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VNCCAEAOBAHUE MEXAHU3MA AHTUBAKTEPUAABHOM AKTUBHOCTU
1,4-A1- 1 1,4,5-TPU3AMEIIEHHBIX 1H-1,2,3-TPUA30AOB
METOAAMU MOAEKYAAPHOI'O MOAEANTPOBAHUA
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[pemtoxkena OenkoBasi MUIICHb aHTHOAKTepUANbHOTO AciicTBus 1,4-mu- u 1,4,5-tpuzamerienusix 1H-1,2,3-tpua-
30JI0B 110 OTHOIIECHHIO K MUKpoopranusmam E. coli ATCC 25922 u S. aureus ATCC 6538. MetogaMu MOJIEKyISIpHOTO
MOZIEIMPOBAHUS CTEHEPUPOBAHBI MPOCTPAHCTBEHHBIE CTPYKTYPHI OCIKOB-MHIIECHEH TECT-MHKPOOPTaHM3MOB, a TaKXkKe
HCCIIEJIOBAHHBIX TPHa30JIoB. [IpeanokeHa MOETb CBSA3BIBAHUS JAHHBIX COCTUHEHUH C aKTUBHBIMU LIEHTPAMU MOJCIb-
HBIX OEJIKOB, MOATBEPIKJICHHAS HAOII0AaeMOIl KOppeNseld Mex1y SKCIePUMEHTAIbHON aKTHBHOCTBIO MCCIIEyEeMbIX
TPHA30JI0B U MX PACCUNTAHHBIM CPOJICTBOM K aKTHBHOMY LIEHTPY O€JIKOB. BBISBIICHBI TasibHEWIINE HANIPaBICHUS (QyHK-
roHanm3anuu 1,4-nnzamenienusix 1H-1,2,3-Tprna3onos ¢ nenbio co31aTh Ha X OCHOBE HOBBIE 3(h(h)eKTHBHBIC aHTHOAK-
TepualIbHbIE TIPEnapaThl.
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STUDY OF THE MECHANISM OF ANTIBACTERIAL ACTION OF 1,4-DI- AND
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The target for antibacterial action of 1,4-di- and 1,4,5-trisubstituted 1H-1,2,3-triazoles against E. coli ATCC 25922
and S. aureus ATCC 6538 was proposed. Structures of target proteins and investigated triazoles were built using molecular
modeling. Binding mechanism was suggested according to conducted docking studies. Suggested binding models and
affinity for a binding site of 1,4-disubstituted 1H-1,2,3-triazoles correlated with their experimental activity. Further
functionalization directions for continuation of a search for a novel effective antibacterial agents were discovered.
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BBenenune

Ha cerogusiauii 1eHb 0JHOHM M3 Hanbosiee CEPbE3HBIX MPOOIEeM 31PaBOOXPAHEHHS SBISETCS OCTETCH-
HO YBEJIMYHMBAIOUIAACS PE3UCTEHTHOCTh OAaKTEepUil, TPHOKOB M MPOTUCTOB K COBPEMEHHBIM MPOTUBOMHUKPOO-
HBIM npenapartam. [Ipu 3ToM nosBIeHNE YyCTOMYMBBIX IITAMMOB MUKPOOPTaHU3MOB MPUBOAUT K YIOPOKAHUIO
U yXYIIICHHUIO Ka4yeCcTBa JIeueHNs1 MH(EKIMOHHBIX 3a00JIeBaHUH, IJIUTEIbHOMY HaX0KACHHUIO MAIlMEHTOB B yC-
JIOBUSIX CTAIlMOHApa, a TaKXKe YBEIMUCHHMIO KOJMUYECTBA JeTaJdbHBIX MCXonoB [1; 2]. Ogaumu u3 Hanbomnee
pacnpocTpaHeHHBIX BO30OyAuTeNeH OoJe3He! SBISIOTCS MITaMMbl TATOIEHHBIX MHUKPOOPIaHU3MOB S. aureus
u E. coli. Mepbl, HanpaBlieHHbIC Ha MPEAYNPEXICHUE PAa3BUTH YCTOWYUBOCTH JaHHBIX MHUKPOOPTaHU3MOB
K COBPEMEHHBIM aHTUMHUKPOOHBIM CpPECTBaM, CIIy>KaT HeOOXOAUMBIM YCIOBHEM JOCTHXeHHS 3(deKkTHBHO-
CTH JIe4eHUs] MHPEKIMOHHBIX 3a0oneBanuii [3; 4]. B cBs3u ¢ 5THM, HECMOTPsI HA HAJTMYHE MIMPOKOTO CIIEKTpa
NPUMEHSEMBIX B HACTOSIIEE BPeMs aHTUMHKPOOHBIX IperapaToB, pa3padoTka HOBBIX Ooinee IPPEeKTUBHBIX
CPENCTB OCTAETCs JOCTATOUHO EPCIEKTUBHON U aKTyalIbHOM 3aaueil.

OpnHoili u3 Hanboee N3BECTHBIX PEaKIUi KIMK-XUMHUH, HCIIOIb3YEMbIX JUIS TMOMYyYeHUs] Pa3InIHbIX OHO-
JIOTHYECKH aKTUBHBIX 1,2,3-Tprazosicogepkaliux COeAMHEHUH, SBIsSETCS MeIbKaTalIu3upyeMoe a3u/l-aJIKH-
HoBoe nukiomnpucoeaunenue (CuAAC) [5; 6]. Ilpouecc xapakrepusyercs BbICOKOH 3(p(hEeKTUBHOCTHIO, pe-
THOCEJIEKTUBHOCTBIO, BO3MOYKHOCTBIO MPOBEJCHHSI B OTHOCUTEIBHO MATKUX YCJIOBHUSAX, a TAK)KE MO3BOJISIET
UCIIOJIb30BATh IIMPOKHUK KPYT (DYHKLIHMOHAIBHO 3aMEIeHHBIX peareHToB [7]. [lpumedarensHo, 4TO 3JIEKTPOH-
HBbIE U TeoMeTpuueckre cBoiictBa 1H-1,2,3-Tprua3oiapHOro UKia NO3BOJISIOT pacCMaTpuBaTh €ro B KauecTBe
OunounszocTepa aMHIHOH, CIOKHOI(DUPHOW U KapOOKCHIIbHOU Tpyn [§]. SIpkumMu npruMepaMu UCIOIb30BaHUS
CuAAC B cuHTe3€ Pa3IHYHBIX OMOAKTHBHBIX COCTUHEHUI MOTYT CITYyKUTh: MOAUMUKAIHS TPOU3BOAHBIX KY-
MapHUHOB U XWHOJMHOB, TPUA30JIbHBIE TPOM3BOAHBIE KOTOPBIX MPOSBIAIOT aHTHOAKTEPUATbHYIO AKTUBHOCTh
HIMPOKOTO criekTpa [9—13]; moyueHne Tpra3oibHbIX aHATIOTOB BBICIINX KAPOOHOBBIX KUCIIOT, aKTUBHBIX B OT-
HomeHuu M. tuberculosis [14]; cuHTE3 MPOU3BOIHBIX pUOABUPUHA, TPOJACMOHCTPUPOBABIIUX IPOTHBOBUPYC-
Hoe feiictue B otHomiennu BUY u Bupycos rpunmna gopm A u B, reprieca [15; 16]; monmy4yeHne npou3BOAHBIX
NICHUIMJUTMHOBBIX UHIHOUTOPOB P-iakTamas [15; 16]. AKTUBHOCTh BBIIICIICPEYUCICHHBIX COCTUHCHHM, KaK
NPaBUIIO, CBSI3BIBAIOT C HAIMYHMEM B UX CTPYKTYpPE U3BECTHBIX (DapMako(OpHBIX PparMeHTOB (KyMapHHOBOTO,
XUHOJIMHOBOTO, TICHUIIMJUIMHOBOTO IIHMKJIOB, OCTATKOB HYKJICO3HOB M BBICHINX KapOOHOBBIX KHCJIOT). Tpua-
30JIbHBIE POU3BOAHBIE, KaK 1 UX BellleCTBa-MPEAIIeCTBEHHUKH, IPOSIBIAIOT aKTUBHOCTh B OTHOILIEHUH OJIMHA-
KOBBIX MHIICHEH — 00paTHOi TpaHckpunTazsl BUY, nennuminuaasel u nedanocnopruHassl. Takum oopaszom,
JUISL TAaHHBIX MTPOU3BOAHBIX TPHA30JbHBIN IUKII JTUIIb BHOCHT JIOTIOJHHUTEIbHBIE B3aUMOJCHCTBHSI C OCIKOM-
MUILEHBIO, HE MEHSISI [TPU 3TOM OOILETO0 MEXaHW3Ma BIIMSIHUSI.

