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THE PROTEIN KINASE CK2 INHIBITOR TESTING
BY CAPILLARY ELECTROPHORESIS

Aim. This research aimed to enhance the methodology for efficiently evaluating CK2 inhibitors using capillary electro-
phoresis and validate the techniques with the CK2 inhibitor FNH79. Additionally, the study included the assessment
of a novel potential inhibitor, the aurone derivative BFO21, using the optimized protocol. Methods. The research was
conducted with the capillary electrophoresis method, and 150 mM orthophosphoric acid (pH 1.2) as a background elec-
trolyte. Conversion of enzymatic reaction was calculated as the ratio of the phosphorylated product peak area to the
total peak area of both substrate and product. Results. The optimal testing conditions were determined, involving
50 units of the enzyme per 50 ul of the reaction mixture, an initial peptide substrate concentration of 100 uM, and an
incubation time of 40 minutes. The initial concentration of ATP was 100 yM. FNH79 demonstrated IC50 and Ki val-
ues of 94 nM and 4.5 nM, respectively. The new aurone compound BFO21 exhibited IC50 and Ki values of 44 nM and
2.1 nM, respectively. Conclusions. Under optimized testing conditions, the activity values for the FNH79 inhibitor
matched previously published results. Additionally, the activity values of the BFO21 inhibitor revealed its significant
potential as the CK2 inhibitor.
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Introduction

Over the last years, the inhibitors of protein kina-
ses have become one of the most important drug
classes in cancer treatment. Protein kinase CK2
plays an important role in many intracellular pro-
cesses, the most important of which are cell cycle
and apoptosis regulation. For many types of can-
cer, CK2 expression level is maintained at a con-
sistently higher level regardless of the cell cycle
stage. Hanahan and Weinberg showed that such
a change in the level of expression occurs precisely
at the time of oncogenic transformation [1]. The
role of CK2 in oncology is the most studied, but
a growing body of research indicates that it also
plays a role in several serious diseases, such as
multiple sclerosis, neurodegenerative diseases
such as Alzheimer’s and Parkinson’s, atherosclero-
sis, thrombosis and diabetes, as well as other pa-
thological states [2—5].

In recent years, significant efforts have been
committed to the development of new CK2 in-
hibitors, including the ATP-competitive, allos-
teric, and dual inhibitors. [6—8]. According to
Borad et al. [9], in 2016 the US Food and Drug
Administration provided the protein kinase CK2
inhibitor CX-4945 with an orphan drug status
for treatment of cholangiocarcinoma. Another
selective inhibitor of CK2, CIGB-300, is current-
ly undergoing clinical trials [10], emphasizing
the potential of this enzyme as a target for antitu-
mor therapy.

One of the biggest problems in searching for
new kinase inhibitors is the possibility of quick
and effective screening. According to Gratz et al.,
the most common are radiometric, spectroscopic
and antigen-dependent studies [11]. Radiometric
assays are highly sensitive and can be applied to
most protein kinases. However, they involve mul-
tiple post-reaction steps and have several other
disadvantages, such as special conditions for wor-
king with radioactivity and the short half-life of
radioactive phosphorus isotope. In antigen-de-
pendent assays the antibodies selectively bind to
peptide sequences containing phosphorylated

amino acid side chains. To date there are no com-
mercially available phosphospecific antibodies,
designed for the common CK2 substrate peptides.
Most spectroscopic methods have a drawback in
that they rely on a secondary enzymatic reaction
that can be disrupted in the presence of test com-
pounds. Capillary electrophoresis, in contrast, is a
much more simple and affordable method that
can be effectively implemented for studying CK2
enzymatic activity [11—13]. The selection of opti-
mal testing conditions, as well as the assessment
of CK2 inhibitors activities, is a promising area of
research.

The aim of this study was to develop the effec-
tive techniques for testing CK2 inhibitors by capil-
lary electrophoresis and assess the optimized tech-
niques using the known CK2 inhibitor FNH79. In
addition, the tasks of this research included testing
a new potential inhibitor (an aurone derivative)
using the optimized protocol.

