W) Check for updates

Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202104227

www.chemeurj.org

@ Kinase Sensing Based on Protein Interactions at the

Catalytic Site

Ohad Solomon,”® Hannah Sapir,”
Shlomo Yitzchaik*"

Evgeniy Mervinetsky,” Yu-Ju Chen,” Assaf Friedler,** and

Abstract: The role kinases play in regulating cellular processes
makes them potential biomarkers for detecting the onset and
prognosis of various diseases, including many types of cancer.
Current kinase biosensors, including electrochemical and
radiometric methods, rely on sensing the ATP-dependant
enzymatic phosphorylation reaction. Here we introduce a
new type of interaction-based electrochemical kinase bio-
sensor that does not require any chemical labelling or
modification. The basis for sensing is the interactions
between the catalytic site of the kinase and the phosphor-
ylation site of its substrate rather than the phosphorylation
reaction. We demonstrated this concept with the ERK2 kinase
and its substrate protein HDGF, which is involved in lung

cancer. A peptide monolayer derived from the HDGF
phosphorylation site was adsorbed onto a gold electrode and
was used to sense ERK2 without ATP. The sensitivity of the
assay was down to 10 nM of ERK2, corresponding with the
range of its cellular concentrations. Surface chemistry analysis
confirmed that ERK2 was bound to the HDGF peptide
monolayer. This increased the permeability of redox-active
species through the monolayer and resulted in ERK2 electro-
chemical sensing. Since our detection approach is based on
protein-protein interactions and not on the enzymatic
reaction, it can be further utilized for more selective detection
of different types of enzymes.

/

Introduction

Kinases are key components in regulating numerous key cellular
processes, including cell growth and proliferation." Accord-
ingly, abnormal kinase activity is closely connected to many
diseases, including various types of cancer® and kinases are
considered to be promising cancer biomarkers.?¥ Many
analytical methods have been developed for kinase activity
quantification as prognostic tools,*® including radiometric,”®
spectroscopic® " and immunological tools.'*'* Electrochemical
methods were also developed for kinase detection,™'® and as
all electrochemical tools they have the distinct advantages of
relatively low cost, easy operation, rapid response and high
sensitivity."” Though each of these different detection tools is
unique in its method of operation, they all share a dependance
on the enzymatic phosphorylation reaction in the presence of
ATP, which is necessary for sensing. The kinase ERK2 is the most
down-stream kinase in the MAPK/ERK pathway and is involved
in regulating a variety of cellular processes, including differ-
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entiation, proliferation, stress responses and apoptosis.””

Specifically, ERK2 is responsible for phosphorylating and
activating many transcription factors that promote gene
expression, and is closely related to the development of various
types of cancer” We have previously shown that ERK2 is
responsible for the overphosphorylation of the Hepatoma-
derived growth factor (HDGF) protein at Ser165 in non-small-
cell lung carcinoma (NSCLC).*? HDGF is a mitotic factor,
involved in the growth process of vascular smooth muscle cells,
hepatoma cells and endothelial cells,”® and when overex-
pressed in adults is considered a biomarker for various
diseases.”” Based on this kinase-substrate pair, a label-free
electrochemical kinase biosensor was previously developed in
our labs 2%

Sensing based on the catalytic activity of an enzyme,
phosphorylation in the case of ERK2, has the major disadvant-
age of low specificity. This is because many kinases share
common phosphorylation sites and thus phosphorylate the
same sequences within a given protein. A way to overcome the
lack of selectivity in sensing is to use protein interactions, which
are much more specific, rather than catalytic activity. We have
demonstrated this approach for sensing based on interactions
of the kinase at the docking site, which is distant from the
catalytic site.” Here we show that sensing can also be
performed based on the inherent protein interactions between
the catalytic site of the kinase and the phosphorylation
sequence of the substrate, but without ATP. We demonstrated
this concept with a new type of an electrochemical ERK2
biosensor. For this purpose, we developed an assay comprised
of a peptide derived from the phosphorylation site of HDGF,
adsorbed onto a gold electrode. To ensure that no phosphor-
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ylation could occur and that sensing was not phosphorylation-
based, the exposure of the assay to ERK2 was performed in the
absence of ATP. The electrochemical response was monitored
using electrochemical impedance spectroscopy (EIS), which
does not require any labelling or chemical modifications, before
and after exposure to the kinase ERK2.

