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KIBEPHETMKA
ta KOMIT'IOTEPHI
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3adauy eusnauenms nNpocmoposoi cmpyKmypu
binka  GiOHOCAMb 00  HAUBANCTUBIUWUX — He-
PO38 A3aHUX 3a0ay TOOCMEAd. 3HAUHUX YCNIXi8 )
YbOMY HANPAMKY 80AN0CA 00CAMU, BUKOPUCTHO-
syrouu Gioingopmamuuni memoou. Iloeonanms
Memooi6 MHONCUHHO2O BUDIGHIOBAHHSA, MAWUH-
HO20 HaGYaHHA ma onmumizayii 003601uUNU
CYMMEBO NPOCYHYMUCL Y GU3HAUEHHI OLIKOBUX
CMpPYKMyp ma 00csiemu MmoyHOCMI eKcnepume-
HMATbHUX Memoois. 3adaua 6U3Ha4eHHs cCmpy-
Kmypu OILIKi6 € HACMITLKU 8AJICIUBOI0 MA AKMY-
anbHOI0, WO 8 OOCTIOHUYLKUX KONAX 2080PAMb
npo neputy HOOENBCLKY Npemilo, 5Ky Modice
Oymu  npucyodceHo  ancopummy MAawuHHO20
HABYAHHS.
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Beryn. 3agaua BU3HaueHHS MPOCTOPOBOI CTPYKTYpH Oif-
KiB — IIe OfHA 3 HAaHBaXJIHMBIMIMX HEPO3B’SI3aHUX 3a7ad
mroAcTBa. JKUTTS Ha maHeTi 3eMils Ha3MBaIOTh O1IKOBUM,
OCKLITBKHM O1IKOBI MOJIEKYJH — PYIIii MPOMECiB YKHUTTEMI-
SUTHHOCTI Y )KMBHX OpraHi3Max. BiJIKu CTaHOBIATH ONH3b-
ko 80 % cyxoi MacH KIIITHHU Ta BUKOHYIOTh PI3HOMaHITHI
(yHKIIT y KMBIM KIITHHI: BOHH ()OPMYIOTH KIITHHHY
MeMOpaHy Ta ITUTOCKENEeT, SKi HaJaroTh KIIITHHI PO3MIp Ta
¢dopmy; OUTKH BUKOHYIOTH TPAaHCIOPTHI QYHKIIT AOCTaB-
KM XIMIYHHX CIIOJYK 1O THX YacCTHWH KIITHHH, A€ IIi CIO-
JMyKW TOTPiOHI; OiTKKM BHPOOISAIOTH Ta TEPETBOPIOIOTH
EHEPrilo, siKka HeoOXiHa IS MIATPUMKY MPOIIECIB OOMIHY
PEYOBHH JKMBOI KIITHHH; TaKOX OIJKH KOIIIOIOTH
Ta TEPETBOPIOIOTH TeHETHYHY iHGopMarito. B3ararmi, 6ii-
K Oinpllle HaragyloTh OiOMOJIEKYISIPHUX HAHOPOOOTIB,
NPUHOUIN TOOYAOBH SKHX HE B3aJIMINAIOTHCS HE3pO-
3YMIIAMHU.

KoxxeH Oinok siBisie cOOOIO JIAHIFOT aMiHOKHUCIOTHHX
3QJMIIKIB, IIOB'SI3aHUX MDK COOOH0  HENTHIHUMH
3B s3kamMu. CBo€i yHikanbHOI (yHKUii Oinox HaOyBae
IICJIS 3rOPTaHHS aMiHOKHCIIOTHOTO JIAHITIOra Y MIPOCTOPO-
BY KOH(Iryparliro Ta yTBOPEHHs J0JaTKOBHX 3B’SI3KiB (SIK
NPaBHJIO BOJHEBHX) MK aMiHOKMCIOTHUMH 3aJIUIIKAMH
naHmora. IcHye nepexoHaHHsI, 0 aMiHOKHCIOTHA TTOCTTi-
JIOBHICTH OiNlka, sika 3amucana B reHax monekymu JIHK,
MOBHICTIO BHU3HAYa€ IPOCTOPOBY CTPYKTYpY OLIKOBOI
MOJIEKYJIH 1 PYHKITITO OiKa.

