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Abstract

The phosphatidylinositol 3-kinase delta (PI3K3) controls a range of cellular processes. Its overexpression is found in
many human tumors. PI3K3$ inhibitors are potential anticancer agents and anti-inflammatory agents for treatment of
rheumatoid arthritis. Derivatives of ZSTK474, an effective inhibitor of PI3K3, were screened virtually by computational
docking for inhibitory activity towards PI3K3. Some of modeled compounds showed better docking energies than
ZSTK474 indicating that the former could be potent enzyme inhibitors. Additional binding energy was provided by
extra ligand-protein interactions. Substituents in morpholine and benzimidazole rings cause increase and decrease of
ligand-protein binding, respectively. Energetically favorable ZSTK474 derivatives satisfy Lipinski’s Rule of five which
testifies to their druglikeness (absorption, distribution, metabolism and excretion) and possible pharmacological
activity.

Keywords: molecular docking; binding energy; binding site; inhibitors.

MOJIEKYJIAPHBIA JOKHHT TPOU3BOJAHBIX ZSTK474 KAK IOTEHIIUAJIBHBIX
WHI'MBUTOPOB PI3K3

Jlrogmuaa K. CBsaTenko,2” OkcaHa B. Tepemenkob
a/lHenponempogckull HayuoHa1bHbIU yHugepcumem umenu Onecst [oHuapa, npocn. ['azapuHa, 72, [[Henponemposck 49010, YkpauHa
bKuposoepadckuli 2cocydapcmeeHHblil nedazozuveckuli yHugepcumem umeHu B. BUHHUYEHKa,
y. lllesuenko, 1, Kupogoepad, 25006, YkpauHa

AHHOTaus

dochaTuANIMHO3UTOI-3-KHUHAa3a JesibTa (PI3KS) KoHTpo/IMpyeT psAA K1eTOYHbIX nponeccoB. Ee n36pIToyHas skcnpec-
CUsl BCTpedyaeTcsA BO MHOTHX BHJAX omyxoJel 4esoBeka. MHru6uropsl PI3KS ABAAIOTCA NMOTeHIUA/IbHBIMH IPOTUBO-
OIyX0JIeBBIMH areHTaMH ¥ NPOTUBOBOCNA/IMTE/ILHBIMY areHTaMHy AJIs JieYyeHHs peBMaTOMAHOro aptpura. MoJieKyisp-
HbIi AOKUHT NPOU3BOAHBIX ZSTK474, a¢PpekTnBHOrOo nurnéutropa PI3KS, 6b11 npoBeseH JJis1 IPOBEPKHU UX HHTUGUTOP-
HOW aKTUBHOCTH B oTHomeHuM PI3KS. HekoTopble M3 CMO/Je/TUPOBAHHBIX COeJMHEHUI NMOKa3a/M Jy4yllHe dHEePruu
o6pa3oBaHMA KOMILIEKCA JIUTraHj - 6esiok, yeM ZSTK474, 4yTo cBUAeTe/bCTBYeT O NMOTEHIUAJbHO GoJiee CUIBHOM
MHru6UpoBaHuu ¢epmeHTa. BoJsblasg 3Heprusa cBA3bIBAHUA OGYC/I0BJIEHA JONOJHHUTE/NbHBIMM B3aUMOAEUCTBHAMHU
JIMTaHA - 6eJIOK. 3aMecTUTe /M B MOP(OTHHOBBIX U 6€eH3MMUAA30/IbHOM IIUKJIaX BbI3BAIOT COOTBETCTBEHHO yBe/IU4YeHUe
U yMeHbllleHUe CBA3bIBAHUA JUTaHA - GesoK. [IpyMeHeHMe npaBuia naTH JIMIMHCKOro K 3HepreTHYecku HauGoJsee
BBITOAHBIM Npou3BoJHBIM ZSTK474 n1s oneHKH nojo6us JieKapCTBeHHbIM BelecTBaM (a6cop6uus, pacnpejeieHue,
MeTa60/IM3M M Bblie/ieHHe) He 0Ka3a/I0 HM OJHOT0 OTKJIOHEeHMs OT NpaBuJa, KOTOpoe onpeAesisieT ¢papMaKogoruyec-
KYyI0 aKTUBHOCTbD JIEKapPCTBEHHOT0 BellleCTBA B OpraHu3Me.

