of cancer and other diseases, and are thus considered
immediate therapeutic targets. If this electrochemical assay is adapted in a microchip
format, it will be possible to achieve high-throughput screening for drug discovery and
protein kinase profiling of patient samples.
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