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IToBbIIIeHME TOYHOCTH MPEACcKa3aHUsI CTPYKTYPbl M QYHKIIMIT OEJIKOB B MOCIIENHEe BpeMs CBSI3aHO B OC-
HOBHOM C TIIPMMEHEHVEM M COBEpIIeHCTBOBAHMEM METOIOB MalllMHHOTO oOydyeHwms. KogupoBaHue WH-
dbopmaiuu, conepxarieiicss B mociaenoBaTeJbHOCTH aMUHOKHWCIIOT, — TIEPBBI 3Tall MpeacKa3aHUsl CTPYK-
TYPBI, ¥ TO3TOMY OHO MTpaeT (hyHIaAMEHTATBbHYIO POJIb B KOHEUHOM yCTieXe 3TX MeTOA0B. MbI IpeajiaraeM
€NMHYI0O METOIUKY TeHepalliy MPEeINKTOPOB CJI0XKHOTO BUAA, TTO3BOJISIIONIYIO (DOPMaInN30BaTh MPEAIoNo-
XKeHUS 0 (haKTopax, KOTOpbIe BIUSIIOT Ha CTPYKTYpPY U byHKIUIO 6eka. Kpome Toro, B paMKax 3Toit 3a-
JIayM TIPeJIOoXKeH MOAXO0A K CO3MaHUI0 U UCTIOIb30BAHUIO 0623 TaHHBIX CTPYKTYPHBIX CBOMCTB, MPEN0CTaB-
JISIOIIUX HOBBIE BO3MOXHOCTU JUISI CTATMCTUYECKOTO ONMMCAHUS W aHallu3a CTPYKTYPHBIX CBOMCTB.
ITpemoxkeHHbIE METOMBI TTO3BOJISIIOT CO3aBaTh U TECTUPOBATHL HAOOPHI MPEAUKTOPOB (OMUCHIBAIOIIINX
axkTopbI, KOTOpPBIE BIUSIOT Ha CTPYKTYPY U (YHKIMIO OelKa) KaK IIJist KOHKPETHBIX 3a1a4, TaK U YHU-
BepcaibHbIX. CTaTUCTUYECKUE METOIbI ITOCTPOCHUSI MOIeJIeil, KOTOPbIE Mbl UCTTOJIB3YEeM, TTO3BOJISIIOT OT-
OUpaTh CTATUCTUYECKU 3HAYMMBIE TIPEIUKTOPHI U YAy4YIIaTh TAKUM 00pa3oM IpeacKa3aTelIbHbIe MOJIe-
au. Ha k1accuyeckoMm npuMepe Ipeacka3aHusi BTOPUYHOM CTPYKTYPHI Oejika Mbl oKa3auau 3¢ HeKTuB-
HOCTb JAHHOIO ITOAXOHa, IMOJYYUB TOYHOCTH MpeAcKazaHus mig Tpex kiaccoB DSSP: Q3 = 81.3%.
IMpemtoxkeHHBIN METO, peaIM30BaH B BUAE MYJIbTUILIATOOPMEHHOM IMpoTpamMMBbl Ha si3bike C++ 1St KO-
MaHIHOI cTpoKK. MCXOMHBINM KO M UCTOJIb30BaHHBIE B 3TOI paboTe JaHHbIE PACITOJOKEHBI MO CChLIKE
https://github.com/Milchevskiy/protein-encoding-projects
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BBEIAEHME

ComracHo TepMoarHaAMUYECKoM TuIiote3e Anfinsen
[1], nHdopMaLMs o CTPYKType U (DyHKLIUSIX OeJIKa CO-
IEePKUTCSI B €T0 aMUHOKMCIIOTHOM TOC/IeTOBATEb-
HocTu. Tak, M3 BTON IOCIeTOBATEIBHOCTA MOXKET
ObITh M3BJIeYeHa MHPOPMALUSI O (HUIUKO-XUMUYES-
CKMX CBOMCTBaxX OeJika, KOHTaKTHBIC TTOTEHIIMAJIBI
AMUHOKUCJIOT B 1IeTIM, DBOJIOIMOHHBIE JaHHBIE U
npyrast uHpopMauus. Ha ocHoBe 3TuX TaHHBIX CTPO-
ST TIpeICKa3aHus CTPYKTYPBI U CBOMCTB OEJIKOB.

B mocienHune ronbl HAOMIOOAIM 3HAYUTEIBHBINA
Iporpecc B MeTodax IIpeAcKa3aHWU CTPYKTYPbI U
¢yHKIM GelKa Ha OCHOBE IEPBUYHON CTPYKTYPHI.
CyllecTBeHHbIE IPOJABMXKEHUS IPOU3OLIUIN B TaKUX
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3ajavyax, Kak rpeacka3aHvue BTOPUYHOM [2] 1 ToKaJib-
HOM [3] CTpyKTYpHI OenKa, OeJIKOBBIX KOHTAaKTOB [4],
OETOKCBSI3BIBAIOIIMX YIacTKOB [5] m np. IIporpecc B
9TUX 3aJa4yax JTOCTUTHYT B OCHOBHOM 3a CYET MC-
IOJIb30BaHUSI METOIOB MAIlIMHHOTO OOY4YeHMSsI, 0CO-
OGeHHO I1yooKoro ooyyeHus [6]. dakruyecku, B Te-
KyIIUii MOMEHT BBICOKAsi TOYHOCTb IIpeacKa3aHusl
CTPYKTYpbl U (byHKIIMI OenKa JOCTUXKKMMA TOJIbKO
METOJaMM MallIMHHOTo o0yueHus. Ilonroroska maH-
HBIX TSI 0Oy4YeHUsl TIpencKa3aTebHbIX MoAeeil —
HamboJiee TpyAOeMKasl 3afada, II0-BUIMMOMY, KaK B
METOANYECKOM, TaK U B AITOPUTMUIECKOM CMBICIIE.
CyTb 11po0JIeMBbI B TOM, YTO TeHepalivsi BXOAHbIX JaH-
HBIX UISI MAIIMHHOTO OOYy4YeHMs B 3ajadax IIpeIcKa-
3aHUS CTPYKTYp M (yHKIUN OCITKOB — HeCTaHOapT-
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Has mOpolieaypa, KoTopass OObIYHO pean3yeTcs B
KOHTEKCTe KOHKpeTHOM 3amauyu. Kpome Toro, orpom-
HBIf MACCUB TaHHBIX O CBOMCTBAaX AMUHOKUCIIOT CO-
JIEPKUTCI B Pa3pO3HEHHBIX UCTOYHUKAX.

YTOoOBI MOTYYNTh aIecKBaTHBIE PE3YIbTaThl, OCHO-
BaHHBIE HAa MAaIlIMHHOM OOy4YeH1M, OOBIYHO HEO0XO0-
JMMBI TPY COCTaBJISIIOIINX: PeIpe3eHTaTUBHbIE O0yJa-
IOIIE BBIOOPKM, MOIIHBIC AJTOPUTMBI MAIIIMHHOTO
o0ydeHUs 1 3(pPEeKTUBHOE TIpeACTaBIIeHE OOHEKTOB
yepes3 Habop NpeaukKTopoB. ITocienHue 1oCTUXKEHUS
B IpeIcKa3aHUM CTPYKTYPhI OCJIKOB CBSI3aHBI C YBE-
JIMYeHneM o0beMa JOCTYIHBIX JAHHBIX O CTPYKTYpeE
1 (QYHKIUM OEJIKOB, a TakKXke C PEBOJIOLIMOHHBIM
IIPOrPeCCOM B Pa3BUTUM AJITOPUTMOB ITTyOOKOIO Ma-
ImMHHOro obydeHus [2]. B To ke BpeMsT MeTOmBI
MpeacTaBieHUs 0EJIKOBBIX JaHHBIX (amino acid en-
coding method, kogupoBaHue TOC/IeT0BaTeIbHOCTU
aMMHOKMCJIOT) He TIPUBJIEKaINd ITPUCTAIbHOTO BHU-
MaHUs UCCIEN0BATEIIEN.

DKCTEHCUBHBIE METOIbl COBEPIIEHCTBOBAHUS
MpeacKa3aHuii, CBSI3aHHbIE C POCTOM OOBEMOB J0-
CTYIHBIX 0a3 TaHHbBIX, a TAKXKE C YIy4IIICHUEM METO-
JIOB COOCTBEHHO MAIlIMHHOTO OOy4YeHMsI, IpaKTUIe-
CKU ucuepnajum cedsi. Mpbl mmojaraem, 4To MOBbIILIE-
HUE TOYHOCTU IIpENCKa3aHWil JIEXXUT B 00JacTu
pa3BUTHUS ITIOOXOIOB K KOIMPOBAHUIO OMOJIOTrAYE-
CKUX JAHHBIX B IIPESIUKTOPHI IJISI MOCISAYIOLIETO UC-
IMOJIb30BaHUS B IIpeAcKa3aTelibHbIX Moaensax. Co3nga-
BaeMbIii HAOOp IPEOUKTOPOB JOJDKEH JaBaTh BO3-
MOXHOCTh (OpPMYJIMPOBaATh M TECTUPOBATh HAIIU
MIPEAIIONIOXKEHUS O IIPUPOAE CBI3U MEXIY ITOCIEI0-
BaTeJIbHOCTBIO M CTPYKTYPOil yepe3 (hU3UKO-XUMU-
YyecKMe CBOIMCTBA, OMpeeisieMble 9TOU MoceaoBa-
TEJIbHOCTBIO.

MATEPHAJIBI U METOJbI

B nocnenHue necaTuneTus NpeajoXeHbl pa3any-
Hble aJITOPUTMBl KOJAMPOBAHUSI aMUHOKUCIOTHBIX
mocJiefoBaTeIbHOCTE B IIpeauKTophl [7, 8]. Hanbo-
Jiee 1MPOKO 111 POPMUPOBAHUS MPEAUKTOPOB UC-
MOJB3YIOT CJIeAYIOlIMe KOMUWPOBKHU: one-hot enco-
ding, position specific scoring matrix (PSSM), a Takke
bU3NKO-XxUMUYECKHE KOAUPOBKU CBONCTB aMUHO-
KMCJIOT B OelKoBO# Iienu. B momoiHeHWe K 3TUM
MpelIoXKeHbl TaKhe BapUaHThl, KaK KOIUPOBaHUE,
OLIEHEHHOE T10 HEPTIUsIM KOHTAaKTa MEXIY OCTaTKa-
MU [9] 1 moslydeHHOEe B pe3yibTaTe BbIpaBHUBAHUS
CTPYKTYpHI Oenka [10] 1 m3 KOHTEeKCcTa IToCiIeaoBa-
tenbHOCTH [11]. [TompoOHEBII 0030p M KiTaccupuKa-
LIUSI COBPEMEHHBIX METOA0B (DOPMUPOBAHUS TMpe-
JUKTOPOB IS OEJKOBBIX TIOC/eNoBaTeIbHOCTEM
npencrasiieHBl B 0030pe X. Jing u np. [12].