Materials and methods

2.1. Chemicals and materials

The study was conducted using recombinant hu-
man protein kinase CK2 (New England Biolabs,
USA) and peptide substrate RRRDDDSDDD
(GenScript, USA). The CK2 inhibitor 6,8-Dibro-
mo-2-(4-hydroxy-3-methoxy-phenyl)-chromen-
4-one (FNH79) was provided by OTAVA Chemi-
cals, Ukraine. An aurone derivative (2Z2)-2-[(4-
hydroxy-3-nitro-phenyl)methylene]benzo[e]ben-
zofuran-1-one (BFO21) was synthesized following
the procedure [14] described earlier starting from
the benzo[e]benzofuran-1-one intermediate ob-
tained in a known manner [15].

The structural formulae of FNH79 inhibitor
and the aurone compound BFO21 are shown in
Fig. 1a and Fig. 1b, respectively.

2.2. Reaction setup

The reaction mixture volume was 50 pl per sam-
ple. The reaction buffer contained 2 mM Tris,
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Fig. 1. A. Structural formula of the CK2 inhibitor 6,8-Di-
bromo-2-(4-hydroxy-3-methoxy-phenyl)-chromen-
4-one (FNH79). B. Structural formula of the aurone de-
rivative  (2Z)-2-[(4-hydroxy-3-nitro-phenyl)methylene]
benzo[e]benzofuran-1-one (BFO21)

5 mM KCl and 1 mM MgCl,, pH 7.5. The starting
concentration of ATP in all reactions was 100 uM.
The initial concentrations of the peptide substrate
and enzyme, along with the incubation time, were
varied across different experiments. The incuba-
tion temperature was 30 °C. The reaction was
stopped by adding 100 ul of 20 mM EDTA diso-
dium salt.

2.3. Electrophoretic separation

All electrophoretic separations were performed on
a capillary electrophoresis system Capel-105M
(Lumex). Fused silica (Lumex) of a total length of
75 cm (effective length 65 cm) with inner diameter
50 um was used. Before use, fused silica was
washed for 5 minutes with 0.1 M HCI solution,
then 5 min with distilled water, then 5 min with
0.1 M NaOH solution, again for 5 min with dis-

tilled water and for 5 min with background elec-
trolyte (BGE).

Study by Gratz et al. suggests 2 M acetic acid
(pH 1.9) as BGE for capillary electrophoresis of
peptides [11]. Dawson et al. used 150 mM or-
thophosphoric acid (pH 1.2) for CE kinase assay
[16]. Both BGEs were tested in this study. Before
electrophoretic separation, 350 pl of deionized
water was added to the samples. Samples were in-
troduced hydrodynamically at 900 mbar*s. The
electrophoresis voltage was 25 kV. Electrophoretic
separation was carried out in positive polarity.
Detection conducted at a wavelength of 192 nm.
Instrument control, data collection and integra-
tion were performed with Elforun (Lumex) soft-
ware.

2.4. Results interpretation

Accurate measurement of conversion requires a
calibration curve that illustrates the relationship
between peak area and concentration for the
substrate. However, the construction of such a
curve is time-consuming. Alternatively, the con-
version can be assessed by directly comparing
the peak areas of the substrate and product, since
they exhibited similar absorption at the selected
wavelength. In this study, conversion was calcu-
lated as the ratio of the phosphorylated product
peak area to the total peak area of both substrate
and product.

2.5. Selection of the optimal peptide
substrate starting concentration

The reaction mixture contained 50 units of kinase
per sample. The initial peptide concentration in
different samples was 200, 100, 25, or 12.5 uM. The
incubation time was 60 min.

2.6. Selection of the optimal
incubation time

The reaction mixture contained 50 or 100 units of
CK2 per sample. The initial peptide concentration
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Fig. 2. Electrophoretic separation of the substrate and phosphorylated product at varying incubation time and conver-

sion rates, 2 M acetic acid as a BGE

was 100 uM. Samples were incubated for 20, 40, 60
and 100 min.

2.7. Evaluation of the inhibition
effectiveness and IC50

The reaction mixture contained 50 units of kinase
per sample and 0.5 pul inhibitor solution in DMSO
(final concentrations were 2 uM, 1 pM, 0.5 pM,
0.25 uM, 0.125 pM for FNH79 and 5.7 uM,
2.85uM, 1.425 uM, 0.713 uM, 0.356 uM, 0.178 puM,
0.089 uM, 0.022 pM for BFO21) or 0.5 pL of pure
DMSO in control samples. The incubation time
was 40 min. All IC;, studies were performed in two
replicates. Mean conversion values for each con-

centration were used for construction of the con-
version-versus-concentration curves and IC,, de-
termination.