OCKiNbKY 3a/1a4a CEKBEHYBaHHS (UMTaHHS) T€HETHYHOT
inpopmarii 3 JIHK Hapasi BupinIyeThCst BiTHOCHO TIPOCTO,
TO TIOCTA€ 3aBJIaHHS IIBUIKOTO BH3HAYEHHS MPOCTOPOBOI
CTPYKTYpH OIiNKIiB 32 aMiHOKHUCIIOTHHMH IOCIIJIOBHOCTS-
MHU. ICHYIOTh EKCIepUMEHTalbHI METOIU BU3HAYCHHS
MIPOCTOPOBOT CTPYKTYpH OUTKOBMX MOJIEKYI, TaKi SK Me-
TOIY MAarHiTHO-SIIEPHOTO PE30HAHCY Ta PEHTTEHOCTPYK-
TYpHOTO aHami3y. Taki MeToJIu € TOBIIBHUMH Ta KOIITOB-
HUMHM, HANPHUKIAJ, BU3HAYEHHS MPOCTOPOBOI CTPYKTYpH
OJHOTO OlJIKa METOJOM PEHTI€HOCTPYKTYPHOTO aHali3y
komtye mopsimka $ 100000 ta 3aiimae OJIM3bKO OJHOTO
POKY poOOTH KOJIEKTUBY BUCHHX.
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JOCATHEHHA Y BUSHAUEHHI ITPOCTOPOBOT CTPYKTYPHU BIJIKIB HA OCHOBI ...

Cranom Ha 2020 pik 3a JOMIOMOTOI0 €KCHEPUMEHTAIFHIUX METOMIB BIANOCS BH3HAYUTH CTPYKTYPH
s 6imemr HK 170 THC. OLIKIB, Hi CTPYKTYpH 30€piraroThCsl y BIAKPUTHX OaHKAaX MAHUX, TAKUX SK
PDB [1]. Oxpim Toro HakomudeHo 0mam3pko 200 MitH. O1NIKiB, CTPYKTypa SIKUX 3aJUIIAETHCA HEBIIOMOIO
[2] (puc. 1). Hakomm4eHHs OiNKiB 3 eKCHEPUMEHTAIFHO BU3HAYEHOIO CTPYKTYPOIO a TaKOXK JTOPOTOBU3HA
eKCIIePIMEHTAIBHUX METO/iB BU3HAYEHHS CTPYKTYPH OLIKIB CHOHYKAIOTh /IO PO3BUTKY AIbTEPHATHBHUX
MIXOMIB 0 po3B’s3aHHA i€l 3amadi. OmHIEI0 3 albTEpHATHB € MiAXiM Ha OCHOBI 0ioiH(GOpMATHKH,
JIe BUKOPHCTOBYETHCSI KOMILIEKC METOJIB MAaIIMHHOTO HAaBYAHHS, ONTHMI3alii, METO/IB CEeMIDTIOBAHHS
Ta 1HII.

PUC. 1. Crarucrtuka 3 BikpuToi 6a3u 6inkoBux cTpyktyp PDB: miopiuHa 3arainbpHa KilbKicTh
O1IKOBUX MOCTIJOBHOCTEH (CBIT/IMM) Ta MOPiYHA KUTBKICTh HOBUX OIJKOBUX CTPYKTYp (TEMHUM)

GDT T1a oumiHKH TOYHOCTi MeTOHiB BH3HAYeHHSI OUIKOBHUX CTPYKTYpP. 3 PO3BHUTKOM METOIiB
BU3HAYEHHs OUTKOBHX CTPYKTYp BHUHHKJIA HEOOXiJHICTH OIIHIOBATH TOYHICTH POOOTH TAaKUX METO/IIB.
TouHicTs BU3HAYECHHS IPOCTOPOBOI CTPYKTYpHU O1JIKa BUMIpIOEThCS 3a qoromororo Metony GDT [3], sikuit
BH3HAYAE MIPy CXOXKOCTI JIBOX BapiaHTiB MPOCTOPOBOI CTPYKTYpH Oiska 3 (iKCOBAHOI aMiHOKHCIOTOIO
MOCJIIZIOBHICTIO. Taka Mipa CX0XOCTi BU3HAYAETHCS K BIJICOTOK aMiHOKMCIOTHUX 3aJIMIIKIB, SIKI OTpPAIi-
JSI0Th Y 3a/laHUi JIOMYCTUMUH Jliana3oH po30iKHOCTeH KOOpAMHAT MPH HaKJIaJaHHI ABOX MPOCTOPOBHX
CTPYKTYp OZIHA Ha OJHY.

CASP T1a nopiBHIHHS MeTOiB BU3HAYEHHSI 0iIKOBUX CTPYKTYP. ICHYIOTh iHIL[iaTHBH, SIKi TOKJIH-
KaHi TIOPIBHIOBATH METOJY BU3HAYCHHS OLTKOBHX CTPYKTYp. Lli iHII[IaTHBU HOCATH XapakTep BiAKPHUTHX
3Marasb, € JOCIHITHUIBKI TPYIH 31 BChOTO CBITY 3MaraloThCs y BU3HAYECHHI CTPYKTYp OinkiB. Jliis mporo
BUKOPHUCTOBYIOTHCSI OUTKH, CTPYKTypa SIKMX OTpUMaHa €KCIEPUMEHTANIbHO, ajle Lie He OMyOJiKoBaHa.
Hesxki 31 3maranb, Taki sk EVA [4], opieHTOBaHI Ha aBTOMAaTH4HI MeTO/aH, Toii sik 3maranHss CASP [5]
MOPIBHIOE TOYHICTh EKCIIEPTHHUX TPYIL.