CdopmMmynrpoBaHHbIE paHee MOAXOIbI PA3HOPOI-
Hbl. EMVHEBIN Togxomn, BKIIIoYaouii B cedss GopMu-
poBaHUe MPEAUKTOPOB Ha OCHOBE BCEM NOCTYITHOM
VH(MOPMALIMU TT0 AMUHOKHUCIIOTHOM MOCIEeI0BATEIb-
HoCTH ((pM3NIECKOit, XMMUIECKOI, OMOJIOrMIeCcKoit),

MOIJIEKVJIAIPHAA BUOJIOTUA

orcyrcTByeT. Hammpumep, B 6a3e AAindex [13] coopana
nHbopMaius o 6osee yem 550 pU3NKO-XUMUIECKUX
CBOICTBaXx aMUHOKUCIOT. [logaBnsiolee OOIBIINH-
CTBO 3TUX CBOMCTB HE MCITOJIb30BaIN TIPU MpeacKa3a-
HUAX METOAaMU1 MAllIMHHOTI'O O6y‘{eHl/Iﬂ.

MpbI TipemyiaraeM eIVHBIN aJTOPUTM TeHepallnu
MPETNKTOPOB CJIIOKHOTO BHUAA, TTO3BOJISTIOMMI (hop-
MaJT30BaTh MPEATIONOXKEHNS O (haKTOPaX, BIMSIONINX
Ha CTPYKTYypy M (DYHKIIMIO OEJKOB. DTOT aJTOPUTM
BKJTIOYAET, B TOM YHMCIIE, TeHEePAIIUIO PETYISIPHBIX BBI-
paXeHWM UIST CO3MaHMs MPEINKTOPOB, CO3MaHue U
WCTIONB30BaHMe 6a3 TaHHBIX CTPYKTYPHBIX CBOMCTB 1
dopMHupoBaHKe MPEINKTOPOB HEMOCPEICTBEHHO U3
(bU3UKO-XMMUYECKUX CBOMCTB.

Kpome Toro, MeTon mo3BoJisieT co3aaBaTb KOMOU-
HUPOBAHHbBIE MPEIUKTOPHI, COCTABJIECHHbIE U3 BCEX
BBIIIIEC MIePEUYMCICHHBIX TUTTIOB. Hitke MBI TTOIpoOHO
OITMCbhIBA€M THUIIBI CO3JaBac€MbIX IIPECANKTOPOB, MC-
TOIBI UX CO3JaHUS M aHAJIMU3a B MpoILecce MOCTPOe-
HUS IpeABAPUTEBHBIX MOACJICH C TIOMOIIBIO MOIIAa-
TrOBOTO PErPECCMOHHOr0 aHajau3a U II0IIaroBOro
JUCKPUMMWHAHTHOTO aHAJIN3a.

IIpeaukTopnl, OCHOBAHHBbIE HA 0a3e CBOMCTB aMU-
Hokucaotr AAindex. Kak yxe ynmomMmHanu, B 0ase
maHHbIX AAindex [13] cuctematusumpoBaHo Oojee
550 (PU3NKO-XMMHUYECKUX CBOMCTB aMMHOKMCIIOT.
Kpome HuxX 3Ta 6a3a JaHHBIX TaKXKe COACPXKUT pas-
JIMYHBIE MATPULILI AaMUHOKHUCJIOTHBIX MyTallMii (ami-
no acid mutation matrices) 1 ITOTE€HIIMAJIBI ITOITAPHBIX
KOHTaKTOB (pair-wise contact potentials). ITo npen-
JlaraeMoi HaMU1 MeTOAMKe TPUHIMIT (POPMUPOBAHUS
MpPEeIUKTOPOB IJISI BCeX 3TUX JaHHBIX OOMHAKOB.

IMIpocTeitmmM c1rrocoboM reHepalu IIPEIUKTO-
POB IJISI XapaKTEPUCTUKU HEKOTOPOTO CBOMCTBA OeJI-
KOBOI1 Lienu (HaIrpumep, TuapodoOHOCTH) SIBIISICTCS
COITOCTaBJICHME TTOCJIENOBATEIIFHOCTA HA0OPy COOT-
BETCTBYIOLLIMX KaXJI0il aMWHOKMCIOTE 3Ha4YeHUM
ruapododbHocTr. OngHAKO HAMBHO IIPEAIIoIaraTh, YTo
CBOIMCTBA AMWHOKWCIIOTHOW TTOCIEIOBATEIILHOCTH
OMMCHIBAIOTCS JIMHEMHO TUAPOPOOHOCTHIO OTICIIb-
HBIX aMUTHOKHCJIOT.

[MIpowuniocTpupyem reHepanuio Habopa IIpeanK-
TOPOB TI0 MPEACKA3aHMIO JIOKATBHOM CTPYKTYPHI OeTKa
[14]. PaccMotpuM (parMeHT MHocjienoBaTeIbHOCTHU
n3 n octatkoB. Kaxnas aMmuHokuciorta {a;, i = 1,...n}
MMeEeT OIIpele/IeHHOe 3HadyeHue TUApoPOOHOCTU
{H;,i=1...n}. Jamee K 35TOMy MacCuBy 3HauY€HUN

CBOICTB MPUMEHUMO (PYHKIIMOHAbHOE TTpeodpa3o-
BaHUeE:

F(H,H,,..H,) =
2 2
n n ])
2n . 21 (
= H cos(k—) + H, sm(k—) ,
D Hicos[k=B) |+ 3 Hysin(k=

k=1 k=1

rne T — nepuon, k — HOMep aMUHOKHWCIOTBI BHYTPU
¢parmenta, H, — runpocdoOHOCTb k-1 aMUHOKUCITO-
TBI. B maHHOM ciydyae ¢pyHKIIMoHaIbHas TpaHchopMa-
Ne 1
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Ta6mma 1. TTpumep pacnpeneeHUss aMUHOKUCIIOT TT0 TPYITIIaM BHYTPH TeTparernTuaa

CaBur Pacnipenenenne aMMHOKUCIOT I10 IpyMIlaM 3KBUBAJIEHTHOCTU
-2 [ARNDCQEHILKMFPSTWYV] [G] [P] [O]
-1 [HRK] [DENQ] [C] [STPAG] [MILV] [FYW] [O]
0 [A] [R] [N] [D] [C] [Q] [E] [H] [1] [L] [K] [M] [F] [P][STIT][WI]I[Y][V]IIG]I[P]
1 [ARNDCQEHILKMFPSTWYV] [G] [P] [O]

oA OTpazkac€T mepnoaniIcCKoC NSMCHCHNEC FI/II[pOCI)O6—
HOCTH C IICPUOIOM TBo (bpaI‘MCHTC 13 n OCTaTKOB.

Ecnu paccmarpuBaeMblii y4acTOK HaXOOWTCS B
repuoanYeckom (HampuMep, CnupaibHOM) KOHDOp-
MalliM, TO BeJIMYMHA, pacCuyuTaHHas1 o ¢popmyie (1),
OyneT MakCuUMalbHa I mepuoda 1 3TOH CIIMpau.
OcraeTrcsg “yragaTh” BTOT MEpPUONd, a TaKKe MUHU-
MaJIbHOE YMCJIO OCTATKOB #, Ha KOTOPOM C(POPMHUPO-
BaHHBIN IPEeIUKTOpP OyIeT 3HAUMMBIM, T.€. OTJINYaTh-
cs OT CIyYaitHOTO IilymMa IO 3aJaHHbIM CTaTUCTHYE-
ckuM KputepusM. CriocoObl 3a1aHNST CTAaTUCTUIECKIX
KpUTEPHUEB IIOAPOOHO OIMMCAHBI HIDKE B ITOIpa3ieie
“IIoIIaroBbIii perpeccuoHHbI aHanu3”. Jlaee, B 6a-
3e AAindex npeacraniieHo 6oJjiee 30 cBOMCTB, HAa3bI-
BaeMBIX IIKajJaMu TuapodooHocTr. Kakyio n3 Hux

1 DynkiMoHanbHas TpaHchopMarus

BbIOpaTh? PacueTHble METOMIbI, KOTOPbIE MBI UCTIOJIb-
30BajIv 1Sl OTJAAKU MOJEU, MO3BOJISIIOT KOJIMye-
CTBEHHO CpaBHMBaTb 3HAYUMOCTb MHOXECTBa Mpe-
IUKTOPOB. B paccmaTpuBaeMoM cirydyae MbI coOpaiu
B HaOOp MPEeArKTOPHI, HOCTPOeHHBIE 10 (hopmyte (1),
JUUTSI BCeX 1IKaJI THApOo(hOOHOCTHY U TTPU pa3TMYHbIX AUa-
nma3zoHax napamerpoB 7u n. [IpyumMeHeHre Mo11aroBoro
pErpecCMOHHOrO aHaju3a MO3BOJIMJIO BHISIBUTh HaU-
0oJiee 3HaUMMble MPEANKTOPbI U OTOPOCUTD HeCyllle-
CTBEHHbIE, YTO TIPEACTABJISIET OCHOBHOM 3Tam yco-
BEPILIEHCTBOBAHUS MOJIEJIU.

B o06111eM Buzie cxema reHepaly NpeIruKTOpOB, OC-
HOBaHHBIX Ha (PU3UKO-XMMNYECKUX CBOMCTBAX, TIPE-
TroJjiaraet sTan (hyHKIIMOHAIBHOI TpaHChopMalun:

AMMWHOKUCIOTHAsI MaccuB 3HaUeHU I
MOCJIEIOBATEIbHOCTh u3 b/l AAindex
{ay, ..., a,} {Hy, ..., H,} J

AJITOPUTM TIpeAIiojaraeT Takke BO3MOXKHOCTH
CO3JaHUSI UCCIIEA0BATEISIMU COOCTBEHHBIX (DYHKITUA
dbyHKIIMOHATBEHOI TpaHCchOpPMAIINU, OTPAKAIOIINX
MX TUITOTE3bl O BO3MOXHBIX (PaKTOpaX, BIUSIOIINX
Ha CTPYKTYPY U (PyHKIIMH OCIKOB.

