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Aim. To identify novel protein kinase CK2 inhibitors among the 5-hetarylamino-1H-indazoles.
Methods. Biochemical testing was carried out with the aid of y-32P ATP in vitro kinase assay.
Molecular docking via the Autodock 4.2.6 program package was executed, rescoring of dock-
ing results was performed using DrugScore scoring function. Results. Among the 17 studied
5-amino-3-arylindazole derivatives 11 inhibitors of protein kinase CK2 with ICs, in nanomo-
lar range were identified. The most active compound has ICs, =2 nM. SAR study and addi-
tional molecular modeling of these compounds allowed us to select prospective substituents
for construction of novel compounds with improved activity and physicochemical properties.
Conclusions. As a result of this work 11 nanomolar protein kinase CK2 inhibitors were de-
veloped and the binding modes of these compounds with the ATP-acceptor site were proposed
using molecular docking methods. The physicochemical properties and SAR of substituents
of studied compounds were analyzed and 6 novel compounds were designed for further de-
velopment as protein kinase CK2 inhibitors. Summarizing, 5-heterylamino-1H-indazoles are
a good basis for further CK2 inhibitors development.

Keywords: protein kinase CK2 inhibitor, in vitro kinase assay, molecular docking, indazole,
pyrazolo[3,4-d]pyrimidine.
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Introduction

Serine/threonine protein kinase CK2 was dis-
covered among the first ones in 1954 [1].
Despite a long history of CK2 investigations,
a number of its functions are not completely
determined. At the same time CK2 has unique
properties that differ it from the majority of
protein kinases [2]. In contrast to the common
protein kinases CK2 cannot be turned off by
the mechanisms such as phosphorylation or
dephosphorylation, second messenger binding
and reversible association with regulatory sub-
units, but can be only “modulated” by means
of the mechanisms, which are still not com-
pletely understood [3]. Unlike the most of
other oncogenic protein kinases, the malignant
behavior of CK2 is not caused by deregulation
of the kinase activity at a genetic level. CK2
has the unique ability to use GTP as well as
ATP as the phosphate donors [4]. The ATP
binding pocket of CK2 is smaller than that of
the other protein kinases, that is why the ATP
competitive inhibitors with higher selectivity
for CK2 could be developed. CK2 has high
pleiotropicity (CK2 phosphorylates more than
500 proteins) [5] — most of the substrates have
been found to be transcriptional factors (60),
effectors of DNA/RNA structure (50), signal-
ing proteins (more than 80), a limited number
of metabolic enzymes and even over 40 vi-
ruses use CK2 to phosphorylate essential pro-
teins in their life cycle [6]. Experimental re-
sults clearly showed that CK2 is involved in
regulation of transcription, translation, cell
proliferation, survival and apoptosis [7].
Overexpression and overactivity of CK2 are
associated with the development of neurode-
generative, inflammatory, cardio-vascular dis-

eases, virus infections, and all the cancers
having been examined [8, 9]. Therefore, small-
molecular inhibitors of CK2 would be impor-
tant compounds for the development of clini-
cal agents.

In the previous work we have described
chemical synthesis of the novel 5-hetarylami-
no-1H-indazole derivatives as prominent in-
hibitors of human protein kinase CK2 [10].
Here we are representing measurements of
their in vitro activity and SAR study as well
as molecular docking simulation.

Materials and Methods

Molecular docking

Flexible docking was conducted using the
program Autodock 4.2.6 [11]. The 3D structure
of human protein kinase CK2 was obtained
from the Brookhaven Protein Data Bank (PDB
ID: 3NSZ and 4UBA) [12, 13].

Water molecules, ions, and ligand were
removed from the PDB file of the receptor.
Ligands were prepared by Vega ZZ (command
line) [14] and MGL Tools 1.5.6 [11]. To carry
out a calculation with the aid of the Autodock
program, the incoming formats of receptor and
ligands data were converted into PDBQT-
format with Vega ZZ in the AUTODOCK force
field. This format contains the coordinates of
the atoms and partial charges. Hydrogen atoms
were removed from nonpolar adenine param-
eters: translation step — 2 A, quaternion step —
50, torsion step — 50. Torsional degrees of
freedom and coefficient were 2 and 0.274,
respectively. Cluster tolerance — 2 A. External
grid energy — 1,000, max initial energy — 0,
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max number of retries — 10,000. Number of
individuals in the population — 300, the maxi-
mum number of energy evaluations — 850,000,
the maximum number of generations — 27,000,
number of top individuals, which survived to
the next generation — 1, rate of gene mutation —
0.02, rate of crossover — 0.8, mode of cross-
over — arithmetic. Alpha parameter of Cauchy
distribution was 0, Beta parameter Cauchy
distribution — 1. The number of iterations of
the Lamarckian genetic algorithm was 50 for
each ligand.

