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B KkpUCTAIIM3aLIMOHHBIX YCIOBUSIX CMOAESIMPOBaHA MOJIEKYJISIpHAsl IMHAMUKA JBYX TUTIOB OKTaMEPOB
Jm3onuMa B KpyrnHo3epHuctoM cuioBoM nosie MARTINI. CpaBHUTENbHBIN aHAIU3 MOJYYEHHBIX pe-
3yJIbTaTOB C JAHHBIMU MOJIEMPOBAHUS ITHX XK€ OKTAMEPOB B MOJIHOATOMHOM ToJjie Amber99sb-ildn mo-
KazaJj, 4To OKTaMep A IeMOHCTPUPYET OOJIBIIYIO CTAOMILHOCTD IO CpaBHEHUIO ¢ OKTaMepoM B B o6omx
CHJTOBBIX MOJISIX. TakKuM 00pa3oM, pe3yIbTaThl MOACTUPOBAHMS MOJICKYISIPHONM TUHAMIKN OKTaMEpOB
C TIOMOIIIBI0 000MX CUJIOBBIX MOJIeit coracyroTcss. HecMoTps Ha psi pa3jImyuii B OBeIcHUU OeIka B
pPa3HBIX MOJISIX, OHU HE BIUSIOT HA CIIPAaBEIJIMBOCTh JaHHBIX, MOJYyYeHHBIX ¢ ToMolnbio MARTINI.
DT0 NMoATBEepKIAET MIPUMEHUMOCTh crioBoTo nojiass MARTINI mis nsydyeHUsT KpUCTaIN3alMOHHBIX

pacTBOpPOB OEJIKOB.
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BBEAEHHUE

BripaluBaHue O0eJIKOBBIX KPUCTALIOB SIBJISIETCSI
KJIIOYEBBIM 3TAllOM B U3YyYeHUU (PYHKIMI OEIKOB U
pa3paboTKe HOBBLIX (papMaleBTUUECKUX ITpernapaToB.
DTO CBSI3aHO C TEM, YTO DKCIIEPUMEHTAJIBbHO CTPYK-
Typa Gelika, KOoTopas oIlpenensieT ero (pyHKIUU, B
OOJILIIIMHCTBE Cy4aeB paciin@poBbIBAETCS METOIOM
PEHTIeHOCTPYKTYPHOTIO aHa/In3a OeIKOBBIX KPUCTAJI-
JioB. OHAKO TOJlydeHWe TaKMX KPUCTAJIJIOB — CJIOXK-
Has 3a/Ja4a, HepenKo Tpedyrolasi O0JbIINX YCUINI 1
ocyllecTBIsieMast MeTonoM npo6 1 ommnbok. IToaTomy
HCCJIeIOBaHUS MEXaHU3MOB KPUCTAJUTU3ALUN OEJIKOB
¥ XapaKTepPUCTUK OEJIKOBBIX KPUCTAIOB (TaKMX KakK
Hanmuue neeKToB, CTelIeHbh MO3aUYHOCTHA U KOHIIEH-
Tpalyst BOABI B KPUCTAINIMYECKOM pelleTKe) UTrpaoT
BaXKHYIO POJIb IIPU pa3pabOTKe METOAUK IJISI OIIpeae-
JICHHSI ONTUMAJIBHBIX YCJIOBUM KPUCTAUIN3ALIVM.

C TTOMOIIBIO MAJIOYTIIOBOTO PEHTIEHOBCKOTO pac-
CesIHUS B psiie paboT ObLJIO OOHAPYXEHO, UTO B KpU-
CTaJUIM3allMOHHBIX PACTBOPAaX HEKOTOPBIX OEIKOB (JIU-
3ouuma [1, 2], nporenHassl K [3], TepMmonm3una [4], u
aMuHoTpaHcdepassbl [5]) 06pa3yroTcss OEIKOBBIE OJIM-
roMepsl (KjJacTephl-IIpeKypcophbl KpucTauioB). Bepo-
SITHO, CTPYKTYpa TUX KJIACTEPOB SIBJIIeTCST (hparMeH-
TOM KPUCTAJUIMYECKON CTPYKTYphI OYIyIIETO KpU-
craya. Kak mokasaHo B [6], cTaguu pocTa KpUcTajia

Oesika 00s13aTeIbHO MpenecTBYeT HOPMUPOBAHUE €TI0
OJINTOMEPOB (MPU 3TOM OHO He TapaHTUpPYeT 0Opa3zo-
BaHMS KpUCTAJlIa), 9TO ITOMYEPKUBAET BaXKHOCTD yda-
CTUSI KJIACTEPOB-IIPEKYPCOPOB B (hOpMUPOBAHUU O€JI-
KOBBIX KPUCTAJLJIOB.