PerynspHbie BbIpaxkeHUs Kak mnpeaukTopbl. OnHa
M3 IIAPOKO MCIIOJIb3YEMBIX KOTUPOBOK — TaK Ha3bI-
BaeMasl “binary encoding” [15]. B Heit mocienoBa-
TeJIbHOCTh Komupyetcsa unuciaamu 0 u 1. B mpocreii-
IeM ciydae Tak Ha3biBaeMoro “one-hot encoding”
KaXXay1o TMO3UIHI0 B aMUHOKMCIIOTHOM ITOCJIeIOBa-
TEJIBHOCTH OMNUCHIBaeT OmHapHBIM BekTop (0 m 1)
pazMmepHocTu 20. Takoii BEKTOp COOEPXKUT TOJBKO
OIHY €AWHUILY B ITO3UINHU (II03TOMY OH Ha3BaH One-
hot), cooTBeTcTBYyIOIIEll paccMaTpuBaeMoOii aMUHO-
KMCJIOTE, TOTIa KaK BCE OCTAJIbHBIC 3aII0THEHbBI HYJISI-
mu. M3-3a 0011101 pa3sMepHOCTU M pa3peskeHHOCTH
MpeacTaBiieHrsT B “one-hot encoding” MCHOJb3YIOT
TaKKe BBIPOXIEHHBIC IIpeacTaBieHUsI. BeIpoxxneHne
COCTOUT B TOM, 4TO 20 cTaHIZAPTHBIX AMHUHOKUCIIOT
pacnipenenstoTcs 1o rpynmnaMm. Hanpumep, M. Day-
hoff [16] onupasich Ha CTATUCTUKY TOYEUYHBIX MyTa-
LIMA, pacrpenes CTaHAApTHbIE aMUHOKWUCIIOTHI I10
wecru rpynmam: [H, R, K], [D, E, N, Q], [C], [S, T,
P, A, Gl [M, I, L, V], [F, Y, WI].

MOJIEKYJISIPHASI BUOJIOTUS Ne 1
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» [Ipenukropsl

F(H,, ..., H,)

IIpennaraemprii HaMu METOH OOJIagaeT BO3MOXK-
HOCTBIO TeHEPUPOBATh MPEAUKTOPDI [JIsI 3apaHee Bbl-
OpaHHBIX pacIIpeAcIeHUN aMIHOKKCIIOT 110 TpyIIIaM
JUIST Oosee OOIIeH CUTYyallMu: KOTAa pacCMaTpuBarOT
HEe OTAENbHbIE aMUHOKUCIOTBI, a HEKOTOPBIA y4a-
CTOK IIOCJIEAOBATEIbHOCTH (TaK Ha3biBaeMoe word,
WIu “CJI0BO”) 3aJaHHOM MIMHBI, IIPYA 3TOM IS KaX-
JIOTO MOJIOXEHUSI 3TOr0 ydyacTKa ONpPeAessioT CBOU
npaBujia pasae/icHUs Ha TpynIbl. DTa 3amada IIpe-
CTaBJISIET 3alaHNE TaK HAa3bIBAEMbIX PETYJISIPHBIX BbI-
paxkeHuii. B kadecTBe mpuMepa B Tada. 1 nmpuBeneH
BapUaHT pacIlipeAceHMs 10 TPyIIIaM IJIsk TeTparie-
TuaoB. Takoil crmoco0® yMEHBIISHHUS pa3MEpPHOCTH
3a/lauy Ha3bIBAIOT “3aJaHUEM peAyLIUPOBAHHBIX aJl-
daBurtoB” [14].

B nonoxeHuun nesee Ha 2 ocTaTka OT TEKYILETO
(“—2” — cHBWI) MOJOXEHMUS BCE aMUHOKMCJIOTHI,
KpoMe MJIMLMHA U TIPOJIMHA, CUMTAIOT Hepas3Indu-
MbIMU. B monoxennu “-1” mpenmojiaralor 3KBUBa-
neatHocth H, K, R, 3atrem D, E, N, Q u t.n. B Texy-
1eM moJjiokeHuu “0” Bce aMMHOKHUCIOTHI pa3jinya-
oTcsa. B Tabn. 1 nmpuBeneHa Takxke BUpTYyalbHas
aMmHOKMcIoTa “O”, KoTopast Hy:KHa JIJIS TTpeICTaBe-
HUs (DparMeHTOB, HAXOASIIIMXCSl HA KOHIIAX MOCIeI0-
BateiabHOCTU. Hampumep, cioBo “OOMA” o3Havyaet
BUPTYaAJIbHBIN TeTpanenTua, coaep Kalluii 1B aMu-
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HOKMCIIOTEI, M m A, Ha N-KoH1Ie 6eiaka. UToOBI ot~
caTh TOJIOKEHHME IOCIeN0BaTeIbHOCTU MO IpaBU-
JIaM, IPUBEAEHHBLIM B Ta0a. 1, Heobxoaumo 4 X 6 X
%X 20 X 4 = 1920 mpeanKTOpoB. DTO BCE €IIIe pa3pe-
KEHHBI{ MacCUB, OJHAKO OH CYIIECTBEHHO OTJIM-
JaeTcs Mo pa3Mepy OT one-hot MaccuBa, KOTOPHI
COCTOSIT OBl M3 BCEX BO3MOXKHBIX TETPAIICIITUIOB U
nmen pasmep 20* = 160000. Bosee cxarblil XapakTep
MacCHBa U €ro CyIIeCTBEHHO MEHBIIIMI pa3Mep I103-
BOJISIIOT MCIOJIb30BaTh CTATUCTUYECKIIE METObI JIJIST
CBSI3U IIOC/IEAOBATEILHOCTH CO CTPYKTYPOM U (PyHK-
ousaMu 6eiika. B yacTHOCTH, B cienyronieM pasieiie
OIMMCaHO MCMOJIb30BaHNE MPEIUKTOPOB, MOCTPOCH-
HBIX Ha CTATUCTUYECKMX XapaKTe pUCTUKAX BCTpedae-
MOCTH CTPYKTYPHBIX JIEMEHTOB.

IIpeaukTOpBI, MOCTPOEHHBIE HA CTATHCTHYECKHX
XapaKkTepUCTHKAX BCTPEYaeMOCTH CTPYKTYPHBIX 3Je-
MeHTOB. Co31aHue 0a3bl JAHHBIX CTPYKTYPHBIX 3J1e-
MeHTOB. B KauecTBe mpuMepa pacCMOTPUM ITPUMEHE-
HUE CTAaTUCTUKM BCTPEUAEMOCTU CTPYKTYPHBIX 3JIe-
MEHTOB — 16 meHTarenTUAOB U3 paboThl A. de Brevern
n ap. [17]. DToT HabOp CTPYKTYPHBIX (PparMeHTOB
(Protein Blocks — PB) 111poko ucnonb3ytoT ajist 60-
Jiee IeTaIbHOTO OMMCcaHUs KOH(POopMaluu O0eJIKOBOIA
Henu (I10 CpaBHEHUIO C OOIIETIPUHSITON pa3MeTKOM
BTOpUYHOI cTpykTypsl DSSP [18]). PaccrosiHue
MexXay (parMeHTaMU CTPYKTYpbl IJIABHOI 1IeNU B
tepmruHax RMSD onmcwiBaeT popmyna:

RMSD(V,,V;) =
3M
Z (o, = xi,2)2 + (Vi _yi,2)2 +(z;, _xi,2)2 @)
= min/| {|= ,
IM
rae V; u V, — dparMeHThl CTPYKTYpHI NIABHOM LienU
Genka, a  x;; =x).y, =yV), 7 =z0),

i=1,...,3M — nexapToBbl KOOpAWHATHI aTOMOB IJIaB-
Hoit nenu N, C,, C, a M — yucio octaTkoB Bo dpar-
MEHTe.

PaccMoTpuM OOWH U3 3TUX CTPYKTYPHBIX JIEMEH-
T0B: PB;, j € {l,...,16} — 1 MPOM3BOJIbHBINA (HparMeHT

MOCIEA0BATEbHOCTU IMHOM 5 OCTaTKOB. N, . (seq) —
4acToTa BCTPEYAEMOCTHU IIOCIEIOBATEIbHOCTU Seq

cpeay MmocCJIen0BaTeIbHOCTEN C M3BECTHOM CTPYKTY-
poit (Hampumep, oOydarouiass BbeIOopka). IlycTb
[T;(seq) — cpennee paccrosinue (B repmuHax RMSD)
MEXAy aToMaMU IJIaBHOM LeNY TIEHTanenTUA0B, 00-
pa3yoILIMMH II0CIEOOBATEIbHOCTh Seq, 1 aTOMaMU
[JIAaBHOM 1iemu j-ro 6ioka PB;. lanee, [I; — cpenHee
paccrosiHue Mexny PB; W BceMH TIeHTaNenThiaMu

o 2 2
oOyyatoriieit BBIGOpku. COOTBETCTBEHHO §;(seq) U s —
IVICTIEPCUY PACCTOSTHUS IJISI IEHTATIENITUIOB, UMEIO-
LIMX MOCIEN0BaTEeIbHOCTD Seq U JUIs1 BCeX MeHTarer-

I, —1,(seq)

TUIOB BBIOODKH f; = (5eq) , Tme N —
s:(seq
J

pasmMep

2
o (seq) + S

obyuaroleii BEIOOpKH, a s (seq) = .
D= ey N

2
Mockonbky N 5 Ny > 1, s2(seq) = — (seq)
Nocc(seq)
CrenoBaTenbHO,
(seq)
1 = B Bed) v 3)

G ,(seq)

rue Gi(seq) — OllIeHKa aucnepcuu paccrossHust. @op-
myJia (3) onpenenser ctaTucTuKy CTbroaeHTa A1 3a-
Jlauu CpaBHEHUSI BLIOOPOUHBIX cpenHux. [To 3Haye-
HUIO 3TOM BEJIWYMHBI MBI OLIECHMBAEM BEPOSITHOCTh
TOTO, UTO CpeIHee pacCTosIHUE 10 j-To 610Ka PB mis
MEeHTANeNTUI0B Bcell oOyyaronieid BBIOOPKU O0Jb-
e, 9eM JUISI BBIOOPKY MEeHTANeITUIO0B C MOCIEI0-
BaTeJIbHOCTBIO seq. I3 opmyinl (3) ciemayeT, 4To
YUCJIO BXOXAEHUNA N . (seq) dparmMeHTa seq OKa3bl-
BaeT CYILIECTBEHHOE BJMSIHUE Ha pe3ybTaT, Mo-

CKOJIbKY MaJible 3Ha4eHUusA N, ..(seq) MOTYT IPUBO-

occ

o 2
JIWTh K MCKaXEHHOW olleHKe O (seq). MMeHHO ¢
3TUM OOCTOSITEIbCTBOM CBSI3aHO MCIOJb30BaHUE
peaylupoBaHHBIX aI(DaBUTOB, OMKUCAHHBIX BhIIIIE.