Visual analysis of the best-scored com-
plexes was performed using Discovery Studio
Visualizer 4.0 [Discovery Studio Visualizer:
http://accelrys.com/].

LogP calculation

LogP values were calculated using Marvin
Sketch 19.12 (https://www.chemaxon.com).

Biological evaluation

Compounds were tested using in vitro kinase
assay [15]. Each test was carried out in tripli-
cate in 30 puL reaction volume, which contains
6 ng of peptide substrate RRRDDDSDDD
(New England Biolabs); 10 units of recombi-
nant human CK2 holoenzyme (New England
Biolabs); 50 uM ATP and 0.05-0.1 pCi
v-labeled 32P ATP; CK2 buffer (20 mM Tris-
HCI, pH 7.5; 50 mM KCI; 10 mM MgCl,) and
inhibitor in varying concentrations. The incu-
bation time was 20 min at 30 °C. The reaction
was stopped by adding an equal volume of
10 % orthophosphoric acid and the reaction
mixture was loaded onto 20-mm discs of phos-
phocellulose paper (Whatman). Disks were
washed three times with 1 % orthophosphoric
acid solution, air-dried at room temperature
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and counted by the Cherenkov method in a
beta-counter (LKB). As a negative control, an
equal volume of dimethyl sulfoxide (DMSO)
was added to the reaction mixture. Inhibition
percentage was calculated as the ratio of sub-
strate-incorporated radioactivity in the pres-
ence of inhibitor to the radioactivity incorpo-
rated in control reactions, i.e., in the absence
of inhibitor. Serial dilutions of inhibitor stock
solution were used to determine its ICs, con-
centration. The ICs, values represent means of
triplicate experiments with SEM never excee-
ding 15 %.

Results and Discussion

Earlier we have found new promising CK2
inhibitors with ICs, values in a range 0.007—
0.1 uM in in vitro assay with radiolabeled ATP
[15] among the 4-substituted quinazoline de-
rivatives of 5-amino-3-arylindazoles 1-3 [20].
We had left 3-(3,4-dichlorophenyl) substituent
of the most active compound 1 unmodified
and have focused on the variation of hetero-
cyclic residue at the 5-position of indazole
moiety [10].

A complex of compound 1 with a CK2 ATP-
binding site is shown in Figure 1. An indazole
heterocyclic moiety is involved in the hydro-
phobic interactions with amino acid residues
Val66, 11e95, Phell3, Valll6, Metl63 and
Ile174 in the adenine-binding region. Also, the
indazole moiety forms a hydrogen bond with
Vall16 amino acid residue of the CK2 hinge
region. The 3,4-dichlorophenyl substituent is
directed towards the exit of ATP-binding pock-
et. It forms hydrophobic interaction with
Leu45 and Metl63. The (2-trifluoromethyl)
quinazoline moiety lies inside the hydrophobic
pocket 1. It has hydrophobic interaction with
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Phel13, Val53, Lys68 and Ile174. Additionally,
2-trifluoromethylquinazoline forms hydrogen
bonds with Lys68 and Asp175.

Chemical structures, 1Cs, calculated LogP
and LipE (CLogP and CLipE) values of the 14
new heterocyclic derivatives of substituted
5-amino-3-(3,4-dichlorophenyl)indazole are
represented in the Table 1. In general, 5-amino-
3-aryl indazole derivatives show high inhibi-
tory activity toward CK2 but mostly have had
extremely high lipophilicity (LogP>5). In this
case, to estimate the efficiency of studied com-
pounds as CK2 inhibitors, it was used a special
composite parameter that linked inhibitory
activity and lipophilicity parameter. This pa-
rameter is lipophilic efficiency or LipE [17].