B T0 e Bpems s 1,4-nmu3zamenmiennsix 1H-1,2,3-Tpra3onos, He HECYIIMX KaKUX-JIMOO 3BECTHBIX (apma-
KO(hOpHBIX PparMeHTOB, OOHAPYKEH MIUPOKUI CIIEKTP aHTUMHUKPOOHOI [ 17-19] n mpoTuBonpoTo30iiHOi [20]
akTuBHOCTEH. OTCYTCTBHE U3BECTHHIX (PapMako(OpOB B CTPYKTYpE JAHHBIX COCTUHEHUH MO3BOJISIET MPEIIO-
JIO)KUTh, YTO CaM TPHA30JIbHBIN IIMKII MOKET TPOSIBISITH CBOWCTBA (papMako(opHOH Tpynmbl. 3HAHUE TOUHON
CTPYKTYpHI hapMakodopa, CTpOeHHS COOTBETCTBYIOIICH MY MUIICHH, a TAKKE CBSI3U CMPYKMypa — delicmaue
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(structure — activity relationship, SAR) n03B0JIsI€T IPOBOIUTH HAIIPABICHHYIO (DYHKIIMOHAIU3AIIUIO COCIMHE-
HUH B IEIISIX CO3JJaHUsI HOBBIX BEICOKOA(QEKTUBHBIX aHTUMUKPOOHBIX MPENapaToB.

B mHacTosmelr paboTe ¢ MOMOIIBI0O METONOB MOJEKYISPHOTO MOJIEIMPOBAHUS HCCIENOBAH IPEIIo-
JlaraeMblii MEXaHW3M aHTHOAKTepUATBbHOTO JEHUCTBUS IO OTHOWIEHHWIO K mTammam FE. coli ATCC 25922
u S. aureus ATCC 6538 mpencrasutenpHOro Kpyra 1,4-mu- u 1,4,5-tpu3amemniennsix 1H-1,2,3-Tpua3onon
(puc. 1). B pesynprare aHanmm3a CTPYKTYyp H3BECTHBIX MHTHOMTOPOB OMOCHHTE3a TMENTHAONIHKAaHA Oblia
YCTaHOBJIEHA OMpPEIEINAIoNnias aHTUOAKTEPHAIFHOE JIEHCTBUE MCCIIEIOBAaHHBIX TPHUA30JI0B MUIIEHb — OEJIOK
ypunuaaudochar-N-ale THICHONMUPYBUINIIOKo3aMuH peaykTrasa (MurB). C ucnosb3oBaHHEeM yKa3aHHBIX
METOIOB OBIITM CKOHCTPYHPOBAHBI CTPYKTYPBI OETKOB-MHUIIIEHEH I Ka)KAOTO M3 BBIIIEHA3BAHHBIX MUKPO-
OpraHn3MoB. B cBoI0 ouepenp, aHAIN3 JTUTaHA-OETKOBBIX KOMIUIEKCOB, IMOYYEHHBIX B pe3yJbTaTe JOKHHTA
coequaennit 1-17 (cm. puc. 1) B Oenkur MurB, 1o3BoiHI BBISIBUTH KITIOYEBBIE CTPYKTYpPHBIE OCOOCHHOCTH
npou3BonHbEIX 1H-1,2,3-Tpua3ona, oTBEUAOIMNE 3a UX aHTHOaKTepHaibHOe neiicTBre. COOTBETCTBHE MEXKITY
9KCIIEPUMEHTANIEHO ONPEIeIEHHON M pacueTHOW aHTHOAKTEpHaIbHBIMU aKTHBHOCTSIMH HCCIIEIOBAHHBIX TPH-
a30JI0B YCTaHABIUBAIOCH METOJIOM KOPPETSAIIMOHHOTO aHAIN3a.

RZ R1 R2 R] RZ R[ R2
X X = 1 Bn  Ph 7 Bn mTol 13 Allyl m-Py
N N 2 Bn  m-Tol 8 Tos Ph 14 CH,CO,CH,  Ph
N—N N—N 3 Bn p-CHPh 9 Tos m-Tol 15 CH,CO,CH, m-Tol
R R 4 Bn m-Py 10 Tos p-C,HPh 16 CH,CO,CH, p-C,HPh
1-5. 8-17 6.7 5 Bn m-aniline 11 Allyl Ph 17 CH,CO,CH, m-Py
' ’ 6 Bn  Ph 12 Allyl p-C,HPh

Puc. 1. Crpykrypsl uccnenyemsix 1H-1,2,3-tpua3osnos
Fig. 1. Structures of studied 1H-1,2,3-triazoles

MarepuaJibl 1 METOABI

Hcnonb3oBannsle A mpoBeacHus uccienopanuii 1,4- u 1,4,5-3amemennsie 1H-1,2,3-Tpua3onbl CHHTE3U-
POBaHBI 110 METOJUKE, TPUBEIECHHOM B [7].

HcenenoBanusi iuaMeTpa 30HbI yTHETEHHsI POCTA MHKPOOPTaHU3MOB. V3yueHne aHTHMUKPOOHOH aKTHB-
HocTH coenuHennii 1-17 (cm. puc. 1) no oraomenuto k mrammam E. coli ATCC 25922 u S. aureus ATCC 6538
MIPOBOAMIIOCH C TIOMOIIBIO CTaHIapTHOTO Metoza auddy3uu B arap [21].

MoneaupoBanue TpeXMepPHbIX FreoMeTPHYecKHX cTPYKTyp Oesika MurB mrammoB E. coli ATCC 25922
u S. aureus ATCC 6538. AMUHOKHCIIOTHYIO MTOCIe0BaTeIbHOCT 0enkoB MurB mrammoB S. aureus ATCC 6538
u E. coli ATCC 25922 Gpainu u3 6a3b1 nanabix GenBank [22] (ID: CP020020.1 ans S. aureus, ID: CP009072.1,
reH AIL14192 nns E. coli). TpexmepHsie Moaenu O6eika MurB nonyyanu, Henonb3yst OHJIaiH-CepBUC IS TIO-
cTpoeHust 0enkoB 1o romosoruu SWISS-MODEL [23].

I'enepupoBanue reomerpudeckux cTpykryp 1,4-mu- u 1,4,5-rpuzamemennsix 1H-1,2,3-Tpna3o1os.
Jis onTMMM3alUMU TE€OMETPUYECKHUX MapaMeTpoB CTPYKTyp TpuaszonoB 1-17 wucnonap3oBajcs METON
B3LYP/6-311+G(d, p) [24]. PacueTsl npoBoawiiu B nakere nporpamm Gaussian 09 [25].

Ontumu3anms reoOMeTpHYECKUX CTPYKTYP METOAAMHU MOJIEKYJISIPHONM MEXaHUKH (CHIIOBOE TIOJIE [T MaJIbIX
moniekyn MMFF94x [26]) npoonuinack B cpene Molecular Operating Environment (MOE, version 2014.09).

Hoxunr. Joxunr 1,4-qu- u 1,4,5-tpuzamemienusix 1H-1,2,3-tpuazonos 1-17 BEIMOIHAICS B IPOTpaMMe
AutoDock 4.2.6 [27]. [Ipu 3TOM HCIIONB30BaNICS TeHETHYECKUH anroputM 1o Jlamapky (Lamarckian genetic
algorithm, LGA) co cTanaapTHBIMH NapaMeTpamu nmoucka. [Ipouecc qokuHra npoBoguiics B obiactu Oen-
Ka pasmMepom 16 x 16 x 16 A (c marom cetku norenuuanos AutoGrid 0,2 A), 3axparbiBaroreil akTHBHBIH
LEHTP.

Busyaamnzanus pe3yiabraToB. Busyanuszanus cTpyKTyp OCJIKOB U JIMT'aH/-OCIKOBBIX KOMILJIEKCOB MPOBO-
JTUIIACh C ucrnoib3oBanueM nporpammbl UCSE Chimera [28)].

Craructnyeckuii aHajau3. DKCIIEpUMEHTAIbHBIC TaHHbIE 00pa0aThBAINCH C IOMOIIBIO TPOTPAMMHOTO
naketa OriginPro 8.0.

Pe3yabTarbl 1 HX 00Cy:KIeHHE
Houck muweneii, onpeoenaouiux aHMUMUKPOOHYO akmuenocms 1,4-0u- u 1,4,5-mpuzameuiennvix
1H-1,2,3-mpua3zonoe
MutiieHsIMI MHOTHX ITPUMEHSIEMBIX B HACTOSINEE BPeMsI aHTHUOAKTEPHAIIbHBIX MPENapaToB, TAKUX KaK aHTH-
OMOTHKH psiia IEHUIMUIMHOB, 11e(aOCIOPHHOB, KapOareHeMOB, MOHOOAKTAMOB, CITyKaT OeJIKH OHOCHHTE3a
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nentunorrkana [29]. KiroueBoi yacTbio (hOpPMUPOBAHUS KIETOYHOW CTEHKH SIBISIETCSI OMOCHHTE3 MOHOME-
pa MEeNnTHIONINKAHA, TTPEICTABIISIFOIIETO COO0H TEHTAMENTUIHOE MPOU3BOJHOEC MYyPaMOBOM KHUCIIOTHL. bemku
MurA 1 MurB y4acTByIoT B paHHUX CTaAMsIX TIpoliecca OMOCHHTE3a MENTHIOTIHKaHa, (POPMUPYS YIIICBOIHBIN
(hparMeHT, MpeBpalIaoNIMiACs B IEHTACNITHIHOE TIPOU3BOHOE TTo] feicTBreM OeinkoB MurC — MurF (puc. 2).
CdhopmupoBaHHBIN TaKUM 00pa3oM MOHOMEDP MENTHAOTIIMKAHA MTPUCOSANHSIETCS K KIETOUHOH MeMOpaHe To-
cpencTBoM Oerka mray, 3aTeM TPaHCIIOPTHPYETCS B TIEPUILIA3MaTHUECKOE TIPOCTPAHCTBO OaKTepHaTbHON KIIeT-
KU, TJIe JaJiee MOJIMMEepU3yeTcs o] IeHcTBHEM (DEPMEHTOB, TAKUX KaK TPaHCIIENTHIa3bl U TITUKO3MITpaHcde-
passl [29].

