Pharmacy & Pharmacology V. 5 N 5, 2017 DOI:10.19163/2307-9266-2017-5-5-487-503

V/IK 616.12-008.331.1:536.912

PA3PAEOTKA METO4UKU MOLE/NIUPOBAHUA BSAUMOLENCTBUA
BUONNOIMMYECKU AKTUBHbIX BELLLECTB C AKTUBHbIM LLEHTPOM
AHTMOTEH3UH-NPEBPALLAKOLLEIO ®EPMEHTA

A.A. [nywixo', A.C. Yupankun', B.C. Yupankun',
A.M. Mypmysanuesa', F0.A. Ilonkosnuxosa®

UTamueopckuit meouro-papmayesmuueckuil uncmumym — guauan @PIEOY BO Bonel MY Munszopasa Poccuu,
357532, Poccus, [Iamueopck, np. Kanununa, 11
E-mail: alexander.glushko@Ilcmmp.ru
2Pedepanviioe 2ocydapemeerioe 0100icemioe 00paz06amenbHOe yUpexcoeHue 6blcute20 00pPa3068anus.
«Boponeacckuii 2ocyoapcemeennuiii ynugepcumem», 394036, Poccus, e. Boponeoic, yn. Cmyoenyeckas, 3
E-mail: juli-polk@mail.ru

3abonesanus cepoeuno-cocyoucmoni cucmemvl — 21AGHAA NPUYUHA CMEPMHOCMU CPeOU HACELeHUs N0 6CeMy
mupy. Paspabomxa HOGbIX npenapamos, no3601A10Wux HOpMAIU308ams apmepudibHoe 0asienue, s81Aemcs nepcnex-
MUBHLIM Hanpasienuem 6 ooaracmu gapmayuu u meduyunsvl. Celluac wupoxoe pacnpocmpanenue s ie4eHus ap-
MepUanbHOU 2Unepmen3ul U XPOHUYEeCKou cepOedHol HedOCMamouHOCMU HAWIU UHSUOUMOPbL AHSUOMEH3UHNDEBPA-
waowezo hepmenma (AIID). [nasuviii mexanuzm uneubumopos AIID zaxmouaemcst 6 OLOKUPOBAHUU NPEEPALU CHUSL
aneuomenszuna | 6 aneuomensun |1, umo onocpedyem pacwupenue cocyoos. Llenvro dannoii pabomul s611emcs noo-
060p MEmMOOUKU MOOETUPOBAHUSL B3AUMOOEUCTNEUS TUSUHONPUIA C AKMUBHBIM YEeHMPOM AHSUOMEH3UHNPespauarouje-
20 pepmenma ¢ UCNONBL30BAHUEM MEMOOA MONEKYIAPHOU Ounamurku. Mamepuanvt u memoowvl. B kauecmse aueanoa
ObLIA UCTIONBL30BANHA MONEKYILA TUSUHONPUNLA, 3APAJLL AMOMOE KOMOPOUL ObLIU PACCHUMAHBL MEMOOOM Meopuu QyHK-
yuonana nromuocmu (T@IT) ub3lyp ¢ 6asucnuvimu nabopamu 6-31G* u 6-311G**. Mooenuposanue 75 nc monexynsip-
HOU OUHAMUKU 83AUMOOeCMEUsL TUSUHONPULA ¢ AKMueHbIM yenmpom AIID nposoounocs & npoepamme Buosspura. B
pe3yivmame MOOEIUPOBAHUL MOLEKVIAPHOU OUHAMUKU ObIIA NOTYYeHa MPaeKmopus cucmemsl «<ausuronpun-Alld».
Ilocne smozo 6vi10 npouszsedeno cpagnenue KOHPOPMayull 1U2anod 8 pasiuitble MOMEHMbl PeMeHU MOOETUPOBa-
HUSL C IKCNePUMEHMANbHOU KOHpopmayuell no elrudune cpeOHeK8aopamuyecko20 OmkIOHeHUs KOOPOUHAM amomos.
Pesynomamut u odcyrncoenue. Pesynvomamol MoOe1uposanus noka3dau, ¥mo AU3UHONPUL € 3apaoamu, COOMmeem-
cmeyrowumu 6azucromy Habopy 6-311G**, gedem cebs 6 akmuernom yenmpe AIID 6 coomeemcmeuu ¢ OaHHbIMU
PEHMEeHOCMPYKMYPHO20 AHANU3d, 6 OMAUYUE OM JUSUHONPULA C 3aPAOaAMU, PACCUUMAHHLIMU OA3UCHLIM HAOOPOM
6-31G*. 3aknrouenue. bvina paspabomana mMemoouKa MoOeIUpoOB8anUs MOLEKYIAPHOU OUHAMUKU 83AUMOOeLCMBUs
JUBUHONPUNA ¢ AKMUBHBIM YEeHMPOM AH2UOMEH3UH-KOHgepmupyiowe2o hepmenma. [lonyuennas memoouxa modicem
ObIMb UCNONB306ANA 018 USYUEHUS B3AUMOOCUCIBUS BEUWECE, CXOOHBIX NO CIPYKMYPE C JUSUHONPULOM C AKIMUBHBIM
yenmpom AIID.

Knrouegwie cnosa: ancuomenzunnpespaujaiowull hepmenm, akmuHblil Yyenmp, IUUHONPUL, UHSUOUMOp, Moe-
KVIAPHAS OUHAMUKA, 3aps0, 6A3UCHDbLI HAOOD
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Nowadays cardiovascular diseases are the main cause of death among the population around the word. The
development of new drugs, giving a possibility to normalize blood pressure, is a promising direction in the field of
pharmacy and medicine. Now inhibitors of angiotensinconverting enzyme (ACE) are widely adopted for the treatment
of hypertension and chronic heart failure. The principle of action of ACE inhibitors is based on blocking the conver-
sion of angiotensin | into angiotensin I, which mediates vasodilation. The aim of the work is a selection of methods
of lisinopril interaction with the active center of angiotensin-converting enzyme by molecular dynamics methods.
Materials and methods. Lisinopril molecule was used as a ligand; the charges of that ligand were calculated with the
density functional theory (DFT) and ub3lyp method with the basis sets 6-31G* and 6-311G**. Simulation of 75 ns of
molecular dynamics of lisinopril interaction with the active center of ACE was carried out in the Bioevrica program.
As a result of molecular dynamics simulation, the trajectory of the “lisinopril-ACE” system was obtained. After that
a comparison of ligand conformations at different points in simulation time with the experimental conformation of the
value of standard deviation of coordinates of atoms was made. Results and discussion. The results of simulation have
showed that lisinopril with the charges corresponding to basis set 6-311G** behaves consistent with the x-ray data in
the active center of the ACE, in contrast to lisinopril with the charges calculated by basis set 6-31G*. Conclusion. The
methods of lisinopril interaction modeling with the active center of angiotensin-converting enzyme has been selected.
The obtained technique can be used for studying the interaction of substances, similar in structure to lisinopril with

the active center of the enzyme (ACE).

Keywords: angiotensinconverting enzyme (ACE), active site, lisinopril, inhibitor, molecular dynamics, charge,

basis set

Benenne. VIHrnOMTOpHI aHIMOTEH3MHIIPEBPAILAIO-
uiero gepmenrta (AIID) — rpyrna XMMHYECKUX COEIU-
HEHWH, TPUMEHIEMBIX HETOCPEACTBEHHO IS JICYCHUS
THIIEPTOHNYECKON OOJIE3HN W XPOHHYECKOH CepAedHOI
HEJ0CTAaTOYHOCTU. [IpuHIMIT NEeHCTBUS HHTHOUTOPOB
AII® ocHoBaH Ha OJOKMPOBAHUH HPEBPALICHUS aHTHO-
ten3uHa | B anruoTensu ||, uro onocpenyer pacmmpenue
cocynoB. IIpu 3ToM Takxke CHMXKAETCs CeKperysl ajibo-
CTEpOHA KOPOI HAJIOYEUHUKOB U IPOUCXOJIUT yBeIUYe-
HUE KOHIIEHTPAINH OpaJWKHHUHA 33 CUCT YMEHBIICHUS
ero nHaktuBanuu AII®. B cBoro ouepenp, OpaIuKWHUH,
B3aUMOJCHCTBYS C B, -KMHHHOBBIMHM PELENTOPaMH CO-
CYIUCTOTO 3HJOTENHUS, MPOBOLUPYET BBICBOOOXKICHHE
JPYTHX Ba3oAWIATUPYIOUIMX (DaKTOPOB, BbI3bIBas ellé
Gonpliee pacciaadieHue miaakux Moy [1].