Jlist Takux 3MaraHb BHJIUISIFOTHCS. HETOMOJIOTYHI O1IKH, 110 € OKPEMOIO MPOOIIEMOT0, aJl’Ke TOMOJIOT-
YHi OUTKM MaroTh MOAI0OHI aMiHOKUCIIOTHI MOCTIIOBHOCTI Ta MPOCTOPOBI CTPYKTYPH IO MIHPOKO BUKOPH-
CTOBYIOTBCS JJIs TOOYI0BH OLIKOBUX CTPYKTYP 3a aHAJIOTI€I0 3 TOMOJIOTaMH. ICHYIOTh epeKTHUBHI METOIH
MOILIYKY TOMOJIOTIYHUX TIOCTIIOBHOCTEH y BIIKPUTUX OaHKaxX AAaHUX, TaK 3BaHI METOAU MHOXXWHHOTO
BUPIBHIOBAaHHS, IKi TAKOX BUKOPUCTOBYIOTHCS JIJIsl BUAUICHHS MHOXKMH HETOMOJIOTTYHHX O1JIKiB.

PesynbTatu 1BOX ocTaHHIX 3MaraHb y pamkax iHimiatuBun CASP (siki BiOyBalOThCS KOXHI 2 POKH)
MIPOIEMOHCTPYBAJIM 3HAUHI YCIIXU y NiepeadaueHHsI IPOCTOPOBOi CTPYKTYpH OukiB. OfHa 3 OCIiAHUIb-
Kux Tpyn npeacrasuia mertoq AlphaFold, cepeans Tounicts sikoro carnyna 87 GDT-6anis. BapTo 3a3Ha-
YHUTH, 10 TOYHICTh EKCIIEPUMEHTAIBHUX METOJIIB oOMexeHa 3Bepxy 90 GDT-6anamu B cuiy crierudiku
EKCTICPUMEHTIB 3 BU3HAYCHHS CTPYKTYpH OLJTKa.
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AHaJi3 300pa:keHb Ta OLIKOBHX CTPYKTYP 32 /I0NMOMOroi0 HeiipoHHux Mepe:k. [Ipuammm pobotn
metony AlphaFold rpyHTyeThcs Ha BHUKOpWCTaHHI MITYYHHX OaraTtomapoBUX HEHPOHHUX MEPEX st
BH3HAYEHHS PO3MOIUIIB BiICTaHEH MK 3aJIMIIIKaMH O17IKOBOTO JaHIora. [Ipy mpoMy cTpyKTypa mpeacra-
BIICHHSI TaHUX Ta IXHBHOI OOPOOKHM HAraAyloTh 3ajadi aHami3y 300paxenp. CaMe Ha 3ajjadax aHamily He-
CTPYKTYPOBaHHX JaHHX, 30KpeMa 300pakeHb, BIAJIOCS JTOCATTH 3HAYHUX YCIIiXiB 3aBISKH 3aCTOCYBAHHIO
OaraTomapoBUX INTYYHHX HEHPOHHMX MEpeX Ta TIJIIMOMHHOTO HaBYaHHA. [7MOMHHE HaBYaHHS
HEHPOHHNX MEPEX XapaKTePU3Y€ETHCS 3aCTOCYBaHHSM MHOXXHHU IAPIiB EJIEMEHTIB, B SIKUX BiAOYBarOTHCS
TMHIAHI 1 HemiHiWHI mepeTBopeHHsA. [lpm mpoMy mapW BIiAMOBIAAIOTH 3a BUAINIEHHS MPEICTABIECHB
(abo xapakTepucTHK), AKi € OLIbII 3pyYHHM criocoOoM omwmcy BXimgHuX maHux. llapm mpencrtaBieHb
YTBOPIOIOTH 1€papXidyHy CTPYKTypy, TOOTO IPENCTABICHHS BUIIOTO PiBHS BUBOIATHCS 3 IMPENCTABICHB
HWKYOTO PiBHS.