Results and Discussion
Peptide design

A peptide derived from the HDGF phosphorylation site, residues
160-174, was synthesized with a CGGG sequence at its N-
terminus. The Cysteine residue was added for binding to gold
surfaces, while the three Glycine residues were added as a
spacer to decouple the phosphorylation site from the electrode
surface, allowing the peptide to adopt a more native con-
formation. In addition, a Tryptophan residue was added at the
C-terminus of the peptide to allow accurate concentration
measurement using UV-Vis spectrophotometry. The final se-
quence of the peptide, termed herein as the “HDGF peptide”, is
CGGG'®DLLEDSPKRPKEAEN'*W.

Electrochemically sensing ERK2 in the absence of ATP

Electrochemical impedance spectroscopy (EIS) was used to
monitor peptide monolayer assembly and ERK2 detection. The
HDGF peptide was adsorbed onto gold macroelectrodes, which
according to EIS measurements, resulted in a significant
increase in the resistance to charge transfer (Rg) through the
layer from 70 Q to 6,250 Q (Figure 1A). This increase is due to
the formation of a peptide monolayer on the electrode, which
acts as an insulating layer and decreases the permeability of the
redox-active species, the electron carriers in this system, to the
surface of the electrode. The modified electrodes were then
exposed to ERK2, which resulted in a significant decrease in Rer
values (Figure 1A) to 359 Q, due to an increase in the
permeability of the redox-active species. These results were fit
with the Randles circuit, Rg[(RW)||Q] (see inset to Figure 1B),
where R, is the resistance of the solution, R is the resistance to
charge transfer, W is the Warburg element representing the
diffusion-controlled resistance and Q is a constant phase
element, which describes a nonideal capacitor and replaces the
double-layer capacitor.””

To determine whether the changes in Rs values after
exposure to ERK2 were indeed due to ERK2 and not to
components of the buffer or to non-specific interactions, we
repeated this experiment with the kinase buffer as control
(Figure 1B). To determine the selectivity of the assay towards
ERK2, we also performed these experiments with Bovine serum
albumin (BSA), the MAPK p38y and the kinases PKCS and CDK5
in place of ERK2 (Figure 1B). In these experiments the relative
Rer is defined as the R value before the exposure of the
electrode to ERK2 divided by the R value after exposure to
ERK2. The electrodes exposed to the control buffer, BSA and
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Figure 1. Electrochemical characterization of the essay using EIS. (A)
Adsorption of the HDGF peptide resulted in a significant increase in Rt
values (ll— @) from 70 Q to 6,250 Q as a result of the peptide layer
formation. Exposure to ERK2 resulted in a significant decrease in R¢; values
(@— A) from 6,250 Q to 314 Q; (B) Control and selectivity experiment,
using the kinase buffer and 0.5 uM BSA, p38y, PKCS and CDK5 to verify the
selectivity of the assay towards ERK2; (C) Dose-response experiments
revealed that the sensitivity of the assay is in the range of 10 nM-10 uM.

PKCd showed no significant increase in Rq values. Though the
responses to p38y and CDK5 were more significant, they were
15 to 20-fold lower than the response to ERK2. We assume that
this is due to the difference in affinities of the inappropriate
kinases compared with ERK2 towards the HDGF substrate
peptide, confirming that the electrochemical response of the
assay is due to specific interactions and is indeed selective
towards ERK2.

Next, we evaluated the sensitivity of the assay by exposing
it to different ERK2 concentrations, ranging from 5 nM to 5 uM
(Figure 1C). The dose response experiment revealed that the
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assay is sensitive for ERK2 concentrations between 10 nM and
1 uM, with a limit of detection (LOD) of 8.1 nM and a limit of
quantification (LOQ) of 27 nM (for detailed calculations see
Supporting Information).”® This range correlates with the
cellular concentration of ERK2 (50 nM-2 uM, depending on its
cellular location).””