Kawouesvie caosa: MOJ'IeKyfIHprIFI AOKHHT; 3HEePIrus CBA3bIBAHUA; UEHTP CBA3bIBAHUS; I/IHFI/I6I/ITOp.
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MOJIEKYJIAPHUM JOKIHT MOXIAHUX ZSTK474 AK NOTEHIIAHUX IHTIBITOPIB PI3K3

Jlroamuaa K. CBsaTeHko,2* OkcaHa B. TepenieHkob
a/Tninponemposcvkuii HayioHabHUll yHieepcumem imeni Onecst 'onuapa, npocn. I'azapina, 72, /lHinponemposcwvk 49010, Ykpaina
bKiposozpadcvkutl depicasHuli nedazoziuHuli yHisepcumem imeHi B. BunHuyenka, sy llleguenka, 1, Kiposoepad, 25006, Ykpaina

AHoTaljiga

®ocpaTuanIuHO3NTON-3-KiHasa gesbTa (PI3KS) KOHTpo/0E psAja KAITHHHMX mpoueciB. Ii Haj/aMmkoBa ekcnpecis
3yCTpiYa€eThCA B 6araTbox NyXJIUHaX J0ANHM. IHri6iTopu PI3KS € noTeHIiHHMMHY NPOTUNYX/IMHHUMH areHTaMH i IpoTu-
3anajJibHMMH areHTaMM JAJisl JIiKyBaHHSI peBMATOiJHOro apTpuTty. MoseKkyasipHui JoKiHT noxiguux ZSTK474, epekTus-
Horo iHriGiTopa PI3K3, 6yB npoBegeHuii Ajis nepeBipku ix iHri6iTopHoi akTuBHocTi o0 PI3KS. Jleski 3i 3Moae1boBaHUX
CNOJIYK NMOKa3a/iu Kpauli eHeprii yTBOpeHHs1 KOMIUIEKCY Jliranj - 610k, Hixk ZSTK474, mo cBiJ4uTh PO MOTEHLiiHO
6i/IbLI cUJIbHee iHriGyBaHHA pepMeHTYy. bijiblia eHepris 3B'si3yBaHHSI 06yMOBJIeHA A0JaTKOBUMH B3a€EMO/iSIMU JIiTaHJ, -
61710K. 3aMicHUKHU y MOpP}0J1iHOBUX i 6eH3iMiZa30/IbHOMY IMK/IaX BUKJIUKAIOTh BiJANOBIAHO 36i/IbIIEHHA i 3MeHIIEHHA
3B'sI3yBaHH4 JIiraHj, - 6iJ1ok. 3acTocyBaHHs npaBuJa n'satu JIiniHCbKOro A0 eHepreTUYHO HalGi/IbII BUTiIJHUX NOXiJAHUX
ZSTK474 pis oniHIOBaHHS MOAIGHOCTI A0 JIiKapChbKUX peyoBHH (aGcop6uis, po3moais, MeTa60J1i3M i BUJijleHHs) He
NMOKa3aJIo »KOJHOTr0 BiJXWJIeHHs Bij HmpaBHWJa, fiKe BU3HA4Ya€ (papMaKo/OriYyHy aKTHBHICThb JIIKapCbKOi pe4OBHHM B

opraismi.

1104081 €/1084: MOJIEKYJIAPHUH iHT; eHepria3 B’A3yBaHHSA; LEHTpP 3B’I3yBaHHs; iHri6iTOp.
Karouosi caosa: Mosiek OKIHT; eHeprigas B's13yBa e 3B’s13yBa iHri6iTO

