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ABSTRACT

Background: Searching for new active compounds acting as Factor Xa inhibitors (FXal) has
become one of the main strategies for the pharmacotherapy of thromboembolic disorders.
Isosteviol is a non-toxic hydrolysis product of naturally occurring stevioside and possesses a
wide range of therapeutic properties, including anticoagulant activity.

Aims: The present paper describes in silico design of novel oxime ether isosteviol derivatives
as well as molecular modeling approach based on structure-activity relationship analysis
(QSAR) and docking simulation for searching novel isosteviol-based compounds as potential
FXa inhibitors.

Method: Automated Network Search (ANS) algorithm was employed for constructing QSAR
models to predict the FXa inhibitory activities. New compounds bearing isosteviol moieties
were designed based on the structure-activity relationships obtained from QSAR models.
Docking simulations using Autodock Vina program were applied for predicting the binding
ability of the most active compounds towards FXa.

Results: A QSAR model with R? training of 0.93, and R? external validation of 0.84 was
obtained based on a multilayer perceptron (MLP) 5-8-1 network and a database of 77
isosteviols. 16 new derivatives were designed, and their binding energies ranged between -
6.9 to -9.1 kcal/mol. Among them, 5 isosteviols showed the highest activity against FXa.

Conclusions: Analysis showed that the most promising derivatives contain heterocyclic
aromatic five-membered moieties with substituents containing chlorine or fluorine atoms. It
is anticipated that the findings reported in present 27 work may provide useful information
for designing effective FXa inhibitors as anticoagulant agents.

Keywords: Thrombosis, FXa inhibitor, molecular modeling, isosteviol-like FXa inhibitors,
docking simulation, artificial neural networks.
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TOMTAT

Pat van dé: Thiét ké cac hgp chat phan tir nhd c6 kha nang tic ché yéu t6 dong mau hoat
héa Xa (FXal) dugc xem la moét trong nhitng huéng di chinh nham tim kiém liéu phap diéu tri
cac roi loan thuyén tac huyét khoi.

Muc tiéu nghién ctu: Ung dung phuang phap silico trong thiét ké cac dan xuat isosteviol
mai hudng tac dung Uc ché FXa. Phuang phéap: Mang no ron nhan tao dugc si dung dé xay
dung cac mé hinh lién quan dinh lugng cau trdc-hoat tinh sinh hoc (QSAR) nham du doan tac
dung Uc ché FXa. M6 phong docking phan t dugc ap dung dé du doan kha nang lién két cua
cac hop chat doi véi FXa.

Két qua nghién ciu: M6 hinh QSAR ap dung thuat todn mang perceptron mét |6p véi cau
tric 5-8-1 xay dung trén 77 cau truc isosteviol cho hé s6 xac dinh trén tap huan luyén (R?) la
0,93 va trén tap danh gia ngoai la 0,84. 16 dan chat mdéi cla isosteviol dugc thiét ké c6 nang
luong lién két véi FXa dao dong tur-9,1 téi -6,9 kcal/mol. Tl cac chat méi thiét ké, 5 chat dugc
xac dinh co6 hoat tinh manh nhat.

Két luan: Cac chat mai thiét ké thé hién hoat tinh t6t, 1a co s& ly thuyét cho t6i uu hoa cau
tric va phat trién thudc chéng dd6ng mau mai huéng tc ché FXa.

Tir khéa: huyét khoi, chat tc ché FXa, mo hinh héa phan tl, moé phdng docking phan ta,
mang nd ron nhan tao.

