AHOTANIA

I'paboscoxkuii  O.0. CtpykTypa, GYHKIIT Ta MOJEKYJISIpHI MEXaHI3MU
1HriOyBaHHS aKTHBHUX CAWTIB KIIOYOBHUX IMPOTEiHIB remoctady. — KpamigikamiiiHa
HayKOBa Ipallsd Ha MpaBax PyKOMUCY.

Hucepraniss Ha 3100yTTSI HAyKOBOTO CTyIeHsS JoKTopa (dinocodii 3a
cnemianbhicTio 091 — bionoris. — Iacruryr Oioximii iM. O.B. [Mammagina HAH
VYkpainu, Kuis, 2023.

['emocTaTnyHa cucreMa - 1€ KOMIUIEKC CYAMHHHX, TPOMOOIMTApHUX 1
TYMOpPaJIbHUX KOMIIOHEHTIB IJIa3MU KpOBI, SIK1 3a0€3MeuyI0Th IIBUIKE MPUIHHEHHS
KpOBOTEUl MPHU YIIKOJDKEHHI CYIWH. B pa3i mopyiieHHs peryiasTOpHUX MEXaHi3MiB
reMocTa’y BHHHKA€ HaJIMIpHa MPOAYKLIS TPOMOiIHY, IO MOXE MPU3BECTH [0
YTBOPEHHS  BHYTPIIIHBOCYJIMUHHUX  TPOMOIB 1  CIOPUYUHUTH  TPOMOOTHYHI

YCKIIaIHCHHA.

ToMy BUBUYEHHS MOJICKYJSIPHHX MEXaHi3MiB TPOMOOYTBOPEHHS € BaKJIMBUM
3aBJIaHHAM 010X1Mii, a MOMTYK NUIAX1B €PEeKTUBHOTO 3am00IraHHs YTBOPEHHIO TPOMOY
B CyJMHI — B&XXJIMBE MHUTAHHA Cy4yacHOI MEIMUMHHU Ta OloXimii. 3Baxkarouu Ha IIE,
CTBOPEHHSI HOBHUX JIIKQPCHKUX TMpenapariB, HAMpaBICHUX Ha MOMEPEHKCHHS
TpOMOOYTBOpPEHHS, € JIOBOJII aKTyaJbHUM Ha CHOTOAHIIIHIN JeHb. ICHye KiTbka

CTpaTeriil MOIIyKy TaKuX Mpernaparis.

HalinepcnieKTUBHIIIMM Ta YHIKQIBHUM HAMpsIMKOM, 3alO4aTKOBaHUM Y
IncturyTi 61oximii im. O.B. [Mannagina HAH Ykpainu, € inriOyBanHs noiximMepusariii
acouianii. Po3yMiHHA MeXaHi3MiB MIKMOJEKYISIPHUX B3a€MOJIM MoJieKyn (iOpuHy
Ta MOIIYK HOBUX CAaWTIB MOJIMEpH3allil MOXKE CTAaTH 3alOPyKOI0 CTBOPEHHS HOBHX
AKTUBHUX 1 CEJEKTUBHUX HU3BKOMOJEKYJISIPHUX 1HTIOITOPIB Ta CHHTETUYHHUX
HNenTuziB. 3acTOCYBaHHS METONIB MOJIEKYJISIPHOTO MOJETIOBAaHHS, TaKuX SK:

MOJICTIIOBAHHSI CTPYKTYp MPOTEIHIB Ta MOJIEKYJSIpHA JAMHAMIKa, Pa3oM 3 METOJaMu
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KJIACMYHOT 010XiMil MOXYTh PO3MIMPUTH 3HAHHS NP0 MEXaHI3MH MOJTIMEepU3aLii
¢b16puny.