Fig. 1. Molecular modelling of the
complex of compound 1 with human
protein kinase CK2. Hydrogen bonds
are indicated as green dashed lines
and hydrophobic interactions — as
magenta dot-dashed lines.

LipE is the most “correct” [18] composed
parameter, and it is determined using the fol-
lowing formula: CLipE = pICs, — ClogP. The
structure and ICs, values of the most effective
studied inhibitors are shown in Table 2.
According to in vitro tests, 11 compounds
(including 1-3 having been synthesized ear-
lier) have submicromolar ICs, values ranging
from 0.002 uM (4) to 0.8 uM (6). It turns out
that negative steric influence of the bulky sub-
stituents at 2"d position of quinazoline hetero-
cycle on the compounds inhibitory activity is
not as crucial as that of the substituents at the
6t position. Small methyl group at the 6t
quinazoline’s position of compound 8 causes
decrease of 1Cs, by two orders of magnitude
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Table 1. Chemical structure, ICsy, CLogP and CLipE of 5-amino-3-arylindazole derivatives.
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compared to the 4 with unsubstituted quinazo-
line ring. This decrease is even more than the
decrease caused by the bulky 2-chlorophenyl
residue of compound 7. On the other hand, 2nd
position substituents having restricted dimen-
sions cause almost no negative effect on com-
pound activity — the ICs, of 1 and 5 with 2-tri-
fluoromethyl and 2-isopropyl group is not far
from the ICs, of 4. The 4-phenylpyrimidine
moiety of compound 9 in comparison to the
quinazoline ring system of 4 probably have no
enough hydrophobic interactions in ATP-
binding site of CK-2, as a result, the IC5, of 9
is more than one thousand times higher than
the 1C5, of 4. However, the most surprisingly
poor results in this testing were shown by
quinoline derivatives 11 and 12 as well as
thienopyrimidine thieno[2,3-d]pyrimidine de-
rivative 13. 11 has almost the same geometry
as 4 but shows no activity towards CK2. This
might be a result of a combination of the low-
er basicity of quinoline heterocycle compared
to quinazoline one and lower water solubility
of 11. Difficulties with water solubility also
may be a reason of significant variation in ICs,
of more polar and hydrophilic pyrazolo[3,4-d]
pyrimidine derivatives 14—17 which, according
to IC5, compound 16 in 0.002 uM, can be ac-
tive enough.

Regarging the lipophilicity — the analysis
of FDA approved protein kinase inhibitors
showed that average LipE value is 4.99 with
a range from 2 (vandetanib) to 8.5 (tofacitinib)
[19]. Our best compounds 2, 4 and 16 have
values of CLipE 2.3, 2.7 and 3, respectively
(Table 1). It is significantly lower than CLipE
values of known promising CK2 inhibitors
BFO13, FLC26, FNH79 and CX-4945-4.94,
3.85, 4.48 and 4.84, respectively. Examined

5-amino-3-arylindazole derivatives have strong
inhibitory potential toward CK2, but their
physicochemical properties should be thor-
oughly optimized. In this case, the new 5-ami-
no-3-arylindazole derivatives with the same
binding mode and activities but with better
CLipE values should be constructed.

The CLogP values of the most effective
substituents R, and R, were calculated to de-
termine the direction of optimization (see
Figure 2).

R, substituent [3-(trifluoromethyl)-1-quin-
azolyl] and R, substituent 3,4-dichlorophenyl
had the highest CLogP values — 2.6 and 3.6,
respectively. These substituents were not tak-
en into account for the design of the new
5-amino-3-arylindazoles.

Based on the SAR study, the results of mo-
lecular docking and calculated LogP values of
each substituent, six new 5-amino-3-arylinda-
zole derivatives were designed as possible
effective human protein kinase CK2 inhibitors.

All new six compounds comply with
Lipinski’s rules. The structure and CLogP val-
ues of these compounds are represented in
Figure 3.

The protein part of a crystal structure of
the protein kinase CK2 complex with inhibi-
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Fig. 2. Structure and CLogP values of R; and R, substituents
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Fig. 3. Structure and CLogP values
of new designed 5-amino-3-arylin-
dazole derivatives

CLogP =32

Table 2. Drug score values, molecular weight and the ratio of drug score value to molecular weight and

numbers of heavy atoms of compounds.