Hampuxitan, mpu 3acTocyBaHHI HEHPOHHUX MEpeX U aHAli3y KOJLOPOBHUX 300pakeHb PO3MIpoOM
(1248x1248) mikceniB, 1e KOXEH MIKCENb MPEICTABIIETHCS TPHOMa KOMIIOHEHTAMHU TPajiallii Y4epBOHOTO,
3eIIEHOTO Ta OJIAKWTHOTO, BXigHE 300paskeHHs Oyze mpezicTaBieHe ImapoM po3mipHocTi (1248x1248x3).
B meroni AlphaFold BukopucToBytoTECS OaraTomapoBi HEHPOHHI MEPEXKi, Ie BXi/IHI JaHi MPEACTaBISIOTh
cOo0O0 MAaTpUII0 XapaKTEPUCTHK Tap aMiHOKUCIOTHHMX 3aJIUIIKIB, KOXCH CJIIEMEHT TakKoi MaTpuIll
€ ~700-BUMIpHUM BEKTOpOM, TOAI SIK IMpPU aHaji3li 300pakKeHb KOXKEH eJIeMEHT aHAJOTi4HOi BXiIHOI
MAaTpHIIl KOAYBaBCs 3-BUMIPHUM BEKTOPOM.

3 METOI0 3MEHIICHHS PO3MIPHOCTI MPH aHalli3i 300pakeHb BUKOPHCTOBYIOTHCS KiJIbKa iHBapiaHTHUX
710 3CcyBY (Tak 3BaHMX KOHBOIIOILINHHX) OJIOKIB HEMPOHHHUX MEPEK, SIKi SBISIOTH COOO0I0 OaraToapoBy
PaMKy 34MTYBaHHSI, SIKa PyXaeThCs MO BXiTHOMY 300paskeHHIO pHC. 2.
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L

PUC. 2. KoHBosro1IiiiHi HEHPOHHI MEPEXKi [T aHATI3Y JJIsl BU3HAUCHHS eMOLIif

Yepes Te, mjo OaratomapoBi HEHPOHHI MEpeXi JO3BOJIHMIM JOCSATTH MPHUTOJOMIUINBUX PE3yJIbTaTiB
npu 06poOIi 300paxkeHpb (i HECTPYKTYpOBaHMX JAaHMX B3aralli), 3 HUMH TIOB’sI3aHi TIEBHI HEJONIKH, SKi
94acoM 3amo0iraloTh IXHbOMY 3aCTOCYBAaHHIO B Taly3sX 3 BHCOKOKO IIIHOK BiaMoBH. HeomHOpa3zoBo
JEMOHCTPYBAJIKCS PUKJIA/IU, KOJIU JI0JaBaHHA JI0 300paskeHHs 30ypeHb (1HKOJIM HEMOMITHHX JUIS JIIO/ICh-
KOTO OKa) MPH3BOAMJIO 10 KapAMHAIGHO BIJIMIHHHX pE3yJbTaTiB poOOTH HEHPOHHUMH Mepexi [6].
Puc. 3 MICTUTh OJIMH 3 TAKUX NPHUKIIAIIB.

Gibbon

PUC. 3. HecrioniBaHi pe3ynbTaTu poOOTH HEHPOHHOT MEpEKi MPH JTOJaBaHHI 10 300paKeHHS
HETIOMITHOTO IIyMy
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HocmimkenHs: edeKTUBHOCTI aNTOPUTMIB HAaBYaHHS 3AHINAETHCA BAKIMBUM HAIMPSIMKOM B Taly3i
IITYYHUX HEHPOHHHMX MepexX. BaximmBuM pe3ynbTaToM y IIbOMY HAIpPSAMKY € YHIBEpcallbHa TeopeMa
anpokcuMatii [7] Ta ii pi3HoBuAK. B Hiif #iaeTbes mpo Te, Mo MHPOKi Kiacu QYHKLINA MOXHA HaOIHKyBa-
TH 3a JIOIIOMOT0I0 HEHPOHHUX MepeK. [CHYI0Th pi3Hi BapiaHTH 1€l TeopeMH AJ Pi3HUX KiaciB QyHKIiK
Ta Pi3HUX TOMOJIOTiil HEHPOHHHUX MEPEeX, OTHAK TaKi Pe3yabTAaTH HOCATH MEPEBAKHO HEKOHCTPYKTUBHHI
xapaxTtep. PosrisiHeMo onHy 3 Takux TeopeM — TeopeMy LlnOenka [§].

Teopema (LluGenka). Hexail ¢:R — R — akTuBauniiina ¢yHKIis HEHPOHHOI Mepexi, sSIKa Mae BUIJIAL

0(E) =1/ (1+e™°), a akox Hexaii f :[0,1]" — R — HenepepsHa QyHKILis.
Toni

ve>0 IN,weRVN aeRN,0eRN G(,w,a,0):[0,1]" >R

TaKi 1o:
IG(x,w,a,0) - f(x)|<e, Vxe[0,1]",

aec
G(x,W,0,0) =Y c oW X +6,).