Jlpyra cTpateris — KJacH4Ha — MOJSTae B po3poOIll 1HT10ITOPIB aKTUBOBAHUX
(bakTopiB 3CiIaHHSA KPOBI, OCHOBHOIO (DYHKIIIE€IO SIKMX € Y4acTh B €H3UMATHYHHUX
peakiisfix KoaryJisuiiHoro kackaay. B ¢dapmaneBTuuHii ramdy3i momryk iHriOiTopis
MIPOBOJISITH 32 JOMOMOTOIO SIK BUCOKOTIPOAYKTUBHOTO, TaK 1 BIpTyaJlbHOTO CKPUHIHTY.
[IIBMAKICTh, JEMIEBU3HA, MOXJIHMBICTH MOSCHUTH MEXaHI3M il CHOJIyK pOOHTH
OCTaHHIO TEXHOJIOT1I0 Bce OUIbII MOMmyssipHOl0. OCHOBHUMHU 1 HAaWOUIbII TOYHUMU
METOJJaMU BIPTyaJIbHOTO CKPUHIHTY € MOJEKYJIpHUH JOKIHT Ta TIOmIyK 3a
nozibHicTio. IXHe 3acTocyBaHHS 103BOJAE MPOAHATI3yBAaTH MiIbHOHHI 0i6IiOTEKH
OpraHiYHMX CIOJYK 1 BIAIOpaTH JEKUIbKa COTEHBb JUIsl MEPEBIPKU iX aKTUBHOCTI in
vitro. KiIF0o4OBOIO MIIIEHHIO 3aCTOCYBaHHS TaKHX 1HTIOITOPIB € (hakTop Xa, SIKUMl y

aKTUBHIA Gopmi O6e3rocepeIHbO aKTUBYE MPOTPOMOIH.

[Torpu Te, 1110 TOTOBHOIO (YHKIUEIO MPOTETHIB CUCTEMH FEMOCTA3y € 3yMHUHKa
KpPOBOTEY1 Ta MiATPUMKA KPOBI B PIAKOMY CTaH1, BCE OUIbLIE NaHUX LIIOCTPY€E (haKT
iXHBOTO 3aJy4eHHs B 1HIII sIK (h1310JI0T1YHI, TaK 1 MATOJOTIYHI Tporecu. Jlo Takux
noJi(pyHKIIOHAIBHUX TPOTEIHIB HANEXKHUTh, 30KpPEMa, AaKTHBATOP IUIa3MIHOTEHY
YPOKIHA3HOTO THUITY, KW 3aydeHUM HE TiUIbKH B mporiec (iOpuHOMIIZy, a i Oepe
y4acTh B IMyHHIM BIANOBII (BpOKEHIN 1 HAOYTiil), criepMaToreHesi, aHriorenesi Ta
pocti myxiuH. BiamoBimHO, po3poOka MOJIEKYJ, 3aTHHX 1HTIOyBaTH aKTHUBHICTH

yYpOKiHa3H, CTAHOBUTbh 3HAYHUI 1HTEpEC.

OTxe, TpencTaBlieHy AucepTaIiiiHy poOOoTy OyJI0 MPUCBSIYEHO TOCIIIKEHHIO
CTPYKTYpH, PYHKIIIM Ta coco0iB 1HT1OYBaHHS CalTIB MDKMOJIEKYISIPHUX B3a€MOIIN
TaKUX KJIIOUOBUX CAWTIB MiIlIEHEH: IIEHTPIB mojimepusailii GpiOpuHOreHy, akTHBHOTO
neHTpy (akropa Xa ta ypokiHasu. PobOora Bkirodana B ce0e KOMILUIEKC 3aXOiB,
CIIpSIMOBaHUX  Ha  1AeHTU(dIKAII0  CaWTIB  MDKMOJCKYJISIPHUX  B3a€MOJIH,

MOJIEKYJISIPHUN JJOKIHT Ta JUHAMIKY, IEPEBIPKY in Vitro Ta in vivo.