g n3ydeHus 6eJIKOBOM KPUCTAITU3AIlNU CPEean
MIPOYMX YCTIEIITHO MPUMEHSIETCS METOI MOJIEKYISIPHOM
nuHamuku (MID). Hanpumep, ¢ ero ucnojab3oBaHUEM
yCTaHaBJIWBaJIM KOHKPETHYIO (hopMy KjacTepa-mpe-
Kypcopa KpuctajuioB ju3onuma [7], nporernHassl K
[8], Tepmonusuna [9]. [ToMrMO 3TOTO, C TTOMOIIIBIO
MJI MonenupoBaaoch MoBeleHe KBa3MOSCKOHEYHO-
ro (U3-3a MepuoaANYECKUX IPAaHUYHbBIX YCIOBUIi) Oe-
KOBOTO KpHCTaJlJla C BOCIIPOU3BEACHUEM TOYHbBIX KpH-
CTaAJUIM3allMOHHBIX yciaoBuid [10]; ycTraHaBiMBanach
pa3HMIIa MEXIY CTaOMIBbHOCTBHIO CTPEINTaBUANH-01O0-
TUHOBOTIO KOMILJIEKCA B KpUCTaJie U pacTtBope [11];
MoJieJIMpoBaJiach AMHAMMKa KpHUcTajljla 6efKa ¢ uc-
MTOJTb30BAHMEM PA3IMIHBIX CUJIOBBIX TTOJIEH 1 MOIeTeit
BoAdkbl [12]; nccaenoBajioch CBI3bIBAaHUE MOJIEKYN Oe-
Ka B Tipolecce ¢popMupoBaHus KpucTaiia [13]; aHa-
JIM3UPOBAJIACH YACTOTA KOJEOAHUI KPUCTAJUTNYECKOM
peleTKH OEJIKOBBIX KpUCTAJUIOB [14].

OnHako “TIoJIHOaTOMHOE” MOJEIMpOBaHuE, Ie Ka-
KJIOMY aTOMY CTABMTCSI B COOTBETCTBUE OJHA YaCTHIIA,
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MMeeT psj OrpaHuYeHUi, 0COOEHHO B OTHOILIEHUU
MPOCTPAHCTBEHHBIX M BPEMEHHBIX MacCIITabOB MO-
JIEKYJSIPHBIX CUCTEM M MPOILECCOB, KOTOPbIE MOX-
HO 3¢ deKTUBHO ucciaenonarb. OQHUM U3 CITOCOOOB
X MIPEOHOJICHUS SIBISIETCSI UCITOJb30BaHUE KPYITHO-
3ePHUCTBIX CUJIOBBIX MOJIEi, B KOTOPBIX HECKOJIBHKO
aTOMOB crnieluPUIEeCKUM 00pa3oM OObENUHSIOTCS B
OIIHY KpYyHHYIO (TiceBmo)yactuiy (Ui “3epHo”). DTo
YMEHbIIIAET KOJIMYECTBO B3aNMOIEHCTBYIOIINX YACTHUI]
B siUeiike MOOEIUPOBAHMUS, UYTO, B CBOIO oUepelb, CO-
KpalllaeT Yucjo apudMeTuIecKux ornepaiuii, mpoBo-
JSIIIMXCS TIPY pacueTe CUJl, AeHCTBYIOIIMX Ha KaXKIbIi
aToM (WJIM 3€pHO), U YMCJIEHHOM PEelIeHUU YpaBHEHU I
IBIDKEHUS Kaxaoro atoMa (3epHa). boiee Toro, mrar
WHTETPUPOBaHUS B KPYITHO3EPHUCTOM TTOAXONE yBe-
JIMYMBAETCS MO CPaBHEHUIO C TTOJJHOATOMHBIM MOJIe-
JINPOBAHUEM, TTIOCKOJIbKY, BO-TIEPBBIX, OCHOBHOE U3
MHOXECTBA OOMYIICHUI TaKOW mapaMeTpu3aluu —
WTHOPUPOBAHUE HEKOTOPHIX AaTOMUCTUYECKUX CTeTle-
Heli cBoOonbl. B pesynbrate B3aumMoneiicTBUsS MeXIy
yacTULAMU CTaHOBITCS 3G (PEKTUBHBIMU, a IHEPre-
TUYEeCKMii TaHAmAadT 3HAYUTEJIBHO YIIPOILIAETCS, YTO
MO3BOJISIET CYIIECTBEHHO YBEJIUUUTH CKOPOCTh BHIOOP-
KU 3a cUeT MoTepu AeTaneil. Bo-BTOpbIX, CTPYKTYpHbBIE
1 TEpMOAMHAMMYECKHNE CBOMCTBA MaJIOUyBCTBUTEb-
HBI K pa3Mepy 1ara uHTerpupoBaHus [15]. Yckopenue
pacueToB Ha 2—3 TOpsIIKa OTKPHIBAET HOBBIE BO3MOX-
HOCTH JUIs MOJEIMPOBaHUS Oojiee KPYITHBIX CUCTEM U
0oJiee MPOMOJKUTEIbHBIX MTPOLECCOB, 3HAYUTEIHHO
pacuIupsis TOpU30HTHI UCCIENOBAaHUM B 001aCTH MO-
JIEKYJIIPHOTO MOAETNPOBAHYS.