B o61eM BHie cxeMy, OIMUCHIBAIONIYIO (OPMUPO-
BaHUeE MPEAUKTOPOB, MOCTPOCHHBIX Ha CTAaTUCTUYE-
CKMX XapakKTEepUCTUKAX BCTPEYAEMOCTU CTPYKTYp-
HBIX 3JIEMEHTOB, MOXHO IMPEICTABUTh CIEAYIOIIUM
obpa3om:

AMWHOKVCITOTHAS
HOCJTCZ[OBaTeJ‘IbHOCTL peyLMpOBaHU st j-ro Protein
{ay, ... ancdaBura Block, j=1,

KonuposaHue, RMSD craTtuctuka DyHKIMOHATBHAS TPaHChOPMALIIS
e H

>| [IpenuKTOpHI

16 F({Nocc7 S], S2}’j =1 5 16})

Y1006bI TTIpUMEeHUTH opmyy (3), HEOOXOIUMO
COCTaBUTh 0a3y HAaHHBIX BCTPEYAEMOCTU OEITKOBBIX

CTPYKTYp MJisl TOJyY€eHMsl BENIUYUH [1,,[I;(seq),
Nyeo(seq),o(seq).
DdyHKIMOHAIBHAS TpaHC(opMalivs, 3amaBacMast

dopmyoii (3), He eMMHCTBEHHOE IIpeoOpa3oBaHue,
KOTOPOE MOXHO MCITOJIb30BaTh IIJIsSI TeHEPaIuK TIpe-

MOIJIEKVJIAIPHAA BUOJIOTUA

JIUKTOPOB, CBSI3AHHBIX CO BCTPEYAeMOCTbIO CTPYK-
TYPHBIX 3JIEMEHTOB, HO JIJisI BCEX TAKUX MPEAUKTOPOB
HYXHO XpaHUTh UMEHHO YKa3aHHBIi BbIllIe HA0Op Be-
mmuuH. [IpuBegeHHBIE BhIIIE TapaMeTPhl COXPAHSIOT
B 0a3zax JAHHBIX CBOMCTB CTPYKTYPHBIX 3JIE€MEHTOB.
ITpu nocTpoeHnM MpeacKa3aTeIbHON MOAEIN MOXKHO
HMCIOJIb30BaTh MHOXECTBO TaKUX 0a3 JaHHBIX, pa3-

TOM 57 Ne 1 2023
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JIMYAIOIIUXCS  PEeAyLIMPOBAaHHBIMU  ajdaBUTaMMU,
JIJIMHOM (pparMeHTa I0oC/IeIoBaTeIbHOCTU U METPU-
KOIi, 3amalolleii paccTosiHue Mexny (parMeHTaMu.
Hampumep, Bmecto merpuku RMSD (root mean
square deviation) MoxxHO ucmoib3oBaTb RMSDA (root
mean square deviation of angular values) [17], 1u60
JIPYTYIO METPUKY.

KomOuHnpoBaHHble mNpeauKTOphl. B HEKOTOPHIX
cllyyasix MOXeT BO3HUKHYTb HEOOXOIMMOCTb MC-
MOJIb30BaHUS MPEAUKTOPOB, YYUTHIBAIOIIUX OIHO-
BPEMEHHO HECKOJBbKO (UUKO-XUMUYECKUX WJIU
(YHKIIMOHAJIBHBIX CBOMCTB O€JIKOBOI TocjiefoBa-
TEJIbHOCTH.

KoMOuHMpoOBaHHbBIE MPEAUKTOPHI TIPEACTABISIIOT
JIOTIOJITHUTEJIbHBIE BO3MOXHOCTH JIJISI CO3MaHUS TIpe-
JUKTOPOB CIIOXKHOTO Buaa. OHM MOTYT OBITh COCTaB-
JICHBI T10 3apaHee 3aJaHHOMY CLIEHApUIO U3 HECKOJIb-
KMX ONWUCAHHBIX BBIIIE IIPEAUKTOPOB U YCIOBUIA.
YT10o0OBI peanm3oBaTh 3Ty BO3MOXHOCTH, KaxKIOMY
IPETUKTOPY IMPUCBAUBAETCI CBOE UM, [TO KOTOPOMY
K HeMy o0palaiorcst ISl 3agaHusI KOMOMHUPOBaH-
Horo npeaukTopa. [Ipocreiimmii caygait — mepeMHO-
KEHUE NBYX MJIN HECKOJIBKUX ITPECAMKTOPOB. ):[.HH JIO-
TMYECKUX IEPEeMEeHHBIX 3TO O3HAYaeT OMHOBPEMEH-
HOE€ BBINIOJIHEHUE YCJIOBUIA, OIpPENEIsIeMbIX IS
KaxkJI0ro 13 MpeInKTOPOB. B kauecTBe mpuMepa pac-
CMOTPUM TpHU OYJIEBBIX IPEIUKTOPA:

1. IlpucyrcrBUe ABYX anmndaTNIeCKMX aMMHOKMC-
JIOT Ha PacCTOSTHUM OT —6 10 —2 OT TEKYILETO MOJIO-
KEHMUSI.

2. I[IpucyrcTBue n1ByX anndaTniecKnx aMMHOKKC-
JIOT Ha pacCTOSHUM OT +3 10 +6 OT TEKYILETO MOJIO-
KEHMUS.

3. IlpucyTcTBHE KaK MPOJMHA, TaK 1 TJIMIIMHA Ha
paccTossHUM OT —2 110 +3.

JlornyeckuM nNpou3BeaeHUEM ITUX TPEX MPEIUK-
TOPOB OylIeT KOMOMHUPOBAHHBIN MPEAUKTOP, KOTO-
DBl YCTOWYUB K eIMHUYHBIM BCTaBKaM U JIEJICLIUSIM.
KoMmOmHMpoBaHHBIE TIPEOIMKTOPHI, COCTaBJICHHBIEC
MOI0OHBIM 00pa30M, MBI UCITOJIb30BaJIM JJIsI OITMCa-
HUSI ¥ TIOCJIEAYIOIIETO MTOMCKA B-IIITIIIEK.

B npyrux ciydasix MOXHO 3aJaBaTh pas3jiMyHbIe
JIOTUYECKUE YCIOBUSI, HAIIpUMEP PE3YJIbTUPYIOLINIA
MIPEIUKTOP, COCTABJIICHHBIA M3 NBYX MHPEIUKTOPOB,
KOTOpPBIi paBeH MEPBOMY NPEAUKTOPY, €CJIM BTOPOIA
JICKUT B 3aJaHHBIX TIpeaeaax, B IPOTUBHOM Ciiydyae
paBEeH HYIIO.

Takske BO3MOXHO 3afaHe BIOXEHHBIX TTPOLEIYP
reHepalyu TPeIuKTOPOB, B KOTOPBIX HCIIOJb3YIOT
KOMOMHMPOBaHHBIE TIPEIUKTOPHI, COCTAaBJICHHBIEC HA
MpeabIIYIIMX IIarax.

PacueTHble MeTOIBI A1 MOCTPOEHHUA MpencKasa-
TeJbHOM MoJeu. YTOoOBl OLIEHUTh KauecTBO cop-
MUPOBAHHOM CUCTEMBI NPEAUKTOPOB U JIJISI €€ YCO-
BEpIIEHCTBOBAHUSI, MPEIJIOXKEHO HCIOIb30BaHUE
OPUTUHAIBHBIX MOAU(PUKALINI perpecCUOHHOTO U
JTUCKPUMUWHAHTHOTO aHAJIM30B.

MOJIEKVJIAAPHAA BUOJIOTUA  tom 57  Ne 1
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IlomarosBelii perpeccMonHblii aHamm3. JIMHEHBIN
perpecCMoHHBIN aHanmu3 [19] mig 3agad npeackasa-
HUS CTPYKTYpPHhI U (hyHKIIMI 6esiKa Hy>KAaeTcsl B MO~
¢dukamm, KoTopasi mo3BoJisieT 100aBIITh (IS yIy4d-
IIEHUsT KayecTBa TIpelcKa3aHusl) WU yoaiusTh (st
YIIPOLLEHUS PerpeCCUOHHON (DYHKIIMM) MPEIUKTOPBI.
IMomaroBasi perpeccusi MO3BOJISIET YACTUYHO aBTOMa-
TU3UPOBATh MTPOLIEIYPY MOJTYYSHUST HAOOPa perpeccu-
OHHBIX (PYHKUMI Oe3 CylIeCTBEHHbIX AOTIOTHUTEb-
HBIX BBIUMCIWTEIbHBIX 3aTpart. [Ipeaukropsl, BKIIIO-
YeHHbIE B WTOTOBYIO PErpecCCMOHHYI0 (DYHKIIUIO,
JIOJKHBI YAOBJIETBOPSITH OTIPEIEIEHHBIM KPUTEPUSIM.
Mpbl Mcnonb30Baiy MOAXOA, OCHOBAaHHBIN Ha CTaTH-
ctuke Pumepa (F-cratuctuku) [20], s mpoBepKu
3HAUMMOCTU PErpecCMOHHOro KoadduimeHta mpe-
JIUKTOpa MpU MPUHATUU PENIEHUS O BKIIOUEHUU WU
HUCKITIOYEHUHU eTo U3 perpeccuoHHoit moaenu. CocTtaB
MPEIUKTOPOB, BKIIIOYEHHBIX B UTOTOBYIO PETpeCCUOH-
HYIO MOJI€JTb, 3aBMCUT OT IOPOTOBbIX 3HaUeHuii F-cTa-
TUCTUKM UCKITIOUCHUST U F-cTaTMCTUKY BKIIIOUEHUS.
CrenoBaTeibHO, MOPOroBble 3HaUeHus F-cratucru-
KW BJIUSIIOT Ha COCTaB U, TaAKUM O0Opa3oM, Ha Kaue-
CTBO TIpeacKa3aTebHOM Moaean. CxeMa ucrnojb3ye-
MOTO B Hallleii METOAMKE MOIIaroBOro perpecCuoH-
HOTO aHaJIM3a n300paxkeHa Ha puc. la.