Results and discussion

3.1. Selection of electrophoretic
separation conditions

Efficient electrophoretic separation was obser-
ved both using 2 M acetic acid and 150 mM or-
thophosphoric acid (Fig. 2 and Fig. 3, respectively).

When orthophosphoric acid was used, a higher
electrophoresis current was observed (100 pA
compared to 20 pA for acetic acid), as well as a
larger peptide peak area. For this reason, 150 mM

ISSN 1993-6842 (on-line); ISSN 0233-7657 (print). Biopolymers and Cell. 2025. Vol. 41, No. 1 45



M.V. Mahdysiuk, O.A. Bieda, V.G. Bdzhola et al.

0,0

48 | Substrate
2 ||'|I
i
32 F | I|
I
[
1,6 F [ Product
.'ll \
— b B A
0)0 1 L L 1
S 48 |
£
= Substrate
E; 3,2 F f
I f \ Product
E) f'l I' /\ \
—8 1’6 i |'|l ll'l f II'.
3 f w / \\\-_-.
L2 et PP i, St bt opsirm b A0 i g g s IO e e A
—<D 0)0 [l 1 L L J 1
4,8 |
Product
32 n
Substrate A
I
1,6 /f /I \
f lll I\MM_
MWWWA%N-W'W - AP, - ;JI

7 8

9 10

Time, minutes

Fig. 3. Electrophoretic separation of the substrate and phosphorylated product at varying incubation time and conver-

sion rates, 150 mM orthophosphoric acid as a BGE

orthophosphoric acid (pH 1.2) was used as a BGE
in further experiments.

3.2. Determination of the optimal peptide
substrate starting concentration

In order to maximize the accuracy of the measure-
ments, it was necessary to achieve the largest pos-
sible area of the phosphorylated product. This can
be achieved by increasing conversion. The conver-
sion depends on the initial enzyme and substrate
concentrations, as well as on the incubation time.
In order to find the optimal starting peptide con-
centration, a series of experiments was conducted
with different starting concentrations, in which

46

the conversion over a fixed time was compared
(Fig. 4).

As shown in Fig. 4, at an initial peptide substrate
concentration of 200 uM, the conversion was only
12%. In contrast, at a starting concentration of
13 uM, the entire peptide substrate was phospho-
rylated within 60 minutes. Sufficiently high con-
version was observed at starting concentration of
100 pM (35%).

The obtained data are consistent with the results
of other studies. The initial substrate concentra-
tion of 100 uM was used by He & Yeung [12] for
the CE-based protein kinase inhibitor testing, and
their initial ATP concentration was 1 mM. Gratz
et al. used a starting peptide concentration of
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114 pM for the CE-based CK2 inhibitor testing,
while the ATP concentration was 150 uM. Consi-
dering this data, the use of a peptide substrate in a
concentration close to 100 uM is a general trend in
studies on the CE-based protein kinase inhibitor
testing. This initial peptide concentration was con-
sidered optimal for further experiments.

3.3. Incubation time optimization

A longer incubation time is desirable, as it allows
increasing the conversion and the phosphorylated
product peak area, which positively affects the ac-
curacy of measurement results. However, the reac-
tion rate decreases over time due to the decrease in
substrate concentration, which leads to additional
difficulties in determining the IC;, of the inhibitor.
In order to optimize incubation time, a dependen-
ce curve of conversion on the reaction time was
obtained (Fig. 5).

As can be seen from Fig. 5, for 40 min the con-
version at 100 and 50 units of enzyme was 19% and
15%, respectively. At the same time, using 50 units
of the enzyme per 50 pl of the reaction mixture
linearity was observed for up to 40 minutes, in
contrast to 100 units.