Cpenu KpynmHO3epHUCTBIX CUJIOBBIX IMOJIet OTHUM
U3 HauboJiee MOMYJISIPHBIX U YHUBEPCAIbHbBIX SIBJISIET-
csa moie MARTINI [16], n3HayabHO CO3MaHHOE IJIST
MOJIeJIMPOBAHUS JUIUAOB, HO 3aT€M €ro NpuMeHe-
HUe OBLIO pacmpocTpaHeHo Ha Oenku [17]. OObI9HO
YyeTblpe HEBOAOPOMHBIX aTOMa MPEACTaBISIOTCS Ofl-
HUM 3epHOM (YacTulleii), 3a UCKITIOUEHUEM KOJIbLIEBbIX
(dparMeHTOB MOJIEKYJI, KOTOpbIE 3amaloTcs OOJILIIUM
yucaoM vactull (puc. 1). Takxke B MARTINI uetnipe
MOJIEKYJIbl BOJbI O0BEAUHSIIOTCS B OJHO 3€pHO. 3epHa
pa3nuyarTCcs Mo MOJSPHOCTA U OTHOCUTENILHOMN cujie
B3aUMONECHCTBUS IPYT C APYTOM.

HecMmoTps Ha mosiBieHUe MeToAa U3ydeHUus Oe-
KOBOM KpuUCTalIu3alluu C TTOMOIIbIO MOMEJIUMPOBa-
HUS OJIUTOMEPOB, BbIACIEHHBIX U3 KPUCTAJIIINUYECKOMN
CTPYKTYpbI 0eJKOB [7—9], TOMOJTHUTEIBbHOE UCTIONb-
30BaHUE KPYMTHO3EPHUCTOTO TOJISI MOIJIO OBl TIpeno-
CTaBUTb 0OJIbIIIE BO3MOXHOCTE B OTHOILIEHUU MPO-
CTPAHCTBEHHBIX U BpeMEHHbIX MaciiTaboB. Kak npa-
BWJIO, MPOAOKUTENIBHOCTb MOJEIUPYEMBIX ITPOLIECCOB
ISl CUCTEM Pa3MePOB MOPSIAKA COTEH ThICSAY aTOMOB
(HampuMep, OJIUTOMED JU301IMMa B BOTHOM PacTBOpPE)
cocrasisieT 100 Hc—1 MKc. 1o cpaBHEHMIO ¢ 3TUM, Ha-
npumep, npu MJI-mMonenupoBaHuM 0O6pa3oBaHUS OJIH-
romMepoB (ITyTeM CBSI3bIBAHMSI MOHOMEPOB) B YCJIOBUSIX
KpHUCTaJUIM3alluM KOJIMYECTBO AaTOMOB B HECKOJIBKO pa3
YBEJIMUUTCS, TIPU 3TOM BpeMsl, 3a KOTopoe (hopMuUpy-
IOTCS1 OJTUTOMEDPHI, HEU3BECTHO.

KOPOOHCKAA u np

(a)

BB
©)
SC4

BB SC5

SC3
SC1

SC2

Puc. 1. CooTBeTcTBHE aTOMUCTUYECKOM U KPYITHO3EPHUCTOMU
(B moie MARTINI) cTpyKTypbl aMUHOKUCIOTHBIX OCTaTKOB ap-
ruHuHa (a) 1 Tpunrodana (6). 1 HAISIMHOCTY aTOMBI BOZIO-
pona ckpbIThl. [Toaynpo3pauHbiMu chepaMu MOKa3aHbl YaCTHU-
1l B MARTINI: BB (Backbone) oTHOCSITCS K OCHOBHOI LIenu
6enka, a SC (Side Chain) — K GOKOBOIA.