Surface chemistry analysis showed that ERK2 is adsorbed
onto the HDGF peptide monolayer

To determine the changes in the peptide monolayer after
exposure to ERK2 and to understand the mechanism of
electrochemical sensing we used surface chemistry analysis.

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed for elemental analysis of the monolayer-modified gold
substrates before and after exposure to ERK2. These measure-
ments revealed indicative peaks at binding energies of 285.2,
286.4 and 288.3 eV, corresponding with C 1s C—H, C—O/C—N
and C=0 moieties, respectively (Figure 2A), and 400.1 eV (Fig-
ure 2B), corresponding with the N 1s C—N moiety.®” This serves
as evidence for the successful adsorption of the HDGF peptide
on the gold surfaces. We assume that the peak at 285.2 eV
present in the spectra of the bare gold substrates indicates the
presence of carbon impurities. Exposure of the HDGF peptide-
modified surfaces to ERK2 resulted in a significant increase in
the peaks described above (Figure 2), suggesting that ERK2 was
bound to the peptide monolayer.
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Figure 2. XPS analysis of the HDGF peptide and ERK2-modified surfaces
suggests the binding of ERK2 to the HDGF peptide monolayer. (A) Analysis
of C 1s; (B) Analysis of N 1s. The significant increase in intensity after
exposure to ERK2 suggests the binding of ERK2 to the HDGF peptide
monolayer.
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Variable angle spectroscopic ellipsometry (VASE) measure-
ments showed that while the theoretical length of the HDGF
peptide is 25-30 A, the optical thickness of the peptide
monolayer was 15+3 A. This could be the result of partial
coverage and/or of tilted alignment of the peptides in the layer.
Another explanation is that the conformation of the peptide is
not linear, but has some residual structure, as can be seen from
the minimum at 203 nm in the circular dichroism (CD) spectrum
of the peptide (Figure 3A), corresponding with B-turns.®" This
can be explained by the presence of the two Proline residues
roughly at the middle of the sequence, which are known to
induce B-turns.®? After exposure to ERK2 the optical thickness
of the organic layer increased to 26 +3 A, which again indicates
the binding of ERK2 to the HDGF peptide monolayer. The
change in the layer thickness after exposure to ERK2, 10+3 A,
is smaller than the ERK2 theoretical radii, 20 to 30 A, calculated
using the PyMOL software and the 2FYS PDB file.”® Since
ellipsometric data is averaged over the total irradiated area, we
assume that the coverage of the ERK2 layer on top of the
peptide layer is only partial, explaining the difference between
the experimental additional optical thickness and the ERK2
calculated radii.

Polarization modulation infrared reflection-absorption spec-
troscopy (PM-IRRAS) measurements were performed to deter-
mine the orientation of the functional groups in the HDGF
peptide monolayer (Figure 3B), which could indicate conforma-
tional changes in the HDGF peptide monolayer. In this method,
the intensity represents the subtraction of the s-polarization,
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Figure 3. (A) The CD spectrum of the HDGF peptide in PBS showed that the
HDGF peptide adopts a -turn structure, as can be seen by the minimum at
203 nm; (B) PM-IRRAS measurements revealed an increase in the absorbance
at the amide | region, which may be the result of both the binding of ERK2
to the peptide monolayer and conformational changes in the layer.
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parallel to the surface, from the p-polarization, perpendicular to
the surface. The results show a significant change in absorbance
of the amide | region (1620-1750 cm™), corresponding with
C=0 stretching and N—H in-plane bending, after exposure to
ERK2.5¥ Since the amide | region is usually sensitive to
conformational changes,® the increase in absorbance could be
due to a combination of the presence of additional functional
groups, as a result of the binding of ERK2 to the peptide
monolayer, as well as conformational changes in the HGDF
peptide monolayer.