In general, the amount of enzyme and the incu-
bation time in such experiments strongly depend
on the enzyme activity and, accordingly, the con-
version that can be achieved under these condi-
tions. In the CE-based protein kinase inhibitor
testing, the incubation time is usually in the range
of 10 to 30 min [12—13], which is shorter than the
optimal time in this study.This shows that the ob-
tained conversion values turned out to be unex-
pectedly low for the tested time intervals. The pro-
tein kinase manufacturer states that a unit of en-
zyme is defined as the amount of enzyme required
to catalyze the transfer of 1 pmol of phosphate to
the peptide substrate (100 uM) in 1 min at 30 °C in
a total reaction volume of 25 pL. Assuming a con-
stant reaction rate, which is acceptable on a linear
segment, in 40 min, 100 units of enzyme in a volu-
me of 25 ul should theoretically catalyze the trans-
fer of 4000 pmol of phosphate to the peptide sub-
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Fig. 4. The dependence curve showing the conversion as
a function of the initial peptide substrate concentration

24 L
®
20 L
X16 b ®
5 .
I
Qo
© 8t »
0 / 1 L 1 L 1
20 40 60 80 100

Time, minutes
Fig. 5. The conversion versus reaction time dependence

curve for 100 enzyme units (squares) and 50 enzyme units
(circles) per 50 ul of reaction mixture

strate. Thus, the amount of phosphorylated pro-
duct should also be 4000 pmol. Since the initial
amount of peptide substrate was 8620 pmol, a con-
version close to 50% was expected after this time.
In a similar research Gratz et al. showed that the
area of the peak of the peptide substrate was sig-
nificantly exceeded by the peak of the phosphory-
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Fig. 6. The conversion versus inhibitor concentration de-
pendence curves for FNH79 (squares) and BFO21 (cir-
cles). The IC,, values are shown with white marks

lated product already after 6 min of incubation
[11]. However, in that study, the amount of en-
zyme was indicated in micrograms, and not in
units, which makes it much more difficult to cor-
rectly compare the conditions of the current re-
search with the results obtained by Gratz et al.
[11]. In this study, a conversion of 15% was con-
sidered acceptable for measurements. Since it ex-
ceeded the conversion after 20 min for 100 units of
protein kinase, using 50 units of enzyme per 50 pl
of reaction mixture with a 40-minute incubation
time was the most optimal for further tests.

Table 1. Comparison of CK2 inhibitors activity

3.4. Evaluation of the inhibition
effectiveness and 1C50

To estimate IC,, a conversion-versus-concentra-
tion curve for the FNH79 inhibitor was plotted on
the basis of obtained data (Fig. 6).

The standard deviation for the obtained data
was within 10% of the obtained values. The ob-
tained IC,, for the FNH79 inhibitor was 94 nM.
Golub et al. indicate that the IC,, for this CK2 in-
hibitor was 4 nM [17]. However, the IC;, indicator
is a rather apparent value that depends on several
additional parameters, in particular substrate and
co-substrate concentrations. Since these values,
particularly the concentration of the ATP, differed
in this study due to the specificity of the method, it
is expectable that the estimated IC;, value differs.

The inhibition constant (K;) is a much more uni-
versal value that can be used for direct comparison
of the inhibitors tested by different methods accor-
ding to the protocols that included different amo-
unts of ATP in the reaction mixture. According to
Cheng and Prusoft, K; for competitive inhibitors
can be calculated using the following equation:

N (O

i 1+ [S]

K,

m

where [S] is the concentration of the substrate, in
this case ATP, and K, is the enzyme Michaelis con-
stant for ATP [18].

Compound name Testing method [ATP] (uM) CK2 IC50 (nM) Ki (nM) Source
BFO2 Radiometric 50 Holoenzyme 3.5 0.3 [14]
Compound 3 « 90 « 600 31.6 [22]
CX-4945 « 15 « 1 0.3 [24]
Chrysoeriol « 20 a-subunit 250 93.8 [20]
7h Spectroscopic 61 « 3 0.5 [21]
GO289 « 3 « 7 5.6 [23]
SRPINS803-rev Radiometric 20 « 280 105 [25]
FNH79 « 50 Holoenzyme 4 0.8 [17]
FNH79 Electrophoresis 100 “ 94 45 This study

48 ISSN 1993-6842 (on-line); ISSN 0233-7657 (print). Biopolymers and Cell. 2025. Vol. 41, No. 1




The protein kinase CK2 inhibitor testing by capillary electrophoresis

According to Dobrowolska et al. the value of K,
(ATP) is 12 uM for the alpha subunit of CK2 and
5 uM for the holoenzyme [19]. To compare the ob-
tained results, it was necessary to analyze the data
on several CK2 inhibitors, for which IC50 values
were published elsewhere [14, 17, 20—25]. These
values were determined using methods with va-
rying ATP concentrations in the reaction mixture.
Expected K; values were calculated for them using
the Cheng-Prusoff equation and the data of Do-
browolska et al. The results are shown in Table 1.