Buympuxnemounoe npocmparncmeo

OH MurA OH MurB OH MurC OH

PEP NADPH L-Ala, AT® >
HO 0 HO 0 HO 0 Al
HO oV/I® 0 oviI® oﬁp ov/I® HO7=0 v

0
NHAc NHAc i\lHAc ngAc
0
0 o’ © 0
MurD
OH OH L-Ala D-Glu, AT®
HO 0 HO 0 OH
0 ﬁ/ OVIId 0 ovi®
NHAc NHA HO 0o
0 _ MurF 0 ¢ P MurE e} (0)7) (¥
L-Ala ' D-Ala-D-Ala, AT® mDAP/L-Lys, AT® NHAc
L-Ala
0
D-Ala ‘
D-Ala
~mraY: ;
OH
0 00000000
HO 0 - HO/mQ 0 Q’\,‘/ §
0 0 C)/\,L I'muxosuntpancdepasa NHAc § 88 88
I s > /o C%t” S 00000000
© Q;‘\:\,‘/‘, &z‘?& VID-GIcNAc L-Ala 053‘3’ 8 8
L-Ala S & & ! !
o Q
&S OO0
AP $ C@DAP/LLys > § 8
I'mukosuntpancdepasst
D_Ala 1 TpaHCIICONTUAA3bI
D-Ala D-Ala >
D-Ala
K/lemo’-tHCl}l M€M6paHCl HepunﬂasMamuttecxoe npocmpancmeo

Puc. 2. BuocuHTe3 MENTUAOTINKAHA
Fig. 2. Peptidoglycan biosynthesis

Ha puc. 3 npencraBineHbl CTPYKTYPBI psifia UCCIIEyEMbIX B HACTOSIIIEE BPeMs HHTHOUTOPOB OJIKOB OHO-
cunTe3a nenrugortukana [29]. I[Mockonbky dynkiuu 0enkoB MurC — MurF 3akirouarorcst B popMUpOBaHUU
NEHTANEeNTHIOB (MOHOMEPOB OMOCHHTE3a MENTUAOTINKAHA), OOJBITMHCTBO MHTHOUTOPOB JIAHHBIX OEJKOB
IPEJICTABISIOT COOOH MENTHIOMUMETHKH (CM. puc. 3, ). B To ke Bpems st 6enkoB MurA u MurB, dyakims
KOTOPBIX — (OPMHUPOBAHUE YIIIEBOAHOTO (hparMeHTa, MHTHOUTOPAMH SIBJISIFOTCSI HE OTHOCSIIHECS K MEeNTHI0-
MHUMETHKaM COCIMHEHHS (CM. pHC. 3, a, 6). BonbuHCTBO HHTHOUTOPOB Oesika MurA BBICTYIAIOT MOJSIPHBIMU
MOJIEKYJIaMH, CITIOCOOHBIMU KOBAJICHTHO CBSI3BIBATHCS C AKTHBHBIM IIEHTPOM Oe€JiKa, PUBOJsl K HHIHOUpPOBa-
HUIO CHHTE3a MEeNTHIOTINKaHa (JAaHHBIH MEXaHU3M JISKUT B OCHOBE JCHCTBUS N3BECTHOTO aHTHOAKTEpHaIb-
Horo mpernapara ¢pochomuiiuaa). B ciyuae 6enka MurB cBsi3biBaHHE HHTHOMTOPOB MPOUCXOIUT 00paTUMO.
[Ipu 5TOM CcumTaercs, 4To MOJSAPHBIE IPYNITBI HHTUOUTOPOB MMUTHPYIOT AuQocdaTHBId ydacToK cydcTpara
6enka MurB 1 CBS3BIBAIOTCS HETIOCPEACTBEHHO C MOJSIPHBIMU TPYTIIaMy JAHHOTO OenKa, B TO BpeMs Kak He-
TIOJISIPHBIE TPYTITBL, HECMOTPS Ha OTCYTCTBHE TAKOBBIX B CTPYKTYpPE CyOCTpara, CBSI3bIBalOTCS HIMEHHO C JIUTIO-
(unpaBIME yyacTkamu [30].
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Puc. 3. CTpyKTypBl HEKOTOPBIX H3BECTHBIX HHTHOUTOPOB GenkoB MurA (a), MurB (6) u MurC — MurF (g)
Fig. 3. Structures of some known inhibitors of MurA (a), MurB (), and MurC — MurF (¢) proteins

[locne comocTaBneHus: CTPYKTYp TUIUYHBIX MHTHOUTOPOB OenkoB MurA — MurF co ctpoenuem uccie-
nyembix 1,4-mu- u 1,4,5-tpusameniennsix 1H-1,2,3-tpuazonos (1-17), B KOTOPBIX MEXKIAY ABYMsI JTUTO(PUIIb-
HBIMH y4YaCTKaMHU HaXOAWTCS MOJSAPHBIA (parMeHT, HanOosee CXOKHMHU B CTPYKTYPHOM ILIaHE OKa3aJlCh
UHrUOUTOPHI Oenka MurB. DTo MO3BONSET MPEaNONOKUTh, YTO MEXaHW3M aHTHOAKTEPHATIBHOTO NEHCTBUS
uccnenyeMbix coequHenmni 1-17 MoxeT ObITh 00yCIIOBIEeH B3auMoieiicTBueM ux ¢ Oenkom MurB.

MoneaupoBaHne TPeXMEPHBIX CTPYKTYP OeT1KOB-MHIIeHelH. 3HaHNEe TOUHBIX CTPYKTYp JIUTaHAO0B U CO-
OTBETCTBYIOLUIMX MM MHIICHEH SBISETCS HEOOXOAMMBIM YCIOBHEM MAJISl MPOBENEHHs JOKUHTA. [10CKOMBKY
B 0a3ze naHHbIX Protein Data Bank (PDB) nns uccnenoBaHHBIX MUKPOOPTaHU3MOB OTCYTCTBYIOT Pa3pellicH-
HBIE CTPYKTYpHI OenkoB MurB, B paMkax HacTosimei paboThl MPOBEACHO MOCTPOCHUE TPEXMEPHBIX CTPYKTYP
OCJIKOB € MCIIOJIb30BaHMEM METOJ0B MOJIEKYIIPHOTO MOACITHUPOBAHMSL.

Kak mpaBuio, MonenupoBaHie TPEXMEPHBIX CTPYKTYp OCJIKOB METOAaMU de novo MPEeACTaBIseT coO0i
CIIOKHBIN MPOLIECC, KOTOPBIN HE MO3BOJISIET YYUTHIBAThH BIUSHUE OCTTPAHCIIIIMOHHBIX MOIUpUKaIHii U Oe-
JIOK-OCTTKOBBIX B3aMMOJCHCTBUN B KiIeTKe Ha (OPMHPOBAHUE TPETUYHOW M YETBEPTHYHOU CTPYKTYp Oein-
k0B [31]. B cBsI3H ¢ 3TUM METOABI MOJICIUPOBAHUS TPEXMEPHON CTPYKTYPBI OCIKOB 110 TOMOJIOTHH SIBIISTFOTCS
Oosiee mpuBieKkaTeabHBIMU. OCOOCHHOCTh TAKMX METOIOB 3aKIIOUAeTCsl B MOMCKE AJIsl UCCIelyeMoro Oer-
Ka OEJIKOB-TOMOJIOTOB CO CXOKMMH MEPBUYHOHN U, KaK CIEACTBHE, BTOPUYHON, TPETUYHON U YETBEPTUUHON
cTpykrypamu. TakuM oO6pa3zoM, MOJETMPOBaHHE CTPYKTYPHI O€lIKa CBOAUTCS K IPUAAHUIO €70 aMUHOKHCIIOT-
HOM TOCJIEOBATEIBHOCTH TPEXMEPHOU CTPYKTYPBI OETKa-roMoJora ¥ MUHUMH3AIMK SHEPTHH MOTy4YeHHON
MOJIEJIH.