JIst mOCATHEHHS MOCTABIEHUX IIUIeH MeToaMu XxpoMartorpadii, mo po3auise 3a
pO3MipoM, TypOiAuMeTpii Ta €JICKTPOHHOT MIKPOCKOTIT BUBYEHO
KOMIUIEKCOYTBOpeHHsI (iOpHHY 3 HpOoAyKTamu Trigpomidy ¢iopun(oren)y, edextu
MOMINENTUIB  (CTPYKTYPHHUX aHAJIOTIB CYINEPCHIpaibHOTO PETiOHYy MOJICKYIIH
¢i10prHYy), a TaKOXX HHM3bKOMOJICKYJSIPHUX CIOJIYK Kallikc[4]apeHOoBoro psay Ha
npouec mnoniMepusanii GpiOpuHy. 3 BHUKOPUCTaHHAM MIAXONIB in Silico CTBOPEHO
MPOCTOPOBI MOJIENIl TaKUX B3aEMOJIIM, CIPOTHO30BAHO OINTHUMAJIbHI KOHQoOpMarlii

MOJIEKYJ Ta CTPYKTYpU e(PeKTOopiB, Bepr(IKOBAHO EKCIIEPUMEHTAJIbHI JaHi.

MeTonaMu €H3UMAaTHYHOTO aHali3y, KOaryJIOMeTpii Ta arperaroMeTpii BUBYEHO
1HT10ITOPHY 110 HU3bKOMOJIEKYJISIPHUX CHOJYK 3 010J110TeKH, CTBOPEHO] in silico, Ha
aKTUBHICTH akTopa Xa in vitro. Kpim Toro, anpo6oBaHo 00paHi CIIOTYKH-1HT101TOpH

in vivo 3a yMOB BHYTPIIITHLOBEHHOTO BBEJCHHS IIIypaM.

MeTogamMy €H3UMATUYHOTO aHAJi3y Ta 3 BUKOPUCTAHHSAM MiIXOJIB KIITUHHOI
010710r11 AOCTIIKYBAIN 10 HU3bKOMOJEKYJIIPHUX CIONYK 3 010J10T€KH, CTBOPEHOT
in silico, Ha axkTUBHICTH YypokiHa3u. llepeBipsian oOpaHi CHOMYKH Ha MOZENl

npoideparii KIITUH Y KyJIbTypi.

[TpoBeneno nocnixeHHs: GOpMYyBaHHS MOTPIMHOTO KOMILIEKCY METOJOM TIelib-
MPOHUKHOI XpoMartorpadii y pi3Hux cucremax: y cucremi “¢idbpun desAB, D-aumep,
D-perion”, y cucremi “¢pi6pun desAB, D-numep, D-perion y npucyTHOCTI NeNTUIY
GHRP”, a takox y cucremi “¢piopun desAB, D-gumep, D-perion y cucrtemi 3a
npucyTHocTi pparmenty Bf1-42”. TlokazaHo, mo 3a npucytHocti nentunxy GHRP,
0 KOHKYPY€ 3 ILEHTpOM mojiMepu3amii «B» 3a 1menTpu momimepusamii «by», ski
posrtamioBaHo y D-perioHax, noTpiiiHui KOMILUIEKC He popmMmyeThbes. B Toit camuii gac
y cymimn desAB, D-gumepy ta D-dparmenty 3a npucyTtHocTi ¢pparmenty Bp1-42
MOTPIMHUNA KOMIUIEKC (POPMYETHCS, IO BKa3ye€ Ha HEOOXITHICTh 3aJyYEHHS JIUIIE
«B»-«b» mnenTpiB momimepuzaiii  ¢iOpuHy. Pesynaprat  TypOiAMMETPUYHUX
JOCTIKEHb Y3TOKYIOTHCS 3 JAHUMHU MO KOMIUJIEKCOYTBOPEHHIO 1 10BOASTH, 10 D-