Dat vén dé

Yéu t6 hoat hda Xa (FXa) dong vai tro chinh
trong qua trinh déng mau va la muc tiéu hap
dan dé phat trién thudc chéng déng mau
dung dudng udng. Vai tro ctia né khéng chi
giGi han trong chudi phan ting déng mau ma
no cling tham gia nhiéu con dudng truyén tin
hiéu ndi bao théng qua kich hoat cac thu thé

protease két hgp vdi G-protein (PAR) cling
nhu gay ra cac phan ung viém va xo héa [1].
Hién nay, cac chat Uc ché FXa dugc xem la
mot trong nhiing thudc chéng déng dudng
udng dugc ap dung rdng rai nhat dé diéu tri
cac roi loan huyét khéi tac mach [2]. Puoc
cong bé nam 2011, thubc chéng déng tc ché
FXa la apixaban (Eliquis®) la mét trong 10
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thudc ban chay nhat trén thé gigi nam 2021
[3]. Ngoai ra, cac thudc chéng déng dudng
uéng c6 cung co ché la rivaroxaban,
edoxaban va betrixaban ngay cang dugc su
dung réng rai trong 1am sang, thay thé cho
thudc khang vitamin K trong diéu tri thuyén
tac huyét khoi tinh mach va rung tam nhi
khéng do bénh van tim [4].

Nghién cttu phat trién thudc chéng déng
dudng udng hudng Uc ché FXa da thu hat
dugc sy quan tam Ién ti cong dong khoa
hoc. Trong nhitng nam gan day, nhiéu né luc
da duoc thuc hién dé tim ra cac chat uc ché
FXa (FXal) mdi, manh va an toan han. Nhém
cac dan xuat isosteviol (ISV) da dugc phat
hién c6 kha nang U ché tot FXa (Hinh 1) [5].
Isosteviol la sdn pham thay phan axit cla
steviosid — mot hop chat thién nhién co
nguén goc ti cay co ngot. Khong chi co hoat
tinh tot, ISV da dugc chiing minh la c6 déc
tinh thap va dugc ddong hoc phu hgp dé phat
trién thuéc chéng déng dudng uéng mai [2].
Chen va cong su nam 2019 da ung dung
phuang phap docking phan tl trong thiét ké
va téng hop 18 ISV mdai; mot trong sé ching
(hop chat 6k) c6 hé s tc ché FXa lén tdi
15nM va dac diém dugc déng hoc phu hop
dé phat trién thanh thudc [6]. Shi va cdng su
ap dung phan wng Click trong téng hop 40
ISV mai va phat hién mot sé dan xuat co hoat
tinh trung binh dén manh, c6 tiém nang dé
ti€p tuc nghién clru [7]. VGi su phat trién cla
khoa hoc may tinh, nhiéu phuong phap méi
da dugc phat trién, bao gobm mo hinh hoa

OH

Isosteviol (Ki = 642 nM)

6k (Ki = 15 nM)

L 8
lién quan dinh lugng cau truc-hoat tinh sinh
hoc (QSAR) va mé phong docking phan tu,
da dugc ung dung réng rai va hiéu qua trong
nghién ctu va thiét ké thudc [8]. Cho tGi nay,
chi duy nhat mét nghién ctu ting dung mé
hinh QSAR dugc thuc hién nham thiét ké ISV
huéng Uc ché FXa [9], tuy nhién c6 mét s
han ché lién quan dén sé lugng gidi han cla
di liéu (20 hop chat) va d6 chinh xac khong
cao (hé s6 xac dinh Q2 trén tap kiém tra dao
dong tu 0,15 t6i 0,79).

TU cac phan tich trén, phuong phap QSAR
da dugc ung dung trong nghién cdu nay
nham thiét k& moét s6 ISV mai véi nhom thé
oxime ether (Hinh 1). M6 phéng docking
phan ti sau dé dugc st dung nham du doan
tuong tac va nang lugng cla cac chat mai
thiét ké khi gan véi thu thé FXa.

Nguyén liéu, doi tuong va phuong phdp
nghién cov

Nguyén liéu va déi tuong nghién ciu

Cau tric héa hoc va hoat tinh cta 77 ISV
dugc thu thap tu cac nghién ctu da duoc
cong bé [6, 7]. Cong thic hoa hoc 3D dugc
xay dung bang phan mém Hyperchem 8.0 va
t6i uu hoa nang lugng st dung méd hinh
Austin 1 (AM1), véi gradient ciia RMS la 0,01
kcal/Amol, 30000 vong I3p. Phan mém tinh
tham s6 phan t: Dragon 5.0 (Talete, Milan, Y)
gém 4885 tham sé. Phan mém xay dung mé
hinh QSAR: Statistica 13.3; phan mém moé
phdéng docking phan t: AutoDock Vina 1.0 va
PyRx. Phan mém phan tich tuang tac: BIOVIA
Discovery Studio 2021 Client.