TakuMm o6pa3om, IpoBepKa IIPUMEHMMOCTH KPyI-
HO3EPHUCTOTO MomennpoBanusd MJI misa u3ydeHus
KPUCTANIM3allMOHHBIX PACTBOPOB OEIKOB, 0€3YCJIOBHO,
MpencTaBisieT co00ii BaXHYIO U aKTyaJbHYIO 3a1ayy.
s ee pereHUsI B paMKax TaHHOM pabOThI ¢ TOMOIIBIO
KpymnHo3epHucToro cuiosoro moist MARTINI [16, 18]
B KPHCTAJTM3AIIMOHHOM pacTBOpe ObliIa CMOIEIMPOBa-
Ha quHaMmuKa aByX TUIoB (A u B, puc. 2) oktamepoB
JIN301IMMa, SIBJISIIOIIMXCS (pparMeHTaMu ero KpucTal-
JIMYECKO# (TeTparoHaJIbHOI) CTPYKTYphI. PesyasraThl
MOJEJIMPOBAHMS OBUIM COMOCTABJIEHBI C JTAHHBIMU, T10-
JIy4eHHBIMU paHee IyTeM BBIYMCIICHUS TTOJTHOATOM-
Hoit M1 [7]. B [7] Obl10 yCTaHOBJIEHO, YTO JIMIIL OAWH
U3 TUMOB OKTaMepoB (A) mpencTasiseT coboit Kia-
CTeP-MPEeKypCcop KpUCTalia JIN30LMMa, B TO BpeMsl Kak
npyroii (B) — pacnamaeTcs Ha COCTaBHBIE 3JIEMEHTHI.

MATEPHUAJIBI U METOZIbI

ATOMMCTUYECKHUE MOJier AByX TUMOB (A u B) ok-
TaMepoB JIM301LIMMa CHayaja ObLIM MOCTPOEHBI KakK
B paboTte [7]. 3aTeM Ha OCHOBE JAHHBIX ITOJTHOATOM-
HBIX CTPYKTYPHBIX MOJEIeil C TMOMOIIbIO CKPUIITA
martinize2.py [19] Obl1a creHepupoBaHa TOMOJIOTUS
6enka B hopmate custoBoro monst MARTINI 3 [16, 20].
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Oxkramep A
Amber99sb-ildn MARTINI
100 HC 2 MKC
RMSD, um  0.49 0.87

887
Oxkramep B
Amber99sb-ildn MARTINI
100 HC 2 MKC
1.90 4.18

Puc. 2. Crpykrypa okramepoB A (cieBa) u B (cripaBa) B Hauase (cBepxy) U B KOHIIE (CHU3Y) MOIETMPOBAHUS B TIOJTHOATOMHOM
(Amber99sb-ildn) u kpynmHozepHuctoM (MARTINI) cunosbix monsix. B Amber99sb-ildn onHa cdepa cooTBETCTBYET OTHOMY aTo-
My, B MARTINI — rpynmne atomoB. OnHa Monekyna coaepxkut 1022 atoma B Amber99sb-ildn u 304 3epua B MARTINI. CHusy
npuBeneHs! monapasie RMSD Mexny HauambHOM M KOHEYHOU CTpyKTypoii. HamisimHo moka3aHo, 4To B 06oux mossix okramep B
pacrnagaercsi, B TO BpeMsl Kak OKTamep A ocraeTcs 00oJiee CTaOMIbHBIM.

B pesynbrare yero onHa MoJiekyJjia JIM301MMa, COCTOsI-
mas u3 129 aMMHOKUCIOTHBIX OCTaTKOB (a.0.), BMECTO
1022 aTomoB crana conepxath 304 3epHa (B 3.4 pasa
MEHBbIIIE, puC. 2).

MoJiekynsipHy10 IMHAMUKY MPOBOIMJIU C TIOMO-
meio maketa GROMACS Bepcuu 2023 [21]. Kaxnprit
OJIMTOMEp MOMeEIIalu B LEHTP KyOMYeCKOM sueii-
K1 MOJIEIMPOBAaHUS C MEPUOANISCKUMU IPAaHUYHBI-
MU yciioBusiMu. JloOaBiaeHNEe MOJIEKYJI BOObI U MIOHOB
ocamutens (Na*, Cl7) B konuenrpanuu 0.4 M (Kak B
KPUCTAJUIM3AaLMOHHbBIX yCIoBUsX [1]) mpoucxoouio ¢
HMCIOJIb30BaHUEM CKpHUIITA insane.py [22], mpu 3TOM
MUHUMaJbHOE PACCTOSTHUE MEXIY OEJIKOM U TpaHbIO
SIYEMKU cocTaBWJIo 7 HM. sl HEUTpanu3alum cyM-
MapHOTO 3apsiia Kaxa0i sSYeiiku B pacTBOP O100aBIIsI-
JIM He3HauMuTeabHOoe KonnyecTBo Cl.