MonenupoBaHue OEIKOB IO TOMOJIOTHH MTPOBOAMIIN C TOMOIIBIO oHNaitH-cepBuca SWISS-MODEL. B xaue-
cTBe TeMmIuiata jyis 6esika MurB mukpoopranusma E. coli ATCC 25922 (nanee ynoMuHaeTcst Kak Oeiok A) uc-
M0JIb30BaHa KpUCTaINueckas cTpykTypa 6einka MurB mukpoopranusma E. coli K12 (PDB ID 1MBB; nanee
JIaHHBIN Oeslok yromuHaercs kak oenok Q). Monenbto 6enka MurB mukpoopranusma S. aureus ATCC 6538
(nanmee nmaHHBIA Oenok ymomMuHaeTcs Kak Oenok B) cmyxwuna tpexmepnas cTpykrypa Oenka MurB
S. aureus (PDB ID 1HSK) BBUAY HACHTUYHOCTH UX AMUHOKHCIOTHBIX MOCICAOBATEIHHOCTEH.

Ananu3 moaesan 6eaxka A. MozaenupoBaHue OEKOB 110 TOMOJIOTHH CIIOCOOHO TIPUBECTH K 00Pa30BAHUIO
CTPYKTYPHBIX HapylieHuii (apreakroB), 00pa3oBaHUE KOTOPBIX B MPUPOIHBIX (hopMax OCIIKOB MaJIOBEPOSIT-
Ho. Cpeir TakoBBIX HamOoJiee YacTo BCTPEUYAIOTCS M3MEHEHHE CTPOSHHsI aKTHBHOTO IIEHTpa Oelka, sHepre-
TUYECKH HEBBITOJHbIC KOH()OPMALIMK MOTUIIETITHIHOHN 11T, a TaKKe HAPYIICHUS] B CTPOSHUU THAPO(POOHBIX
Y TUAPOQUIBLHBIX 00JIacTel TPETUUHOW CTPYKTYphI Oeska. Hamiuue cTpyKTypHBIX HapyIIEHHH MOKET CBUIC-
TEJICTBOBATH O HEMPAaBUILHO BEIOPAHHOM Oelke-1adinone.

Cepsuc SWISS-MODEL no3BonseT pacCUUTHIBAThH MMapaMeTpPhl, XapaKTepU3YIOLIe KauecTBO Mpoliecca Mo-
nenupoBaHus. OZHUM U3 HUX SBIISETCS XapaKTepPU3YIOIUI CX0KEeCTh aMUHOKHCIIOTHBIX MTOCIIEI0BATeIbHOCTEH
TemIuiata u mozenupyemoro oenka napamerp GMQE (Global Model Quality Estimation). OH npuHUMaeT 3Ha-
yenust ot 0 10 1 (B cityuae OOJIbIION CTEIIEHU UCHTUYHOCTH MOCIIEIOBATEILHOCTEH 3Ta BEJIMUMHA TPUOJTHKA-
ercst Kk 1). 3nauenue GMQE paccunThiBaeTCs JJ1s1 BCEX BO3MOXKHBIX IAOJOHHBIX OCJIKOB, ITO3BOJISIS BEIOPATh
HauOoJIee MOAXOAAIIMI i1l MojieupoBanus. [pyroit nmapametp QMEAN (Qualitative Model Energy Analysis)
MPE/ICTABISIET COO0M XapaKTEPUCTUKY KadyecTBa MOMYYSHHON MO Oellka 1 MOJKET UMETh 3Ha4eHust oT —5,0
10 5,0. Tak, ero Benu4mnHa, ONU3Kas K HYJIO, SIBISIETCS TIOKA3aTeJIeM XOPOILETro KauecTBa MOJICNH, B TO BpEMsI
Kak 3Ha4eHre JaHHOTO MapaMeTpa, MeHbIee —4,0, oTpakaeT HeynoBlIeTBopuTenbHoe kadecTBo. Ecmu QMEAN
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Oosbliie HysIs, TO KaYeCTBO MOMYYEHHOM MOJIENH JIydllle, YeM MPEIoaraeMoe 1o ajJropuTMy pacueTra UCXO/sd
U3 UCXOHOTO Iabnona. Paccuntannbie Hamu Juts Oenka A 3HadeHus napamerpoB GMQE 1 QMEAN cocrasu-
1 0,99 1 —0,07 cOOTBETCTBEHHO, UTO CBUICTEIHCTBYET O XOPOIIEM KaueCTBE TIOTYYCHHON MOJICIIH.

Ha puc. 4 npejicraBiieHbl reOMETpUIECKHE CTPYKTYPBI 0eIKOB A 11 B. TpeTHuHbIe CTPYKTYPbI 000MX OEITKOB
CXOXH, OTHAKO B ciiydae Oeika A HaOmrofaeTcs HaJudue ABYX JTOTIOJIHUTENBHBIX METeNb PSIIOM C aKTUBHBIM
neHtpom (Prol81 — Val201, Val236 — Ala264), kotopble criocoOCTBYIOT (GOPMUPOBAHUIO JIOTIOIHUTEIBHBIX
CyOCTpaT-0€JIKOBBIX B3aMMOJICHCTBHIA.

Puc. 4. Teomerpudeckue CTpyKTypbl OenKkoB A u B.
[TyprypHBIM IIBETOM B CTPYKType Oeika A BbIIENICHBI MIETIH, OTCYTCTBYIoNHE B Oenke B

Fig. 4. Geometric structures of proteins A and B.
Loops of protein A that are absent in protein B are colored in purple

T'enepayua mpexmepnuvix cmpykmyp 1,4-ou- u 1,4,5-mpuszamewennvix 1H-1,2,3-mpuazonoe

Jli1st pacyeToB TEOMETPUUECKUX XapaKTEPUCTHK a30TCOACPIKAIINX TETEPOIIUKIOB HAanOo0JIee 4acTo UCTIOJb-
3YIOTCSI METOJIbI MOJIEKYIISIpHOI Mexanuku U B3LYP/6-311+G(d, p). OnTiMu3HpOBaHHbIE B paMKaX JaHHBIX
METOZIOB TEOMETPHIECKHE ITapaMeTphl, KaK MPaBUIIO, XOPOIIO COTIACYIOTCS C KCTIEPHUMEHTAIbHBIMHU JTaHHBI-
MU [32], TOATOMY HMEHHO 3TH METOJIbI OBUTH MCIIOJIh30BAHbI HAMH ISl ONITHMHU3AIIUH T€OMETPUYECKHX Mapa-
METpPOB CTPYKTYp Tpuazonos 1-17. B pe3ynbrare ycTaHOBIIEHO, YTO YKa3aHHBIE ITapaMeTPhl I COSTUHEHUN
1-17, nonydennsie ¢ ucnoyib3oBanueM MetonoB B3LYP/6-311+G(d, p) U MOJEeKyIsIpHON MEXaHUKH, pa3iiu-
YalOTCS HE3HAUMTENFHO: MAKCHMAIbHOE OTKIOHEHHE JUTHH cBs3eil coctasnser 0,05 A, BaneHTHBIX yIyioB — 2°.

Mockonbky metox B3LYP/6-311+G(d, p) mo cpaBHEHHIO C METOJaMU MOJICKYJISIPHOW MEXaHUKH Ooiee
pecypco- M BpeMsA3aTpaTHBINA, Ui TeHEPHUPOBAHUA TPEXMEPHBIX CTPYKTYP CXOXKHX MO cTpoeHuro 1,4-mu-
u 1,4,5-tpuzameniennbix 1H4-1,2,3-TprazonoB ONTUMAIBHBIM SBIISETCS UCIIOIb30BAaHUE METOJIOB MOJIEKYJISIp-
HOW MEXaHUKHU.

Mexanusm ceazvieanun cyocmpama ¢ oeakax MurB paziuunplx MuKkpoopzanuzmos

UToOBI ONIPEACINTS, SBIACTCS T O6eok MurB Mutienpo aHTHOAKTepUaTbHOTO JICHCTBUS UCCIEIOBaH-
vBIX 1,4-mu- u 1,4,5-TpuszamemieHasix 1H-1,2,3-Tpra3onos, B paMKax HACTOSIICH pabOTHI MPOBEICH JO-
kuHT coenunennid 1-17 (cm. puc. 1) B cTpykTypsl 6enkoB MurB muxpoopranusmosB E. coli ATCC 25922
u S. aureus ATCC 6538.