Compound CLogP hlj;lvn;baetgﬁfs MW DrugScore Drgﬁ}slz;)\rft;/ gg:::er DrugScore/MW
FLC26 3.9 23 440 -96 -4.2 -0.22
(CLipE = 3.85) (IC50=0.009 uM)
BFO13 3.5 22 362 -86.2 -3.9 -0.24
(CLipE =4.94) (IC50 = 0.0036 pM)
CX-4945 4.20 25 350 -102 -4.1 -0.29
(CLipE =4.5) (IC50=0.002 uM)
1 7.5 32 571 -115.1 -3.6 -0.2
(CLipE =0.5) (IC50=0.01 pM)
2 6.2 32 435 -93.7 -2.9 -0.22
(CLipE =2.3) (IC5,=0.003 uM)
4 6 28 495 -98.5 -3.5 -0.2
(CLipE =2.7) (IC55 = 0.002 uM)
16 5.4 29 578 -92.2 -3.2 -0.16
(CLipE = 3) (IC50=0.004 uM)
18 4.7 28 456 -105.6 -3.8 -0.23
19 33 29 385 -105.3 -3.6 -0.27
20 4.1 29 539 -116.6 -4 -0.22
21 4.6 25 424 -79.4 -3.2 -0.19
22 3.2 26 442 -103.1 -4 -0.23
23 4 26 507 -96.3 -3.7 -0.19
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Phe113 Phe13

Glult4 Glull4

Vall16 Val116

Phe113

Fig. 4. Complexes of CK2 inhib itors FLC26 and BFO13
(A) and compounds 18-20 (B), 21-23 (C) with ATP-
binding site of protein kinase CK2.

tor FLC26 (PDBID: 4UBA) was chosen as To avoid the influence of different molecular
the target for docking studies and following weights on the results of scoring function,
comparison of docking scores of compounds the drug score values were approximated to
18-23 with known CK2 inhibitors FLC26, molecular weights and numbers of heavy
BFO13, CX-4945, 1, 2, 4 and 16. Score val- atoms of compounds. It is required for more
ues were calculated using a knowledge-based detailed differentiation of its possible inhibi-
scoring function Drug Score [20] (see Table 2).  tory activity.
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Molecular docking showed that binding
modes of compounds 18-23 (see Figure 4) are
similar to the binding mode of FLC26 proved
by crystallography. R, substituents are ori-
ented to the hydrophobic pocket I and R, — to
the exit of the ATP-binding pocket. Indazole
heterocycle is located in an adenine-binding
pocket and forms hydrogen bonds with hinge
amino acid residues.

Among known inhibitors the compounds 1,
CX-4945, compound 4, and FLC26 had the
best Drug Score scoring function values
(—115.1, —102, —98.8, —96 respectively),
FLC26, CX-4945, BFO13 and compounds
1 — DrugScore/Number of heavy atoms coef-
ficient (4.2, 4.1, -3.9, 3.6, respectively) and
CX-4945, BFO13, FLC26 and compounds
2 — DrugScore/Molecular weight coefficient
(0.29, —0.24, —0.22, —0.22, respectively).
Among designed compounds, compounds 20,
18 and 19 had the best Drug Score scoring
function values (-116.6, 105.6 and 105.3, re-
spectively), compounds 20, 22 and 18 —
DrugScore/ Number of heavy atoms coefficient
(-4, —4 and —-3.8), compounds 19, 22 and 18 —
DrugScore/Molecular weight coefficient
(-0.27,—-0.23 and —0.23). Taking into account
CLogP, Drug Score scoring function,
DrugScore/Number of heavy atoms and
DrugScore/Molecular weight values, the best
compounds for further development are 22 and
19. We anticipate that designed 5-amino-3-ar-
ylindazole derivatives will have lipophilic ef-
ficiency comparable with the best known CK2
inhibitors.