Ha coBpemeHHOM 3Tane JieueHus] TUIIEPTOHUYECKOM
0OJIE3HH WHTUOWTOPBHI aHTHOTCH3WHIPEBPAIIAFOIIETO
(depMeHTa TONYYHIN MHPOKoe TpuMeHeHme. [Ipm mx
mpreMe HOPMAaJN3yeTcsi KOPOHapHOE, MOYEYHOE, MBI-
IIEYHOE W MO3TOBOE KPOBOOOpAICHHE, YTO SBIISETCS
Ba)KHBIM [IPEUMYILIECTBOM JAaHHOM I'PYIIIbI IIPENApaToB.
Nuruburopsr AII® nonmkarot odIee nepudhepudeckoe
COCYAMCTOE CONPOTHUBIEHHE, MOCT- U MPEIHArPy3Ky Ha
MHOKAapJI, CHIYKAETCS 4aCTOTa BOSHUKHOBCHHUS apUTMHH,
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yiydmiaercs pabora cepana B ¢asy QuacTonbl. Takke
HaOJII01aeTCs MPEaYPEKACHIE PA3BUTHS THIEPTPODUH
JIEBOTO JKEIYJ0YKa, MHHUMH3UPYETCS BEPOSTHOCTh M
CTETIeHb Pa3BUTHA HIIeMHUH 1 puOpo3a Muokapmaa. [Ipen-
YIpexaaeTcsi THIepTPO(Us TIIAJAKOMBIIICYHBIX CTEHOK
aprepwmii [2].

B cBs3u co ckaukamMM apTepHAILHOTO JABJICHUS U
HapacTaroleil BHyTpUKIyOOYKOBOI T'MIIEPTOHNH ITPOHC-
XOIIUT TIOBPEKACHUE COCyHOB rmodek. Marnouropsr AIID
00eCIIeunBaIOT 3aIUTY MOYEK MPU JICUCHUH THIICPTOHH-
4gecKoit 0ome3HN. Y OOMBHBIX ¢ XpOHUYECKOH (hOpMOit TTo-
YEYHOW HEJ0CTATOYHOCTU OTMEYAIOTCS IPU3HAKU yITyd-
IIeHns1 paboTHl TIOYeK MpU mpueme nHruomropos AIID
IPU YCIOBUHM OTCYTCTBHUSI PE3KHX CKaukKoB JiaBiieHus. B
cllydae MpHeMa IpenaparoB, YBEJIWYMBAIOLIUX TUYPE3,
moMuMo MHrHOUTOpoB ATID, BO3HHKAET BO3ZMOXHOCTH
Ha/1&KHO KOHTPOJIMPOBATh YPOBEHB apTEPUAILHOTO J1aB-
JICHNS! HA TIPOJIOJKUTENBHBIN MEPHO BPEMEHH y OOJb-
HBIX THIIEPTOHUYECKON Oone3Hpi0. Taxke WHTHOMOPHI
ATI® BO31EHCTBYIOT Ha MPOIYKIIMIO U BEICBOOOKICHHE
anbI0CTEepPOHA U3 HAJOYEYHNKOB, YTO BEJIET K yBeJIHue-
HUIO TNype3a, MOBBIIICHUIO YPOBHS KaJlksi U CHUKEHHIO
YPOBHSI HaTpusi B OpraHu3Me, HOPMaJHM3allHi BOJHO-3-
JIEKTPOJUTHOTO oOMeHa [1].
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Y unruouropos AII® B criekTpe 6MOIOrHYeCcKOi aK-
TUBHOCTH TIPUCYTCTBYET aHTHUCKIIEPOTUUECKUH P PeKT,
KOTOPBIN 00yCIIaBIMBAETCSl TOPMOXKEHHEM 00pazoBaHUs
Ha MOBEPXHOCTSX KJETOK PHIOTENHs aHTmoTeHsuHa I,
yBeIMUYeHNE 00pa30BaHKWE OKCHIA a30Ta — IIABHOTO M-
JIATUPYIOMIEro (haKTopa COCYANCTHIX CTEHOK. Takxke mpu
npueMe nHruouTopoB AIID B KpoBH MOBBIIIACTCSA YPO-
BEHb JIMIIONPOTEHHOB BBICOKOW TNIOTHOCTU M CHHKACTCSI
YPOBEHb aTePOreHHBIX (pakuuit munumos [3].

[Ipenaparsl, oOmamarommue CrocoOHOCTHIO WHIH-
6upoBath AII®D, OKa3pIBAIOT BIUSHHE HA YTICBOIHBIN
obmeHn. HalOmiomaercss MOBBIMIEHHE YYBCTBUTEIBHOCTH
TKaHel K MHCYJIMHY, YAy4IlaeTcss MeTa00Iu3M IITFOKO3bI
13-3a HOPMaJIM3alMy TKAHEBOTO KPOBOOOPAILIEHHUS U 10~
BBIIICHHUS yPOBHS OpaanKuHUHA [4].

B cepenune 70-x romos 20 Beka OBLT MONYYEH CHH-
TETHYECKUM ITyTeM HOBBIH wmHTHOMTOp AIlI® — nm3m-
HOIIPWJI, KOTOPBIN SIBIISIETCS JIM3MHOBBIM MTPOHU3BOTHBIM
sHananpuia (apyroro uarubutopa AIID). ¥V nusuHo-
IIpUJIa €cTh PsiJi 0OCOOCHHOCTEH, KOTOPbIE OTIMYAIOT €ro
OT TIONABJISFOIIETO OONBIMMHCTBA WHTHOUTOPOB ATID.
Jlu3uHONIpUII HE SBISETCS MPOJICKAPCTBOM, 3TO AKTHB-
HOE€ BEIIECTBO; JIM3MHONPHUI HE METabOIM3UPyeTCsl B
OpraHM3Me M BBIBOAUTCS MMOYKAMH, TOITOMY €r0 MOXKHO
PEKOMEHJIOBATh IPpH OOJIE3HSX IMeueHu. Takke AaHHOoe
BEIIECTBO B MaJIOM CTENCHM CBS3BIBACTCSA C OEIKaMH
wiasmbl kpoBu (5-10%), 4to jgenaeT AM3MHONPUI CO-
BMECTUMBIM B TIPHEME C IPYTHMMHU IpernapaTaMu, BCTy-
MAIOMIMMHU B KOHKYPEHTHOE B3aUMOACHUCTBHE C OelKaMu
ruia3Mel KpoBu [5]. B ¢Bs3M ¢ TaHHBIMH TIpeHMyIIeCTBA-
MH JIM3MHOIIPWIA OH HAaXOAWT IIMPOKOE NPHMEHEHUE
B MEIHIMHE, a MMOUCK HOBBIX MHTHOMTOPOB C TAaKUMH
CBOWCTBAaMM PACIIMPHUT ACCOPTHMEHT IIPETapaTtoB IS
JICYCHUSI TUIIEPTOHUYIECKON OOIE3HH.

Jlmsunonpun, kak u apyrue uHruoutopsl AllD,
Ornarofapsi HAIMYHIO 0COOOW XMMHUYECKOH CTPYKTYpBI,
Croco0eH B3aMMOICHCTBOBATH C HOHOM IIMHKA M aMHUHO-
KHUCJIOTaMHM BHYTpHM akTHUBHOro uentpa AlID, u, Takum
00pa3oM, YMEHBIIATh aKTHBHOCTH (pepMeHTa, CBsA3aH-
HYIO C KOHBEPTUPOBAaHUEM aHTHOTeH3WHa | B Owonoru-
YeCKH aKTUBHBINM aHrMOTeH3MH ||, YUuThIBas CI0KHOCTD
CBSI3M ME@XJy XUMHUYECKOW CTPYKTYPOH M CPOJCTBOM K
akTHBHOMY HeHTpy AIID, nenecoobpa3HbIM NpeacTas-
JISIeTCS ICTAIbHOE N3yYEeHUE MOJICKYISIPHOTO MEXaHU3Ma
CBSI3bIBAHMSI HOBBIX MHTMOHMTOPOB C JIaHHBIM (hepMeH-
ToM. OZHUM M3 IIMPOKO HCIIOJIB3YEMBIX B HACTOsIIEE
BpEMsi METO/IOB M3YUCHMs MEXaHU3Ma B3aUMOJICHCTBHS
JIMTaH/a C aKTUBHBIM IIEHTPOM ()epMeHTa SIBISIETCS] MO-
JIEKyJsIpHOE MojienrpoBanue [6].