ANTOPUTM JOKHHTA, UCTIOIB3YeMBId TporpamMmoit AutoDock 4.2.6, ciocoOeH TeHepHpoBaTh HECKOIBKO
KOH(OpMAIUi A1 TUTaHA-0eTKOBOTO KoMIuekca. CauTaercs, 4To Ha MPAKTHUKE OCYIIECTBISETCS TOIBKO OIUH
BapHaHT CBA3BIBAHUS C OEITKOM, Ha3bIBAEMBI aKTUBHOM KoH(opMarmei. M3 Bcex momydeHHBIX B pe3ynbTare
JIOKWHTa KOH(OpMarmii B KadecTBE aKTUBHOW BBIOMpANIach Ta, B KOTOPOH OCYIIECTBISUTHCH caMblie dPdek-
THUBHBIE B3aMMOJICHCTBUS C BAYKHBIMH JIJISI CBSA3BIBAHHS CyOCTpaTa aMUHOKHCIOTHBIMU OCTaTKaMH, a DHEPTUs
CBsI3bIBaHMS OblTa MUHUMaNbHA. C [IETbI0 YCTAaHOBUTH HanOoJsIee BayKHbIE [T CBA3BIBAHMS CyOCTpaTa aMHHO-
KHCIIOTHBIC OCTaTKH, a TAKKE BBISIBUTH aKTHBHYIO KOH(POPMAITHIO Ka)KAOTO U3 HCCIIeTOBAHHBIX TPHA30JI0B ObLIT
MIPOBE/ICH aHAIN3 MEXaHN3Ma CBS3bIBaHUA CyOcTpara B 6emkax MurB.
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Jiist uccnenoBaHus crioco0a CBSI3BIBAHMS MCIIOIh30BaHA OIPEACTICHHAS METOJJOM PEHTIEHOCTPYKTYPHOTO
aHaym3a ctpykrypa Oeinka O (PDB ID 1MBB) ¢ HaxoasuMcest B aKTUBHOM IICHTPE aHAJIOTOM €ro cyocTpara
(Monekyoi mpon3BoAHOTO YpuauHIH(pochar-N-aneTniIeHOIMUPYBIITIIIOKO3aMIHa) (pUC. 5), a TaKkKe ero
anodopma (PDB ID 1MBT). CoBnazieHre BceX aMUHOKHUCIIOTHBIX OCTaTKOB, 00Pa3yIOIINX aKTUBHEIC IICHTPHI
OenkoB O 1 A, MOXKET yKa3bIBaTh Ha TO, YTO OEIOK-CyOCTpaTHbIC B3aMMOJICHCTBYS JIJIsl HUX OyayT peanu3o-
BBIBAThCS MOJOOHBIM 00pa3oM. Tak Kak Juia Oenka A B pe3yibraTe MOJIEIMPOBAHUS HE yAAOCh MONYYHUTh
CTPYKTYpY O€IOK-CyOCTpaTHOTO KOMILIEKCa, IPU U3YUCHUH CIIOCO0a CBS3BIBAHMUS UCIIONB30BAJICS TOJIBKO Oe-

JIOK-cyOcTpaTHbI KomIuieke oenka O.
/‘ Asp270

\

Puc. 5. AxtuBHblii 1IeHTp Oenka O. CrieBa — CTPYKTypa CBSI3aHHOTO JIUTAH 1A, OTIIMYAIOIICrocs OT cyocTpara 6enka MurB
Ha oxHy rpymiry CH,, Beie/IeHHY0 3eI€HbIM 1BETOM. YepHBIMHU JIMHUAMH 0003HA4€HBI BOZOPOIHBIE CBA3H
MEXIy MoJieKynoi cyOcTpara u 6enxoM O. CBsi3bIBaroLIye CyOCTpaT aMUHOKHUCIOTHBIE OCTaTKU
Oenka O BbIIEICHBI CHHUM IIBETOM, NX KOH(popMmanuy B anioopme Oenka O — 3e7IeHbIM.

Jlis kopepmenTa PAJ] mokazaH TONBKO (IaBHHOBBIA TETEPOIIUKIT

Fig. 5. Active site of protein O with bond molecule of derivative of natural substrate with extra CH, group,
shown at left. Black lines stand for hydrogen bonds. Conformations of aminoacid residues in the apoform
of protein is colored in blue, in the holoform — in green. Only flavine heterocycle of FAD is shown

Kak BunHO 13 puc. 5, aMHHOKHCIIOTHBIE OCTaTKH, 00Pa3yIOIINe akKTUBHBIN 1eHTp Oenka O, mpeTeprieBaoT
3HAUUTEIbHBIC KOHPOPMAIIMOHHBIC N3MEHEHHS TIPH CBSI3bIBAHUH YpUIHHI(OChaT-N-aneTnieHoImupyBul-
rTroko3aMuHa. CTOUT OTMETHUTH, YTO OTCYTCTBHE BO3MOXKHOCTH y4deTa W3MEHEHHsI KOH()OpMAIK aKTUBHOTO
neHTpa 6enka MurB MokeT MpUBECTH K TOTYYEHHUIO HEOCTOBEPHBIX PAaCUeTHBIX HaHHBIX. [1o 3T0i# mpuunne
ocrarku Argl59, Lys217, Ser229 u GIn288 6enkoB O u A (npereprieBaroliiie HanOobIne KOHPOPMAaIHOH-
HbIC M3MEHEHHSI) ObLITM BEIOPAHBI B KAYECTBE «THOKUX», T. €. CIIOCOOHBIX MEHSTh CBOIO KOH()OPMAIIUIO B MPO-
LIeCCe JOKUHTA.

[TockonbKy Ha MOMEHT MpoBeaeHUs uccieaoBanust B PDB oTcyTcTBOBaa CTpyKTYypa 0€/10K-CyOCTpaTHOrO
komIuiekca Oenka MurB mukpoopranmsma S. aureus, onpeelieHHe KIFOUEBBIX JUIS CBS3BIBAHUS CyOcTpaTa
AMHHOKHCIIOTHBIX OCTATKOB 0ejika B IpOBOIUIIOCH MTOCPEICTBOM T€OMETPUIECKOTO BHIPABHUBAHHS MOJICIICH
6enxoB O 1 B, 3aKII04aI0NIErocs B COBMEIIEHUH CTPYKTYP UX aKTHBHBIX IICHTPOB.

AHanu3 TeOMETPUUYECKH BBIPABHEHHBIX CTPYKTYP aKTHBHBIX IIEHTpoB OenkoB O n B mokasanm BBICOKYIO
CTETIeHb CXOKECTH MX CTPOCHHS (pHC. 6), a TaKkKe KOH(POPMAIUT aMHHOKHCIOTHBIX OCTATKOB, BXOJSIINX B UX
coctaB. Omnyns HaOMIOAATUCH TOJIBKO B CIIydae aMUHOKHCTIOTHBIX ocTaTkoB GIn288 1 Asn233 6enka O, Ha
MecTe KOTOphIX B Oenke B mpucytcTByrot ocrarku His217 u Arg242 coorBercTBeHHO. HecMoTpst Ha TO 4TO
napsl His — Gln u Arg — Asn He 0671a/1a10T CHITBHBIM CTPYKTYPHBIM TIOA00MEM, OHH CITIOCOOHBI 00pa30BhIBAThH
CXOKH€ CHCTEMBI BOAOPOIHBIX CBsI3eH C CyOCTpaToM.
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Puc. 6. CoBMeleHHBIE aKTHBHBIE IIEHTPHI OenkoB O (OexeBblid 11BeT) U B (3enenslit 1ser).
Cas3pIBatOmue CyOCTpaT aMUHOKUCIOTHBIE OCTaTKH Oenka B BBIEICHEI CephIM IIBETOM

Fig. 6. Superimposed active sites of protein O (beige) and B (green).
Aminoacid residues of protein B are colored in grey
Ananusz ceazvieanus npouszeoonvix 1,4-ou- u 1,4,5-mpuzamemennvix 1H-1,2,3-mpuazonos denxom MurB
AHanu3 CTPYKTYp JUTaHA-OeITKOBBIX KOMIUIEKCOB coequHeHnit 1-17 u 6enkoB A 1 B mo3BOIMII BRISIBUTH
o01mIre 3aKOHOMEPHOCTH CBsI3bIBaHMsA. [l yripomenns omnmcaHusl cBa3biBaHUS BemiecTB 1-17 Oenxamm A
u B ObuTH BBEJICHBI YCIIOBHBIE 0003HaueHHs o0lacTel akTWBHOTO 1eHTpa Oenka MurB. Tak, ruapodoOnas
o0acTh, 00pa3oBaHHAs HEIMOJAPHON YacThio (DI1aBHHOBOTO Koublia KodepMmeHnTa DAJl 1 CBSI3BIBAIOLIUM €r0
nUno(UIbHBIM KapMaHoM, Obliia 0003Ha4YeHa Kak obmacts DA/ (puc. 7). JlaHHbIH QparMeHT SIBISETCS MaJio-
TIOJISIPHBIM 1 00J1a/TaeT JOCTATOUYHBIM PAa3MEPOM ISl CBA3BIBAHUS OOIBIINX JINTTOPIIEHBIX 3aMECTUTEIIEH TPH-
a30IpHOTO IMKIa. KpoMe Toro, B CTPYKType aKTHBHOTO IIEHTpA MMEETCs ellle OAHA KPYITHas JNMO(IIbHAS
oOmacTh, 00pa3oBaHHAs aMUHOKHCIOTHBIMHA OCTaTKaMH, HAXOMAIINMHUCA B CTPYKType [-TioBopoTta (001acTh
B-moBopoTa) (cM. puc. 7). OTa 00IacTh y9acTBYET B CBA3BIBAHHUH JHUIO(MUIBHBIX 3aMECTUTENEH TPHAa30IHHOTO
[IMKJIa, OTHAKO BBUJLy €€ MEHBIIIETO pa3Mepa appUHHOCTE TUITOPHIBHBIX 3aMECTUTENEeH K Hell TOKHA OBITh

Puc. 7. TloBepXHOCTh aKTUBHOTO IIeHTpa Oenka A. [ToBepxHOCTE KopepmeHnTa PAJ] mokazaHa 3eJICHBIM [IBETOM,
obnactb ®AJI — sxenThiM, 00J1aCTh B-MOBOPOTA — PO30BBIM

Fig. 7. The surface of active site of protein A. Surface of FAD is colored in green,
FAD region is colored in yellow, B-turn region is colored in pink
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HeOonbioi. O6nacTh B-moBopora B Oenkax A u B o0pa3oBaHa MaJlOMONSIPHBIMA aMUHOKHCIOTHBIMU OCTAT-
kamu: Gly124 — Vall125 — Glul126 — Leul27 u Gly153 — Alal54 — Tyr155 — Gly156 cooTBeTCTBEHHO.