dbparMeHT mocuiIto€e 1HTIOITOpHUN edekT D-mumepy, 1, TaKUM YUHOM, pPa3oM Iii
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(dparMeHTH MPOSBIAIOTh ATUTHBHUM e(eKT, 110, y CBOIO Yepry, MiATBEPIKYE
BKJIIOUEHHsI TpeTrhoro D-periony B DD-E-tpiamy. 3a 10momMorow eneKkTpoHHOT
Mikpockomii Oyno mokazaHo, o ¢i0punu mojimMepHoro ¢iOpuHy HE 3a3HAIOThH
MOMITHMX 3MiH 3a yMOB (OpMYBaHHA Yy TMPUCYTHOCTI D-mumepy, OCKIIbKH
CIIOPIAHEHICTh OCTAaHHBOT'O IO MOHOMEPHOTO (h1OpHMHY MEHIIIA, HI’K MK MOJICKYJIaMHU
camoro MoHoMepHoro (ibpuny. B pesynbraTi, NONpH MEHIIYy IIBUIKICTH
Gb10pHHOYTBOPEHHS, 3TYCTOK (DOPMY€ETHCS Bee X 13 TpoTodiopmit Ta hidpun Gpiopuny
06e3 BrmrodeHHs D-gumepy — ToOTO micims Toro, sk D-gumep BUTICHSETBCS 3i
CTpyKTypu Mmonekyinamu ¢i6puny. Ilpore, 3a mnpucytHocti D-gumepy Ta D-
bparmeHty dopMmyroThes «aedekTH» mpotodiopwim, a 3 HUX — GIOpUIH, SKI €
3arajioM TOHIIMMHU; CIOCTEPIraeThCsl 1HTEHCUBHE Tally’)KEHHS TOHKHX (1OpHHOBUX
HUTOK. BoueBup, Taka nmopyiieHa CTpyKTypa 1 MpU3BOAUTH 10 3POCTAHHS KIHIIEBOI
MYTHOCTI 3TyCTKy (piOpHHY 3a MPUCYTHOCTI €KBIMOJISIpHOI cyminii D-gumepa ta D-
¢parmenTa. MetoaMu KOMIT IOTEPHOTO MOJIEIIOBaHHS O0yi0 moOya0BaH1 TEOPETHYHI
MOJIeN1 MOTPIHHOTO KOMIUIEKCY 1 Taly»XEHHsS MPOoTo(iOpuiI 3a paXyHOK BKIIFOUCHHS

TpeTboro D-periony B DD-E-Tpiany.

Jis  [MOCHiKeHHS ~ MDKMOJEKYJSIPHOI  B3aEMOJIl  psay  CHOJYK
KaJikc[4]apeHoBoro psimy 3 Mojekynow ¢GiOpuHy Oyno m00ymaoBaHO BIACYTHI
TUISSHKY KpucTtajorpadiunoi crpykrypu (iopunoreny (PDB ID:3GHG), a Biache
TISHKY O-JTaHIora 17-26, 10 sKoi BXOIUTh MEHTP MoiMepu3altii « Ay, 1mo € canTom
3B’s3yBaHHA Kaiikc[4]apeniB. [ToOynoBano 3D-cTpykTypu kanmikc[4]apeHiB 3 pi3HOIO
KUIBKICTIO ~ 3aJMIIKIB  01cOCPOHOBOI KHUCIOTH Ta MPOBEACHO IOCIIJOBHO
MOJICKYJISIPHUIN JOKIHT 1 MOJIEKYJIsipHY AuHaMIKy. [Tokazano ¢opmyBaHHS BOJHEBUX
3B’SI3KIB 1 COJIbOBUX MICTKIB MIX MO3UTUBHO3APSAIHKEHUMH aMIHOKUCIOTHUMHU
3anuikaMu Aa-saniora ¢ioprna ta 6icochoHOBUMH 3aJIMIIIKaMU KaliKc[4 |apeHiB,
IPUYOMY MPHU 3MEHILIEHH] KUTBKOCTI 3 TPbOX /10 JBOX 3QJIULIKIB MIIIHICTh KOMIUIEKCY
3HaYHO 3MEHIIyeThcs. Lle Oyo MiATBEpIKEHO B EKCIEpUMEHTaX 3 PO3PaXyHKY

aOCOJIIOTHOT BUTbHOT €HEPrii 3B’ I3yBaHHS.