DAn xuat oxime ether isosteviol

Hinh 1. Cdu tric cdc dan xudt isosteviol, dan xudt 6k [6] va khung chdt mdéi thiét ké
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Phuong phdp nghién cuau

Xdy dung mé hinh QSAR: Phan tich héi quy
dugc thuc hién st dung mo hinh mang noron
nhan tao (ANN) tich hgp trong Statistica 13.3
(TIBCO Software Inc., Palo Alto, California, Hoa
Ky). Cau tric mang dugc thiét lap théng qua
thuat toan tim ki€ém mang tu dong (ANS) cho
phép chia ty |& cac bién dau vao va bién muc
tiéu, dong thoi cho tao nhiéu mang khac
nhau vé chiic nang kich hoat hoac dé phtc
tap cla mang. Nghién clu nay tap trung xay
dung mang perceptron da I6p (MLP) nham
gidm thiéu budc tinh va thiét 1ap sé nut cua
I6p 4n théng qua quy trinh tha-16i. Cac budc
xay dung mé hinh nhu sau:

- Phan chia dir liéu thanh tap huan luyén
(65 %), tap chuan héa (20 %) va tap danh gia
(15 %). Tap danh gid hoan toan tach khoi quy
trinh xay dung mé hinh va dung dé kiém
chuing do chinh xac trong du doan hoat tinh
cUa chat méi.

- Thiét lap théng s6 cho thuat toan hoc
may c6 giam sat MLP: s6 vong lap 1000, t6c¢
dd hoc: 0,3 va moment: 0,2. Ham kich hoat:
RDF.

- Cac thong s6 danh gia: sai s6 toan
phuong trung binh (MSE), sai sé tuyét déi
trung binh (MAE), hé s6 tuong quan (R2).
Céng thic tinh MSE va MAE cu thé nhu sau:
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Trong do n la kich thudc tap huan luyén, xi
la gia tri thuc nghiém va yi la gia tri du doan.

Mé phéng docking phén td: Cau trdc tinh
thé tia X cla yéu t6 Xa dugc tai vé ti Ngan
hang dir liéu protein (PDB ID: 2P16) [10]. Qua
trinh chudn bi protein dich gém: loai bé nudc,
tach co chat déng tinh thé (edoxaban), thém
hydro phan cuc, téi uu hda cac axit amin His,
Pro, Asn, GIn, Cys, phan bé dién tich Kollmann
va Gasteiger. Két qua thu dugc tép pdbqgt
chtra cau truc dich phan tir san sang cho mé
phdng. Cac hop chat phan ti nhé dugc xay
dung cau trdc 3D s dung phan mém
Hyperchem 8.0. Quy trinh docking dugc danh
gia bang cach dock lai Apixaban vao trung
tam hoat doéng cua Xa. HOp grid dugc xac
dinh vai kich thuéc 25x25x25 lay trung tam
tai toa do X=9,54,Y =43,27 vaZ=63,47.

Két qud nghién cou

Xay dung mé hinh QSAR

Sau qua trinh huan luyén Mé hinh mang
perceptron da I6p (MLP) du doan hoat tinh tc
ché Xa vGi cac théng sé va hiéu nang nhu sau
(Hinh 2):

)

® Tap huan luyén

@ Tap chudn hoa

Tap kiém tra

--------- Linear (Tap huén luyén)
- Linear (T4p chuén héa)

Linear (Tap kiém tra)

Gia tri thwc nghiém logKi (uM)

Hinh 2. Biéu dé tuong quan gid tri thuc nghiém va du dodn cia mé hinh MLP 5-8-1
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- Kién tric MLP 5-8-1 gém: 5 no-ron dau
vao, 8 na-ron I&p an va 1 ng-ron dau ra;

- Thuat toan huan luyén mang: BFGS 31
(Broyden-Fletcher-Goldfarb-Shanno 31);

- Ham kich hoat I6p an: logistic;

- Ham kich hoat dau ra: ham tiép tuyén
hyperbol tanh.