AlphaFold. Cnemudixa merony AlphaFold [9] monsrae y BukoprcTanHi 6araromnrapoBoi HEHpOHHOT
Mepexi, sKa HaBYeHA BH3HAYATH JAUCKPETHI PO3IIOAIN BU3HAYAIEHUX JIJIS TPOCTOPOBOI CTPYKTYpH Oinka
BEIIMYMH, TaKUX SIK TOPCIOHHI KyTH OLIKOBOTO JAHIIOTA Ta TOMApHI BiACTaHI MiX aMiHOKHCIOTHUMH
3aJMIKaMu Oinka. 3rofoM I PO3MOJIIIH 3rIaJKYIOThCS Ta BHKOPUCTOBYIOTHCS JUIs TOOYI0BH Au(epeH-
HiioBaHOTO OLTOK-crienM(iYHOTO MOTEHIiany, SKH, Y CBOIO HYEpry, 3aCTOCOBYETHCS JISi ONTUMI3allii
SHeprii 3a I0IOMOT0I0 TPA/IiIEHTHOTO CITYCKY Ta METO/IiB 0OMEKEHOTO CEMILTIOBaHHS.

Ha BXin MeToly noTparnise nocii0BHICTh aMiHOKHCIOTHUX 3aJIMIIKIB Oika S =(Sy,...,S; ) JOBUIbHOI
noBxuHH L. MeTtox moBepTae MmoCiiJOBHICTH MPOCTOPOBHX KOOPAMHAT 3AJIUIIKIB OLTKOBOTO JAHIOTa
c=(c,...,C_), Ae i-My 3aJMIIKy BiANOBiJa€ BIOPAAKOBaHa Tpilika KkoopauHaT C; = (X, Z)€ R,
i=1L.

ITocnioBHICTE NMPOCTOPOBUX KOOPAMHAT C=(Cj,...,C; ) OAHO3HAUHO BH3HAYAETHCSA IOCIIIOBHICTIO
nap TopcioHHUX KyTiB (¢,y), ne ¢=(¢,....d. ) T@ y=(yy,...,y¥ ) , IpUUOMy |-My aMiHOKHUCIOTHOMY
3aJMIIKY S; O1IIKOBOrO JIAHIIIOTa Bi/lNOBIa€ Mapa TOPCIOHHUX KYTiB (¢, ;) -

IMpoctopoBa cTpykTypa 0iiKa, TOOTO MOCIiJOBHICTE Tap KyTiB (¢, ), BUBHAYAETHCS IUISIXOM MiHIMi-
3alii eHeprii METOIOM IPaJi€eHTHOrO cIycKy. it boro 1ist KOKHOI O1KOBOT MMOCTIIOBHOCTI S OyAy€eTh-
cst mudepeHiioBanuii 6inok-criermgpiunmii morernian V (¢, ) , SKuif BAKOPUCTOBYETHCS [UIs MiHIMI3aIii
eHeprii y mporeci 3HaxOoKEeHHs OLIKOBOI CTPyKTypu. binmok-cmenwdiunmii motenmian V(¢,y) Mae
BUTJISIT CYMU TPhOX CKIIJIOBUX:

V(9,w) =V (&, W) +Vp (0, W) +Vy (4 w),

ne Vi(¢,y) — ckiamoBa, sKa BIONOBifae 3a €HEPriI0 TOPCIOHHHX KyTiB, Vp(¢,y) — ckiagosa, sika
OB 53aHa 3 HEPTi€lo MOMApPHHUX BiJICTaHEeH MK aMiHOKHCIIOTHUMH 3alMIIKaMu, Ta Wy (¢,y) — ckianosa,
siKa BpaxoBye cuin Ban nep Baambca. Cxianosa iy, (¢, ), sika BpaxoBye cuu Ban nep Baanbca, Bu3Ha-
Ya€eThCs 3a JOMOMOI0I0 CIEHiaIbHOIO IIporpaMHoro komruiekca Rosetta [10].
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Cxnanosi Vi (¢,y) ta Vp(¢,y), AKi onKuCyIOTh, BiNOBIHO, BHECOK TOPCIOHHHX KYTiB Ta MOMAPHHUX
BiZIcTaHEH MiX 3aJHMIIKaMH, BU3HAYAIOTHCS 3a JOMOMOIOr OararomapoBoi HelpoHHOI Mepexi. Ha BXin
HEHpPOHHA Mepeka OTPUMY€E MATPHUII0 A= (aij )LxL XapaKTepHUCTHUK map 3anuiukiB. KoxHii mapi 3amumkis