Jlnst  mochmipkeHHS  B3a€MOJII  MENTHIIB, IO IMITYIOTh TOCIIJOBHOCTI
cynepchipaibHOIl AUITHKA MOJeKyau (iOpuHy, 3 MOJIEKyI0r0 (HiOpUHY BUKOPHCTAHO
TypOIAMMETPUYHUNA METOA 1 T[OKa3aHO 1HriOylouuid BIUIMB MENTUIIB HA
noiimMepusaiito Giopuny. s BCTAaHOBICHHS MDKMOJICKYJSAPHUX B3aEMOMAIN Mixk
HUMH OTpUMaHO psa koHdopmamik nentuaiB. Ctpykrypu nentuaiB Ao91-103
MEILRGDFSSANN, Bp125-135 QKRQKQVKDN Ta v69-77 NPDESSKPN
OTPUMAaHO 32 JOMIOMOTOI0 MOJEKYIspHOI JAMHAMIKKM 1 KjacTepusamii 3
BukopuctanHaMm Dihedral Principal Component Analysis. BcrtanoBneHo nBa
NOTEHLIHHI CaliTH B3a€MOJIi, IO PO3MIIICHI B CyNnepcHipagbHii TUISHII MOJEKYJIH

¢b16puHYy, 1 TPOBENCHO AOKIHT MENTHIIB B OJIUH 3 CalTIB.

CtBopeHo (iHambHy (QOKYCHY O010110T€KY HU3BKOMOJIEKYJISAPHUX CIOJIYK —
iHrioiTopiB  ¢akropa Xa. IlpoBenmeno in  vifro  OlONOTIYHUN  CKPHUHIHT
HU3BKOMOJICKYJISIPHUX CITOJIYK TTOTEHIIIWHUX 1HT101TOpiB (pakTopa Xa. [Tokazano, 1o
y 30aradyeHid TpomMOOUMTaMM TIUIa3Ml KpOB1 JOJIMHU 1HTIOITOpH (akTopa Xa
KOHIICHTPAIIIHHO 3aJIe)KHO €(EeKTUBHO 1HTIOYIOTH arperaiito TPOMOOIHTIB Ta
3aTpuMyloTh  (PiOpUHOYTBOpEHHS. BusBieHi 3aKOHOMIPHOCTI CBiIYaTh MpPO
e(eKTHUBHE TaJlbMyBaHHsS TreHepauii TPOMOIHY BHACHIAOK MPSMOro 1HT1OyBaHHS
daktopa Xa. BuOpaHo crmoiayku 3 BHPaXEHOIO 1HTIOITOPHOIO AKTUBHICTIO IIOJO
daktopa Xa s nepeBipkH iX Aii in vivo. Ha Moaensx in vivo npoaeMOHCTPOBAHO
IHTI0ITOpHUN  e(eKT OCHIDKYBAaHUX HHU3bKOMOJEKYISIPHUX CIOJYK, TpO IO
CBIMYUTh  BIJICYTHICTh  TPOIECY  arperaimii  TPOMOOIMTIB  Ta  MPOIECY

Gb16prUHOYTBOPEHHS.