Conclusions

This research has demonstrated that 5-hetaryl-
amino-3-arylindazoles have good potential as
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CK2 inhibitors. Eleven compounds with sub-
micromolar inhibitory activity were identified
(compounds 4, 16 and 1 have shown ICs,
values 2, 4 and 7 nM, respectively). The bind-
ing mode of these compounds with CK2 was
proposed using molecular docking methods.
It demonstrates hydrogen bonds with amino-
acids of the hinge region and numerous hy-
drophobic interactions which provide high
activity of 5-amino-3-arylindazoles. SAR and
docking studies allowed us to suggest lipo-
philic efficiency optimization methods and to
design compounds with good probability to
inhibit protein kinase CK2 for further devel-
opment.
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BusHayeHHsI AKTMBHOCTI in vitro Ta anaJis
CNMiBBiTHOIIEHHSI CTPYKTYPa-aKTUBHICTh HOBUX
reTepoluKIiYHUX MOXiTHUX S-amiHo-3-apuia-1H-
iHaa304y sk iHridiTopiB nporeinkinazu CK2

M. B. IIpotomonog, B. C. Baogin, C. C. Jlykamios,
O. B. OctpuHcska, 1. I1. bopucenko,

O. B. bopoBuxog, C. A. Crapocuna, f. B. binokins,
O. I1. Kyxapenko, B. I'. bmxona, C. M. SIpmointok

Mera. Ilomyk HOBHX iHTiOiTOpiB MpoTeinkiHazn CK2
cepen S-rerapuiamino-1 H-innazomnis. Meronu. bioximiune
TECTYBaHHs MIPOBOAWIIH 71 Vitro 3a TOTIOMOTOK pajioak-
THUBHO MiueHOTO Y-32P AT®. Jlyist MOJIEKYIISIPHOTO TOKIHTY
3acTOCOBYBaJH Iporpamuuii maket Autodock 4.2, pecko-
PHHT Pe3yJIbTaTiB JOKIHI'Y BAKOHYBAJIH 3 BUKOPHCTaHHAM
¢ykuii ckopurary DrugScore. Pesyasraru. Cepen 17-tu
MOX1THUX S-aMiHO-3-apHiIiHAa30ITy 110 OYJI0 TOCTIKEHO
Oyro 3Haiineno 11 inribitopis mporeinkinasu CK2 3 IC;,
B HaHOMOJIIPHOMY Aiara3oHi. Haitbinpmr akTuBHA cro-
nyka mana ICsy = 2 aM. JlociKeHHs! CIiBBITHOIICHHS
CTPYKTypa-akTHBHICTh Ta JOJATKOBHI MOJCKY/SAPHHUIMA
JIOKIHT IIMX CTHOJYK JO3BOJIMB O0paTy MepCHeKTHBHI MO-
nudikarii s ofepKaHHS HOBUX CIIONYK 3 KpaluMu
(hi3UKO-XIMIYHIMH XapakTepucTikamy. BucHoBkm. B pe-
3yJBTaTi MpoBeneHoi pobotn Oyno orpumano 11 HOBHX
HaHOMOJISIpHUX 1HTiOiTOpiB mpoTeinkinazu CK2.
Crmparourch Ha pe3ysIbTaTi MOJIEKYJIIPHOTO OKIHTY OyJ10
3aIPONIOHOBAHO MOJIEITB 3B’ SI3yBaHHS IIMX MOJEKYH 3 ATD-
3B’sI3yBaJIbHUM caiiToM KiHa3u. Ha mincrasi anamnisy ¢i-
3UKO-XIMIYHHX XapaKTEPHUCTHUK Ta CIIBBIHOIICHHS CTPYK-
Typa-aKTHBHICTH /IS 3aMiCHHKIB 1HAA30JIEHOTO siZipa J10-
CITIKEHHX CIIONYK OYJI0 3aIPONIOHOBAHO CTPYKTYPH 6-TH
HOBHX TOXITHUX JUTS TTONAIBINOI pPO3poOKH iHTiOITOPIB
npoteinkinazu CK2. 3aramom S-rerapminamino-1H-
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1H1a30JIM BUSIBUIMCH BIAJIOI0 OCHOBOIO JUISI ITOOYTIOBH
HOBHX iHTi0iTOpiB TIpoTeinkiHazu CK2.

KamouoBi cuaosa: iaridirop nmporeinkinazu CK2,
TECTYBaHHSI KiHa3HOI aKTUBHOCTI in Vitro, MOJIEKYJISIPHUIH
JIOKIHT, iH1a301, mipasonol3,4-d|mipumianH.