Ilepen 3anyckoM mnpoayKTuBHo# MJI Momenupy-
€MbIe CUCTEeMBI TTOABEeprali MUHUMU3ALUUA SHEPTUU
METOIOM HauCKOpeiIero crycka 10 TeX mop, Ioka
MaKCHUMaJIbHAas CHJIa Ha aTOM He CTAaHOBUJIACh MEHBIIIE
100 xIx/(M-uam). ITocne 3Toro si4eiiky ypaBHOBEILIM -
Baym B TeueHUe 50 HC ¢ MCIOJIb30BaHUEM OapocTaTa
C-rescale [23] B NPT-ancam6ie. Pacuetsl nmpoayk-
tuBHOI MJI nmpoBoaunu B NPT-aHcambiie ¢ UCTOfb-
30BaHUEM TepMOCTaTa IKaJIUPOBAHUS CKOPOCTEM
(V-rescale [24]) npu 20°C u 6apocrara IlappuHesio—
PamaHa [25]. UHTerpupoBaHue ypaBHEHUM IBUXKEHUS
BBITIOJIHSUIM C IIOMOIIIBIO aaroputMa “leap-frog” [26] ¢
maroM 20 ¢c. PaccunTeiBaeMble METOIOM peaKIIMOH-
HOro I110J1s1 [27] HEKOBaJ€HTHbBIE 3JIEKTPOCTATUYECKUE
B3aMMOIEIICTBUS BBIYUCIISIM SIBHO TOJBKO B cepe
pammycom 1.1 HM, a 3a ee TIpeaeIaMy TURJIeKTpUIecKast
MTOCTOSTHHAS OcTaBajach OOHOPOAHOI (g, = 15). Orpa-
HUYEeHUS Ha JUIMHBI BaJICHTHBIX CBSI3¢il B OJTMTOMEpax
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HakJiaabsiBajauch ajropurmMom LINCS [28]. ITponoan-
KUTEJIBbHOCTb KaXIOM pacCYNTAHHOM TPAeKTOPUU CO-
cTaBuja 2 MKC.

s aHann3a MojlydeHHbIX TPaeKTOPUIiA aTOMBI OeJI-
Ka ObUTM BO3BpAIlleHbl B HAYAJbHYIO STYEKY C TTIOMO-
111bl0 gmx trjconv ¢ dnarom —pbc nojump. st CTpyK-
TYPHOTO BbIpaBHUBAHUS 110 HAYaJIbHOMY TTOJOXEHUIO
ATOMOB JIM301IMMa MCTIOJIb30BAIM KOMaHY gmx trjconv
C omuuel —fit rot+trans. 3Ha4yeHUsI CpemHEKBaApa-
TUYHBIX (paykryanuit nonoxeHuii atomoB (RMSF),
cpemHeKBaapaTUYHBIX oTKIOHeHui (RMSD) u panu-
yc rupauuu (R,) Beraucisiii Toibko aist C,-aToMoB
C TIOMOIIbIO KOMaH/ gmx rmsf, gmx rms U gmx gyrate
COOTBETCTBEHHO.

PE3VIIBTATBI U UX OBCYXIEHUE

7151 OlIeHKYW TUOKOCTH TTOJTUTIETITUIHOM IIETTN HUC-
nonb3oBanyu rpaduk RMSF (puc. 3a, 36) atomos C,,
KOTOPBIH MMOKa3bIBAET CTeNIEHb OTKJIOHEHUS KaXI0ro
atoma C, OT ero CpeaHero MoJIOKEHHUs 3a BCE BpeMsl
MopaenupoBaHus. bonbimue 3Havenuss RMSF u ux
IIUPOKUIA TUana3oH YKa3biBalOT HAa HECTAOUJIbHOCTD
oenka. I'padbuk RMSD (puc. 3B, 3r) neMOHCTpUpYyET
yCpeIHEeHHbIe OTKJIOHEHUsI aTOMOB OT MX IMepBOHa-
yaJIbHOTO MoJIOKeHUs1. B KauecTBe moka3aTenst KoM-
MMAKTHOCTHU OKTaMepa MCIOJIb30BAIM PaINyC THPAITIN
R, (puc. 3z, 3e).