Introduction

The PI3Kd (phosphatidylinositol 3-kinase delta)
is a lipid kinase related to class [ PI3Ks and mainly
presents in leukocytes [1]. It has a physiological
role in B-cell signaling, development and survival.
PI3KS is a heterodimer consisting of p1106 catalytic
subunit and p85 regulatory subunit that catalyzes
the ATP-dependent phosphorylation of phosphoino-
sitide substrates [2]. The resulting second messen-
gers can regulate a variety of physiological process-
ses, such as metabolism and cell survival [3].
Deregulation of p1108 subunit by activation or
transforming mutations was implicated in cancer,
rheumatoid arthritis and asthma [4-6]. Conse-
quently, the selective inhibition of PI3Ké is a
promising therapeutic strategy [7]. PI3KS was
extensively studied and exploited as a target for
cancer drugs [8-22]. Earlier developed small-
molecule ATP-competitive PI3K inhibitors had low
affinity, instability, nonselectivity and toxicity that
limited their clinical use [8]. Further chemical
modification significantly improved their pharmaco-
logical properties. Search of new inhibitors for
PI3K has got a great attention and was directed to
minimize undesired and often poorly understood
toxic side effects, enhance potency, selectivity and
pharmacological properties. A lot of structures,
including TGX286 (8-(1-anilinoethyl)-6-methyl-2-
pyridin-4-ylchromen-4-one), PIK39 (5-chloro-3-(2-
methoxyphenyl)-2-(7H-purin-6-ylsulfanylmethyl)-
quinazolin-4-one), 1C87114 (2-[(6-aminopurin-9-
yl)methyl]-5-methyl-3-(2-methylphenyl)quinazolin-
4-one), CAL101 (5-fluoro-3-phenyl-2-[(1S)-1-(7H-
purin-6-ylamino)propyl]quinazolin-4-one), ZSTK474
(4-[4-[2-(difluoromethyl)benzimidazol-1-yl]-6-mor-
pholin-4-yl-1,3,5-triazin-2-ylJmorpholine), NVP-
BEZ235 (2-methyl-2-[4-(3-methyl-2-0x0-8-quinolin-

3-ylimidazo[4,5-c]quinolin-1-yl)phenyl]propane-
nitrile), and IPI-145 (8-chloro-2-phenyl-3-[(1S)-1-
(7H-purin-6-ylamino)ethyl]isoquinolin-1-one) have
been reported and some of them have already
entered clinical trials [9-18].

The new selective PI3Kd inhibitor ZSTK474
strongly inhibits the growth of tumor cells in
human cancer xenografts [16; 18]. It inhibits tumor
cell proliferation via G1 arrest of the cell cycle
without inducing apoptosis in vitro and in vivo as
long as it is administered, and could be used for
months as maintenance therapy for patients with
advanced cancers [19]. ZSTK474 was demonstra-
ted to have potential in vitro antimetastatic effects
on PC3 cells via dual mechanisms: inhibition of
metastatic processes including cell migration,
invasion and adhesion, and antiangiogenesis via
blockade of VEGF (vascular endothelial growth
factor) secretion [20]. The structure of the complex
of ZSTK474 with PI3KS has been experimentally
determined. It was revealed that ZSTK474 is
noncovalently bound inhibitor and occupies the
ATP binding site of protein [21]. The present study
focuses on search of substituents which will
increase the binding of ZSTK474 with PI3K. We
believe that further chemical modifications of
ZSTK474 helped to improve its drug-like properties.

Computational Methodology

The three dimensional structure of PI3K protein
[PDB: 2WXL] was obtained from Protein Data
Bank. ATP and ZSTK474, the pan-inhibitor of PI3K,
were used as the ligands and were retrieved from
NCBI PubChem Compound database (compound
ID: 5957 and 11647372, respectively). ZSTK474
analogs were simulated by insertion of different
substituents (alkyl, hydroxy, alkoxy, amino, halogen,
nitro, cyano) to its structure followed by optimiza-
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Fig. 1. Structure of PI3K with docked ZSTK474: the whole view (a), the binding pocket in PI3K (b), experimentally
obtained (light grey) and calculated (dark grey) conformation of ZSTL474 in binding site of PI3K (c)

tion of the structures at the B3LYP/6-31+G* level
using Gaussian 09 [22]. The Graphical User Interface
program AutoDock Tools 1.5.4 was used to simu-
late the protein and ligands. The grid boxes size
was set at 90, 86 and 126 A (x, y, and z) to include
all the amino acid residues that present in a binding
site. The spacing between grid points was 1.0 A.
The AutoDock Vina 4.0 was used to run and
analyze the rigid docking simulations [23]. During
the docking process, a maximum of 9 conformers
was considered. Autodock results were analyzed to
study interactions and binding energy of the
docked structure. Hydrogen bonds and hydro-
phobic binding distance between atoms were
measured for the best conformers. The results were
visualized by PyMol [24]. Molecular descriptors
were calculated using Virtual computational
chemistry laboratory [25].