3 BHUKOPHUCTAHHSM MOJIEKYJSPHOTO JOKIHTY Ta MOJIEKYJSIPHOI JUHAMIKU
IIPOBEICHO MOIIYK HU3bKOMOJIEKYJISIPHUX CIONYK, Kl € €(DEKTUBHUMHU 1HT101TOpAMHU
YPOKIHA3HOTO aKTHUBATOpa Ija3MiHoreny. [Hribitop, 1o MaB HaiBuIly adiHHICTH 110
akTUBHOro IeHTpy eHzumy (IC50 = 2.5 uM), Takox e(EeKTUBHO NPHUTHIYYBaB
npodidepaliiio MyXJIuHHUX KITUH y KynbTypi (IC50 = 24.5 uM). Jlana cronyka
MoOke OyTH BHUKOPUCTAaHa SIK OCHOBA JUIsl MOJAJBIIOrO PallOHAILHOTO TU3aliHy 3

METOI MiABUIIEHHS i1 cnenu@iuHocTi Ta celeKTuBHOCTI. OTKe, 3ampornoHOBaH1
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CIOJYKH € TOTCHLUIMHUMH HEIMyHOTEHHUMH Ta e(QEeKTUBHUMH 3acobamMu 3
AHTUTPOMOOTHYHOIO Ta AaHTUMETACTaTUYHOIO i€l  BiAnmoBigHO. Ilomanbiie
JOCITIJIKEHHSI CTBOPEHHUX CIIOYK € MEPCHEKTUBHUM I PO3POOKH TEePANeBTUUHUX

npernaparis.

[TpoBeneH1 JOCTIIKEHHSI € BATOMUM KPOKOM Ha HUISIXY A0 PO3YMIHHSI TOHKHX
MOJIEKYJISIDHUX MeXaHi3MiB ¢opmyBaHHS TmpoTodiopun  ¢(iOpuny, ¢iopun Ta
dbopMyBaHHSI TpUBUMIPHOI CiTKH (piOpuHY — OocHOBU TpoMOy. CTBOpEH1 y paMKax
BUKOHAHHSI  poOOTH  MOJEKyJsapHI  edexktopu (menTuau,  Kauikc|[4]apeHw,
HU3bKOMOJIEKYJISIpHI 1HT10ITOPH €H3MMIB) MOXKYThb PO3IJIAJATUCA SK OCHOBA MJis

CTBOPCHHSA aHTI/ITpOM6OTI/I‘IHI/IX Ta aHTUMCTAaCTaTUYHUX npenapaTiB.

KurouoBi caoBa: nporeinu, piOpun(oren), kanikc[4]apeH, eH3UMHU, ypOKiHA3a,
reMocTa3, TpPOMOOIIMTH, MOJEKYJIsSIpHa JAWHAMIKA, MOJICKYJISIPHUN  JIOKIHT,
KOMIT'IOTEPHE MOJICNIIOBAHHS, MOJIEKYJIsIpHA CTPYKTYypa, BIPTyaJlbHUN CKPHUHIHT,

1HT101TOp, CEpUHOBI MIPOTETHA3HU, ITYXIUHHU.

Cnucok nyoJikauiii 3100yBaua

IIpaui, B AxuX ony0/1iKOBaHi 0CHOBHI HAYKOBIi pe3y/ibTaTH AMCepTALii:
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SUMMARY

Hrabovskyi O.0O. Structure, functions, and molecular mechanisms of inhibition
of the hemostasis’ key proteins’ active sites. — Qualifying scientific work on
manuscript rights.

Dissertation for applying for the Doctor of Philosophy degree in specialty 091
"Biology". — Palladin Institute of Biochemistry, NAS of Ukraine, Kyiv, 2023.

The hemostasis system is a complex of vascular, platelet and humoral
components of blood plasma that ensure rapid termination of bleeding in case of
vascular damage. In the case of disruption of the regulatory mechanisms of
hemostasis, excessive production of thrombin occurs, which can lead to the formation
of intravascular clots and cause thrombotic complications.

For this reason, molecular mechanics of thrombus formation is an important
biochemical issue; finding ways to efficiently prevent intravascular thrombus
formation is a pressing problem of medical science. Creating new drugs to stave off
thrombus formation is a fairly urgent task, and the search for them follows several
strategies.