CpaBHeHUe pe3yIbTaTOB MOACIMPOBAHUS OKTaMe-
POB JIM301LIMMa B pa3JIMYHbIX MOJISIX Ha puc. 2, 3 BbISB-
JsteT psan pasnuuuii. Ha puc. 3a, 30 uHTepBal Mexmy
IeTeHUSIMU TOPU30HTAITBHOM ocH cocTaBisieT 129, uto
COOTBETCTBYET KOJIMYECTBY a.0., BXOASIIUX B OAHY MO~
JIMIIENITUAHYIO LIeTb Tu3o1uma. PucyHok 36 mokasbi-
Baert, uTo B nojie MARTINI monekyna okramepa B ¢
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Puc. 3. CtaGmibHOCTb OKTaMepoB A U B B KpHCTa/UTM3alIMOHHOM PAacTBOPE B XOIle MOJIEKYJISIPHON MTUHAMUKY, CMOJICTTMPOBAHHOM B
Pa3HBIX CHJIOBBIX TIOJISIX: “TToTHOaTOMHOM” Tiosie Amber99sb-ildn (cieBa) u kpymHo3epHuctoM ioie MARTINI (cripaBa). Ctabuib-
HOCTb OLICHMBAJIACH C TIOMOLLbIO xapakTepucTuk RMSF (a, 6), RMSD (8, 1) u R, (z, ¢). Ha Bcex rpadukax (a—e) oktamep A cra-
OunbHee oktaMepa B, 4To roBOpHUT O COITIaCOBAaHHOCTM Pe3yJIbTaTOB MOACIMPOBAHUSI B CMIIOBBIX TTOJIsiXx Amber99sb-ildn u MARTINI.

HoMmepamu ocTaTKoB 904—1032 oGnanaet KpaliHe Bbl-
cokuMu 3HayeHusiMu RMSF (Gouibiiie 5 HM), 4TO rOBO-
PUT O €€ CYLIECTBEHHOI HecTabMIbHOCTU. PrcyHOK 2
yKa3blBaeT Ha TO, YTO JaHHAas MOJIeKyja MOJHOCTbIO
rnoTtepsiia BCe CBSI3U C OCTAJIbHOM YacThio OKTaMepa B.

ITpu aTOM B cityuae nosst Amber99sb-ildn B okTtamepe
B npomnanm cBSA3M TOIBKO MEXAY HEKOTOPBIMHA MOJIE-
KyJaMH", XOTS ero (hopMa M3MEHIIACH CYIIIeCTBEHHEE
(puc. 2). Bto oTpaxeHo Ha puc. 3a, TAe BUIAHO, UTO
BCe MOJIEKYJIBI oOKTaMepa B mectabuiansmpoBaHBI B
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OMMHAKOBOM creneHU. B mone Amber99sb-ildn B KoH-
e moxenrpoBaHus (1o ucrtedyenun 100 He) Kaxmas U3
MOJIEKYJ oOKTamepa B cBsi3aHa 6o ¢ ogHOI (B ciiydae
“KOHIIEBBIX” MOJIEKYN), TUOO C AByMsI IPYTUMU MOJIe-
KyJaMu (puc. 2). Pa3pbIB cBsA3eit MexX1y HEKOTOPbIMU
MoOJIEKYJIlaMU B cCOCTaBe OKTamepa B siBiisieTcst omHO-
3HAYHBIM TMOATBEPXKIEHNEM €ro HECTaOUIBLHOCTH.

Pazmuus B rpadpukax RMSF oktamepa A B pa3HbIX
MoJIsIX MeHee 3aMeTHBI (puc. 3a, 360). B mone MARTINI
MOJIEKYJIbI, COCTOSIIIINE M3 a.0. ¢ HoMepamu 130—258
n 646—774, IpOSIBIISIIOT HEMHOTO OOJTBIIYIO TTOIBUK -
HOCTb, TIpU 3TOM OcCTajbHble 3HaueHUusi RMSF ¢ayk-
TYUPYIOT BOKPYT OAHOMN BeluduHbI (0Koyio 0.25 HM).
B To Xe BpeMsl B COOTBETCTBUU C pUC. 2 CTPYKTypa
okTtaMmepa A 3aMeTHO u3MeHunacb B MARTINI, xors
U ocTajach ueyoit. CiaeayeT OTMETUTh, YTO B TOJie
Amber99sb-ildn 6b110 cMoaenupoBaHo Tobko 100 He,
a BpeMsI XKM3HU OKTaMepa A NOIOMIMHHO He U3BECT-
HO, TI0PTOMY IaHHBbIE, TTOJIyYeHHbIE C TOMOIIILIO pa3-
HBIX MMOJIeit, He TPOTUBOPEYAT APYT IPYTY.