Ananu3 B3aumojeiicTBusi TpuaszonoB 1-17 ¢ Gejqxom A. Tak xak B3aumonelicTBusi coequHeHuit 1-17
(BomopomHbIe CBsI3H, THAPOGOOHBIE B3aUMOICHCTBHS) ¢ OenrkoM MurB peanusyroTcst oMHaKOBBIM 00pa3oMm,
TO KOH(MOpPMAIIUS KaKIAOTO COCMHEHUSI BHYTPH aKTUBHOTO IIEHTpa OelKa ONMCHIBANIACH COTIIACHO CIIEIYIO-
UM KPUTECPHUAM: PACIIOJIOKCHUTIO 3aMeCTUTEIIeH B TPUA30JIbHOM IUKJIC, KOJIMYCCTBY BOAOPOAHBIX CB$I3€I71,
a TaKXe B381/IMO)Z[GI7[CTBI/IIO C aMHUHOKHCIIOTHBIM OCTAaTKOM Arg159, TaK KaK IMPaKTUYCCKH BCC UCCIICIOBAHHBIC
TpHUa3oiIbl 00pa3yoT C HUM HECKOIBKO BOIOPOMHBIX CBsi3ei (Tabm. 1).

Ta6numa 1
AHAJIM3 MEKMOJIEKYJISIDHBIX B3aUMO/IelicTBUI Mexay Tpuazoaamu 1-17 u Gesikom A
Table 1

Analysis of intermolecular interactions between triazoles 1-17 and protein A

Konuuectso
Pacrionoxxenne 3amecturens | PacmomoskeHue 3aMeCTHTEIS
Be BOJIOPOJIHBIX KonuuectBo npyrux 1 4
1ECTBO o o B IIOJIOKCHHHU B IIOJIOXKCHHUHU
CBA3€H C OCTAaTKOM BOAOPOHBIX CBA3EU
Arel159% TPpUa30JIbHOI'O LUKJIA TPUA30JIbHOI'O IIUKJIa

Ig
1 - O6nacts -moBopoTa Ob6nacts ®A]J]
2 - Oo6mnacts ®A]J] O06iacts -moBopoTa
3 1: N2,1: N3
p Ob6mnacts -moBopoTa Ob6mnacts ®AJ]
5 1: N3 - OtkpbiTast 006acTh Hax octarkom Argl59
6 — 1: N2—Lys217 Bce 3 3amecTutens Tpra3onbHOTO KOJIbIa

CBsI3aHBI THAPOPOOHOIT 001aCThIO,

7 - 1: N2—Lys217 obpazosannoit Tyrl125, Tyr190 u Tyr254
8 1: N2, 2: SO, 1: SO,—Ser229 OrtkpbITas 061aCTh
9 2: SO, -
10 1: N3 1: SO,—Tyrl25
11 1: N2 - O6acth -moBopoTa Obracts GAJ]
12 1: N2, 1: N3 -
13 1: N2 -

1: N2,
141 2 cncoMe B

1: N2,
15 1: CH,CO,Me - Patom ¢ Arg159 O06iacts -moBopoTa
16 1: N2 1: CH,CO,Me—Tyr125 Oonacts QAL
17 1: CH,CO,Me | 1: N2—Tyrl25, 1: Py—Lys217 Psinom ¢ Lys217

*KpoMe KoJM4eCTB BOAOPOIHBIX CBsI3€il [IOKa3aHbl IPYIIIBI ATOMOB, y4acTByoIIHe B UX o0pasoBanuu (N2 u N3 — COOTBETCTBYO-
1K€ aTOMBI TPHUA30JIHOTO [IUKJIA).

Bomoponusie cBsizu Mexry aroMmamu azota N2 u N3 Tpra30i1bpHOTO IIMKIIa H AMHUHOKHCIOTHBIM OCTaTKOM
Argl59 npencraBisror co060i 0CHOBHOH Crtoco0 B3anMoeicTBus coequHennii 1-17 ¢ 6enkom MurB (puc. 8).
JlaHHBIE BemecTBa, 3a UCKIIOUeHHeM 6 1 7, 00pasytoT ¢ Argl59 mo AByX BOIOPOTHBIX CBS3EH 3a CUET aro-
MOB a30Ta Tpua3oyibHoro uukia. s seniects 8—10, 14—17 MoryT peanu3oBbIBaThCs JONOIHUTENIBHBIE BOAO-
POIHBIE CBSI3U C JAHHBIM OCTaTKOM C TIOMOIIBI0 aTOMOB KHCJIOPO/ia TO3MIBHONW M METHIIALETHIIBHOMN TPy
(cm. puc. 8). Coenunenus S u 17, uMeronue B MOM0KEHUN 4 TPUA30JIBHOTO ITUKJIA aHWJIMHOBBINA U THPHUIAHO-
BBIIl 3aMECTUTENN COOTBETCTBEHHO, 00J1a/Ial0T MEHbBINIEH YHepruel cBsa3bpIBaHus ¢ OenkoM. 1o Beel Buaumo-
CTH, YMEHBIIICHUE MOCIEeTHEH MTPOUCXOANT 32 CUET CHIDKEHHS d(P(PEKTUBHOCTH B3aUMOJCHCTBHS ITHX 3aMe-
CTHUTEJIeH ¢ JIMTTOPUIFHON YaCThI0 aKTUBHOTO TIEHTpa OeJIKa, 9TO, BEPOSTHO, U 3aCTABIISIET COOTBETCTBYIOIINE
COETMHEHHS TPUHUMATh YHEPTeTUYECKH HEBBITOIHBIE KOH(DOPMAITHH.
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Puc. 8. TlonyueHnsle B pe3yabTaTe JOKHHTa KoH(popMarmu coenunennii 2, 10, 14 B akTuBHOM 1eHTpe Oenka A (a)
u coenunenuit 3, 10, 13 B aktuBHOM 1eHTpe Oenka B (6). Bonoponuslie cBsA3u n300pakeHbl IMHUSIMU KPACHOTO I[BETa

Fig. 8. Active site conformations of 2, 10, 14 in protein A (a) and 3, 10, 13 in protein B (b).
Hydrogen bonds are shown as red lines

BBumy BBICOKOH JIMMTOPUILHOCTH 3aMECTUTENH B TpHuazonax 1-17 pacronararoTcsi MpeuMyIeCTBEHHO
B ruipoOOHBIX YACTSIX aKTUBHOTO IEHTpa Oenka A: HeOoubIye 3aHMMarT 00macTh B-moBOpoTa, a OONb-
mue — obnmacte ®AJ]. Crienyer oTMeTHTh, 4TO JUIst coeanHenuit 3, 10, 12 u 16 HaOmomgaeTcss MakCUMaIbHAS
SHEPrHs B3aMMOJICHCTBUS C OSIIKOM A, BEPOSTHO, B CBS3H C peann3anueii Hanoosee 3(h(hekTuBHBIX THAPodo0-
HBIX B3aUMOJCUCTBUN MEXIY napa-3THHUWIPEHUILHBIM 3aMECTHTEIEM U COOTBETCTBYIOIIUM €MY I10 T€OMe-
TPUYECKHUM XapaKTepUCTHKaM yriryonenuem B oomactu OAJL.

Pacnonoxenne 1,4,5-3amemiennsix 1H-1,2,3-tpua3onoB 6 u 7 B akTUBHOM IIEHTpe Oelka A OTIMYaeTcs
OT pacrnoniokeHus 1,4-nu3aMenieHHbIX MPOU3BOAHBIX 1,2,3-Tpuasona. [laHHBIE COeTUHEHUS 00pa3yroT BOJIO-
POAHBIE CBSA3M MEXIY TPHA30JbHBIM IHUKIOM U octarkaMu Lys217 u GIn288. 3amecturenu B nonoxeHusx 1
1 4 TpUa30IbHOTO LMKJIA 3aHUMAIOT JUMOPHIBHYIO 00macTb, oopasoBannyto Tyrl25, Tyr190 u Tyr254, B To
BpEeMsI KaK 3aMECTHTENb B ITOJIOKCHUN 5 pacrioyiaraercs B oomactu J-nmoBopora. B cury koHdopmMaiuii, moimy-
YEHHBIX B pe3yibrare qokuHra, 1,4,5-tpuzameniennsie 1H-1,2,3-Tpra3onsl UMEIOT OTIMYAIOUTyIOCs OT 1,4-11-
3aMEIICHHBIX MTPOU3BOMIHBIX CBSI3b CMPYKMYpa — Oelicmele BBULY Pa3TUIHOTO MOJIOKEHUS JaHHBIX COCTUHE-
HUH B aKTHBHOM IICHTpE OeIIKa.