MonekynsipHOe MOJEIHPOBAaHWE — 3TO COBPEMEH-
HBIH TEOPETHUYECKHH METOJ M3YYEHHs MOJICKYIISPHBIX
CUCTEM, IIMPOKO MPUMEHSIEMBIH IPH MTOUCKE HOBBIX OHO-
JIOTHYECKH aKTHBHBIX BEILECTB W BKIIIOYAIOIIUKA B ceOs
TaKWe HaIlPaBJICHHS UCCIICIOBAHUN, KAaK CPABHUTEIIBHBIN
aHaJIN3 MOJIEKYJSIPHOTO TIOJIS, MCIOJIB30BAaHHE MOJIEKY-
JISIPHBIX AE€CKPUITOPOB, MOJICKYJISIPHBIN JOKUHT M MOJIe-
KyJIIpHasi TUHAMHKA.

CpaBHUTEIBHBIN aHAIN3 MOJIEKYJIIPHOTO MOJISt OCHO-
BaH Ha MoA0Ope JIMraHja, CllocCOOHOrO B3aUMOJICHCTBO-

BaTh C OMOJOTMYECKON MHINIEHBIO, ITyTEM COMOCTaBIIe-
HUSI B IPOCTPAHCTBE MOJICKYJISIPHBIX TOJICH, CITy)KaIuX
(dapmakoOpHBIM TPU3HAKOM. [JIaBHBIA HEIOCTATOK
JTAHHOTO METOa 3aKJIF0YaeTCsl B TOM, YTO OH IIPUMCHUM
TOJTBKO JUISL BEMIECTB CO CXOMHBIMHU CTPYKTypamu [7].

Vcnonp30BaHne MOJIEKYIAPHBIX JIECKPHIITOPOB I10-
3BOJIIET MPOTHO3HPOBATH OHMOJIOTHYCCKYIO) AKTHBHOCTH
BEIIECTB C UCIOJIb30BAaHUEM XapaKTCPU3YIOUIMX WX
cBoiicTB (eckpuntopos). K 10CTOMHCTBAM TAHHOTO Me-
TOJa MOXKHO OTHECTH BO3MOXKHOCTBH OBICTPOTO MOI00pa
OOJBIIIOTO KOTMYECTBA BEIIECTB C MPEATIONaraeMon aK-
TUBHOCTHIO. OFHAKO JaHHBI METO HE TO3BOJISET IO-
CTHYb BBICOKOH J0cTOBEpHOCTH [8].

Meton MOJICKYIISIPHOTO JIOKUHTA MPEIHA3HAYCH IS
OTIPENICIICHUST DHEPTETUYCCKU BBITOJHBIX OpPUCHTAIIUI
HCCIIEyeMbIX MOJIEKYI B IICHTPE CBS3BIBAHUS MaKPOMO-
TeKynbI-MutIeHd. OTHaKoO B JaHHOM METOJIE CYIIECTBEH-
HO YIIPOIIEHBI CXEMBI pacyeTa MEXMOJICKY/ISIPHBIX H
BHYTPUMOJICKYJSIPHBIX B3aMMOJCHCTBUMN, UYTO HAKJIAIbI-
BaeT OrpaHUYCHUS Ha KOH(POPMAITMOHHYIO TIOIBUKHOCTh
SJIEMEHTOB CUCTEMBbI JIMTaHA-MHuIIeHb [9].

Boree TOYHBIM TOIXOMOM SBIISETCS METOH MOJIe-
KyJSIpHOW AWHAMUKH, TO3BOJIAIONINA B OONbIIeH Mepe
y4ecTh KOH(DOPMAIIMOHHYIO TOIBUKHOCTbD, HO IIPUMCHE-
HUE TAHHOTO METOa TPeOyeT OOJIbIIE BRIYUCITATEIIEHBIX
PECYPCOB TIO CPaBHEHUIO C METOJOM MOJICKYJISPHOTO
JOKHHTa. MEeTO MOJNEKYIIpHOW AWHAMHUKH OCHOBaH Ha
MOJICTUPOBAHNN JIBIKCHUS aTOMOB B HCCIIEyEeMOil CH-
CcTeMe, TPH STOM aTOMBI NEPEMEIIAI0TCs COTIAaCHO OC-
HOBHBIM 3aKOHaM MEXaHUKU ¢ yuyeTroM Ban-nep-Baanb-
COBBIX U 3JIEKTPOCTaTHYEeCKUX B3aumoseiicTauii [10].

B HacTosimee Bpemst It MOJCTUPOBAHUS METOJAMH
MOJICKYJIIPHOI TUHAMUKH CTaHOBSITCS JOCTYITHBI CHCTe-
MBI Pa3MepoOM 10 MIJUTHOHOB aTOMOB, YTO JEJaeT JaH-
HBIA METOJ] MPUMEHUMBIM [T TPOTHO3UPOBAHUS OHO-
JIOTHYCCKOW AaKTUBHOCTH HAa YPOBHE B3aMMOJCHCTBUS
JIUTaH/I-MUIICHb.

Heas padoTsi. [Togdop METOTUKN MOICITHPOBAHUS
B3aMMOJICHCTBUS JIN3WHOIIPHIIA C AaKTUBHBIM IICHTPOM
AQHTUOTEH3MHIIPEBPAIIAIONIETO (hepMEHTa C HCIOIb30Ba-
HHEM METOJIa MOJICKYJISIPHOM JMHAMUKH.

MatepuaJibl 1 MeTOAbI. AHTHOTCH3UHIIPEBpAaIIa-
fomuit pepMeHT SBIAETCA ZN**-3aBUCHMOMN TIETITH/IA-
30it. Jlanusii GepmeHT comepkuT aBa aomeHa (N- u
C-ZI0MEHBI) B COCTaBE OJHOM ITOJHUIIENTHIHON LIEIH.
[Ipu KaXI0M JTOMEHE MMEETCS KaTaJUTHUCCKH aKTHB-
HbIi 1eHTp. C- 1 N-IOMCHBI SBJISIFOTCS TOMOJIOTUYHBI-
Mmu (romosnorust okono 60%), oHH pa3leseHbl MEXKIy
c000ii MOCTHKOBO#M mocienoBareabHoCcThio [11]. BhI-
nensttoT Be popmbl AIID: coMaTHUeCKHit M TECTHKY-
nsipubiid. Comaruyeckas opma BCTpedaeTcs BO MHOTHX
opraHax 4dejoBeka. TectukymspHas Gopma 3Kcrpeccu-
pyercsi B ceMeHHUKax. OTu 1Ba Buja AII® otnuarorcs
(dbopMoif CTpoeHMS, Y TECTHKYISIPHOIO OHa cdepuye-
cKas, a y COMaTHYeCKOTO — Hecepuueckas. Takxe cy-
mecTByioT nzopopmer AIID, mpeacrasmsromue codoit
onHogOoMeHHbIe (BopMbl (pepmeHTa: cBoOOmgHBIE C- H
N-nomeHbl, oOpa3yronecs 1nocie pa3pyneHns cBsizen
MEXJIy COOOM.
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Crpykrypa N-momena oOpasoBana 621 aMHHOKHC-
JIOTaMH, KOTOpbIe (DOPMHUPYIOT DIUIUICOUAHYIO (HOopMy
nomeHa. B cepenune rio0ynbl ©MeeTCsl TyHHENb, Jelis-
Uit 6eJIok Ha 1Ba CyOmoMeHa. BHYTpu 3Toi mosoctu
pacnonaraercss akTuBHbIN 1eHTp N-momena. B cyxe-
HUM KaHaJla HaXOJUTCS MOH IIMHKA aKTUBHOTO LIEHTpA.
[Ipu >TOM MPOMCXOIUT pa3lieieHue KaHaia aKTHBHOTO
[ICHTPA Ha JIBE YaCTH JJIUHOU 8 Aul7 A IIpennona-
raercs, 4To JJIMHA KaHala SIBJISIETCS JTMMHUTUPYHOIIM
(akTOpOoM NpU CBS3BIBAHMM M THIPOIU3E JUIMHHBIX
nentumos [12].