Atomic force microscopy (AFM) analysis was performed to
determine the changes in the topography of the HDGF peptide
layer after exposure to ERK2. The results showed that the
adsorption of the HDGF peptide only slightly increased the
average surface roughness (Ra) compared to bare gold
(Figures 4A and B), suggesting the formation of a homogeneous
peptide layer. On the other hand, after exposure to ERK2 the
surface seemed rougher and disordered, which was manifested
by a significant increase in the average surface roughness, from
0.25+0.08 nm to 0.83 £0.03 nm (Figures 4B and C). We suggest
that this change is due to the binding of ERK2 to the HDGF
peptide layer that changed the packing of the layer from
homogeneous and dense to disordered. This also explains the

5nm

Ra =0.25+0.08 nm Ra=0.83£0.03 nm

Ra=0.2010.01 nm

Figure 4. AFM analysis and surface roughness measurements of the modified
gold substrates. (A) Bare gold; (B) after adsorption of the HDGF peptide; (C)
after incubation with ERK2. The increase in surface roughness after the
exposure to ERK2 suggests that its binding to the peptide monolayer
resulted in a rearrangement of the layer from ordered and dense to
disordered.
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Figure 5. Sensorgrams of SPR on-surface binding experiments between ERK2
and the HDGF peptide. Exposure to various concentrations of ERK2, ranging
between 0.1 pM-10 uM, showed that the binding in concentration-depend-
ent and that the association phase reaches equilibrium much faster than the
dissociation phase.
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increased permeability of the redox-active species observed in
the electrochemical measurements.

Surface plasmon resonance (SPR) was used to quantify the
on-surface kinetics and interactions between ERK2 and the
surface-bound HDGF peptide (Figure 5). These experiments
showed that ERK2 bound the HDGF peptide in a concentration-
dependant manner, corresponding with the sensitivity revealed
in the EIS dose response experiments. The system reached
equilibrium rapidly during the association phase, k,=(3.2+
0.2)-10* M~ "-sec”’, while equilibrium in the dissociation phase
was achieved much slower, ky=(1.4+0.2)-103sec”'. This
supports our hypothesis that after the binding of ERK2 to the
HDGF peptide monolayer, repeated washes did not remove it,
and that sensing is indeed a result of ERK2 binding. In addition,
we were able to determine the K, of the interaction to be
0.44+£0.02 pM, which suggests a strong interaction between
ERK2 and the HDGF peptides in the monolayer.

Conclusions

The development of analytical methods for detection of
enzymes, and specifically kinases, is crucial for the diagnosis of
diseases and is an essential step for future therapy. In this work
we demonstrated a new approach for selective kinase sensing,
based on the interaction between the catalytic site of the kinase
ERK2 and the phosphorylation sequence of its substrate HDGF,
rather than on the traditional catalytic phosphorylation of the
substrate. We were able to monitor the changes in the HDGF
peptide monolayers electrochemically using EIS and deter-
mined the sensitivity of the assay to be in the range of 10 nM-
1 uM. To understand the molecular mechanism of sensing, we
performed surface analysis. XPS, VASE and PM-IRRAS showed
that after exposure of the assay to ERK2 a binding event
occured and ERK2 was anchored to the HDGF peptide
monolayer. AFM revealed that this binding event changed the
morphology of the layer from homogeneously smooth to
inhomogeneous and rough. According to these results, we
suggest that as a result of the binding of ERK2, the peptide
layer undergoes rearrangement in a way that makes it
permeable to the redox-active species, enabling them to reach
the surface of the electrode and resulting in the electrochemical
sensing of ERK2.

While some previously reported kinase biosensors exhibited
higher sensitivity and sometimes even a larger sensitivity
range,**® our assay has the distinct advantage of being highly
selective, fast to use and requires no further analysis. In
addition, while many biosensors require multistep assembly,
our biosensor, only requires the simple and standard thiol-
mediated adsorption on gold surfaces in a single step, making
it highly versatile. Both previous and current kinase sensing
methods require the use of radio-labelled ATP.®! This derivative
is expensive, requires immediate use and raises unnecessary
health risks. Other detection methods require the use of either
ferrocene-"” or fluorophore-labelled®=* ATP for detection of
the phosphorylation reaction. Though our assay is not com-
pletely label free, due to our use of the Ferri/Ferrocyanide redox
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couple as electron carriers, it does not require any chemical
labelling or modifications, making it easier and generally
cheaper to use. Label free methods for kinase sensing, including
ELISA, use the specific interactions between antibodies and
kinases or the product phosphoproteins.“**? While these
methods are sensitive and highly specific, the antibodies are
also expensive and require tedious and time-consuming
handling procedures. Furthermore, ELISA is only a semi-
quantitative method, while our method is quantitative. Previous
research in our labs showed that the enzymatic selectivity of
kinases usually decreases over time. This is due to the fact that,
if given enough time, kinases will eventually phosphorylate
non-specific substrates, resulting in the loss of selectivity."® In
the assay described herein, on the other hand, since the sensing
is interaction-based and not phosphorylation-based, the selec-
tivity should remain over time. We recently showed that sensing
ERK2 can also be achieved by exploiting the protein-protein
interactions between ERK2 and its substrate ELK1 at the
docking site of ERK2.”® These two directions can be used
together as a new integrative approach for selective kinase
sensing.