AHanu3 B3aumopnericTeusi Tpuaszosios 1-17 ¢ 6eaxom B. Kak u B ciiyuae 6enka A, mis Oenka B Taxoke
MIPOBOJIWIICS aHAJIM3 CTPYKTYP JIUTaH/-OCIIKOBBIX KOMIUIEKCOB ¢ coenuHeHusiMu 1-17 (tabm. 2). AKTUBHBIC
LEHTPBI OenkoB A u B o0mamaroT psjgoM pa3nudmii, YTO, BEPOSITHO, SIBIISICTCS MPUYUHOW HEOMHAKOBOU
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AKTHMBHOCTH yKa3aHHBIX COCIMHEHUI 10 OTHOIICHHUIO K BKJIFOYEHHBIM B UCCIICOBAHHE MUKPOOPTaHH3MaM.
Tak, HanOoubIIee BIUSHUE HA CIOCO0 CBS3BIBAHMS TPHA30JI0B OCIKOM B OKa3bIBaeT HaMuue B €r0 CTPYKType
ocratka Phe274. JlaHHbIii aMUHOKHCIIOTHBIH OCTaTOK 3aKpBIBACT 3HAUYUTEIbHYIO YacTh 00mactu GAJI. Takum
00pa3oM, 00J1acTh [3-IIOBOPOTA CTAHOBHUTCS CaMOW OOJBIION 00JIACTHIO aKTHBHOTO IIEHTPA, CIIOCOOHOM CBSI-
3BIBATH JUIOQHIIBHBIC 3aMECTUTENN TPUA30JIHHOTO IMKIIA, B TO BPEMsi KaK pa3Mephbl OCTABIICHCS OTKPBITON
obnactu @A/l He 1O3BOISIIOT APPEKTUBHO CBSI3BIBATHCS ¢ HEOONBIIMMU 110 pa3Mepy JUNO(UIBHBIMU 3aMe-
CTHUTEIISIMH.

Tabnuma 2
AHa/In3 MeKMOJIeKYISPHBIX B3auMojaeiicTBuii Mexkay Tpuazonamu 1-17 u 6esikom B
Table 2
Analysis of intermolecular interactions between triazoles 1-17 and protein B
Konmnuectso Pacnonoxenue Pacnonoxenune
B N KommuectBo npyrux 1 4
CHICCTBO BOJOPOHBIX CBA3CHU o 3aMECTUTECIIA B ITOJIOKCHHUHN 3aMCCTUTECIIA B ITOJIOKCHHUH
¢ ocrarkom Argl88* BOMOPOHBIX CBACH TPUA30JbHOTO LIMKJIA TPHA30JIbHOIO LIUKIIA
- Oo6mnactp ®AJL Oomnactp B-mmoBopora
1: N2, 1: N3 - Ob6macts -moBopoTa Obmacts ®A]]
- Oomacte ®AJL Oo6mnactp 3-moBopoTa
4 1: Py 1: N2—Gln229 Panom ¢ obnactsio
f3-nosopora Psagom ¢ Argl88
5 1: N2 1: NH,—GIn229 Oo6mnacts B-moBopoTa
6 - 1: N2—GIn229 3aMecTuTeNb B OJIOKEHUH | — B OTKPBITOH 0obacty,
7 _ 1: N2—GIn288 4 — B obnmactu PA/, 5 — B obnacTu B-mmoBopora
8 1: SO,—Ser229
1: N3
9 1: SO,—Ser229
10 1: SO,—Ser229 Ob6nacts ®A]J] O6nacte 3-moBopoTa
11 1: N2, 1: N3 -
12 -
13 1: Py 1: N2—GlIn229 Panou ¢ obuactsio Psiziom ¢ Arg188
B-noBopota
14 1: N2, 1: N3 1: CH,CO,Me—Ser238
15 1: N2 1: CH,CO,Me—Asn83
: - - Pstom ¢ Are]88 Pamom ¢ o6macTero
16 1: N2, 1: N3 1: CH,CO,Me—Asn83 A g B-noBopoTa
. 1: CH,CO,Me—Asn8&3,
17 1: CH,CO,Me 1- N2 GIn229

*Kpome KoJmuecTBa BOJOPOIHBIX CBA3EH MOKA3aHbI TPYIITBI ATOMOB, y4acTByomue B ux obpazosannn (N2 u N3 06o3Havaror co-
OTBETCTBYIOIINE aTOMbI TPHA30JIBHOTO IIHKJIA).

AHanorn4Ho OenKy A OCHOBHBIM CIOCOOOM B3aMMOACHCTBHSA TpHazoioB 1-17 ¢ aKTUBHBIM LIEHTPOM
Oenka B siBrsieTcs o0pa3oBaHue BOJOPOIHBIX CBSI3CH MEXKIY aTOMaMu a30Ta TpUa3oidbHOro mukiaa N2 u N3
1 aMHHOKHCIOTHOTO octarka Argl88 (ananor ocrarka Argl59 Oenka A). BemectBa 8—-10 u 14—17 ciocoOHbI
peaM30BbIBAThH JOTOJIHUTEIbHBIE BOJOPOAHBIE CBSI3U ¢ ocTtaTkoM Argl88 (cm. puc. 8). MerunanerunbHas
rpynna BeuiectB 14—17 u To3unbHas rpynna BemecTB 8—10 oOpa3yloT BOZOPOAHBIE CBSA3U C OCTaTKaMH
Ser238 u Asn83, kotopble pacrnonaratorcs psaoM ¢ obmacteto DAJ[. Crioco0 cBsi3bIBaHHS TPUA30JI0B 4,
13 u 17 c akTuBHBIM LEHTpoM Oesika B oTiMuaeTcs OT TaKOBOIO OCTANbHBIX MCCIEIOBAHHBIX TPHA30JIOB,
BEPOSATHO, BBUJly HAJIWYM B MOJOKEHUH 4 TPHA30JILHOTO IMKJIA MOJIIPHOTO MUPHUINHOBOIO 3aMECTUTENS,
JeCTa0MIM3UPYIOLIETO JIUIO(PUIbHBIE B3aUMOICHCTBUS ¢ o0nacTpio [-moBopora. st yMeHbLIeHHsT Yucia
HEBBITOJHBIX B3auMopencTBuil coennnenus 4, 13 u 17 npuauMaioT koH)OpMaLuK, B KOTOPHIX MUPHUIMHOBBIN
3aMEeCTHTENb 00pa3zyeT BoIopoaHbIe cBsi3H ¢ Argl88, B To BpeMs Kak atoM N2 Tprua3oidbHOTO LKA 00pa3yeT
BOJOPOHYIO cBs3b ¢ GIn223 (cMm. puc. §).

Kongopmanuu Bemiects 6 1 7 B Genke B ananornyusl KOHGOpPMALUSIM JaHHBIX COCAMHEHHUH B CTPYKType
Oenka A. Tak xak B Oenke B oTCyTCTBYIOT meTiu, Hecylye aMUHOKUCIOTHBIE octaTku Tyr190 u Tyr254,

58



OpurnHajibHble CTATHH
Original Papers

oOpasyromye JTUNOQUILHYI0 00NacTh sl CBSI3bIBAHMS JJAHHBIX BEIIECTB, OHW NMPHHAMAIOT KOH(OpMaIny,
B KOTOPBIX JIMIO(MIIbHBIC 3aMECTUTEIU B TMOJIOKEHUX 1, 4 U 5 TpUa3oJbHOTO UK PACTIONATaroTCsl OIM3KO
K TIOBEPXHOCTH aKTHBHOTO LIEHTpa OeiKa, MUHUMHU3HUPYS KOHTAKTHI ¢ MONIpHON cpenoil. Coennuenus 6 u 7
00pasyIoT BOJOPONIHEIE CBsI3U ¢ ocTaTkoM GIn229.

Koppenauuonnuiii ananu3 pacuemuupix u IKCREPUMEHMATLHBIX OAGHHBIX

B mensx moaTBepkaeHUs MOITYYSHHOH B pe3ysbTare JOKHHTa MOJIENN CBA3BIBAHHS HCCIIETOBAHHBIX Be-
niectB ¢ Oenkamu MurB ObUT TIpOBEZICH KOPPEJSIIIMOHHBIA aHAIN3 C UCIIONb30BAHUEM 3HAYCHUH JIMaMETPOB
30H YTHETEHHs pOCTa TeCT-MHUKpoopraHuzmoB (E. coli ATCC 25922 u S. aureus ATCC 6538). YuutbiBas
CTPYKTYPHYIO CXOXECTh BCEX HCCIIEIOBAHHBIX TPHA30J0B, MOXKHO OBLIO MPEANONararb WX OJWHAKOBOE TO-
BesieHue B mporiecce auddys3un B arap, 4to 1mo3BoJsieT CpaBHUBATH 3HAYCHUS TMAMETPa 30H HHTHOMPOBaAHHUSI
pocTa ISt pa3nuyHbIX coenHeHuil. KoHIeHTpanns pacTBOpOB, HCIIONB3yEeMbIX MTPH MTPOBEACHUN HUCCIIEI0Ba-
HUS aKTUBHOCTH JaHHBIX COCAMHEHHM, paBHasi | Mr/mi1, Oblia TiepecyiTana ¢ y4eTOM MOJISIPHOW MacChl H BbI-
pakeHa B MHJUITMMOJIAX Ha JUTp (Tadi. 3).