(Si,Sj) BimoBinae eneMeHt &; € RK marpuni A, sixuit € K -BumipauM BekTopom, ne K 6imseko 700,
B KO’XKHOMY TakOMy BEKTOpi IOCIiTIOBHO 3aKOIOBaHI KOHCTAHTH, iHAMUBIIyaIbHI XapaKTEPHUCTHKH | -T0 Ta
j-TO aMiHOKHCIOTHHUX 3aiuiiKiB (0mm3pko 100 IHIUBIAyambHHX XapaKTEPUCTHK JJISi  KOXKHOTO
3QUIMIIKY), & TAKOX [apHi XapaKTePUCTHKU 3aIMUIKiB (Sj,S;) (6nu3bko 500 mapHUX XapakTePUCTHK).
[lpr 1pOMy BaXJIHMBY pOJb BiirparOTh XapaKTEPUCTHKH, SIKi BHU3HAYAIOTHCS 32 JOMOMOTOI METOJIB
MHOxuHHOTO BupiBHIOBaHHS HHblits [11] Ta PSI-BLAST [12] Ta MicTaTh €BOJIOLIHY iH(QOpMAILIitO TIpO
3aJIeKHICTh MYTaIlill aMiHOKMCIIOTHHUX 3aJIHMIIKIB Y TOMOJIOTIYHUX OlTKax.

Heliposna mepexa, OTpUMABIIM MATPHLIEO [TAPHUX XAPAKTCPUCTUK A= (&), » IOBEPTAE MATPHLIO
D = (djj) .« IMCKpETHHX PO3MOALTIB BifCTaHeH MK |-nM Ta | -uM 3amuuikom, ne d;j () — ominka iimo-
BIPHOCTI MOTPAIUISIHHS BiJICTaHI I MK |-UM Ta j-UM 3aJIMIIKaMH J0 OJHOrO 3 64 HamiBiHTEpBaliB, HA

sAKi po30uTHii Biapizok 0-22 A (koHTakTy Biamosinae BizcTans < 8A).
Oxpim MaTpuui posnoninie D, HelipoHHa Mepexka Takox moseprae mocuifoBHicTs T =(Ty,...,T,)

JMCKPETHUX PO3MOALTIB ISl Map TOPCIOHHUX KYTiB, MPUYOMY 3 | -MM 3aJHIIKOM OIIKOBOTO JIaHIFOTa

, . . . . . RV .
nop’s3anuil posmonin T;(¢;,w;), i=1 L, Axuif € OLIHKOIO JUCKPETHOrO PO3MOJiTY HMOBIpHOCTEMH
s | -oi mapu TopcioHHUX KyTiB (¢;, ;) . OOnacTh 3HaUeHb KOXXHOTO 3 TOPCIOHHHX KyTiB PO30OMBA€THCA
Ha 36 HamiBiHTepBaiB 1o 10°, TaKMM YMHOM KOKHA Iapa TOPCIOHHUX KyTiB (¢,\;) MoXke HpuiimMaTH

1296 nuckpeTHUX 3HAYEHb.
Huckpetni posnoginu D Ta T 3raamxyloThcs Ta BUKOPUCTOBYIOTHCS Ul MOOYAOBH MOTEHIIATY
V (b, ) ans MiHiMi3anii eHeprii 3a JOMOMOT0 00MEXEeHOro ceMIuToBaHHs. CeMIUTFOBaHHS HA3UBAETHCS

0OMEKEeHHMM, OCKIIBKH TIOMYJISIis cKiagaeThes 3 20 BapiaHTiB OinkoBoOi cTpykTypu. Ha mepmomy kportii
TTOTYJISAIIISI TEHEPYETHCS 3 PO3MOALTIB TOpCIOHHUX KyTiB T. [licist woro koxHa KOHGITYyparrist 3 TOMyJIsIii
npoxoauTh (a3zy onTUMi3alii METOJOM I'pafieHTHOro ciycky, a came L-BFGS [13]. HaperwTi momynsimis
npoxoauTh WTyYHUH Bigdip i 10 % cTpyKTyp 3 BHILIMM 3HAuYeHHSIM eHeprii BiaciroroTbes. Pemra 90 %
CTPYKTYp MiAJNAIOTbCA MYTallisiM 1 MOTPAIUISIOTH JI0 HACTYMHOTO IUKIY omnTumizamii. /o HacTymHOTro
LUKy, 3aMicTh BiacisHux 10 %, NOTpaIuIsioTh HOBI CTPYKTYPH, 3T€HEpOBaHi 3 PO3MOILIIB TOPCIOHHUX
kyTiB T . Ontumizamis Oinok-cnenudiyHoro norteHmiany V(¢,y) I8 KOXKHOTO OIIKOBOTO JIAHIFOTA

TpuBae 6u36k0 5000 UKITIB.
Taxum unHOM poboTy MeTony AlphaFold (puc. 4) MoxkHa po30UTH Ha HACTYITHI KPOKH:

— Ha BXIiJ II0JJa€THCS aMIHOKHCJIOTHA ITOC/IIOBHICTH OlIKa;

— mnoOynoBa matpuili A= (aij )LxL XapaKTepHCTHK Map 3alumKiB (S;,S j) 3a JIOMOMOIOI0 METOIB
MHOXXHHHOTO BUPIBHIOBaHHSI,

— moOynosa po3noginiB D ta T 3a momomoroto OaraTomapoBoi HEHPOHHOI Mepexi;

— mnoOynosa noreruiany V (¢,y) 3a qonomororo posmnoxainiB D Ta T Ta mporpaMHOro KOMIUIEKCY
Rosetta;

— MiHimi3alis eHeprii 3a J0IOMOrol0 METOy TPaliEHTHOTO CITyCKY Ta 0OMEKEHOT0 CEMILTIOBAHHS;

— IPOCTOPOBA CTPYKTypa Oinka € =(C,...,C; ) Ha BUXOAI.