PeanuzoBaHHbIl B ajiropuT™Me (M IPpOrpaMMHOM
MaKeTe) IOIIATOBEI PerpeCCUOHHEBIN aHaInu3 00j1a-
JaeT CIIeTYIOIIMMU BO3MOXHOCTSIMMU:

1. Onpedenenue onmumanbHo20 NOPo208020 3HAUE-
Hus F-cmamucmuku. IToporosbie 3HayeHust F-ctatu-
CTUKM U ONTHUMAJILHEIM HA00p NPEeIUKTOPOB BbIOM-
paloT C TIOMOIIBIO MeToAa IIEPEeKPECTHOM IPOBEPKU
(k-fold cross validation). iHauye roBops, 1Jis 3aa4H,
conepxaieit N oosekToB, N pa3 co3maroT perpeccu-
OHHYIO MOJI€/Ib, HAa KaXXIOM IIIare 13 Hee UCKITI0YaloT
OIWH U3 OOBEKTOB U IPENCKa3bIBAIOT 3HAYECHUE 3a-
BUCUMOIT TIepeMeHHOII mist 3Toro oobekra. KMTtor
9TOI MpPOLEIyPhl — MACCHUBHI IIPEACKa3aHHBIX U 9KC-
MepUMEHTaJIbHbIX 3HAaUeHUI 3aBUCUMBIX MEpEeMEH-
HbiX. KoaddunuueHt koppensuuu IIupcoHa mexmy
STHMM MaCCHBaMU BEIOpaH MEPOii KaueCTBa MOIESIIN.
IToBTOpPSISI 5TY MpoLIEAYPY C pa3TIUNYHBIMU [TOPOTOBHI-
MU 3HAYCHUSIMU F-cTaTuCTUKM, MBI BHIOUpAIN Ty
MOMENb, IJisi KOTOpOoil KO3(h(GUIUEHT KOPpPEeISIuu
MaKCHUMaJIeH. AHaJIM3 COCTaBa MPEeIUKTOPOB B OKOH-
YaTeIbHOMI MOJEIM U CPAaBHEHUS MX CTaTUCTUYECKOM
3HAYMMOCTH JAeT LeHHYI0 MH(popMaLuio o ¢paKTo-
pax, oIpeaessIolIMX JIOKAJbHYIO CTPYKTYPY.

2. Bozmoocnocmb 00HOBPEMEHHO DAcCHUMbIEAmb
He 00HY 3asucumyio nepemernnyto. B 3agaue npemcka-
3aHUS JIOKAJBbHON CTPYKTYypbl HadalbHBIM HaOOp
MPpeaAUKTOPOB (10 0TOOpa YIOBISTBOPSIOLIUX TOPO-
FOBBIM 3HAaUeHUSIM F-CTaTMCTUKU) OOWHAKOB IJIst
KaXIoil M3 3aBUCUMBIX TIEPEMEHHBIX (HaIIpuMep,
JUIS1 11a0JIOHOB JIOKAJbHOM CTPYKTYPBI, TAKMX KakK
o-crupaib, B-cioit u T.4.). [lomoGHast cutyarust
MOXET BCTpeUaThCsl BO MHOTMX 3amadax. CaMbIM 3a-
TpaTHBIM B CMbBICJI€ YMCJIa BEIYMCIUTEIBHBIX OTlepa-
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Puc. 1. Cxembl OpMUPOBaHUS CTATUCTUUECKON MOJIENIU ISl MPEICKa3aHusl: a — JIOKaJIbHOM cTpyKTyphl (LS) mo amuHokuc-
JIOTHOI MOCJeN0BaTeNbHOCTU OeiKa; 6 — BTOPUYHOI CTPYKTYPHI O€J1Ka ¢ UCIOJIb30BAHUEM MOLIArOBOTO TUCKPUMUHALMOH-

HOTO aHaJI13a.

oMl (TpeOyromux Ha 2 IopsiaKa OobIile ornepanuii
B cJlyyae peajibHbIX 3a7a4, YeM BCe OCTaJIbHbIE) SIBJISI-
€TCs 3Tal BBIYMCIEHUS MaTPULIbl TEPEKPECTHBIX
MpOU3BEICHUI, MPONOPLIMOHAIBHEIN M X (M + 6)N
[20], rme M — yrco MpeaMKTOPOB B HAYaJIbHOM Ha-
o6ope, N — 4ncino o0beKTOB. MBI MOAM(UIIMPOBAIN
CTaHJAPTHBIA METOM, BBIYUCIIS PaCIIUPEHHYIO
MaTpuIly NepeKpeCTHbIX MPOU3BEAEHUIT pa3MepoM
(M + P)(M + P) onuH pa3. Briocienctsuu 3Ty mat-
PUILY UCTIONB3YIOT JJIS1 TIOJIyYEHUSI PETPECCUOHHBIX
byHKuM 1151 Bcex P 3aBUCUMBIX TTIepeMeHHBbIX. DTa
MoauduKanusg odecreuynBaeT paguKaibHOE TTOBbI-
IIeHWEe TIPOU3BOIUTEIHbHOCTH.

ITomaroBelii TMCKpUMUHAHTHBIN aHamm3. [Ipume-
HEHUE TIIOIIaroBOro AMCKPMMWHAHTHOIO aHajau3a
[20] mumeeT MHOTO OOIIIETO C IIPUMEHEHMEM MOLIaro-
BOT'O perpeccuoHHoro. B aToM ciiyyae ¢ nomMolibo
F-craTtuctuku Takxke onpeaessitor Habop CTaTUCTU -
YeCK! 3HAYUMBIX TPEAUKTOPOB, HO HE JJIST Mpel-
cKa3aHUs 3aBMCUMOI MepeMeHHOM, a sl KJaccu-

MOIJIEKVJIAIPHAA BUOJIOTUA

¢ukanmuyu HaOMIOIAeMBIX OOBEKTOB IO TPYIMIIaM.
AnropuTMBbl (POPMUPOBAHUS 3HAYUMBIX MPEIUKTO-
POB B CTaHAAPTHOM MOIIAaTOBOM METOAE TUCKPUMU-
HAHTHOTO aHaJiM3a M IIOIIAarOBOM PErpeCCUOHHOM
aHaJu3e MPaKTUYECKU UICHTUYHBI. Tak e, Kak U B
pPerpecCMOHHOM aHaJIn3e, IPOUCXOAUT OIIpeaeICHIE
ONTUMAaJIbHOTO Habopa IPEeAUKTOPOB C ITOMOIIBIO
METOJIa mepeKpecTHOoM npoBepku (k-fold cross valida-
tion). B xauecTBe Mephl KayecTBa IIpeacKa3aTeIbHOM
MOJIeJIM BbIOpaHa MOJIs TIPaBWIBHO KiIacCU(UIIMPO-
BaHHBIX (MpeicKa3aHHbIX) 00beKTOB. CxeMa UCTIOb-
3yeMOI0 B HaIlleii METOIMKE MOIIArOBOI0 JUCKPUMM--
HAIIMOHHOTO aHaJIn3a n300paskeHa Ha puc. 16.

PE3VJIIBTATBI UCCIIEAOBAHUA

OmmicaHHbIe B MPEABIOYIINX pas3aenax ITOIXOMbI
peanu30BaHbl B BUJIE MTaKeTa MporpaMM IJIsl reHepa-
LHUA U TECTUPOBAHMsI HAOOPOB IPEIUKTOPOB OIMU-
CAHHBIMH BBIIIE CTATUCTUYECCKMMHA METOJAMM.

Ne 1
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HMnmocTpanust npuMeHEHUST Halllero ITakeTa mpo-
rpaMM K peaJibHbIM 3a7adyam TIpeacTaBiisieT oopaiie-
HHe K KJIACCUYECKOM 3ajade Mpeacka3zaHus BTOPUY-
HOW CTPYKTYphI 6esika. [1pu 3ToM ncnonb30Baiu Bce
yKa3aHHbIE BHIIIIE TUITBI IPEAUKTOPOB. B yacTHOCTH,
MBI BBIITOJTHSIIA CO3aHMe M OTIaAKY IIpeacKa3aTellb-
HOWM MOJEJN ¢ MPUMEHEHUEM BEIYMCINTEIbHBIX ITPO-
Lieayp, KOTOpble 00ecIieunBaloT OlLEHKY BKJIaga OT-
JIeJIbHBIX IIPpeaAuKTopoB. OTIagka MOIeIu — UTepa-
TUBHAs TIPOLIEAYpa: Ha KaXOOW WTEpallMUA CTPOSIT
MpencKa3aTe/ibHyI0 MOJIEb, 3aTeM PEAAKTUPYIOT Ha-
0Op MPEIUKTOPOB, UCXOIs U3 CTATUCTUYECKOM 3HA-
YUMOCTH KaXXIOTO MPEAUKTOPa ¥ KaUyeCTBa IOJIydeH-
Hoii Mmogenu. [Tpu co3maHuu MOIEN UCITOJIb30BaAIN
IIOCJICIOBATEIbHO IIOIIArOBLIE PErPECCUOHHBLIN U
JTUCKPUMUWHAHTHBINA aHan3bl. TeXHUYECKU COBpE-
MEHHBIE KOMIIBIOTEPhI IMO3BOJISIOT 3a1aBaTh 0OJIb-
IO YMCJIO TIPEAUKTOPOB IjIs1 00y4eHUST MOJEIH (IO
10000 u 60xee). IIpouienypa BBHISIBIIEHUST 3HAUMMBIX
MPEAVKTOPOB TO3BOJISIET IIar 3a IIIaroM BBISBIISITH
MMEILIMECS 3aKOHOMEPHOCTU, MOIUMDUIIUPOBATH U
KOMOWHUPOBATb MNPEAUKTOPHI, YIy4llas MpU 3TOM
MOJIeJIb.

Cos3gaHue MoAeau IIpeAcKa3aHUs COCTOUT U3
IByx TaroB. Ha mepBoM 3Tane MCIONb30BaHA pe-
rpecCUOHHAas MOACb IS TIpeacKa3aHus Kiaccupu-
KalLlU 110 0000IIEeHHBIM KOOpauHaTaM 1 16 6a3o-
BBIX CTPYKTYp (protein blocks) [14] (puc. 1a), 3atem
5T 000O0IIEHHbIE KOOPAWHATHI MCIOJIb30BaId KakK
MIPEAUKTOPHI (BMECTE C TOMOJHUTEIbHBIMU ITPEINK-
TOpaMu) I ITOCTPOCHUSI MOJIEIN C IIOMOIIBIO I10-
IIIarOBOTO AUCKPUMUHAHTHOIO aHaau3a (puc. 10).