C-I0MEH MMEeT aHAJIOTMYHYIO JUIUICOUAHYIO (op-
My, kak U N-momen. Pasmepsr C-momena 72x57x48 A B
LIEHTpe OeJKa MPOXOAUT Y3KHH KaHal JUIMHOW okoyio 30

A

A, on nemur depment Ha 2 cy6romena. B stom TyHHe-
JIe HaXOIUTCS aKTUBHBIHN LIEHTP (hepMeHTa, BKIFOYAOIITHIA
MOJITEKYITY IIMHKa, HEOOXOMUMYT0 1Tst Karamza AITD [13].

Pucynok 1 — Cxemamuueckas cmpykmypa AII®

b

Pucynok 2 — Pacnonoscenue nusunonpuna ¢ monexyne AIID ¢ akmusnom yenmpe
N-konuesozo domena no dannvim penmzenocmpykmyprozo ananuza (PDB: 1086) (4 — o6wuit 6uod N-oomena,
E — pacnonosicerue monexkynvl 1u3auHONPULA 6 AKMUGHOM UeHmpe)

Jns mccienoBaHus B3aWMMOJCHCTBHS HHU3KOMOJIEC-
KYJSIPHBIX COCIMHEHUH (JMTaHIOB) ¢ aKTHBHBIM IICH-
TPOM aHTHOTEH3UHITPEBpAIIatoIiero ¢GepMeHTa HaMu
HCIIONIb30BaHa MPOCTPAHCTBEHHASI CTPYKTypa KOMILIEK-
ca GeJIOK-JTUTaH/I, IPEICTABICHHAs B Oa3e JaHHBIX ICSh.
org (upenrndukannorusii kon — 2X91) [14]. B manHoit
MOJICJIH COJICPIKUTCS B KAYECTBE JIMTAH/[a MOJICKYJIa JIH-
3UHOIIPUJIA, PACIIOJIOXKEHHAS B aKTUBHOM LieHTpe AlID.

[IpocTpaHCTBEHHAss MOJENb JIM3MHONpPHUIA ObLIa
moctpoera B mporpamme HyperChem 6.09. B aroit ke
porpaMme MpoBeJeHa ONTHMHU3AIMs T'C€OMETPUH Me-
TOMOM MOJIEKyIsipHOi Mexaunku MM+ [15]. [anee
MIPOBOJIUIIACH ONTHMHU3AIMs T'€OMETPUU HEOTrpaHUYCH-

Epom = Z{™" Ki(ry —10,)* + X7 Ky (6

4E
K. K/oic

rne Ki — KOHCTAHTA YNPYTOCTH CBS3H, 1o s T,
JUIMHA CBSA3M |, HM; [, — PAaBHOBECHAs JUIMHA CBA3M, HM;
K; — xoHCTaHTa ympyrocTu BaJe€HTHOrO yIia
Gi — BAJICHTHBIN yroJi, pajauaH, em -

Y moav*(pad)? !

paBHOBeCHHﬁ yroiua
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—6p:)* + Z?&wbl% (1 + cos(n; ¢;

ZHEG’M@HW[ quj + Zﬁeeaﬂeﬁm 8

HeIM MetozioM Xaptpu-®oxa B Oazuce 3-21G*. [lns
ydera JJIEKTPOCTATUYECKOTO B3aMMOACHCTBHS JIMTaH/Aa
C CONBBaTHPOBAHHBIM (PEPMEHTOM OBIIH PACCUUTAHBI
3apsAbl aTOMOB JIMTaHJA METOIOM TEOpHH (yHKIHO-
nana miotaoctu (TOIT) ub3lyp (Unrestricted Becke,
3-parameter, Lee-Yang-Parr) [16] ¢ 6a3ucubiMu Habopa-
mu 6-31G* u 6-311G** [17].

B nporpamme Bruosspuka [18, 19] 6suto ocyrmect-
BJICHO MOZICINPOBAHNE B3aUMOICHCTBHS JINTAaHA C AKTHB-
HBIM TIeHTpoM ATID MeTomoM MONEKYIAPHON JUHAMHUKHI
B cuitoBoM 1ojie Amber94 [20]. Pacuer nmoreHIHaabHOM
SHEPTUH B JAHHOM CHJIOBOM I10JIC IIPOU3BOIUTCS B COOT-
BETCTBHH C POPMYIIOIi:

— ®o,)) +

CrR{Cok

ri j Ti j
CBA3M, pajuaH, V, — KOHCTAaHTa JByTPaHHOTO YIVIa, :Z[b
¢, — IBYTPaHHBIH yroJl, pajinan; @~ PaBHOBECHBIH J1BY-
rpaHHbIH yromn, paauan; N, — maoxkutens (1, 2, 3, ..., i)
Ij — MEKAaTOMHOE PaccTosHUe, HM; € — BIIeKTpHYeCKas
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ITOCTOSTHHAS, %’; q, ¥ G~ 3apsiziel HOHOB, Kit; 6, 1 6, — KOH-
cTaHThl noTeHuuana Jlennapaa-/Ionca.

I[aHHaf[ MareéMarnudyeckass MOJCIb OMIIMPUYCCKU
YYUTHIBACT BaJICHTHBIC, BaH-/1ep-BaanbcoBsl U amekTpo-
CTaTUYECKHE B3aMMOJICHCTBUS B HCCIIEIYEMOH CUCTEME,
UMEA TIPU 3TOM HU3KYIO BBIYHUCIIUTCIBHYIO CIIOKHOCTD.

B nanbHeiiemM ObUIO POU3BECHO J00OABICHUE aTO-
MOB BOJIOPOZIa B COOTBETCTBHU C BaJleHTHOCTsIMU. [Tocie
9TOr0 OCIIOK BCTPAWBAJICS B BOJHOE OKPYKEHHE C TIOMO-
b0 mporpamMMel Gromacs (cBoOOAHO pacripocTpaHs-
emasi mporpamma). Jlyisi ydera BIUSHUS PAaCTBOPUTEIIS
OblIa MCIonb30BaHa Mozeiab Boasl TIP3P (three point
transferable intermolecular potentials) [21]. daunas
MOJICITb BOJIbI HMEET JKECTKYHO TCOMETPHUIO U3 3 aTOMOB,
PACIIOJIOKCHHBIX TIOA yrioM. JIsl ydera aIeKTpocTa-
THYECKOTO B3aMMOJCHCTBHSA y KaKJOTO aToMa UMEeTCs
CBOM OIIPEJEJICHHBIN 3apsi], HO CyMMAapHBIH 3apsi MoJie-
KyJbl BOJbI paBeH HyJI0. B3auMoneiicTBue HEMOISPHBIX
MOJICKYJI OTHCHIBACTCS COMIACHO MAPHOMY TOTCHIUAITY
Jlennapa-/Ixxonca. IlapameTpsl Uil JTaHHOTO B3aUMO-
JIeHcTBUS OBUIM TIONMYYECHBI IyTeM BOCIPOM3BEICHUS
OHTAJIBIINN UCIIaAPCHUA U TJIIOTHOCTHU )I(H)IKOﬁ BOJKI ITpH
craHmaptHoit temneparype [22]. Monens Boaer TIP3P
MTOJTyYHJIa IIIUPOKOE PACIIPOCTPAHCHHUE B MOJICKYIIIPHOM
MOJICITUPOBAHNH, T.K. TIO3BOJISICT TTONYYUTH JOCTATOYHO
TOYHBIC PE3YNIbTaThl MPU MOJACTHPOBAHUH THIPATHPO-
BaHHBIX OCTIKOBBIX CTPYKTYD.

Pucynok 3 — 3apsaovt amomos mooenu 600wt TIP3P

B xagecTBe Ha4aIBHBIX YCIOBHIA TUTAHA OBLT pactio-
JIO)KEH B TIOJIOCTH aKTHBHOTO LIEHTpa (hepMEeHTa.

Jlyist onTHMHU3aIU TEOMETPUH CTPYKTYpBI OB HC-
MOJTb30BaH METOJ TPAJANEHTHOrO cItycka. I'paaneHT xa-
paKTepu3yeT HalpaBJIeHNEe MAKCHMAILHOTO BO3PACTaHUS
(GYHKLMHK ¢ TepeMEHHBIMH (B JTaHHOM Clly4ae poJib Iepe-
MCHHBIX BBIITOJTHAIOT KOOPAMHATBEI aTOMOB B IIPOCTPAH-
ctBe). Takum 00pa3oM, B3sSB AHTHIPAJUEHT, MOXKHO
HAlTH HampaBlieHHe HamOombIIero yosBanus. [lpu om-
TUMU3ALU TECOMETPHUU ITPOU3BOJUTCA IMOMCK MUHUMYMa
MOTEHIINAIIBHOW SHEPIUU MOJIEKYISIPHOW CHCTEMBI, KO-
TOPBI COOTBETCTBYET YHEPTETHUECKU HAuOOIee BBITO-
HOMY TTOJIO)KEHHIO aTOMOB B ITPOCTPAHCTBE.