As can be seen from the table, some inhibitors
with a high IC,, value can have low calculated K,
for example, Compound 3, studied by Nakanishi
et al. [22]. The obtained K, value for the FNH79
inhibitor is much closer to the data of Golub et al.
despite the fact that their IC;, values differ signifi-
cantly. Thus, the obtained data on the activity of the
tested compound correspond to the previous data
of Golub et al., which indicates the success of the
proposed protocol of CK2 inhibitors testing [17].

During the previous study from our department,
conducted by Protopopov et al. a series of aurones
with significant inhibitory activity against CK2 was
discovered and synthesized [14]. As a continuation
of that study, one of the newly synthesized aurones
BFO21 was tested by capillary electrophoresis. The
conversion versus BFO21 concentration depen-
dence curve is shown in Fig. 6.

The IC,, value for the tested aurone was 44 nM. K;
calculated using the Cheng-Prussoff equation and
the data of Dobrowolska et al. was 2.1 nM, which is
comparable to the corresponding value calculated
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TECTYBAHHA IHTIBITOPIB ITPOTEITHKIHA3M CK2
METOJOM KAIIUTAPHOTO EJIEKTPO®OPE3Y

Mema. Metoro focimKeHHst 6Y/I0 IOKpallleHHs MeTOAVKY epeKTUBHOI oLiHKM iHTi6iTOpiB mporeinkinasu CK2 3a fo-
IIOMOTOI0 KaIli/IIPHOTO eeKTpodopesy Ta Ii mepeBipka 3 BUKOPUCTAHHAM Bifjomoro inribitropa FNH79. Kpim Toro,
TOCIIiPKEHHsI BKII0YA/IO OLIIHKY HOBOTO IIOTEHIIIITHOTO iHTibiTopa, moxigHoro ayporny BFO21, 3 BUKOpMCTAaHHAM OITH-
Mi30BaHOroO MpPOTOKOMY. Memodu. J[JoCTimKeHHsI IPOBOAWINCh METOOM KAIllIIPHOTO eneKTpodopesy, GpoHOBUM
enexTpositoM cyrysana 150 MM oprodocdopra kucmora (pH 1,2). Konsepcito pepmeHTaTHBHOI peakiiii po3paxoBy-
Ba/IM AK BiTHOLIEHHA IUIOLI HiKy $ochOpIIbOBaHOTrO MPOAYKTY AO 3arajabHOI IUIOMII HIiKiB cyOCTpaTy Ta IPORYKTY.
Pesynvmamu. byno BU3Ha4eHO ONTVMAbHI YMOBM TeCTYBaHHA, [0 CTAaHOBWIM 50 ofvHUIb HepMeHTY Ha 50 MK
peaxuiitHol cyMilmi i3 MOYaTKOBOI KOHIIEHTpaAL[ilo IMenTugHoro cyocrpary 100 MxM Ta wacom iHky6arii 40 XBUINH.
CraproBa koHueHTpanis AT® Ttakox cranoBmwia 100 MmxM. [Ina FNH79 Bcranosneni sHauenss IC;, i po3paxoBani
sHaueHHA K| cranosmnn 94 HM i 4,5 HM BignosinHo. Hose noxigxe aypory BFO21 npogemoncTpysano sHaueHH: 1C;,
1K, 44 u#M Ta 2,1 HM BignosigHo. BucHoeéxu. 3a ONTUMi30BaHIX YMOB TeCTYBaHH:A 3HAYeHHA aKTUBHOCTI A/ iHri6iTO-
py ENH79 6ymu 6/113bki o paHinte omy6mikoBaHux pesynbraris. KpiM Toro, 3HadeHHs akTMBHOCTI iHribiTopa BFO21
BKa3yIOTb Ha J10r0 3HAYHMII TOTEHIia/l B AKOCTi iHribiTopa CK2.

Kntouoei cnosa: xaninspunit enekrpodopes, nporeinkinasa CK2, pocopunopanns, inribysanus depmeHnTis, pep-
MEHTATVBHA KiHeTHKa.
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