BepositHo, oktamep A B MARTINI nperepnen Hau-
Oonee 3HauuTeabHbIe U3MeHeHus (RMSD yBenuum-
JIOCh ITOoYTH B 2 paza) yepes 0.5 MKC nmocje Hayajaa Mo-
nenupoBaHud (puc. 3r), a 3ateM (ocTtaBiuecs 1.5 MKc)
TpaHcopMUpoBajcs HecyllecTBeHHO. ClenoBaTelb-
HO, €ro ycpeaHeHHoe (Mo 2 MKC) MOJIOXEHUE, MO Bbl-
PaBHUBAHMIO C KOTOPBIM paccunTbiBaeTcss RMSF, u3-
MEHSIJIOCh He 04eHb 3aMeTHO (puc. 30). Ilpu momap-
HOM BBIpaBHUBAaHWM HaYaIbHOI M KOHEYHOM CTPYKTYP
oktamepa A B o6oux moysix RMSD B kpynHo3epHU-
CTOM TI0JIE OKa3aJIOCh TOYTH B 2 pa3a BBINIE, YeM B
nosHoaToMHOM (0.87 mpotus 0.49 HM, puc. 2).

OxTtamep B B 1ToTHOaTOMHOM TT0JTe HAYMHAET AeCTa-
OWIM3UPOBATHCS TOPA3Io OBICTPEe, YeM B KPYITHO3EP-
HuctoM. B nose Amber99sb-ildn usmeHeHus B CTpyK-
Type okTamepa B cranosstcs cymecrseHHbIMU (RMSD
JOCTUTaeT 2 HM) yxe Ha 35 Hc (puc. 3B), B TO BpeMsl Kak
B MARTINI — Tonbko 110 ncreuenun 1.5 Mxc (puc. 3r).
OnnHako TpaHchopmaliuy oktamepa B 3ameTHee B KpyIi-
HO3EPHUCTOM TTOJIe, TIPH KOTOPOM MaKCUMaTbHOE 3Ha-
yeHne RMSD cocrasngeT 6 HM (puc. 3r), 4To B 3 pasa
0oJibllle, YeM B MOJTHOATOMHOM moJie (puc. 3B). I'pacdu-
KU pagnyca THpaliy oKTaMmepa B mMeroT aHaTormaHyo
3aBUCUMOCTb (puc. 31, 3e). B uenom rpapuxku RMSD
1 R, (puc. 38—3e) yKasbIBAIOT Ha TO, YTO U3MEHEHUS B
ctpykType oktamepa B B moje MARTINI npoucxonsit
ckauykooOpa3Ho (B Touke 1.5 Mkc), a B Amber99sb-ildn —
niaBHo. 3HayeHrne RMSD, BbIUnclIeHHOE MMyTeM I10-
MapHOIO CPABHEHUS KOHEYHOM Y HAYAJILHOI CTPYKTYP
oKkTamepa B, B KpyITHO3epHUCTOM TI0JIe 0Ka3aJ0Ch IIPH-
MEPHO B 2 pa3a 0o0Jblile, YeM B MOJIHOATOMHOM (4.18
npotuB 1.9 HM, puc. 2).

OnHako u3 puc. 3 cienyeT, 4TO IO BCEM OILIEH-
kam (RMSF, RMSD, R,) oktamep A 1eMOHCTpUpYeT
O0OJIbIIYI0 CTAOMIIBHOCTh IO CPAaBHEHUIO C OKTaMe-
poM B B 060oux cuitoBbIX ToJIsIX — Amber99sb-ildn n
MARTINI, 4T0 TakKe moaTBepKaaeTcs N300pakeH! -
SIMU CTPYKTYpP OKTaMepOB B Hauaje 1 B KOHIIE MOIEITH -
poBaHus Ha puc. 2. [1pu 3ToM, HECMOTpS Ha pa3HBIC
MEXaHW3MBI AeCTabMIn3aliuy okTaMepa B, mist Hero
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cornacoBaHHOCTD 3aBucumocreit RMSF, RMSD u R,
B 000UX MOJISIX HEMHOTO BBILIIE.

TakuMm 06pa3oM, B LIeJIOM Pe3YIbTaThl MOAEIUPO-
BaHus M/ oktamepoB A u B ¢ moMoI111b10 ITOJTHOATOM-
HOT'O M KPYITHO3EPHUCTOIO CHMJIOBBIX TTOJIEM comIacy-
oTcsa. HecMoTpst Ha psin pa3nuuuii B MOBEIEHUU OK-
TamMepoB OeJiIKa B pa3HBIX IMOJISIX, OHU HE BIMSAIOT Ha
CIIpaBeIMBOCTh JaHHbBIX, IOJYYEHHBIX C ITIOMOIIbIO
MARTINI. B mmpokoMm cMEBIC/IE 3TO TTOATBEPXKIAET
MMPUMEHUMOCTb KPYITHO3EPHUCTOIO CUJIIOBOTO IOJIS
MARTINI nyist udydyeHust KpucTaaau3allMOHHBIX pac-
TBOPOB OEJIKOB.