Ha cnemytormem sTame mpon3BOAMIOCH MOJETHPOBA-
HHUE MOJICKYISIPHOW JUHAMUKHU HMCCIIEyEeMOU CHUCTEMBI.
JTMTENEHOCTS MOZICIMPOBAHUST MOJICKYJISIPHOW JTMHA-
MHUKH COCTaBIISUIA 75 HC, TIPHA 3TOM HCITOIB30BAJICS MIar
unterpupoBanus 1 ¢c. TepmocrarnpoBanue ocymiect-
BIISIOCH C UCTIONB30BaHUeM anroput™a bepencena [23]
¢ remmneparypoii 1o 310 K (ta6i. 1).

Taonuya 1 — Temnepamypa mooenuposanus

Bpewmst (¢dc) Temmeparypa (K)
1 0
300000 10
500000 310

B pesynbrare MoAennpoBaHUsS MOJEKYISIPHOM Au-
HaMHKU OblIa IOJy4eHa TPACKTOPHUSI CUCTEMBI «IH3HU-
Hompun-All®». ITocie 3Toro ObUTO MPOM3BENEHO CpPaB-
HeHue KOH(pOpMalMi JIMraHja B pa3jn4Hble MOMEHTBI
BPEMEHH MOJCIMPOBAHUS C HKCIEPUMEHTAIBHONW KOH-
¢dopmanmeit. Jlns 31O menaw ObUIa MCIOIB30BaHA CBO-
6o1HO pacmpoctpansiemass mporpamma AutoDockTools
[24]. B Heii oqHOBpEMEHHO 0TOOpaKAIKCh [IBa BApHAHTA
PacIONIOKEHMSI TU3UHOIIPWIIA B aKTUBHOM LieHTpe AlID
— TEOPETUUCCKUI U IKCIICPUMEHTABHBIH (Tabm. 3).

JI1s Komn4ecTBEHHON OLIEHKN OTIMYHS PACHOI0Ke-
HUSI MOJICKYJTBI JIM3MHOIIPUIIA B aKTUBHOM HieHTpe AlID
[0 pe3ynbTraTaM MOJAEINPOBAHUS OT PACTIONOKEHMS 110
JIAHHBIM PEHTTEHOCTPYKTYpPHOTO aHaJiu3a Oblia TpOon3-
BE/ICHA OICHKA CPEIHEKBAJPATHIECKOTO OTKIOHEHHS

[25] nmramma OTHOCHTENBHO €r0 SKCIICPUMEHTATBHOMN
koHpopmManuu. Pacuer cpeaHeKBaapaTHIECKOTO OTKIIO-
HEHUSI IPOU3BOIHIICA 110 (POPMYJIE:

rne CKO - cpennexBagpaTHueckoe OTKIOHEHUE;
N — KONMYECTBO aTOMOB; I — PACCTOSHUE MEXKITY COOT-
BETCTBYIOIIMMH aTOMaMH |, HM.

PesyabTaTel u o0cysxaeHue. 3apsiabl aTOMOB JIH-
3WHONpPHJIA, PACCUUTAHHBIE METOIOM Teopuu (yHK-
nuonana miornoctu Ub3lyp ¢ wcmonp3oBaHueM JIBYX
6a3ucHbIX HabopoB 6-31G* u 6-311G** mpuBeneHsI B
Tabnuue 2.
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Tabnuua 2 — 3apsdvl anomos MoeKy/ bl TUSUHORPUILA GLIYUCTIEHHbIE MENO0OM Meopul QyHKYuona A
naomuocmu Ub3lyp ¢ ucnonvsosanuem 6asucnovix naopos 6-31G* u 6-311G**

3apsianl 3apsiabl 3apsanl 3apsiabl
Ne Arom 631G* | 631G+ Ne Atom 631G* | 63116+
1 (0] -0,534 -0,412 30 H 0,427 0,303
2 (0] -0,589 -0,472 31 H 0,436 0,311
3 (0] -0,601 -0,488 32 H 0,225 0,187
4 (0] -0,586 -0,470 33 H 0,172 0,152
5 N -0,624 -0,328 34 H 0,156 0,141
6 N -0,434 -0,421 35 H 0,166 0,134
7 N -0,718 -0,320 36 H 0,130 0,100
8 C 0,635 0,467 37 H 0,160 0,130
9 C -0,122 -0,121 38 H 0,133 0,108
10 C 0,509 0,325 39 H 0,123 0,094
11 C -0,016 -0,082 40 H 0,168 0,134
12 C -0,007 -0,014 41 H 0,151 0,112
13 C -0,294 -0,218 42 H 0,250 0,183
14 C -0,304 -0,269 43 H 0,168 0,132
15 C -0,130 -0,012 44 H 0,172 0,139
16 C 0,573 0,361 45 H 0,281 0,222
17 C -0,166 -0,152 46 H 0,227 0,185
18 C -0,102 -0,075 47 H 0,158 0,115
19 C -0,351 -0,244 48 H 0,161 0,133
20 C -0,248 -0,171 49 H 0,147 0,120
21 C -0,287 -0,187 50 H 0,181 0,144
22 C -0,359 -0,201 51 H 0,135 0,089
23 C 0,159 -0,114 52 H 0,125 0,082
24 C -0,180 -0,052 53 H 0,116 0,077
25 C -0,128 -0,088 54 H 0,120 0,079
26 C -0,131 -0,085 55 H 0,135 0,085
27 C -0,128 -0,088 56 H 0,381 0,264
28 C -0,183 -0,054 57 H 0,427 0,302
29 H 0,385 0,277 58 (0] -0,669 -0,549

B npouecce MonennpoBaHusl MOJIEKYISIPHON JUHA-
MHKH B TIporpamMMe brnosspuka MolneKkyina JIM3HHOIPHIIa
6puta momenieHa B akTuBHBIA 1eHTp AIID. Ilo 3aBep-
IIEHUW MOJICIUPOBAHNS OBIT OCYIIECTBIEH 3SKCIIOPT
TPAEKTOPUH JIM3MHONIPHIA U TIPOBEJICHO CPABHEHHE Te-
OpPETHYECKON W SKCHEPUMEHTATBHON KOH(pOpMAImii B
nporpamme AutoDockTools. Kordopmaruu musnHOTpH-
J1a TS 3apsiIOB aTOMOB, PACCUNTAHHBIX C UCTIOIB30BaHHU-
eM OasucHbIX HaOopoB 6-31G* u 6-311G**, npuBeacHbI
B Ta0muie 3.

Ilo pe3ynsTataM MOJEIMPOBAHMS MOJIEKYIISIPHOM
JMHAMHUKH C 3apsilaMd, COOTBETCTBYIOIIMMHU Oa3HCHOMY
Habopy 6-31G*, m3uHonpui TepsieT KOH(GOPMaMOHHYTO
ycroitunBocTh B aktuBHOM IieHTpe AIID. C 70.0 HCe Moze-
JIUPOBaHMS MONEKYIApHON quHaMUKU ATID nu3uHONpun
TepsieT YCTOWYMBYIO CBSI3b C aMHHOTPYTIIION aMHHOKHCIIO-
TBI Jm3uHA Lys-495, Haxomsniyrocs B aKkTUBHOM IICHTpE
ATI®. /Ie kapOOKCHIBHBIC TPYNIBI B JAHHOM CIydac
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MIPUTSATUBAIOTCS K aTOMY IMHKA, YTO HE COOTBETCTBYET
JIAHHBIM PEHTT€HOCTPYKTYpHOTO aHam3a. [Ipn ucrnons3o-
BaHUH 3aps/I0B aTOMOB JIM3WHOIIPHIIA, COOTBETCTBYIOIIUX
6azucHomy Habopy 6-311G™**, xapOokcwibHas rpymma,
pacHono)KeHHasl y MeTTHIHON TPYTIBI JIN3HHOIPHJIA, CBSI-
3bIBACTCS C NOHOM IIMHKA, a pyTasi KapOOKCHIIbHAS TPYTI-
ra JIM3MHOTPIIIA, HAaXOIAIIAsiCs B OPTO-TIOJIOKCHUH OT
aroma a3oTa IMUPPOIUIUHOBOTO I'€TEPOINKIIA, CBA3bIBACT-
cs1 ¢ aMuHOTpyToi mu3nHa Lys-495. Takoe pacnionoxenue
MOJIEKYJIbI TU3UHONpUIIA B akTUBHOM 1ieHTpe ATID, coot-
BETCTBYIOIIEE JTAHHBIM PEHTTEHOCTPYKTYPHOTO aHAJIM3a,
coxpansiercst tociie 70,0 He MOzeTMpOBaHUST MOJICKYIISIP-
HoM muHaMuku AIID.