Ta6Gauma 3
Pe3ysbTarhbl Hec/Ie10BAHUS AHTHOAKTEPHAIBLHON AKTHBHOCTH coeuHeHuii 1-17
Table 3
Results of study of antibacterial action of compounds 1-17
VnelnbHas aKTHBHOCTh Mogyiib SHEpruu
JlnameTp 30HBI YTHETEHHUS POCTa, KoHmeHTpamus BEIECTBA [0 OTHOLICHUIO CBSI3bIBAHHS
pacTBopa,
E. coli ATCC 25922 A‘%gé”gg‘; g MLl E. coli ATCC 25922 Aié’érgé’ig A B

1 15,8 £0,3 15,5+0,5 4,250 3,718 3,647 7,09 8,02
2 17,8 £ 0,3 17,3+£0,3 4,011 4,438 4,313 7,50 8,64
3 15,5+0,1 14,8 +£0,3 3,856 4,019 3,838 6,49 7,22
4 16,3+0,3 15,2+£0,3 4,232 3,851 3,591 7,07 8,29
5 14,5+0,3 15,5+£0,3 3,995 3,630 3,880 7,08 7,67
6" 16,2£0,3 15,7+£0,3 2,982 5,433 5,266 8,39 8,37
7 18,7£0,3 17,7+£0,3 2,751 6,797 6,433 8,97 9,21
8 18,3+£0,3 17,2+£0,3 3,341 5,478 5,149 10,41 8,87
9 18,0+ 0,1 17,0+ 0,1 3,191 5,641 5,327 9,29 10,22
10 18,3+£0,3 18,0+ 0,1 3,092 5,918 5,821 10,17 9,45
11 16,3 £0,3 16,8 £0,3 5,389 3,019 3,112 6,27 6,62
12 18,5+0,1 18,8 £0,3 4,779 3,871 3,934 6,80 6,73
13 15,5£0,1 16,0 £ 0,1 5,370 2,886 2,980 6,37 7,06
14 16,3+£0,3 16,0+ 0,1 4,604 3,541 3,476 6,66 8,16
15 16,5+0,1 16,2£0,3 4,324 3,816 3,746 7,92 7,83
16 15,5+£0,1 14,8 £0,3 4,145 3,739 3,570 7,47 7,28
17 14,8 £0,3 14,5+0,1 4,583 3,230 3,164 6,51 7,51

>kI{O.]'II/I‘IeCTBO HE3aBUCHUMBIX 3KCHepI/IMCHTOB paBHO 3 **BeH.ICCTBa, HNCKJIKYCHHBIC U3 KOppeHS{L[I/IOHHOFO aHaJim3a.
VYnenbHas akTUBHOCTh A coenuHeHuil 1-17 mo oTHOIIEHUIO K MHKpoopranusMam E. coli ATCC 25922
u S. aureus ATCC 6538 paccuuthiBajack coriacHo ¢opmyiie (cMm. Tadi. 3)
d

A==,
C

e d — TuaMeTp 30HbI YTHETCHHUS POCTa MUKPOOPraHu3MoB, MM; C — KOHIICHTPAIIUS TECTUPYEMOTO BELIECTBA,
MMOIJIB/JI.
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J17ist TIONTyYeHHBIX 3HAYCHUH Y/IETbHOW aKTHBHOCTH OBUT MPOBEICH JIMHEWHBIH KOPPEISIIIMOHHBINA aHaJIH3
CO 3HAYCHUSIMH MOJYJISI SHEPTHH CBSI3bIBAHMS UCCIIEAYEMbIX cOeTMHEeHuI ¢ 6enkom MurB cooTBeTcTBYyIOIIETO
opranusMa (puc. 9).

ala o/b
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Mok SHEPrHH CBSI3bIBAHUS, KKaJI/MOJTb Monyib SHEPTHHU CBSI3BIBAHUS, KKaJI/MOJTh

Puc. 9. Koppenauus MOIyIsl SHEPTUH CBA3BIBAHUS U YICIbHOI aKTHBHOCTH coenuHeHui 1-5, 8—17
1o otHouieHuto K E. coli ATCC 25922 (a) u S. aureus ATCC 6538 (0)

Fig. 9. Binding energy — specific activity correlation plots of tested compounds 1-5, 8-17
with respect E. coli ATCC 25922 (a) and S. aureus ATCC 6538 (b)

JluneliHas KOppersiiys MO3BOJIIIIA TIOTYYHUTh CIEAYIONINEe YPABHEHNUS CBSI3HU:
A, ... = 0,639 |AG,| - 0,766, R* = 0,862;
Ag ... =0687 |[AG, — 1,51, R* = 0,680,
1€ A o> As aurens — YAETIbHAS AKTHBHOCTB COEIMHEHHH 110 OTHOLIEHUIO K E. coli v S. aureus COOTBETCTBEHHO;
G ,, Gy — MOIyIb S3HEPIUHU CBSA3bIBaHMS 4711 OeNIKOB A 1 B cooTBeTCTBEHHO.
3nauenne ko HUIIenTa THHeitHO annpokcumanmy (R*) Beimre 0,6 ABISETCS TTOKA3aTeIeM XOpOLIei Kop-
PESIIK MEX/Ty MAaCCUBaMH JITAaHHBIX TUIIA CIMPYKMYpa — delicmaue, TIOyUYeHHbIX B Pe3y/IbTaTe MOJIEKYIIPHO-
ro MojienpoBaHus ouonoruueckux cuctem [33]. TlockonbKy Uil HaliAGHHBIX 3aBUCUMOCTEH KOd((PUIIHMEHT
JTMHEHHOH anmpokcuManuu npessiiaeT 0,6, onucareabHas ClIOCOOHOCTD MPEJIOKEHHOTO MEXaHI3Ma aKTHB-
HOoCTH 1,4-mm3amenieHHBIX 1H-1,2,3-Tpra3oioB MOXKET CUUTATHCS YAOBICTBOPUTEIBLHOMN sl TPOTHO3UPOBA-
HUS aHTUMUKPOOHOW aKTUBHOCTH HOBBIX 1,4-mm3amerieHdsx 1H-1,2,3-Tpua3olos.

3akJroueHue

Ha ocHoBanMu aHann3a MUTEpaTypHBIX JAHHBIX O COBPEMEHHBIX MPOTHBOMHUKPOOHBIX Mpenaparax i MexXaHH3-
Max uX OMOJIOTMUEeCKOl aKTUBHOCTH BbIJIENICHA MPENOI0KHUTENbHAS MUILIeHb aeicTBus 1,4-1u- u 1,4,5-Tpr3ame-
meHHbIX 1H-1,2,3-Tpuazonos — 6enok ypunuaangocdar-N-aieTHIeHOIUPYBUITIIOKO3aMUH penykrasza (MurB).
Hcxonst M3 TIONMy4YeHHBIX B Pe3yJIbTaTe JIOKUHTa KOH(pOpMaIHi mpesicTaBuTenbHoro psina 1,4-au- u 1,4,5-tpusa-
MemeHHsIX 1H-1,2,3-TprasooB B akTUBHEIX IleHTpax Oemka MurB mukpoopranusmoB E. coli ATCC 25922
u S. aureus ATCC 6538, ycTaHOBIIEHBI OSITOK-CyOCTpaTHBIE B3aUMOJICHCTBYS, OTIPEIEISIONINE aHTHOAKTepHUah-
HYIO aKTHBHOCTH 3aMelleHHbIX 1H-1,2,3-TpuasonoB. B yacTHOCTH, C yBeTMUYEHHEM Pa3MepOB JTUNOPHIBHBIX
3aMecTHUTeNIEeH B TPHAa30JIbHOM IHUKJIE 3HAYeHNE pacCUNTaHHOM aKTUBHOCTH BO3PACTAET, YTO COOTBETCTBYET JaH-
HBIM, [IOJIyYCHHBIM i71 VIfro.

Paccunrannpie 3HaYEHMS SHEPTUI CBA3BIBAHUS U W3YUCHHBIX 1,4-mim3amenieHusix 1H-1,2,3-Tprua3onos xo-
POILO KOPPEIUPYIOT € UX AKCIEPUMEHTAJILHO ONPEACICHHON aHTHOAKTepHaIbHOW aKTUBHOCTBIO, YTO HO3BOJISIET
HCIIONB30BATh YCTAaHOBJICHHBIE OCOOCHHOCTH COOTBETCTBYIOLINX OEJIOK-CYyOCTpaTHBIX B3aUMOACHCTBUH 1S LieTie-
HAaITPaBJIEHHOTO JI3aiiHa HOBBIX d()(EeKTUBHBIX aHTHOAKTEPHUATLHBIX MpenapaToB Ha ocHoBe 1/-1,2,3-Tpra3onos.
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