3AKJIIIOYEHUE

CpaBHeHuE pe3yJIbTaTOB MOJEIMPOBAHUST MOJIEKY-
JISPHOIM TMHAMUWKM ABYX TUITOB OKTaMEPOB JIU301IMMa
(BBIZEIIEHHBIX U3 KPUCTAITIMUECKOM CTPYKTYPHI JIN30-
L1Ma) B KPUCTAJIM3aLMOHHOM PACTBOPE B CUJIOBBIX
noiisix Amber99sb-ildn 1 MARTINI BeissBUIIO, 4TO
okTtaMep A ctabuiabHee okTamepa B HezaBucuMo oT
BbIOOpa moJs. IIpu 3ToM M3BECTHO, YTO OKTamep A
B OTJIMYME OT OKTamepa B sBiisieTcst KiacTepom-Tipe-
KypcopoM KpucTajia Ju3ouuma. CorracoBaHHOCTb
JAHHBIX, TTOJYYeHHBIX TP MOAEIMPOBAHUM MTOBEIC-
HUSI OKTaMEPOB C ITOMOIIbIO 000MX CHJIOBBIX ITOJIEH,
JTEeMOHCTPUPYET BO3MOXHOCTh MCIIOJIb30BAHUS TTOJISI
MARTINI gns uccnenoBaHusl KpUCTALIA3aLlMOHHBIX
pacTBOpPOB OEJIKOB, B TOM YHCJIe YCTAHOBJICHUS KJla-
CTEPOB-TIPEKYPCOPOB KPUCTAJIJIOB OEJIKOB.

B pabGore oOHapy:KeHbI 1 OIIMCAHbI Pa3InyUsI B O~
BEIICHWM OKTaMePOB B pa3HbIX CUJIOBBIX ToJIsIX. [Tomy-
YeHHbIE BbIBOJbI MOTYT ITIOMOYb TMPU BbIOOPE MeTOAA
oInucaHus Mojesiei (IT0JJTHOaTOMHBbIIM MU KPYITHO3ep-
HUCTBII) JUIs1 KOHKPETHBIX UCCIeN0BATEIbCKUX 3a1a4.

Pa6ota mpoBeneHa B paMKax BBITTOTHEHUS TOCyaap-
crBeHHoro 3aganus HUII “KypyatoBckuit ”HCTUTYT”
B 4aCTU MOJEJUPOBAHUSI OKTaMEpPOB JM301LIMMa B CU-
snoBoM nojie MARTINI u Cormnamenust c MuHoOpHa-
yku PO ot “12” okts6ps 2021 r. Ne 075-15-2021-1362
(pomokeHue) B 4acTh 00pabOTKU U aHAIM3a Pe3yiib-
TaTOB KOMITBIOTEPHOTO MOICITUPOBAHMUS.

PaGoTa Obl1a BEIIIOJIHEHA C UCITOJb30BaHUEM 000-
pYZOBaHUS 1LIEHTPAa KOJUIEKTMBHOI'O MOJb30BaHUS
“Kommiekc mogenupoBaHus U 00pabOTKM JaHHBIX
HCCJIEnoBaTEIbCKMX YCTAaHOBOK Mera-kiracca” HUILL
“KypuaTtoBckuit uHCcTUTYT”, http://ckp.nrcki.ru/.
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APPLICABILITY OF THE MARTINI COARSE-GRAINED FORCE
FIELD FOR SIMULATIONS OF PROTEIN OLIGOMERS
IN CRYSTALLIZATION SOLUTION
© 2024 Y.Y. Kordonskaya®*, V. I. Timofeev*?, M. A. Marchenkova®?,
Y. V. Pisarevsky®, Y. A. Dyakova“, M. V. Kovalchuk®?

9 National Research Centre "Kurchatov Institute,” 123182 Moscow, Russia
bShubnikov Institute of Crystallography of Kurchatov Complex of Crystallography and Photonics
of NRC “Kurchatov Institute”, Moscow, Russia

*e-mail: yukord@mail.ru

Abstract. The molecular dynamics of two types of lysozyme octamers was simulated under crystallization
conditions in the MARTINI coarse-grained force field. Comparative analysis of the obtained results
with the simulation data for the same octamers modelled in the all-atom field Amber99sb-ildn showed
that octamer “A” demonstrates greater stability compared to octamer “B” in both force fields. Thus, the
results of molecular dynamics simulations of octamers using both force fields are consistent. Despite
several differences in the behavior of the protein in different fields, they do not affect the validity of the
data obtained using MARTINI. This confirms the applicability of the MARTINI force field for studying

crystallization solutions of proteins.
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