J1J1st TONyYeHHBIX B Pe3ysIbTaTe MOJICINPOBAHUS MO-
JIEKYJSIPHOH JMHAMUKH KOH(OpPMALMi JIM3HHOIIPHIIA,
ObUT TIPOM3BE/ICH pacyeT CpeTHEKBaAPaTHIECKOrO OT-
KJIOHEHHUSI MOJIEKYJIbI OTHOCHTEJIBHO SKCIIEPHMEHTAIb-
HO# KoH(opmatmu (Tadmn. 4).
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Taonuuya 3 — Pacnonoscenue moneKkyivl Tu3sUHORPUNLA 8 aKkmueHom yenmpe AIID
1O pe3ybmamam Mooenuposanus MONEKYIApHoil ounamuku (6asucnolii Haoop 6-31G*
u 6asucuotil navop 6-311G**) ¢ cpasnenuu ¢ IKCREPUMEHMATIBHBIMU OAHHBIMU
(Mmonexynapnas OunamuKka «ssss-« >, PEHMZEHOCMPYKMYPHOUIL AHATIU3 = )

Bpewms (mHc)

baswucHsrii Habop 6-31G*

BazwucHsrii Habop 6-311G**

10,5

20,4

30,3

40,1

50,0

60,5

70,0

70,5
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Tabnuya 4 — Cpeonexkeaopamuyeckoe OmMKIOHEHUE MONEKYbL TUUHONPUIA RO PE3YIbIMAMAM MOOCTUPOBAHUA
MONEKYAPHOI OUHAMUKU OMHOCUMETbHO IKCREPUMEHMAIbHOU KOHpopmanyuu

CpeaHeKkBaipaTHIecKoe CpenHeKBa[paTHIECKOe
Bpewmst (Hc) OTKJIOHEHHE, 0a3MCHBIN HAOOP | OTKIIOHEHHE, Oa3uCHBII Habop
6-31G*, um 6-311G**, um
10,5 4,584 5,110
20,4 6,625 3,302
30,3 5,779 3,352
40,1 5,651 3,122
50,0 6,047 3,780
60,5 6,284 3,322
70,0 9,893 3,480
70,5 9,703 3,190

Ha pucynke 4 (tabin. 4) BUAHO, 4TO CpeIHEKBAIpa-
THYECKOC OTKJIOHCHHE i OasucHoro Habopa 6-31G*,
HaunHas ¢ 70,0 HC MOIEIMPOBAHUS MOJICKYISIPHON
JMHAMUKH, PE3KO BO3PACTAET, B TO BpPEMs, KaK TPH

12

—
=

==}

s

KHH CIBHI, HM

CpeJHEKBapaTHUEC
=
Q

HCITONIb30BaHUK Oa3ucHoro Habopa 6-311G** cpen-
HEKBaJ[PaTHYHOE OTKJIOHEHHE B TEUCHUHU BCEr0 BpeMe-
HU MOJICIIMPOBAHUsI KOJIEOJIETCSl B Ipesieiax NecsaThiX
J10JIEH HM.

40 50 60 70 80

Bpewms, He

- ® - BasucHeni Hatop 6-31G*

—&— LasucHblii Habop 6-311G**

Pucynok 4 — /lunamuxa usmenenus cpeoHeKeadpamuiecko20 OMKIOHEHUA MOIEK)Tbl TUZUHONPUILA
RO pe3ynbmamam MooenupoGanus MoaeKyIApPHOl OUHAMUKY OMHOCUMEbHO
IKCHEpUMEHMANbHOI KOHGopmayuu

Pesynerartel MoaenupoBaHus B3aUMOICHCTBUS JIH-
3UHONpHUIIA ¢ aKTUBHBIM LIeHTpoM AII®D ¢ ucnosns3osa-
HUEM 3aps/I0B aTOMOB, PACCYMTAHHBIX B pa3HBIX Oa3uc-
HBIX Habopax (GasucHbIil HaGop 6-31G* u GasucHBI
Habop 6-311G**) okasanuch pasznuyHbl. [IpumMeHeHue
6asucHoro Habopa 6-311G** nmms pacdera 3apsmoB
aTOMOB JIUTaHJIa TPU MOACITHPOBAHUU MOJCKYISIPHON
JUHAMHUKHU CBSI3bIBAHUSI C aKTUBHBIM LieHTpoM AIlD
MTO3BOJISICT TOCTUYb PE3YNbTaTOB ONM3KUX K IKCICPH-
MEHTAJThHBIM JaHHBIM. [Ipu 3TOM coxpaHsSeTcs pacto-
JIOKEHHUE MOJICKYJIBI IN3HHOIPUIIA B aKTUBHOM IICHTpE
AII® cooTBeTcTByIOIIEEe TAaHHBIM PEHTTCHOCTPYKTYP-
HOTO aHaju3a.

3akuaouenue. V3 pe3yasTaToB MpOBEICHHOTO MOJIE-
JUPOBAHUSI MOJCKYISIPHON AMHAMHUKHN B3aUMOICHUCTBUS
JIN3UHONPUJIA C aKTUBHBIM LIeHTpoM AII® moxHO cie-
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JIaTh BBIBOIl O TOM, YTO METO]] pacdeTa 3apsioB aTOMOB
SIBIISICTCS] BAKHBIM TTaPaMeTPOM, KOTOPBIHA CIIEAYeT Y9H-
THIBAaTh MIPH UCCIICIOBAHUH B3aMMOJICHCTBHUS BEIICCTB C
aktuBHBIM IIeHTpoM AIID. [IpeamonoxurensHo Oaswc-
HBIA HaOOp 6-311G** MoxeT OBITH MCIIONB30BAH B JIaH-
HOW METOAMKE I pacdyeTa 3apsIoB aTOMOB MOJICKYJ
CXOIHBIX TI0 XUMHAYECCKOH CTPYKTYpE C JIM3UHOIIPHIIOM U
MMEIOIINX HYJIEBOI 3apsi.

[To pe3ympraTam MpOBEIEHHOTO HCCICAOBAHUS OBLI
moJJ00paH KBaHTOBO-XHMHYECKHH METOJ pacdera 3apsi-
JIOB aTOMOB JIITaH/IA, & TAK)KE METON M MapaMeTPBl MO-
JETUPOBAHUS MOJICKYJISIPHON TUHAMUKH, TTO3BOJISIOIINE
JOOUTBCS TEOPETHUCCKOTO BOCIIPOM3BEICHUS XapaKTe-
PHUCTHK CBSI3BIBAHUS MOJCKYIBI IM3WHOIIPHIA METOIOM
MOJICKYIISIPHON IMHAMHUKH B COOTBETCTBHU C JTaHHBIMHU
PEHTTCHOCTPYKTYPHOTO aHAJIH3a.
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Introduction. Inhibitors of angiotensinconverting
enzyme (ACE) are a group of chemical substances, used
directly for treatment of hypertension and chronic heart
failure. The principle of action of ACE inhibitors is based
on blocking the conversion of angiotensin | into angio-
tensin 11, which mediates vasodilation. This also reduces
the secretion of aldosterone by adrenal cortex and in-
creases concentration of bradykinin by decreasing its in-
activation by the enzyme (ACE). Bradykinin, in its turn,
interacting with B,-kinin receptors in vascular endothe-
lium, triggers the release of other vasodilating factors,
causing even more relaxation of smooth muscles [1].

At the present stage of hypertension treatment an-
giotensin converting enzyme inhibitors are widely used.
When they are taken, a coronary, renal, muscle and ce-
rebral blood circulation becomes normal, which is an
important advantage of this group of drugs. Angioten-
sin-converting-enzyme inhibitors decrease total periph-
eral vascular resistance, post - and preload on the myo-
cardium, reduce the incidence of arrhythmias, improve a
cardiac function in the diastolic phase.