OnpenesieHue aKTUBHOCTH in vitro u anaaus
COOTHOIIEHHUSI CTPYKTYPA-aKTHBHOCTH HOBBIX
reTepONUKIANYECKUX MPOU3BOAHBIX S-aMHHO-3-
apui-1H-unaa3ona B kKauecTBe MHTHOUTOPOB
nporennknHasbl CK2

M. B. Ilpotononos, B. C. BaosuHn, C. C. Jlykaiios,
O. B. Octpunckas, U. I1. bopucenko,

O. B. boposuxos, C.A. Crapocwuia, 5.B. bemokons,
O. II. Kyxapenko, B. I'. Bxona, C. M. Spmointok

Heas. [Torck HOBBIX HHTHONTOPOB poTenHKHHA3E CK2
cpeau S-retapuiamuHo- 1 H-unmazonoB. MeToabl.
Broxummueckoe TecTHpOBaHUE NMPOBOIMIIN M Vitro TIPH
TTOMOIIH PAJMOAKTHBHO MedeHOTO Y-32P AT®. Jljst Mmoste-
KYJSIPHOIO JTIOKMHIA IIPUMEHSIN POrPaMMHbBIN IIAKET
Autodock 4.2, pecKOpHHT pe3yJIbTaToB JOKHHT'A ITPOBOIN-
JIM ¢ MCTOIB30BaHNeM (yKIuu ckopuHra DrugScore.
Pesyabrarel. Cpenu 17-Tu nccneioBaHHBIX MPOU3BOHBIX
5-amMuHO-3-apuinHIa30I1a 06110 00HapyXeHo 11 MHrnow-
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TopoB nporenHkrHasbl CK2 ¢ ICs, B HaHOMOIIIpHOM
nuarasone. Y Hanboee akTuBHOTO coenuaeHust [Csy = 2
HM. HMccnenoBanue COOTHOUIEHUS CTPYKTYpa-aKTUBHOCTh
H TOTIOIHUTENBHBIN MOJIEKYIISIPHBIN TOKUHT 3THX COS/IHU-
HEHHH [T03BOJIIII BEIOPATH MIEPCIIEKTUBHBIE MOAU(HKALIN
JUTSl TIOJTyYEHUsI HOBBIX COCIMHEHHH C JyqIIMMH (QH3H-
KO-XHUMHUYECKUMH XapaKTepucTukamu. BeiBoasl. B pe-
3yJIBTaTe MPOBEAEHHON PabOTHI OBLIO MOy4YeHO 11 HOBBIX
HaHOMOJISIPHBIX MHTMOMUTOPOB NpoTeMHKHnHa3bl CK2.
Onwmpasich Ha pe3yabTaThl MOJIEKYIISIPHOTO JOKHHTA Oblla
MIPEAJIOKEHA MOJIENb CBSA3BIBAHUS 3TUX MOJIeKyl ¢ AT®-
CBSI3BIBAIOLINM CaliTOM KnHa3bl. Ha ocHoBe ananmsa ¢u-
3UKO-XMMHUYECKHX XapaKTEPUCTHK M COOTHOILIEHHS CTPYK-
Typa-aKTHBHOCTB [UISl 3aMECTHUTETICH MHAA30IbHOTO spa
WCCIIEI0BaHHBIX COSTMHEHUH OBLIM MPEIUIOKEHBI CTPYK-
Typbl 6-TH HOBBIX POU3BOAHBIX IS AajIbHEHILIEH pa3pa-
00TKM HHrHONTOPOB MpoTenHKHa3el CK2. Brienom 5-re-
TapUIaMUHO- | H-MHIA30I16I OKa3aIMCh YAAYHOM OCHOBOM
JUTS1 CHHTE3a HOBBIX MHI'MONTOPOB NpoTenHKHHA36I CK2.

KiawouyeBble CJI0BAa: MHIHOUTOP NMPOTEMHKUHA3ZBI
CK2, TectupoBaHye KMHa3HOM aKTUBHOCTH 71 VItro, MOJIe-
KyJSIpHHUI TOKWHT, HHAA30]1, pasono| 3,4-d mupumuyH.
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