ITpownioctpupyeM TIepBblid  3Tal  CO3AaHUS
MpeacKa3aTeJIbHOM MOAS/IM Ha MpUMepe IByX Haubo-
Jiee BaXXHbIX HAOOPOB NMpeauKTopos. [TepBblii U3 HUX
OCHOBAH HCKJIIOUYUTEIbHO Ha (PU3UKO-XUMUYECKUX
CBOICTBaX aMMHOKUCJIOT U3 0a3bl JaHHBIX AAindex,
UCTONBb3YIOIIUXCS 111 GyHKIITMOHAIBHOTO Mpeodpa-
30BaHus 1o popmyiie (1). B riporiecce oTinanku TakKux
MPEIUKTOPOB OMPOOOBAaHBI HE TOABKO Bce 30 mIkas
ruapodOOHOCTU U3 3TOH 6a3bl, HO U BCE OCTaJIbHbIE
cBolicTBa M3 3TOH 0a3wl. OKa3anoch, UTO HauboJsee
3HAQYMMBbI TIPEIMKTOPHI, COCTaBJICHHBIEC IIO IIIKaje
WERD780101, koTopast opMagbHO HE OTHOCUTCS K
ruapodoOHOCTH, a XapaKTepru3yeT CKIIOHHOCTb aMU -
HOKMCJIOT OBITh BHYTpM DI0Oyibl Oenka [21]. Tlpu
9TOM CpeJU BCceX ONMPOOOBAHHbBIX 3HAUEHU TIepuoja
BBISIBJICH TIEpUOI, PaBHBINM 3.6 ocTaTkKaMm, 4TO COOT-
BETCTBYET O-CIIUpajibHOM KoHpopmauuu. OmnTu-
MajibHas JyiMHa ¢parMeHTa, Ha KOTOpO# 3TOT Mpe-
JUKTOp HauboJiee CTaTUCTUYECKU BECOM, COCTABIISIET
8 octatkoB. Ha puc. 2 BUIHO, 4TO TUAPOMDUIBHBIE
aMUHOKMCJIOTHl OPMEHTUPOBAHbI K BOAHON MOBEPX-
HOCTH OeJika yepe3 3—4 ocraTka.

Bropoii TN IpeaIUKTOPOB MeHee OYEBMIIECH, ONl-
HaKoO IJIsT IIPeICKa3aHUsI MHOTUX U3 16 CTPYKTYPHBIX
kiaccoB ge bpesepHa (de Brevern) [17] mpeaukTopsl
3TOTO TUMa 00J1a0al0T HAUOOJbIIIEH CTATUCTUYECKOMN

MOJIEKVIJIAPHAS BUOJIOTUA

TOM 57 Ne 1

2023

3HaYMMOCTbhl0. Ha mpuMepe 3Toro Tuma npeamkTo-
POB MbI WLTIOCTPUPYEM TTOUCK aAeKBaTHOTO (DYHK-
LIMOHAJIBHOTO  MpeoOpa3oBaHUs, OTPaXalwouUlero
CKpbITbIE 3aKOHOMepHOCTU. [Tpu 3TOM MBI UCXOAUITHU
U3 MPEATONOXKEHUSs, YTO eCIn JJis BceX (hpparMeHTOB
(B JaHHOM cJlyyae MeHTAIeNTUA0B), UMEIOLINX MO-
CJIeI0BaTEIbHOCTh Seq, XapakTepHa KoHdbopMalusi,
O6ym3Kast K OmHON M3 16 MmIaGIOHHBIX CTPYKTYp Oe
BpeBepHa, To cpenHee pacctossHue (RMSD) mexny
3TUMHU (hparMeHTaMU U BTOH IIAOJIOHHOMN CTPYKTY-
poii OyneT MeHblile, YeM CpeIHEE PACCTOSTHUE MEXTY
9TOM Xe IIa0JIOHHOM CTPYKTYypOil M (pparMeHTaMu
BCEeU BLIOOPKU. DTO paCCTOSIHUE MOXKET ObITh 3aIlu-
CaHO TaK:

Noeo(seq)

N
DR Ri(seq)

F(k,seq) = - - , 4
s = = = N e @

rme k — HoMep IIAOJIOHHOI CTPYKTYphl (protein
block), N — ob1iee ynciao ¢pparMeHTOB oOy4daroiei

BBIOOPKU, N, ..(seq) — uuciio ¢hparMeHTOB C TocCIe-

ocCcC
JIOBaTEJIbHOCTBIO seq, R;(k) — paccTtositHue OT i-TO
¢parmenTa no k-ro protein block, R.(k,seq) — pac-
CTOSTHHE OT i-TO (hparMeHTa C MOCJIeTOBaTEIbHOCTHIO
seq 0o k-ro protein block. MakcumMyM BeipaxkeHUsI (4)
COOTBETCTBYET MaKCHUMaJIbHOM OJIM30CTU (DparMeH-
TOB C TIOCJIEIOBATEILHOCTBIO Seq K k-i 11a0JTOHHOM
cTpykType (protein block) ne BpeBepHa.

Ho xakx wMoxHO CpaBHHMBATh cCjly4daun, KoOria

N,..(seq) =1n xorga N (seq) =100? Kak 1o6UTb-
CsI TOTO, YTOOBI BKJIaJ 3TOTO MPEIUKTOpa B perpec-
CHUOHHYIO (PYHKIIMIO ObUI TMHEWHBIM? BBITOIHMIN
TECTUPOBaHUE PA3IUUYHBIX (PYHKIIMOHABHBIX Mpe-
00pa3oBaHUil U B UTOTE MPEAUKTOPHI, 3adaBaeMble
dopmynoii (5), cranum Hamboyee CTAaTUCTHUYECKU
3HAYUMBIMU:

F(k,seq) = In[l + In(1 + N..(seq))] X

N Noce(seq)
DRk D Rik,seq) )
% i _ i
N Nocolseq)

AJlaBuUT He 00s13aTeIbHO UMEET JJIMHY 5 ocTaT-
KOB, COBITQIAIONIYIO C JIMHOM 1IaOJIOHHBIX CTPYKTYP
ne bpesepHa. B manHoIf 3agade B IIpoliecce OTIagK1
MOZEJIN MBI IOAOMPaIn peayLupOBaHHEIE al(aBUTHI
JUIMHOM 10 15 0CTaTKOB, UCIIOIB3YS pa3IMYHbIC CIIO-
coOBI pacripeaeeH1us aMUHOKMCIIOT 110 9KBUBaJIEHT -
HBIM rpymnmnam. B yacTHocTH, caMblii 3HAUMMBII IIpe-
JIUKTOp [UTS TIpeAcKazaHusi KoHbopMaimu [-crost
(protein block “D” ne BpeBepHa) nmoaydeH o dop-
MyJie (5) oS ciiydast peayLuyMpoBaHHOro ajdaBuTa
I pparMeHTa JJIMHOM 7 ocTaTKoB (Tabd. 2).
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GLU 390

Puc. 2. ®opMupoBaHue NpeaUKTOpa, CBI3aHHOTO C IIEPUOANYECKUMU BapUaLIMSIMU 'MIpodOOHOCTH, BIOJIb LielH B 6eike 1P1M.

Obyuarowas vlbopka

MBI UCITONIB30BAJIM CTAHIAPTHBIM METOH CO34a-
Hus oOyuaromux BeioOopok PISCES30 [22]. Otbop
O0enKoBBIX Heneit 13 PDB BoiIToIHEeH Mo Caeayonmm
napaMerpam: paspeiueHue He xyxe 2.5 A, R-dakrop
He MeHee 1.0 1 ToMoJIorHs TOCIeI0BaTEIbHOCTEM He
6osee 30%. B utore mmoydeHa obyJaromast BHIOOpKa,
cocTosias u3 17148 HeroMmoJJOrMYHbIX OEITKOBBIX 11€-
e, CTPYKTYPhl KOTOPBIX ONpPEIe/IEHBI ¢ ITOMOIIBLIO
PEHTIeHOCTPYKTYPHOT'O aHAJIN3A.

Ilpedckaszanue emopuunoli CmpyKmypot

Oo0yuato1iiasi BHIOOpKa 151 OLIeHKU 3 HEKTUBHO-
CTM MOJIeJIU MpeAcKa3aHus pasaesieHa Ha IBe YacTy B
cooTHouIeHU! 4 : 1. BOmbIIyIO 9acTh NCITOJIL30BaIA

MOIJIEKVIJIAPHAA BUOJIOTUA

JJIA 06yqu1/15{, MCHbLIIYIO — IJIsd OLHCHKHN Kade€CTBa
IIpeacKasaHus.

INpenckazanue BemoaHsuIu 11 Tpex DSSP kirac-
coB (o.-criupanb “H”, B-cnoit “E”, HeynopsizodeH-
Has cTpykrypa “—”). KadecTBo mpeacka3aTelbHOM
MOJIEJIU MOXHO OLIEHUTh TIPU MOMOIIU MAaTpUIIbI
om60K (confusion matrix), TMaroHaJIbHbIE JIEMEH-
Thl KOTOPOI COAEpXKaT YMCJIO PaBUIbHO IIpeacKa-
3aHHBIX KOH(OpMAaIMii COOTBETCTBYIOIIETO KJIacca,
a 3JIeMEHTBI KaXKI0i CTPOKM XapaKTepU3YIOT pacrpe-
JleJIeHUe IIpeacKa3aHuii 1o kjiaccaM. B Ttabi. 3 mpu-
BEIEHBI Pe3YJIbTAThI, MMOJIyYeHHbIE IJI1 KOHTPOILHO
BbIOOpKU. B yactHocTu, kinacc H (o-cniupaib)
Berpetwiicst 307026 pas (281863 + 5 + 25158). U3
HUX 3TOT KJIacC BEpHO npeackasanu 281 863 pas, 5 pas
Ne 1

TOM 57 2023
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Tabomuna 2. PacripenesieHrs1 aMAHOKUCIIOT MO TPpyIIIam Iijist hparMeHTa IJIMHOM 7 OCTaTKOB

Cnsur PacrnipeneneHne aMUHOKUCIIOT T10 TPYIIIaM dKBUBAJIEHTHOCTU
-3 [A] [R] [N] [D] [C] [QI [E] [H] [1] [L] [K] [M] [F] [P] [S][T] [W] [Y] [V] [G] [P]
-2 [A] [R] [N] [D] [C] [Q] [E] [H] [1] [L] [K] [M] [F] [P] [S][T][W] [Y] [V] [G] [P]

1 [ALMC] [VIFYWKRHDENQST] [GP] [0] [X]

0 [ALMC] [VIFYWKRHDENQST] [GP] [X]

1 [ALMC] [VIFYWKRHDENQST] [GP] [O] [X]

2 [A] [R] [N][D] [C] [Q] [E] [H] [I] [L] [K] [M] [F] [P][ST[T][W][Y][V]IIG]IP]
3 [A] [R] [N] [D] [C] [Q] [E] [H] [1] [L] [K] [M] [F] [P] [S] [T] [W][Y] [V]II[G] [P]

Ta6muna 3. Marpuiia omm6oK st Tpex KiiaccoB DSSP

ConepkaHe OMH60K
DSSP-xiace qUCITO %
H E — H E —
H 281863 5 25158 91.80 0.001 8.19
E 212 139392 42698 0.12 76.46 23.42
- 26264 44671 239587 8.46 14.39 77.16

omnboYHO Kak [-cioit u 25 158 pa3 HeBepHO Kak He-
YIIOPSITIOYEHHYIO CTPYKTYPY.