Along with this, there is prevention of development
of left ventricular hypertrophy, and minimization of
probability degree of ischemia and fibrosis of the myo-
cardium development. Hypertrophy of smooth muscles
of arterial walls is also prevented [2]. Due to blood pres-
sure jumps and increasing intra-cerebral hypertension
the damage of blood vessels in kidneys takes place. ACE
inhibitors protect kidneys in treatment of hypertension.

The signs of improvement in renal function are
marked by patients with chronic renal failure while re-
ceiving ACE inhibitors in the absence of pressure jumps.
While taking drugs increasing diuresis, in addition to
ACE inhibitors, it becomes possible to reliably control
the blood pressure level for a long period of time in pa-
tients with essential hypertension. ACE inhibitors also
affect the production and release of aldosterone from the
adrenal glands, causing the increase of urine output, the
increase of the potassium level and the increase of the
sodium level of the body, normalization of water-electro-
lyte metabolism [1].

ACE inhibitors have an antisclerotic effect in the
spectrum of biological activity caused by the inhibition
of the formation of angiotensin Il on the surfaces of en-
dothelial cells and the increase of nitric oxide formation,
the main dilatation factor of vascular walls. While taking
ACE inhibitors, the level of high density lipoprotein also
increases in the blood and the level of atherogenic frac-
tions of lipids decreases [3]. The substances having the
ability to inhibit ACE also influence carbohydrate metab-
olism. There is an increase in the sensitivity of tissues to
insulin, and the glucose metabolism improves as a result
of normalization of tissue circulation and an increase of
the bradykinin level [4].

In the middle of the 70s of the 20th century a new
ACE inhibitor, lisinopril which is a lysine derivative of
enalapril (another ACE inhibitor), was obtained syntheti-
cally. Lisinopril has a number of features that set it apart
from the vast majority of ACE inhibitors. Lisinopril is not

a prodrug, it is the active substance; lisinopril is not me-
tabolized in the body and excreted by kidneys, so it can
be recommended in liver diseases. This substance is mar-
ginally associated with blood plasma proteins (5-10%),
making lisinopril compatible with other drugs, coming
into a competitive interaction with blood plasma proteins
[5]. Caused by these benefits, lisinopril is widely used
in medicine, and the search for new inhibitors with such
properties will expand the range of drugs for hyperten-
sion treatment. Due to the presence of special chemical
structures, Lisinopril, like other ACE inhibitors, is able to
interact with zinc ion and amino acids within the active
enzyme site, and thus reduces the activity of the enzyme,
which is associated with the conversion of angiotensin |
into biologically active angiotensin I1.

Taking into consideration the complexity of the re-
lationship between chemical structure and affinity to the
active center of ACE, it seems appropriate to carry out a
detailed study of molecular mechanism of binding new
inhibitors with the enzyme. At present one of the widely
used methods of studying the mechanism of ligand inter-
action with the enzyme active site is-molecular modeling
[6].

Molecular modeling is a modern theoretical methods
of studying different molecular systems widely applied
in search for new biologically active substances. It com-
prises such research areas as comparative molecular field
analysis, molecular descriptors, molecular docking and
molecular dynamics.

A comparative molecular field analysis is based on
the selection of a ligand that can interact with a biologi-
cal target, by comparing molecular fields being pharma-
cophoric indicators in space. The main drawback of this
methods is that it is only applicable for substances with
similar structures [7].

The use of molecular descriptors allows predicting bi-
ological activity of substances using their describing prop-
erties (descriptors). The advantages of this method could
include the possibility of rapid selection of a large number
of substances with suspected activity. However, this meth-
od does not allow achieving a high reliability [8].

Amolecular docking method is designed to determine
the energetically favorable orientations of the explored
molecules in the binding site of the macromolecule-tar-
get. However, this method is significantly simplified in
the calculation of intermolecular and intramolecular in-
teractions that imposes restrictions on the conformational
mobility of the ligand-target system elements [9]. Mo-
lecular dynamics is a more correct approach that allows
taking into account a far greater degree of the conforma-
tional mobility, but the use of this method requires more
computational resources compared to the method of mo-
lecular docking. The method of molecular dynamics is
based on modeling of atoms movement in the system,
hereby atoms move according to the basic laws of me-
chanics and electrostatics [10].

Nowadays a molecular dynamics simulation meth-
ods could be available for the systems of the size up to
millions of atoms making this method applicable for
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predicting biological activity at the level of ligand-target
interaction.

The aim of the work is a selection of methods of
lisinopril interaction modeling with the active center of
angiotensin-converting enzyme by molecular dynamics
methods.

Materials and methods. An angiotensinconverting
enzyme is a Zn?"-dependent peptidase. The enzyme con-
tains two domains (N- and C-domains) consisting of one
polypeptide chain. Each domain has a catalytically active
center. The C- and N-domains are homologous (the ho-
mology is about 60%), they are separated by a bridging
sequence [11].

There are two forms of ACE: somatic and testicular.
The somatic form is found in many human organs. The
testicular form is expressed in testes. These two types of
ACE differ in their shape of structure: the testicular has a
spherical form, the somatic has an aspherical form. There
are also isoforms of the enzyme, which are single-do-
main forms: free C- and N-domains are formed after the
destruction of links between them.

The structure of the N-domain is made up by 621
amino acids that form the ellipsoidal shape of the do-
main. In the middle of the globule a tunnel is located

A

that divides the protein into two subdomains. Inside this
cavity the active site of the N-domain is situated. In the
channel narrowing of the active site a zinc ion is situated.
Hereby the separation of the channel into two parts hav-
ing lengths of 17 A and 8A takes place. It is assumed that
the channel length is the limiting factor in binding and
hydrolysis of long peptides [12].

The S-domain has the same ellipsoidal shape as the
N-domain. The sizes of the S-domain are 72x57x48A. In
the center of the protein there is a narrow channel having
the length of about 304, it divides the enzyme into 2 sub-
domains. The active site of the enzyme is located in this
tunnel; the active site includes a zinc ion, essential for
catalysis of ACE [13].

Figure 1 — Schematic structure of ACE

B

Figure 2 — Location of lisinopril in the molecule of the enzyme in the active site of the N-terminal domain
according to the x-ray results (PDB: 1086) (A — general view of the N-domain, B is the location of the lisinopril
molecule in the active site)

For studying low molecular substances (ligands)
with the active site of the angiotensin-converting enzyme
(ACE) we used a three-dimension structure of the pro-
tein-ligand complex, represented in the rcsb.org database
(PDB ID is 2x91) [14]. In this model a molecule of lis-
inopril is represented as a ligand in the active center of
ACE.

A spatial model of lisinopril was built in the Hyper-
Chem 6.09 program. With this program the geometry
optimization with use of the molecular mechanics force
field MM+ was also carried out [15]. Further the geom-
etry optimization using the unrestricted Hartree-Fock’s
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method (UHF) in 3-21G™* basis set was carried out. To
take into account the electrostatic interaction of the li-
gand with the enzyme, the atomic charges of the ligand
were calculated on the basis of the density functional
theory (DFT) method UB3LYP [16]. Hereby-basis sets
6-31G* and 6-311G** [17] were used.

Using the Bioeurica program [18, 19] the interaction
of the ligand with the active center of the enzyme was
simulated by the molecular dynamics method with the
use of Amber94 force field [20]. The calculation of the
potential energy for this force field is produced in accor-
dance with the following equation:
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where Ki is an elasticity constant of bond
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isa valence angle, radian; 0 ,is an equmbnum angle, ra-
dian; V, is a dihedral angle constant - ¢, is a dihedral
angle, radlan @, is an equilibrium dihedral angle, radian;
n, is a multiplier 1, 2, 3, ... i); g is an interatomic dis-

tance, nm; € is a dlelectrlc constant, ﬁ, g, and q, is an
atom charges C; S, and o, are Lennard-Jones’ potential
constants.

This mathematical model takes into account the em-
pirical valence, Van der Waals’ and electrostatic interac-
tions in the researched system, hereby having low com-
putational complexity.

The structure of protein was subsequently produced by
adding hydrogen atoms in accordance with valences. Fur-
ther on the protein was embedded into the aqueous envi-
ronment on the basis of Gromacs program. To take into ac-
count the solvent effects the TIP3P water model (three point
transferable intermolecular potentials) was used [21]. This
model has a rigid geometry of 3 atoms, which are placed at
an angle. Each atom of this model has a certain charge but
the total charge of the water molecule is equal to zero.