K&t qua huan luyén va du doan clia mo
hinh MLP thu dugc rat tot, cu thé: hé sé tuong
quan R2 cho tap huan luyén, tap chuan hoava
tap kiém tra lan luot 13 0,931; 0,923 va 0,847.
Sai s& MSE va MAE trén tap kiém tra thap
(0,181 va 0,022) cho thdy mé hinh c6 d6 chinh
Xac cao trong du doan.

K&t qua chon bién dau vao cho mang MLP
5-8-1 thu dugc 5 mé ta phan t& (MTPT) gom
3 mo td khong gian 3D va 2 moé ta t6 pd 2D.
Danh sach va y nghia cac MTPT dugc liét ké
trong Bang 1. K&t qua nay cho thay cac mo ta
khong gian ¢6 y nghia quan trong trong du
doan lién quan cau tric va tac dung uc ché
yéu t6 Xa. Mang MLP cho phép phan tich anh
hudng ctia moéi MTPT déi vai gia tri Ki, qua d6
xac dinh dac diém cau tric co vai trd quan
trong trong tang hay gidm hoat tinh Gic ché
FXa cling nhu tac dung chéng doéng clia cac
hap chat héa hoc.

Thiét ké dan xudt isosteviol (ISV) méi

Dua trén cac MTPT c6 thé thay kich thudc,

8

do phan cuc va thé ion héa cé anh hudng téi
hoat tinh sinh hoc cla cac ISV. Chen va cong
su nhan thay 19-ethyl ester va 16-oxime la 2
nhém thé quan trong quyét dinh hoat tinh
chéng déng cda ISV [6]. Gackowski cling phat
hién cac dan chat oxime ether cta ISV cé
nhém thé thiophen hodc nhém 3-
methyloxetan ciing c6 hoat tinh Uic ché Xa in
vitro tot [9]. MOt s6 dac diém céu truc cling
dugc chiing minh ¢6 anh hudng manh téi
hoat tinh cUa isosteviol bao gém di vong nam
canh, s6 lugng nhom thé halogen chua Cl va
F. Dua trén cac dac diém lién quan cau truc-
tadc dung dugc dé cap dén G trén, 16 dan xuat
oxime ether isosteviol mai dugc thiét ké véi
cac nhém thé alicyclic bao hoa va khong bao
hoa hoac cac nhém thé mang hé di vong
chua S, 0 hoac N (Bang 2).

Mé phong docking phan tur

M6 phdéng docking phan t gitp xac dinh
cau dang t6i uu cling nhu nang lugng lién két
clia cac ISV mai thiét ké khi tuong tac vai
trung tam hoat déng cha FXa. Két qua du
doan nang lugng lién két AG (kcal/mol) dugc
liet ké trong Bang 2. Két qua dock lai
edoxaban cho d6 chéng lan cao (rm.s.d ~
1.12A) va nadng luong lién két AG = -9,4
kcal/mol. Tuong tac quan trong vé&i Tyr99 (lién
két hydro Hbond va pi-stacking), GIn192,

Bang 1.Y nghia va dnh hudng clia cdc mo ta phan ti déi véi hoat tinh tc ché FXa

ST Ténméta phantit Dinh nghia Nh6mMTPT  Donhay P hangquan
trong d6i vdi Ki
1 GATS8p It-‘:ct""”g quan Geary (lag8) theo do phan Tetwongquan2d 16,75 1
2 HATS2i Tutuong quan theo trong s don bay (lag2) GETAWAY 30 14,49 2
/théion héa
3 RSe Tu tugng quan R (lag5) theo d6 am dién GETAWAY 3D 13,33 3
Sanderson
4 HATS 2¢ Tu tuong quan theo trong s6 don bay (lag2) GETAWAY 3 8,86 4
/ d6 dm dién Sanderson
Do léch tuyét doi trung binh phd so véi ma .
5 SpMAD_B(v) tran Burden ¢4 trong s6 theo thé tich van MTPT;:;? ;Ir)en ma 8,69 5

der Waals
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8

Bang 2. Cac ISV mdi thiét ké, hoat tinh du doan (Ki) b&i mé hinh MLP 5-8-1 va nang lugng
lien két (AG) gilra ching véi FXa