Results and Discussion

At the beginning of our study we docked
ZSTK474 with PI3K and compared the structure of
the obtained cluster with available experimental
data [1] to verify the accuracy of AutoDockVina
program. Docking for ZSTK474 led to a cluster
(Fig. 1a, b) with binding energy of -9.5 kcal/mol. It
has two hydrogen bonds and about twenty hydrop-
hobic interactions. The hydrogen bonds were formed
between morpholine oxygen atom of ZSTK474 and
NH group of aminoacid VAL828 through a distance
of 2.8 A (N-H...0), and between benzimidazole
nitrogen atom of ZSTK474 and amino group of
aminoacid LYS779 with a distance of 3.1 A (N-H...N).
The hydrophobic bonds were formed between
carbon atoms of ZSTK474 and aminoacids MET752,

TRP760, THR833, ILE777, TYR813, ILE825, ILE910,
ASP787, ASP911, and PHE908. The obtained
calculated and experimental structures are similar
(Fig. 1c). The fact confirms AutoDock Vina
reproduces structure of ZSTK474-PI3K complex
quite accurately and might be used for the present
study.

Since ZSTK is placed in ATP-binding pocket of
PI3K it was interesting to compare binding energy
of ZSTK and ATP with the protein. Our calculation
results in binding energy of -6.4 kcal/mol for ATP-
PI3K cluster. This confirms ZSTK is a ATP-
competitive inhibitor of PI3K with higher affinity
as compared to ATP.

Further docking of structures, modeled on the
base of ZSTK474, was performed with PI3K.
Obtained clusters have similar structure with
ZSTK474-PI3K cluster: modeled compounds are
placed in ATP-binding pocket of the protein and
have the same type of interaction with protein as
ZSTK474. Docking results for some ZSTK474
derivatives showed binding energy of -9.9 -
-11.1 kcal/mol.  These  structures contain
substituents in morpholine rings. Some of them are
shown in Fig. 2.

While introduction of substituents in benz-
imidazole ring led to decrease of binding energy.
The observed reducing protein affinity is in
accordance with experimental evidence about
decreased potency for benzimidazole ring substitu-
ted compounds as compared with ZSTK474 [26].
More binding energy of protein-ligand complex in
case of structures Z1-Z4 was provided by
additional molecular interactions formed between
Z1 and SER754, MET752; Z2 and ILE910; Z3 and
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Fig. 2. ZSTK474 and modeled molecules with the lowest binding energies

Fig. 3. The minimized energy pose of Z4 in PI3K

SER831, VAL828; Z4 and THR833. The most (Table 1) the derivatives Z1-Z4 obey Lipinski’s
energy favourable structure of potential inhibitor- Rule.

PI3K complex along with intermolecular Table 1
interactions is displayed in Fig. 3 Calculated molecular descriptors for Z1-Z4

Further molecular descriptor analysis was

Compound Molecular logP  H-bond H-bond

. . . weight donors  acceptors
performed to identify druglikeness of the 1 447 257 - 10
ZSTK474 derivatives Z1-Z4 by Lipinski’s Rule of 72 431 285 - 9
. ; : : 3 432 177 2 10
.flve, which describes molecula?r .propertles 71 112 215 - 10
important for a drug pharmacokinetics in the Lipinski’s <500 <5 <5 <10

human body. According to the obtained results Rule
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Conclusion

Modeling interaction between ZSTK474 and
PI3K using AutoDock Vina results in a cluster with a
binding energy of -9.5 kcal/mol. The value is
3 kcal/mol lower than energy of ATP-PI3K complex
formation. That computationally confirms the
experimental evidence of effective role of ZSTK474
as ATP competitive inhibitor of PI3K. Docking
structures modeled on base of ZSTK474
demonstrated influence of substitutes on a binding
energy. Obtained results show that the introduction
of methyl, amino, methoxy, and cyano groups in
morpholine ring leads to increased binding of ligand
with protein. While substituted benzimidazole ring
causes decrease of binding. Four structures
Z1-74 with the best protein affinities (-9.9 -
-11.1 kcal/mol) satisfy Lipinski's Rule of five, so,
they could be potent more effective enzyme
inhibitors than ZSTK474 and, thus, potentially more
effective anticancer agents. We think during clinical
treatment the suggested compounds will display
increased potency and favorable pharmacokinetics
relative to the parent compound.
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