The interaction between nonpolar molecules is de-
scribed according to the pair Lennard-Jones’ potential.
The parameters for this interaction were obtained by
reproducing the enthalpy of vaporization and density of
liquid water at the standard temperature [22]. The TIP3P
water model is widespread in molecular modeling, be-

’mole*(nm)z’ i

. is an equilibrium bond Iength

_ro,i)2+ ZKz(Hz -6

b

dihedral angels

>

i

0,i )2 + ?l(l +cos(n,9,
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cause it allows to obtain sufflciently accurate results in
the simulation of the hydrated protein structures.

Figure 3 — Atomic charges of TIP3P water model

As the initial condition, the ligand was located in the
cavity of the active center of the enzyme.

The gradient descent methods was used for the ge-
ometry optimization of the structure. The gradient de-
scribes the direction of the maximum increase of the
function with variables (in this case, the coordinates of
the atoms in space play the role of variables). Thus, tak-
ing antigradient, it is possible to find the direction of the
greatest decrease. In case of geometry optimization the
minimum of the potential energy of the molecular system
is searched for, which corresponds to the energetically
most favorable arrangement of atoms in space.

In the next stage the molecular dynamics simulation
of the researched system was performed. The duration
of molecular dynamics simulation was 75 ns and the
integration step was 1 fs. The temperature control was
carried out using Berendsen’s algorithm [23] with the
temperature up to 310 K (Table 1).

Table 1 — Simulation temperature

Time (fs) Temperature (K)
1 0
300000 10
500000 310

As a result of a molecular dynamics, a trajectory of
the system of «lisinopril-ACE » was obtained. After that
a comparison of the ligand conformations at different
points in simulation time with the experimental confor-
mation was made. For this purpose the AutoDockTools
program [24] was used. It simultaneously displayed two
locations of lisinopril in the active center of ACE - theo-
retical and experimental (Table 3).

For quantifying the differences of the lisinopril mol-
ecule location in the active center of ACE according to
the results of simulation from the location known from
the x-ray analysis results the calculation of the root mean
square deviation [25] of the ligand relative to the exper-

imental conformation was carried out. Calculating the
root mean square deviation (RMSD) was made according
to the equation:

where RMSD is a root mean square deviation, nm; N
is a number of atoms; r, is a distance between the corre-
sponding atoms i, nm.

Results and discussion. The atomic charges of the
ligand, calculated on the basis of the density functional
theory (DFT) method ub3lyp using the basis sets 6-31G*
and 6-311G**, are presented in Table 2.
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Table 2 — The atomic charges of the lisinopril molecule calculated by the density functional theory method
ub3lyp using basis sets 6-31G* and 6-311G**

Charges Charges Charges Charges
e Atom 6-31G* | 6-311G** e Atom 6-31G* | 6-311G**
1 O -0.534 -0.412 30 H 0.427 0.303
2 O -0.589 -0.472 31 H 0.436 0.311
3 O -0.601 -0.488 32 H 0.225 0.187
4 O -0.586 -0.470 33 H 0.172 0.152
5 N -0.624 -0.328 34 H 0.156 0.141
6 N -0.434 -0.421 35 H 0.166 0.134
7 N -0.718 -0.320 36 H 0.130 0.100
8 C 0.635 0.467 37 H 0.160 0.130
9 C -0.122 -0.121 38 H 0.133 0.108
10 C 0.509 0.325 39 H 0.123 0.094
11 C -0.016 -0.082 40 H 0.168 0.134
12 C -0.007 -0.014 41 H 0.151 0.112
13 C -0.294 -0.218 42 H 0.250 0.183
14 C -0.304 -0.269 43 H 0.168 0.132
15 C -0.130 -0.012 44 H 0.172 0.139
16 C 0.573 0.361 45 H 0.281 0.222
17 C -0.166 -0.152 46 H 0.227 0.185
18 C -0.102 -0.075 47 H 0.158 0.115
19 C -0.351 -0.244 48 H 0.161 0.133
20 C -0.248 -0.171 49 H 0.147 0.120
21 C -0.287 -0.187 50 H 0.181 0.144
22 C -0.359 -0.201 51 H 0.135 0.089
23 C 0.159 -0.114 52 H 0.125 0.082
24 C -0.180 -0.052 53 H 0.116 0.077
25 C -0.128 -0.088 54 H 0.120 0.079
26 C -0.131 -0.085 55 H 0.135 0.085
27 C -0.128 -0.088 56 H 0.381 0.264
28 C -0.183 -0.054 57 H 0.427 0.302
29 H 0.385 0.277 58 O -0.669 -0.549

Using Bioeurica’ program, in the process of mo-
lecular dynamics simulation, the lisinopril molecule
was placed into the active center of the ACE. At the
end of the simulations the trajectory was exported
and then the comparison between theoretical and
experimental conformations in the program AutoDo-
ckTools was made. The conformations of lisinopril
in the active center for charges of atoms, calculated
using the basis sets 6-31G* and 6-311G**, are shown
in Table 3.

According to the results of molecular dynamics simu-
lation with the charges corresponding to basis set 6-31G*,
lisinopril does not lose its conformational stability in the
active center of the enzyme. At 70.0 ns lisinopril is los-
ing its stable bond with the amino group of lysine Lys-495
located in the active center of the ACE. In this case two
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carboxyl groups are attracted to the zinc ion which does
not correspond to the results of the x-ray analysis.

When using 6-311G** basis set for the lisinopril
atomic charges calculation, the carboxyl group located
near the peptide group of lisinopril binds with the zinc
ion and the other carboxyl group of lisinopril, which is in
the ortho-position relatively to the nitrogen atom of the
heterocycle pyrrolidinone, is connected with the amino-
group of lysine Lys-495. This location of the lisinopril
molecule in the active site of the ACE corresponds to the
results of x-ray analysis and the location is retained after
70.0 ns of molecular dynamics of ACE.

For the obtained results of molecular dynamics sim-
ulation, the root mean square deviation of simulation
lisinopril conformation, regarding to the experimental
conformation, was calculated (Table 4).
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Table 3 — Location of the lisinopril molecule in the active center of ACE according to the results
of molecular dynamics simulation (basis set 6-31G* and basis set 6-311G**) in comparison
with the experimental results (molecular dynamics

» , x-ray analysis ——)

Time (ns)

Basis set 6-31G*

Basis set 6-311G**

10.5

20.4

30.3

40.1

50.0

60.5

70.0

70.5
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Table 4 — Root mean square deviation of lisinopril conformation according to the results
of molecular dynamics simulation regarding to the experimental conformation

Time (ns) Root mean square deviation | Root mean square deviation
(basis set 6-31G*), nm (basis set 6-311G**), nm
10.5 4.584 5.110
20.4 6.625 3.302
30.3 5.779 3.352
40.1 5.651 3.122
50.0 6.047 3.780
60.5 6.284 3.322
70.0 9.893 3.480
70.5 9.703 3.190

Figure 4 (Table 4) shows that the root mean square
deviation for the basis set 6-31G* beginning with 70.0 ns
of molecular dynamic simulation makes a sharp increase,

while the root mean square deviation corresponding to
the basis set 6-311G** stays is in the range of the tenths
parts during all time of the simulation.

Figure 4 — Changes of root mean square deviation of lisinopril conformation according to the results
of molecular dynamics simulation regarding to the experimental conformation

The results of the simulation of lisinopril interac-
tion with the active center of the ACE with the usage of
atomic charges calculated in different basis sets (basis set
6-31G* and basis set 6-311G**) were different. Basis set
6-311G** is more suitable for the calculation of atomic
charges of the ligand in of molecular dynamics of the
ACE. In this case, the correct location of lisinopril in the
active center of ACE retained stable and corresponded to
the results of the x-ray analysis.

Conclusion. Based on the results of molecular dy-
namics simulation of lisinopril interaction with the en-
zyme active center it can be concluded that the method of
calculation of atomic charges is an important parameter,
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which should be considered in the studying of substanc-
es interaction with the active center of the enzyme. Pre-
sumably, 6-311G** basis set can be used in this method
to calculate atomic charges of the molecules, which are
similar in the chemical structure with lisinopril and the
ones having a zero charge.

According to the results of the study, a quantum
chemical method suitable for the calculation of atom-
ic charges of the ligand has been selected, and also the
methods and parameters of molecular dynamics sim-
ulation allowing to achieve the theoretical playback of
ligand binding with the active center according to the
x-ray analysis results.
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