In conclusion, our new concept for kinase sensing that
harnesses the interactions between the kinase and its substrate
at the catalytic site, can be further utilized for detecting
different kinases and types of enzymes in a selective manner by
changing the surface-bound peptide. Sensing a specific enzyme
can also be done by using different peptides to target different
sites of the analyte, such as the active and docking sites.

Experimental Section

Peptide synthesis and purification: The peptides were synthesized
on a Liberty blue microwave assisted peptide synthesizer (CEM)
using a standard fluorenylmethyloxycarbonyl chloride (Fmoc)
chemistry and N,N’-diisopropylcarbodiimide (DIC) / ethyl cyanohy-
droxyiminoacetate (Oxyma) as coupling reagents. For SPR on-
surface binding experiments some of the peptide, still on resin, was
labelled with Biotin at the N-termini. For that purpose, 50 mg of the
resin were added to a solution of 53 uL DIEA, 64 mg PyBOP and
30 mg biotin dissolved in 2 mL DMF. The solution was shaken for
16 h at room temperature, following washes of the resin with DMF,
DCM and methanol. The peptides were cleaved from the resin as
described.®? Purification of the peptides was done on a MERCK-
Hitachi semi-preparative HPLC using a reverse-phase Waters C18
semi-preparative column with a gradient of MeCN/TDW. The
identity and purity of the peptides were determined using an
electrospray ionization (ESI) mass spectrometry and an analytical
MERCK-Hitachi HPLC, respectively.

Protein expression and purification: The constitutively active mutant of
ERK2 (R655)™* was expressed using a NpT7-5 His6-ratERK2 plasmid,
courtesy of Prof. Oded Livnah (The Alexander Silberman institute of life
sciences, The Hebrew University of Jerusalem). Expression of the protein
was carried out as described.” The protein contains six His residues at
its N-terminus for affinity purification. After expression, the bacteria
were suspended in the lysis buffer (containing 25 mM Tris-HCl pH=8.0,
500mM NaCl, 5% glycerol, 5mM [-mercaptoethanol, 300 mM
imidazole and a cocktail of protease inhibitors) and lysed using a
microfluidizer. The soluble fraction was separated by centrifugation and
loaded on a nickel Sepharose 4 mL column. Elution of the protein was
performed using an imidazole gradient, at 100% elution buffer
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(containing 25 mM Tris-HCl pH=8.0, 500 mM NaCl, 5% glycerol, 5 mM
[-mercaptoethanol and 300 mM imidazole). The protein was further
purified using a size-exclusion Sephacryl S100 500 mL column. Elution
was performed using a buffer containing 25 mM Tris-HCl pH=8.0,
300 mM NaCl, 5% glycerol and 0.5 mM f-mercaptoethanol, which was
also used as the storage buffer. The purification process of ERK2™** was
carried out on an Akta Explorer FPLC system, and the protein purity was
confirmed by Coomassie staining of SDS-PAGE gel.