Hop chit R Ki (uM) AG:;‘I;” Hop chit R Ki (M) AG“(I';‘S”
% NN
Isvo1 1Mm -87 ISV09 | H—CFs 0356 -89
S 0
= £
15V02 /\E> 0,645 -83 ISV10 ELL/\E%/CF\@ 0,354 -8,7
s S
|
N N\N
ISV03 /\E> 9,282 -93 ISV11 S\ 0,487 -89
S N
W CF,
Isvo4 L&L/\(}C' 0544 -8 Isv12 ?{\E»_—CFB' 0,573 -8
s o}
= N el
ISV05 /\E§’C' 0372 -6,9 ISv13 Y 0,493 7,4
S O
NN :
ISV06 \ 0,749 8,0 IsV14 it‘/\@ 0,650 -8,2
o’ S NH
% Cl
ISV07 \ D 0306 9,1 ISv15 “FLL/\@/ 0,936 73
S NH
F / C  ccl
Isvos % A 0442 -89 ISV16 Y 0,947 7,0
| S O

ALY

Ser195vaTrp215 (Hbond) déu dugc bao toan.
Két qua nay cho thay mé hinh docking cé kha
nang du doan tot tuong quan cau tric-tac
dung cuia chat Uc ché FXa (Hinh 3).

M6 phéng docking dugc ting dung dé du
doan tuong tac cta 16 ISV méi thiét ké vai
FXa. Dua trén két qua docking, 5 chat dugc
danh gia la co ai luc t6t nhat dong thai cé
tuong tac vdi cac axit amin quan trong tai

trung tam hoat déng clia FXa: ISV07-11. Cac
chat nay ¢6 nang luogng tuong tac dao dong
trong khoang -9,1 dén -8,7 kcal/mol. Cac
tuong tac chu yéu nhu Hbond, stacking va
halogen dién ra chu yéu gilra cdc nhom thé
tai khe S1 va S2 cua trung tam hoat déng
(Hinh 3) trong khi cau tric da vong cua steviol
tuong tdc manh véi khe S4 ctia FXa [6].

Cu thé, ISV07 duoc du doan co Ki = 0,306
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Hinh 3. Két qua dock lai edoxaban vao trung tdm hoat déng cua FXa

MM va nang lugng tuong tac -9,1 kcal/mol.
Chat nay c6 toi 2 tuang tac pi-sigma théng
qua nhan pyrol véi Trp215 va nhém alkyl clia
nhan polycyclic vGi Tyr99. Tuang tac chd yéu
dién ra tai khe S1 cia FXa. Chat ISV08 lai co
tuong tac manh vai Ser214, Ser195, GIn192 tai
khe S2 thong qua lién két Hbond va tuong tac
halogen. Chat1SV09 lai c6 kha nang tuong tac
véi cd 2 khe S1 va S2 thong qua nhan
isoxazole vd&i Ser214, Trp215, Ala190 va
Cys191. ChatI1SV10 tuong tu ISV09 véi 4 tuang
tac halogen, 2 lién két Hbond théng qua nhan
pyrol. Cudi cung, chatI1SV11 c6 nhém thé kha
cong kénh véi 3 lién két Hbond va nhiéu
tuong tac ky nudc véi vung S2. Bac biét, trong
qua trinh gan két, duy nhat ISV11 phat sinh
kién két tinh dién gitta nhdm amid véi Glu146.
Cac tuong tac néu trén phu hgp véi lién quan
cau truc-tac dung da dugc mo ta trudc day va
tuong tu véi cac thubc Uic ché FXa da duagc
phat trién, nhu apixaban, edoxaban va
rivaroxaban [1, 9].