58 ISSN 2707-4501. Kibepnemukxa ma komn'tomepui mexnonozii. 2021, Ne 1



JOCATHEHHA Y BUSHAUEHHI ITPOCTOPOBOT CTPYKTYPHU BIJIKIB HA OCHOBI ...

[ 1. AMIHOKVIC{'IOTHE. 2. MaTpuruA nonapHux 3. D,MGKp_eTHl 4. NoTeHuian 5. OnTumisauin 6. I'Ipoc*roposa]
nocnifoBHICTb ’ ‘ XapaKTepuCcTUK ’ ‘ po3noginu ’ ‘ ’ ‘ ’ | CTpyKTypa

PUC. 4. ITpunnun pobotu metony AlphaFold 2018

CrpykTypa HEHpOHHOI Mepexi, sIka BU3HAYA€E PO3MOALIHM MOMAPHUX BiICTaHEH MOKazaHa Ha pHC. 5.
3miBa 300pakeHi BXimHI maHi po36ouTi Ha O6moku. [lepmmii map po3mipHicTio Lx L x1 xoaye 1 rmobanpHy
3MiHHY, HACTYIHI 2 OJOKH IIapiB KOAYIOTh iHAMBIAyajabHI XapaKTEPUCTHUKH |-TO Ta |-TO 3aJHUIIKIB,
3a IKUMH CIiy€e OJNOK IIapiB, sIKi KOAYIOTh XapaKTepUCTUKHU Mapy 3alUIKiB. BXiaHi AaHi MOTpamisioTh
JI0 KOHBOJIOIHOI (iHBapiaHTHOI O 3CYBIB) HEHPOHHOI MEpexi, fKa BiAirpae poib paMKH 3YUTYBaHHSI
po3mipom 64x64 zammmkiB. B rmubuay mepexa ckinamaerbes 3 220 ONOKIB, KOXKEH 3 SIKUX MICTHTh
8 mrapis.

\\\

PUC. 5. Crpykrypa HeitponHoi Mepexi AlphaFold

s HaBYaHHSI HEWPOHHOT MepeKi BUKOPHCTOBYBaiacs BUOipKka 3 0:m3bko 30 THC. OIIKOBHX CTPYK-
Typ 3 PDB, cepen sikux Oyno o6pano Heromosoriuai jomenu 3a gonomororo meroay CATCH [14] 3 35 %
MTOPOTOM T'OMOJIOT19HOCTI.

BucnoBku. B po0oTi po3riisiHyTO JAOCSTHEHHS Y Talny3i po3Mi3HaBaHHS CTPYKTYpHU OiJIKiB HAa OCHOBI
METOJiB MAIIMHHOTO HaBYaHHA. 30KpeMa, PO3TJSIHYTO MPUHIMIH POOOTH MPOTPaMHOTO KOMILIEKCY
AlphaFold Ha ocHOBI moeHaHHS 111JI0T HU3KH METOJIIB, TAKUX K MHO>KHHHE BUPIBHIOBAHHS, CEMILTIOBAaH-
Hs, ONTHUMI3alis Ta iHm. BaxknuBuM 10poOKoM KojeKTHBY po3poOHukiB AlphaFold e Gararomiaposa
HEHpOHHA Mepeka, sika Oylye OIIHKH JUCKPETHHUX PO3IOJITIB MOMapHUX BiJICTaHEH MIiX aMiHOKHCIIOT-
HUMH 3aJIMIIKaMH OUIKOBOTO JIAHIIOTA, a TAKOK OLIHKH JTMCKPETHUX PO3IOALTIIB 3HaU€Hb Map TOPCIOHHUX
KyTiB OiIKOBOTO JaHmtora. [HImmM BaxJMBUM BHeckoM komanau AlphaFold e BukopucranHs OiITOK-
cnenugivHoro AudepeHiioBaHoro MOTEeHIiaNy A MOIYKY CTPYKTYPH 3 MiHIMaJIbHOIO eHeprier. Baane
MO€AHAHHS PI3HOMAHITHUX METO/IB JJ03BOJISIE€ 3HAYHO MiJBUILIMTH TOYHICTH PO3Mi3HABaHHS MPOCTOPOBOL
CTPYKTYpH OJIKiB.