An unequalled, and currently the most promising, avenue to tackle this
problem which was initiated in Palladin Institute of biochemistry of the NAS of
Ukraine is to inhibit fibrin polymerization during the protofibril formation or during
their lateral association. Understanding the mechanisms of intermolecular interactions
of the fibrin molecules and discovering new polymerization sites can become a basis
for developing novel active and selective low-molecular weight inhibitors and
synthetic peptides. Such techniques as molecular modeling and molecular dynamics
combined with the classical biochemical approaches can significantly enlarge our
knowledge of fibrin polymerization.

Another possible strategy (the classical one) is to develop inhibitors of the
activated blood clotting factors involved mostly in the enzymatic reactions of the
coagulation cascade. In the pharmaceutical industry, inhibitors are sought using either

the high-throughput or the virtual screening. The latter one is growing more popular
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because it is fast and cheap and allows explaining the substances’ action mechanisms.
Virtual screening’s main and most precise methods are molecular docking and
similarity search. They allow analyzing databases containing millions of organic
compounds and narrowing down the pool to be tested in vitro to a few hundreds.
Factor Xa, which in its active form directly activates prothrombin, i1s a promising
target for the search for inhibitors.

There are ever more findings to the effect that besides mostly being employed
in stopping hemorrhages and keeping the blood liquid, the hemostasis proteins are
also involved in other processes both physiological and pathological. One such
multifunctional protein is the urokinase-type plasminogen activator. It is involved in
the immunity (innate and adaptive), spermatogenesis, angiogenesis, and tumor
growth. This i1s why, the development of molecules capable of inhibiting urokinase
activity is of considerable interest.

The present thesis was dedicated to the structure, functions, and ways to inhibit
sites of intermolecular interactions of the following protein targets: fibrinogen
polymerization sites, active centers of the factor Xa and urokinase. The work
included a number of approaches aimed at identifying sites of intermolecular
interactions, molecular docking and dynamics, and testing in vitro and in vivo.

Size-exclusion chromatography, turbidity study, and electron microscopy were
used to estimate formation of fibrin’s complexes with fibrin(ogen) hydrolysis
products and effects of polypeptides (structural analogues of the fibrin’s hinge
region) and low-molecular calix[4]arenes on the fibrin polymerization. Using in silico
methods, spatial models of such interactions were created, optimal conformations of
molecules and structures of effectors were predicted, and experimental data were
verified.

Methods of enzymatic analysis, coagulometry, and aggregatometry were used to
study the inhibitory effects of the low-molecular compounds from the in silico library
on the activity of factor Xa in vitro. We also tested selected inhibitory compounds in

rats by intravenous injection.
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Methods of enzymatic analysis and methods of cell biology were used to study
how the low-molecular compounds from the in silico library influenced the urokinase
activity. Selected compounds were tested using a model of cell proliferation in
culture.

We studied the formation of the ternary complex using the size-exclusion
chromatography in different systems: 1) fibrin desAB, D dimer, D-fragment 2) fibrin
desAB, D dimer, D-fragment in the presence of GHRP peptide; 3) fibrin desAB, D
dimer, D-fragment in the system in the presence of the B1-42 fragment.