Y100bI OMOTHUTEIBHO NPOKOHTPOJIUPOBATH Ka-
YeCTBO TpelcKa3aTe/bHOM MOAeIr, UCMHOJb30Baln
KJIaCCMYECKYIO BBEIOOPKY mentumoB CB513 [23], ko-
TOPYIO IIUPOKO MPUMEHSLIU IPyTrUe aBTOPHI IJIsI aHa-
Juza 3(PdEeKTUBHOCTM METOIOB TIpeacKa3aHus U
CpaBHEHUSI 3TUX METONOB MeXny coOoii. Brroopka
MpeacTaBiisieT codoii Habop 513 GenKoBhIX LieTeil (1
yacTeil 6eJIKOBbBIH lierieit), TogoOpaHHbIX CleLUalb-
HO JJIsl TIEPEKPECTHOM MPOBEPKU METOMIOB MpeENCcKa-
3aHUSI BTOPUYHOI CTPYKTYpPHI TaK, YTOObBI MUHUMMU-
3UpOBaTh BJIMSIHME BHYTpPEHHEI romosioruu. Takxke
Mbl BBITTOJIHWJIA CPpaBHEHVE TOYHOCTU MpeacKa3aHuit
HaIllero METOo/Ia C IPYTMMU COBPEMEHHBIMU METOAAMHU
MpenckKa3aHus CTPyKTyp, TakuMu Kak GApred [24],
SPIDER?2 [25], Jpred4 [26], FSVM [27], SSpro5 [28].
Pesynbrarhl mpeackasaHus, BBITIOJHEHHbIE TTpea-
raeMbIM HaMU MOJAXOJ0M, U UX CPABHEHUE C IPYTUMU
MeTonaMU (JaHHbIE APYTMX MPOTPaMM IOJIyYeHbl U3
paboThl [24]) npuBeneHsbI B TaoI. 4.

OBCYXIEHHWE PE3VIILTATOB

IMomyyeHHOE KadecTBO IIpencKa3aHUsT IS Tpex
DSSP-xitaccoB cocrasisier Q3 = 82.62% miIst KOH-
TPOJBHOM MOABLIOOPKM M3 HAlllel 0Oydalolieil BbI-
60pku u 81.44% nins Beioopku CB513 [23]. Dot pe-
3yJIbTAaT TOBOPUT O BEICOKOM Ka4eCTBe TIpeacKa3aHusl.
Jlyamune, Tak Ha3bIBacMbie state-of-the-art, MeTOmbI
npeacka3zaHus o0ecIieanBaloT KadecTBo Q3 B muara-
30He 80—85% [29—32], x0T B 3TOI paboTe Mpeacka-
3aHWE BBIMOJNHSIM 0€3 WCITOJIb30BAaHUS METONOB
MaIIMHHOTO OOYy4YeHMS U JAHHBIX O TOMOJIOTMYHBIX
oenkax (pakTuuecku, pe3yabTaT MOXHO Ha3BaTh
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Taomuna 4. CpaBHeHME TOYHOCTU MpEACKAa3aHUil Tpex
DSSP-knaccos, BeinmoniHeHHOE 171 Beioopku CB513 pas-
JIMYHBIMUA METOIaMMU MpeacKa3aHus

DSSP-kiacc
Merton,
Q3 H E -
GApred 85.3 83.3 85.5 84.8
SPIDER2 73.5 72.4 79.3 78.7
Jpred4 65.6 60.2 63.4 67.1
FSVM 83.0 82.0 80.0 79.0
SSpro5 82.0 78.3 83.0 80.5
Hair meTon 81.4 91.2 76.3 76.2

INpe€aABapuUTCIIbHBIM OJIdd TTOCICAYIOIIEro InmpuMeEHE-
HUA MCTOJOB MallilMHHOTI'O O6y‘ICHI/IH).

OueBuaHo (Ta0. 3 1 4), YTO HAMTYYIIasi TOYHOCTh
npenckasanuii (91%) monyuyena mia DSSP-knacca H
(o-cipaiib). DTO CBSI3aHO € TeM, uTo Kiacc H Hau-
0oJiee CTPYKTYpPHO OTHOPOJIEH U TOUYTU TOJTHOCTbIO
coBMajaeT ¢ MpeackazaHuem kKjiacca M U3 CTpyK-
TypHOIl Knaccudukauuu ge bpesepna [17]. Ilpu
5TOM OIIMOOYHBIE JTOXKHOOTPUIIATENbHBIE MTPEACKa-
3aHusT (8%) OTHOCATCS K KJIACCy HEYITOPSIOYCHHBIX
CTPYKTYp (0003HaYaeMbIX “—“ B pa3MeTKe 3 KJIacCOB
DSSP). BHyTpu 3TOro kjacca, COrjlacCHO CTPYKTYp-
Holi knaccudukanuu DSSP, umeercs kinace T (turn),
KOTODBIIi CTPYKTYPHO OJIM30K O-CITUpaiu. DTUM (pak-
TOPOM OOBSICHSIOT JIOXKHOTIOJOXKUTENbHBIE MPEACKa-
3aaus (8%) mrs kimacca H co cropoHsl Kinacca “—”.
B Hamreit mopmenu mipenckaszaHus O-CIIMPabHOTO
Kiacca u kiacca E (B-cioit) mpakTuiecku He nepe-
ceKaloTcsl. DTO BIIOJHE OXUAAEMO, MOCKOJIbKY 3TU
KJIacChl MaKCUMaJIbHO CTPYKTYPHO pasnuyarorcs (B
cMmbiciie RMSD Mmexny nmeHTtanenTtumaMu), a Ipe-
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ckazannusg DSSP-xinaccoB ocHOBaHBI Ha mpeacKasa-
HUU pacrpenesieHuss mo 16 CTpyKTypHBIM OJIOKaM
ne bpeBepHa. OTMETHMM, 4YTO paCcCTOSIHUE MEXKIY
CTPYKTYPHBIMHM OJioOKaMX M, COOTBETCTBYIOIIUMU
naeagbHOM O-crimpanu, u D, O1u3KMMHM K aHTUTIA-
payenbHOMYy B-cioto, cocrapisiet 3.12 A u 61m3ko
K MakKCHMMAaJIbHOMY CpeIu ITOHapHBIX PaCCTOSHUI
U1t 16 CTPpYKTYPHBIX K1accos [14].

Tounocthb nipenckazanust DSSP kiacca E (B-cioir)
(76%) 3ametHO HIDKe Kiacca H (oi-crimpaib) BBUIY
TOTO, UTO CPEIIU KJlacca HeYNOPpsIHOYEHHBIX CTPYKTYP
MPUCYTCTBYIOT KOH(MOpMaluu, O0Ju3kue (B CMbICIIE
RMSD) x npenckassiBaeMomy Kiaccy E. D1o mpuBo-
JINUT K 3HAYUTETbHBIM JTOXKHOMOJIOXUTEIbHBIM (23%)
1 JOXHOOTpULIaTENbHBIM (14%) ommmbokam.

CrpykTypHyto Kiaccudukanumo DSSP onpenensi-
IOT MPEeUMYIIECTBEHHO MO BOJOPOIHBIM CBSI3SIM
OenKOBBIX Iienei, moatomy Taknme DSSP-kiaccwr,
Kak [3-coM, UMEIOT pa3MbITYIO CTPYKTYpY. Jlaxke ist
ciygast 8 DSSP-kimaccoB aTa mpo0bJjieMa oCcTaeTcs ak-
TyanbHOI. YTOOBI onncaTh OoJjiee AeTajJbHO JIOKATb-
HYIO CTPYKTYPY, CO3Mai CTPYKTYPHBIE KJIaccuduKa-
1IMM, OCHOBaHHbIE HAa IPYrux NpuHILMnax. B yactHo-
CTH, CTPYKTypHas Kiaccudukanuss ne bpesepHa
OCHOBaHa Ha (ukcupoBaHHbBIX yriax Phi u Psi mis
Kaxaoro u3 16 CTPYKTypHbIX OJIOKOB. TOYHOCTH
MpencKa3aHusi, OCHOBAHHOIO Ha (hU3MKO-XUMUYE-
CKUX CBOMICTBaX aMUHOKMCJIOT, B 3TOM CJIydae cocTa-
Bwia Q16 = 67.9% [14], mpu 3TOM TSI OL-CITUPATBHO-
IO CTPYKTYpHOTO Ojjoka “M” TOYHOCTH mpenckKasa-
Hust ipeBbicuiia 97 %. TTocKoNbKY ISt penacKa3aHust
Mbl HE UCTIOJIb30BaJli MHOXECTBEHHbIE BbIpABHUBA-
HUS TTOC/IeIoBaTebHOCTE M, 3Ta TOUHOCTb, O-BUIU-
MOMYy, oIllpelielieHa TeM, YTO yIajJoCh HalTU Cyllle-
CTBEHHbIE (DU3UKO-XMMUYECKUE NapaMeTphbl, omnpe-
JIEeJISIIOIINE CTPYKTYPY 3TOTO CTPYKTYypHOTro OJioKa.
DT napameTphl 3aJaHbl B BUIE MPEIUKTOPOB, CO-
3MaHHBIX 1 OTOOPAHHBIX C TOMOIIIBIO TIpeaiaraeMbIX
HaMU aJITOPUTMOB CO3aHUS MPEAUKTOPOB U OTJa/-
KU TIpeacKasbiBalolieil Mmoaeau. MHorvue npeamukTo-
pbl yIaJoCh WHTEpHpETUpOBaTh (Harpumep, Ipe-
JIUKTOPHBI, 0Opa3zoBaHHbIE 110 hopmyJie (1)).

Kak BugHo u3 tab6i. 4, Ha BeIOOpKe CB513 [23]
Halll METOII B €r0 TEeKYIIEH peaan3alui CylIeCTBEH-
HO JIy4llle IIpeAcKa3bIiBaeT Ol-COupan (IIPEeBOCXOAS
Ha 8% nmaxe “reHeTndeckue” aJrOpUTMbI U Ha 9% u
6onee npyrue state-of-the-art MeToabl) U TIPOSIBUI
ceOsl HECKOJIbKO XyXXe B TpeacKasaHuu [-cioes
(ycrymnast 9% “reHeTndecKoMy” aJITOPUTMY U OTCTa-
Basi OT HauboJiee TepeaoBhIX state-of-the-art MeTo-
JIOB 10 7%) 1 HEYIIOPSIIOYEHHBIX CTPYKTYp (OTCTaBa-
HHUE OT “TeHeTHYecKoro” ajaropurma — 9%, ot Haubo-
Jiee TepenoBhIx state-of-the-art MeTonoB — 4%). D10
MOXET OBITh CBSI3aHO C T€M, UTO Hallle TIpeAcKa3aHue
Ol-CTIMpajy MPOIEe CBSI3aTb UMEHHO CO CTPYKTYPHbI-
MU IapaMeTpaMU, ITOCKOJIBKY CTPYKTypa O-CIUpaInd
3agaHa Ooliee (opManM30BaHO, YeM CTPYKTypa
B-cioeB 1 TeM GoJsiee HEYMOPSIIOYEHHBIX CTPYKTYD.