Cnucok Jitepatypu

o

https://www.rcsb.org/stats/growth/growth-released-structures (3sepuennst 10.02.2021)
https://www.uniprot.org/statistics/Swiss-Prot, https://www.ebi.ac.uk/uniprot/ TrEMBLstats (3seprenns 10.02.2021)

3. Zemla A. LGA: A method for finding 3D similarities in protein structures. 2003. Nucleic Acids Research. 31 (13).
P. 3370-3374. https://doi.org/10.1093/nar/gkg571

n

ISSN 2707-4501. Cybernetics and Computer Technologies. 2021, No.1 59


https://www.rcsb.org/stats/growth/growth-released-structures
https://www.uniprot.org/statistics/Swiss-Prot
https://www.ebi.ac.uk/uniprot/TrEMBLstats
https://doi.org/10.1093/nar/gkg571

B.0O. BUIELIbBKUI

oo

10.
11.
12.
13.

14.

EVA: EValuation of Automatic protein structure prediction._http://pdg.cnb.uam.es/eva/doc/concept.html (3BeprenHs
10.02.2021)

Protein Structure Prediction Center. https://predictioncenter.org/index.cgi (3Bepuenns 10.02.2021)

Heaven D. Why deep-learning Als are so easy to fool. Nature. 2019. 574. P. 163-166.
https://doi.org/10.1038/d41586-019-03013-5

Pinkus A. Approximation theory of the MLP model in neural networks. Acta Numerica. 1999. 8. P. 143-195.
https://doi.org/10.1017/S0962492900002919

Cybenko G.V. Approximation by Superpositions of a Sigmoidal function. Mathematics of Control Signals and
Systems. 1989. 2 (4). P. 303-314. https://doi.org/10.1007/BF02551274

Senior AW., Evans R., Jumper, J.et al. Improved protein structure prediction using potentials from deep
learning. Nature. 2020. 577. P. 706-710. https://doi.org/10.1038/s41586-019-1923-7
https://www.rosettacommons.org/software (3seprenss 10.02.2021)

https://toolkit.tuebingen.mpg.de/tools/hhblits (3Beprenms 10.02.2021)

https://blast.ncbi.nlm.nih.gov (3Bepuenns 10.02.2021)

Malouf R. A comparison of algorithms for maximum entropy parameter estimation. Proceedings of the Sixth Confer-
ence on Natural Language Learning (CoNLL-2002). 2002. P. 49-55. https://doi.org/10.3115/1118853.1118871
https://www.cathdb.info/ (3Beprenns 10.02.2021)

Opnepxano 10.02.2021

Bineusknii Bopuc Ojekcanaposuy,

KaHauaat Gpi3uKo-MaTeMaTHIHUX HAYK,

cTapIiuii HayKOBUil criiBpoOiTHUK [HCTHTYTY KiGepHeTnkHu imeHi B.M. I'mymikoBa HAH VYkpainu, Kuis.
borys.biletskyy@gmail.com

UDC 519.272.2
B.O. Biletskyy

Progress in Determination of Protein Spatial Structure Based on Machine Learning

60

V.M. Glushkov Institute of Cybernetics of the NAS of Ukraine, Kyiv
Correspondence: borys.biletskyy@gmail.com

Introduction. The task of determining the spatial structure of proteins is one of the most important un-
solved problems of mankind. Life on the planet Earth is called protein, because protein molecules are the driv-
ers of life processes in living organisms. Proteins make up about 80% of the dry mass of the cell and coordinate
the processes of metabolism. The functions of proteins are defined by its spatial structure.

The results of recent competitions in methods for determining protein structures have shown significant
progress in this important area. One of the research groups presented the AlphaFold 2 method, the accuracy of
which reached the accuracy of experimental methods.

Purpose of the article. The aim of the work is to consider and analyze the basic principles of the Al-
phaFold software package for determining the spatial structure of proteins.

Results. We consider the main stages in the process of recognizing the structure of a protein using the Al-
phaFold program complex. The stages and corresponding methods include: search for homologous proteins
based on multiple alignment methods, construction of protein-specific differentiated potential using artificial
neural networks and protein structure energy optimization using gradient descent and limited sampling. We
discuss how combination of various bioinformatics techniques powered by data from open data sources can
lead to significant improvements in accuracy of protein structure prediction. Special attention is paid to the use
of artificial neural networks for building the smooth protein-specific potential and following energy minimiza-
tion based on constructed potential.

Conclusions. The combination of a number of methods and the use of information from protein and ge-
netic data banks allows us to make significant progress in solving the extremely important task of determining
the structure of a protein.

Keywords: protein spatial structure, Machine Learning, AlphaFold.
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