In the presence of the GHRP peptide which competes with the “B”-knobs for the
“b”-holes in D-regions, the ternary complex is not formed. However, it is formed in a
mixture of fibrin desAB, D dimer, and D fragment in the presence of Bf1-42
fragment; this implies that only the “B”-“b” knob-hole interactions need to be
involved. Data of turbidity study agree with the data on complex formation and prove
that the D fragment enhances the inhibitory effect of the DD fragment and that the
two fragments have an additive effect; this finding supports the inclusion of the third
D region in the DDE complex. Electron microscopy was employed to show that
fibrils of polymeric fibrin do not undergo noticeable change if formed in the presence
of D dimer as D dimer’s affinity to monomeric fibrin is lesser than the affinity
between the monomeric fibrin molecules. As a result, despite a lesser rate of fibrin
production, the clot is still made up from protofibrils and fibrils of fibrin without
including D dimer (that is, after D dimer is forced out of the structure by the fibrin
molecules). However, in the presence of DD and D fragments the protofibrils are
“defective”, and the fibrils they form are generally thinner; the thin fibrin threads are
frequently branched. Obviously, such a disrupted structure is the reason for the
increasing final opacity of the fibrin clot in the presence of the equimolar mixture of
DD and D-fragments. Moreover, theoretical models of the ternary complex and
branching of protofibrils due to the inclusion of the third D-region in the DD-E-triad
were constructed by computer modelling.

To study the interaction of a number of calix[4]arene derivatives with fibrin, we

modelled the crystallographic structure of fibrinogen with the absent parts (PDB
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ID:3GHG): the 17-26 fragment of the a chain which includes the “A-knob”, a
calix[4]arene-binding site. We built 3D-structures of calix[4]arenes with different
numbers of bisphosphonic residues and performed the docking and the molecular
dynamics. The formation of hydrogen bonds and salt bridges between the positively
charged amino acid residues of the Aa-chain of fibrin and the bisphosphonate
residues of calix[4]arenes was shown, and the strength of the complex decreases
significantly when the number of functional groups decreases from three to two. This
was confirmed in experiments of calculating the absolute free binding energy.

The turbidimetry was used to study the interaction of peptides that mimick the
sequences of the fibrin’s coiled-coil region with the fibrin molecule and it was shown
the inhibitory effect of peptides on fibrin polymerisation. A number of peptide
conformations were obtained to determine the intermolecular interactions between
them. The structures of the peptides Aa91-103 MEILRGDFSSANN, Bp125-135
QKRQKQVKDN and y69-77 NPDESSKPN were obtained by molecular dynamics
with subsequent clustering using Dihedral Principal Component Analysis. Two
potential interaction sites located in the coiled-coil region of the fibrin molecule were
identified, and peptides were docked into one of those sites.

There was created a final target library of low-molecular compounds inhibiting
factor Xa. Potential inhibitors of factor Xa were screened in vitro. In the platelet-rich
human plasma, factor Xa inhibitors inhibit platelet aggregation and slow down fibrin
formation in a dose-dependent manner. The patterns suggest efficient slowing down
of thrombin generation due to direct inhibition of factor Xa. Compounds with
pronounced inhibitory activity towards factor Xa were selected to test in vivo. In the
in vivo models, the inhibitory effect of the studied low-molecular compounds was
confirmed, as there was observed neither platelet aggregation nor fibrin formation.

Using molecular docking and molecular dynamics, we performed virtual
screening of small molecule compounds that could be effective inhibitors of
urokinase plasminogen activator. The inhibitor with the highest affinity for the active
site of the enzyme (IC50 = 2.5 uM) also effectively inhibited the proliferation of

tumor cells in culture (IC50 = 24.5 uM). This compound can be used as a basis for
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further rational design to improve its specificity and selectivity. Thus, the proposed
compounds are potential non-immunogenic and effective agents with antithrombotic
and antimetastatic effects, respectively. Further study of the compounds is promising
for the development of therapeutic drugs.

The research is a solid contribution towards understanding molecular
mechanisms of the formation of fibrin protofibrils, fibrils, and three-dimensional
network which is the basis of a clot. The created molecular effectors (peptides,
calix[4]arenes, low-molecular inhibitors of enzymes) can be viewed as a platform to

create antithrombotic and anti-tumour drugs.

Keywords: proteins, fibrin(ogen), calix[4]arene, enzymes, urokinase,
hemostasis, platelets, molecular dynamics, molecular docking, computer simulation,

molecular structure, virtual screening, inhibitor, serine proteinases, cancer.
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