MOIJIEKVJIAIPHAA BUOJIOTUA

Kpowme toro, -cioun cTpyKTYpHO OJU3KM K HEKOTO-
pBIM ydacTKaM, OTHOCUMBIM K HEYIOPSIIOYEHHBIM
(HampumMmep, JieBasi ciupaiab Tuna noaunpoiauH II).
IIpakTuuecku ONMHAKOBBIE MPOCTPAHCTBEHHbIE
CTPYKTYPBI, OJIU3KHE K KOH(bOpMAIiK [3-C10s1, MOTYT
OBITh OTHECEHHI K pa3HbIiM DSSP-k1accaM TonbKo 110
HaJIMYMI0/OTCYTCTBUIO XapaKTEPHBbIX BOIOPOIHBIX
CBsI3eit, HEKOTOpbI€ U3 KOTOPBIX BOOOIIE MOTYT ObITh
cchopMUPOBaHbI pa3HbIMU OEJIKOBBIMU LEeNsIMU. MTH-
¢dopmalirio 11 OTHECEHMSI TaKMX CIIOPHBIX ydyacT-
KOB K OJHOMY M3 KJIAaCCOB, MO-BUIAMMOMY, MOXHO
MOJYYUTDh UCKITIOUUTEIbHO U3 U3BECTHOM CTPYKTYPhI
TOMOJIOTUYHBIX OEJIKOB MOCJE UX BbIPABHUBAHMUS T10
rocjenoBaTeIbHOCTU. B mpemiaraeMoM MeTone Mbl
HEe MWCIOJIb30BAJIM BbIpaBHUBAHUE TIOCJIEIOBATEb-
HOCTel, IOCKOJIbKY 3aHMMAaJIMCh WJLIIOCTpalueil
BO3MOXHOCTEN MeTo/a TeHepalluM U OTJIagKa Habo-
pa NpeaIuKTOPOB.

SAK/IIOYEHUE

IMpemnoxeHa MeTonnka (GOPMUPOBAHUS U YCO-
BEpIICHCTBOBAHMST HAOOPOB MPEIUKTOPOB IS TT0-
cJIeIyIOIIero UCITOJIb30BaHMs B 3aJa4ax Ipenckasa-
HUS CTPYKTYPHI M (PYHKIMI Gejlka MeTomaMM Ma-
IMMHHOTO 00OydeHmsa. [lpencraBieHBI HpUMeEPHI
dopMupoBaHUSI HAGOPOB MPEAUKTOPOB PA3HBIX TU-
noB. [IpuBeneHbI IPUMEPHI, WJITIOCTPUPYIOIINE pa-
60Ty makera mporpamMMm. Omrcana mpoliienypa 3ana-
HUS TI0JIb30BaTeIeM COOCTBEHHBIX MPEANUKTOPOB 1O
AHAJIOTUH C yKe MIPUCYTCTBYIOIINMU B OMOIOTEKE.
[MpencraBieHHas mpoueaypa YCOBEPILIEHCTBOBAHUS
MpeAcKa3aTeIbHON MOIENIM C TOMOIIbIO PErPECCUOH-
HOT0 W AUCKPUMHWHAHTHOTO aHAJIM30B — MOIIHBII
WHCTPYMEHT ITOMCKa M TECTUPOBAHMS HATMIMSI CKPBI-
TBIX 3aKOHOMEPHOCTEM, 3aJI0)KEHHBIX B MCXOMHBIX
nmaHHBIX. [1oy4eHHBIE ¢ HOMOIIBIO MAIlTMHHOTO 00Y-
YeHUsI pe3yIbTaThl 3a9acTyIO0 BeCbMa CJIOXKHO MHTEP-
MPETUPOBATh, B TO BPeMsI KaK MPeaI0KEHHBIN METO
TTO3BOJISIET BBISIBUTH (DM3UKO-XUMUIECKIE (DAKTOPHI,
OITIpeNEIISTIONINE CTPYKTYPY OeKa.

I'eHepanuio NpeauKTOPOB U YIIydIlleHUe MOIEIIH C
MPUMEHEHUEM KJIACCUYECKUX CTATUCTUYECKHX Me-
TOJIOB MBI paccMaTpMBaeM KaK IOATOTOBUTEIbHYIO
OpoLEeAypy IJisl COBPEMEHHBIX METOAOB MAIlIMHHOTO
0Oy4YeHUsI, XOTS IPHU YIAYHOM BEIOOpE M TTOCIEIYIO-
el ONTUMHU3ALMM Habopa BXOMHBIX IIPEAUKTOPOB
HUCIOJIb30BaHMeE KJIACCUYECKUX METONOB ITOCTPOCHUS
npeacKasaTellbHbIX MoeNeil o6ecIrieunBaeT BIIOJIHE
KOHKYPEHTOCIIOCOOHBIE Pe3yJIbTAThI.

IMIpumeHeHWe TIpenIOKEHHOU METOINUKMW CcO3da-
HUSI TIPEIUKTOPOB ISl TIpeacKa3aHusl CTPYKTYpPhI 1
GyHKIIMI OejlKa MEeToJaMU MAaIlMHHOIO OOydeHMS
OyIeT MPpOoJOIKEHO HAaMU B MOCSAYIOIINX paboTax.
Kpome mpuMeHeHMsI METONOB MAaIIMHHOIO 00ydYe-
HUSI Mbl TUIAHUPYEM MNOAKJIIOYUTH WH(MOPMALIUIO O
CTPYKTYp€ TOMOJIOTMYHBIX OenkoB (template-based
method) 1 co3maTh aJITOPUTM IIEPEKITIOUCHUST MEXKITY
template-based method n non-template-based method
Ne 1
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METO/J KOMIINIEKCHOT'O ®OPMHWPOBAHHNA IMTPEAUKTOPOB

B 3aBUCHUMOCTH OT IIpeacKa3biBaeMoro 6enka. [Toka-
3aHO, YTO MOAOOHBIN MOAXON MPUBOAUT K MOBBIIIIE-
HUIO TOYHOCTH Ha 3—6% [33]. BecbMa mepcrieKTuB-
HBIM TIpEACTaBJIsSCTCS TMPUMEHEHNE U3IOXEHHBIX B
paboTe MeTOIOB IJIsI TIpeAckKa3aHusl OoJyiee IeTalb-
HBIX, YeM BTOPUYHAsSI CTPYKTYpa, CTPYKTYPHBIX Kjlac-
cuduKaLii, HAIpUMEP MO CTPYKTYPHBLIM OJIOKaM
ne bpesepHa [17] nnu e1ie 6oJiee TeTaTbHBIX KJIaCCH-
duKaumMii ¢ pa3IMYHBIM YMCJIOM 3JIEMEHTOB U pa3-
JINYHOI IIMHOM (PparMeHTOB, KOTOPHIE MbI CITEIIM-
aJlbHO pa3pabaTeiBaeM [ 14].

B TexyiieM Buae npemioXeHHbI METOm U IIpo-
rpaMMHOE 00€eCTIeYeHUE MOTYT OBITh UCIIOJIb30BaAHBI
B cocTaBe KOMOMHHWPOBAHHOTO TOAXONa, COYEeTalo-
IIETO WCIOJIb30BaHWE PAa3JIMYHBIX METOMOB/IIPO-
rpamMM TIpefCKa3aHWs IJIsl TIEPBUYHOTO TpeacKas3a-
HUSI KOOPAWHAT O/-CITUPATIbHBIX Y9ACTKOB B ITPEICKA-
3bIBAEMBIX MENTUAAX, MOCKOJBKY IO TOYHOCTHU
MpeackKa3aHus TaKUX YYaCTKOB MPEIIOKEHHBII Ha-
MU METOII M €T0 MPOTPaAMMHASI PEANM3ALUS CyIIe-
CTBEHHO ITPEBOCXOIST BCE CYLIECTBYIOIIME aHAJIOTH.

AsBTopnI O1arogapHbl LIeHTpy BRICOKOTOYHOTO pe-
JTaKTUPOBAHUS U TCHETUYECKUX TEXHOJIOTUIA 1151 OMO-
MEIUIHBI 32 BHIYUCIUTEIbHBIC MOIIMHOCTH, IIPEIO-
CTaBJICHHBIE JIJIS1 BHINIOJIHEHUSI 3TOM pabOTHI.

PaboTa BeInoiHeHa npu nomaepxke Poccuiicko-
ro HaydyHoro ¢oHaa (22-24-01088).

Hacrosast crates He COACPXKUT KaKMX-JIU00 UC-
CJIEIOBAHUM C yqaCcTuemMm JIIOIIEM VIV XKUBOTHBIX B Ka-
YeCTBE OOBEKTOB UCCIICIOBAHMIA.

ABTOpBI 3asBJISIIOT 00 OTCYTCTBUMM KOHGJIUKTA
WHTEPECOB.

JOTTOJIHUTEJIbHAA MTHOPOPMALIUA

Peanu3zaiiug mpeaiokeHHOTO MeToa B BUJIE Ia-
KeTa KPOCCIUIAaT(OPMEHHBIX IPorpaMm Ha si3bike C++
JoctynHa 1o azapecy https://github.com/Milchevskiy/
protein-encoding-projects.
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for ML-Based Prediction of the Local Protein Structure
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Recently, the prediction of protein structure and function from its sequence underwent a rapid increase in
performance. It is primarily due to the application of machine learning methods, many of which rely on the
predictive features supplied to them. It is thus crucial to retrieve the information encoded in the amino acid
sequence of a protein. Here, we propose a method to generate a set of complex yet interpretable predictors,
which aids in revealing factors that influence protein conformation. The proposed method allows us to gene-
rate predictive features and test them for significance in two scenarios: for a general description of the protein
structures and functions, as well as for highly specific predictive tasks. Having generated an exhaustive set of
predictors, we narrow it down to a smaller curated set of informative features using feature selection methods,
which increases the performance of subsequent predictive modelling. We illustrate the effectiveness of the
proposed methodology by applying it in the context of local protein structure prediction, where the rate of
correct prediction for DSSP Q3 (three-class classification) is 81.3%. The method is implemented in C++
for command line use and can be run on any operating system. The source code is released on GitHub:
https://github.com/Milchevskiy/protein-encoding-projects.

Keywords: local structure prediction, protein secondary structure prediction, protein function, protein se-
quence encoding, protein conformation, stepwise regression, stepwise discriminant analysis
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