Gold electrode preparation and modification: Polycrystalline bulk gold
electrodes with 2 mm diameter (CH Instruments, USA) were polished
using a slurry of 0.05 um alumina for 1 min, and were then thoroughly
washed with TDW and sonicated in a 1:1 solution of ethanol and TDW,
to remove any excess alumina. After electrochemically verifying the
cleanness of the electrodes, a 70 pL peptide solution (10 uM) was
dropped on the surface of the gold macroelectrodes, and these were
incubated for 16 h at 16°C. The electrodes were then rinsed 3 times in
TDW. The peptide solution was prepared by dissolving the peptide in a
slightly basic solution (1 equiv. of 100 MM sodium bicarbonate and
21 equiv. of TDW). The reaction with the kinase ERK2 was performed by
dropping a 40 pL freshly-prepared kinase solution (5 nM-5 uM) on the
surface of the modified electrodes, which were then incubated for
30 mins at 37°C. The reaction medium was 80 mM Tris-HCl pH=7.5
and 40 mM MgCl,. The electrodes were then rinsed 3 times in TDW.

Gold surface preparation and modification: The surfaces were washed
with ethanol, dried under a mild stream of nitrogen gas and cleaned
using UVOCS (ultraviolet ozone cleaning system) for 20 min. A 150 uL
peptide solution (100 uM), prepared as described above, was then
dropped on the surfaces and these were incubated for 16 h at 16°C.
The surfaces were then rinsed 3 times in TDW and dried under a mild
stream of nitrogen gas. The reaction with ERK2 was performed by
dropping a 150 pL kinase solution (3 pM) on the surfaces, which were
then incubated for 30 min at 37°C. The surfaces were then rinsed 3
times in TDW and dried under a mild stream of nitrogen gas.

Electrochemical characterization: Electrochemical measurements were
taken following each surface modification step. EIS measurements were
performed using a Bio-Logic SP-300 potentiostat (Bio-Logic Science
Instruments) connected to an EC-LAB software package. A conventional
three-electrode cell was employed with the modified gold electrode as
working electrode, a Pt counter electrode and a standard Ag/AgCl
reference electrode (Metrohm) with 3 M KCl. EIS measurements were
carried out in a solution containing 5 mM of the redox-active species,
K;[Fe(CN)¢] and K,[Fe(CN)s] and 0.1 M KCI as a supporting electrolyte.
The spectra were recorded at a frequency range of 0.1 Hz-10 kHz with
an amplitude of 10 mV, at the formal potential of E=0.21V (vs. Ag/
AgCl electrode).

X-ray photoelectron spectroscopy (XPS) analysis was performed using
a monochromatic Al Ko X-ray source on a Kratos AXIS ULTRA
instrument.

Variable angle spectroscopic ellipsometry (VASE) measurements were
performed with a VB-400 (Woollam Co.) ellipsometer at the Brewster
angle of 75°.

Circular dichroism (CD) spectra of the HDGF peptide were recorded
with a J-810 spectropolarimeter (JASCO) equipped with a Peltier
thermostat and running the supplied Spectra Manager software.
Samples were placed in 0.1 cm quartz cuvettes for far-UV CD
spectroscopy and scanned in the spectral range 190-260 nm. The
peptides were tested in PBS and in TDW.

Polarization modulation infrared reflection absorption spectroscopy
(PM-IRRAS) measurements were performed at room temperature under
positive nitrogen gas pressure on a reflection-absorption cell (Harrick,
Inc) with a PMA-50 PM-FTIR spectrometer coupled to a Vertex V70
(Bruker). The signal was collected from the modified gold surfaces by

© 2022 Wiley-VCH GmbH
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2048 scans with a resolution of 4 cm™

telluride detector.

using a mercury cadmium

Atomic force microscopy (AFM) analysis was performed using a
Dimension Icon XR probe microscope (Bruker) in tapping mode.

Surface plasmon resonance (SPR) analysis was performed using an
OpenSPR 2-Channel Starter Pack (R4.2) biosensor system (Nicoya). For
this analysis, Biotin-streptavidin sensor chips were used. Following
running buffer equilibration (containing 25 mM Tris pH=8, 100 mM
NaCl and 0.5 mM B-mercaptoethanol), streptavidin immobilization was
performed until a stable signal was achieved. In the ligand immobiliza-
tion step, 25 uM N-terminus biotinylated HDGF peptide was injected
until a stable signal was achieved. Injections of the analyte, ERK2, were
performed in a range of concentrations (0.1-10 puM). After each analyte
injection a regeneration step followed, performed by injecting 10 mM
HCl. Both ligand and analyte were diluted in the running buffer.
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