Ban lvéan

Khung cau truc isosteviol da dugc khai
thac nhiéu trong thiét ké va téng hgp cac chat
c6 hoat tinh chéng dong manh huéng Gc ché
FXa. Lan dau tién mang no-ron nhan tao da
dugc tng dung nham du doén gia tri cta Ki
ctng nhu phan anh méi lién quan cau trac-

16

tadc dung cla cac chat uc ché FXa. M6 hinh
MLP 5-8-1 vGi 5 bién dau vao la cac mo ta
phan t& thuéc nhém 2D va 3D da cho thay do
dn dinh cling nhu kha niang du doan tot vai
dé chinh xac 16n hon 0,8. C6 thé thdy cac yéu
t0 khéng gian ciing nhu cac théng sé lién
quan dén kha nang phan cuc, kha nang ion
hoa va thé tich van der Waals ciing c6 anh
hudng I6n dén hoat tinh tic ché FXa clia cac
chat (Bang 1).

Trong khi m6 hinh QSAR giup du doan
chinh xac gia tri Ki va phan nao phan anh
tuong quan cau truc-tac dung sinh hoc cla
cac chat tc ché FXa, mé phong docking phan
t cho phép xac dinh chinh xac cau dang
ciing nhu muc d6 tuong tac cla cac chat véi
trung tam hoat déng clia dich FXa. Viéc két
hop md hinh QSAR va docking da giup phat
huy t6t nhat thé manh cla tung phuong
phap, qua d6 nang cao do chinh xac cua du
doan. Nghién ctu nay thiét ké dugc 16 ISV
m&i véi nhitng nhém thé da dugc ching
minh tadc dung trén dich. Cé6 mét chuy la mot
56 chat cho két qua du doan QSAR trai ngugc
vGi mé phdng docking. Vi du chat ISV01 va
ISV03, nang lugng tuong tac vai dich rat tot,
dao déng trong khoadng -9,3 va -8,7 kcal/mol,
khong thap hon dang ké so véi chiing duang
(edoxaban). Tuy nhién mé hinh QSAR dy doan
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Hinh 4. Tuong tdc cua cdc chdt ISV07-11 vdi trung tdm hoat ddéng cua FXa

hoat tinh cla 2 chat nay kha thap so véi cac
chat khac. Trong cac chat mai thiét ké, 5 ISV
m&i duoc du dodn tot nhat béi ca hai mé hinh
QSAR va docking. Cac chat nay c6 Ki dao dong

-9,1 dén -8,7 kcal/mol). Cac chat nay la khai
dau tét dé ti€p tuc nghién ctu téi uu hoa cau
trdc nham tim kiém cac ISV mai cé hoat tinh
t6t hon, dinh hudng phat trién thanh thudc

trong khoang 0,31 dén 0,48 uM dong thai ¢
muc nang luong lién két vai FXa manh (AG tu

chéng déng dudng udng.
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Két lvan

Nghién ctu nay da xay dung dugc mét mo
hinh QSAR Ung dung mang no-ron nhan tao
MLP 5-8-1 trén mot co sé& dit liéu déng nhat
cac chat mang khung isosteviol véi d6 chinh
xac cao (R? >0,8). Cac dac diém cau tric anh
hudng I6n dén tac dung sinh hoc cta ISV da
dugc phan tich dé tir dé nghién ciu nay da
thiét ké dugc 16 chat mai c6 hoat tinh sinh
hoc t6t va c6 kha nang gan két véi trung tam
hoat déng cla Xa. Trong d6 5 chat cé gia tri Ki
t6t nhat da dugc tiép tuc phan tich tuong tac
vGi yéu té Xa. Cac chat nay c6 nang luong

L 8
tuang tdc manh véi dich va tuan theo quy luat
lién quan cau truc-tdc dung tuong tu cac
thu6c dang dugc luu hanh trén thi trudng. Véi
viéc két hgp gilta cac cong cu hda tinh toan
nhu mo hinh QSAR, mé phéng docking, dong
luc hoc phan tt, phuong phéap nay c6 thé mé
rong trén cac doi tuong khac nham da dang
héa khung thiét ké. Ngoai ra, cac két qua
trong nghién ctu nay cling cé thé dugc ting
dung dé thiét ké, t8i uu héa va tién téi tdng
hap, danh giad hoat tinh sinh hoc trén Xa trong
tuong lai.
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