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B pesynbrare cTepeoXuMHUYECKOTo aHajln3a HeroMoJorudyHbeiXx SH3-1mogoOHbIX (OJI0B BBISIBJIEH HOBbIi
MoBTOpSsTOIIHiics: L-06pasHblii MOMYTh, CTPYKTYPa KOTOPOTO MOXKET OBITh MPENCTaBIeHa KaK B-TsK—TI1eT-
ns1—P-1soK. B-Tsoku L-Momystst pacIioioxXeHbI o yriaoM ~90° B pasHbIX B-CII0SX, YITAKOBAHHBIX OPTOTO-
HaJIbHO, U BMECTE C TIeTyieit 00pa3yloT B MPOCTPAHCTBE MOJBUTKA MPaBoii cynepcrupaiu. YToobl U3y4nuTh
CTPYKTYPHOE CXOICTBO M pa3nuuust L-Monyst, co3maHa 6a3a mTaHHBIX, BKJIIOYalomas B cedst 60 HeroMoJso-
ruuHbIX SH3-1mono6HbIX toMeHOB. OnpeneeHbl 4acTOThl BeTpedaeMocTu L-Moayiieil B 3aBUCHUMOCTH OT
IUTMHBI uX reTenb. [okasano, uto L-momynu ¢ B,,a00f,- u B,,0c0pop,-koHbopmanusmu, tae m u n —
YKCIIO0 OCTATKOB B IIEPBOM M BTOPOM [-TsiKax, BcTpedaroTest Hanboee yacto (57 u 8% cootBeTcTBeHHO). C
IOMOIIIbIO KOMITBIOTEPHBIX ITPOrpaMM MOKa3aHO, YTO ITPOCTPAHCTBEHHbBIE CTPYKTYPhI L-Moaysieit Kaxkaoro
TUIIA XOPOLIO COBMEIIAIOTCS MPU HAJTOXEHUU NpPYyT Ha apyra. [IpoBeneHO CTpyKTYpHOE BbIpaBHUBaHUE
aMUHOKMCJIOTHBIX MOCjienoBaTe/IbHOCTe! L-Momyeii, 4To MO3BOJIUIIO OTIPEAeIUTh KITIoUeBble TTO3UIIUU, B
KOTOPBIX TOJIKHBI HAXOIUTHCS TUAPODOOHBIE, THAPOMWILHBIE U TTPOJIMHOBBIE OCTATKU.
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BBEAJEHUWE

SH3-nomenb! 1 SH3-1momo6HbIE TOMEHBI IIMPOKO
pacIpocTpaHEHbI KaK B TOMOJIOTMYHBIX, TaK U B HE-
TOMOJIOTMYHBIX Oenkax. B baHKke OeJIKOBBIX JaHHBIX
(Protein Data Bank, PDB) namu HaiineHo cBrbiie 800
PDB-daiinoB SH3-mogmoOHBIX TOMEHOB, N3 KOTOPBIX
0T0OpaHo 60 HEroMOJOTMYHBIX JOMEHOB COIJIACHO
KPUTEPUSIM IIPOrpaMMBbl IIJISI IIOIIApHOTO BBIPaBHU-
BaHUS aMUHOKMCJIOTHBIX TTOocaeaoBaTeibHOCTeH [1].
B oG1uem Buge ctpykrypa SH3-1mogoOHBIX JOMEHOB
COCTOMT M3 MSATU—IIECTH B-TsiKel, 06pa3yroImx 3a-
MKHYTBIH B-1miMHIp Win 3-6040HOK, K KOTOPOMY
MOTYT OBITh MPUCTPOECHBI HECKOJIBKO JOTOJTHUTEb-
HBIX O-criupajieit u/win B-tsokeit. OTinauTebHast
0Cc00eHHOCTh 3-6040HKOB SH3-11010GHBIX JOMEHOB
(GynmeM Ha3bIBaTh MX B nayibHeleM SH3-donmamm)
COCTOUT B TOM, YTO B HMX OTHOBPEMEHHO COCYIIIE-
CTBYIOT HECKOJIBKO CTPYKTYPHBIX MOTHBOB, KOTOPBIE
IIMPOKO PaclpoCTpaHEeHbl M B Apyrux Oenkax. Tak,
niepBbie Tpu -Tsika SH3-doma o6pasyior 3B-yromaok
[2]. Kak mpaBuiio, teHTpaibHbIil B-Tspk 3B-yroska
CWIBHO CKPYYEH 1 U30THYT BILIOTH 10 90°, 1 01HA ero
IOJIOBMHA PACITOJIOKEHA B OJHOM, a Ipyrasi — B ApY-
rom B-cioe P-60ouoHka, MoaTomy (OPMAIBHO 3TH
MOJIOBMHBI YaCTO pacCMaTpUBAIOT Kak jaBa [-Tsoka
(orcrona nsith wiu 1ecth B-tskeit B SH3-donmax). C
npyroit cropoHbl, Bce SH3-donapl comepxkat S-00-

pasHble 3-IMCThI, KOTOPbIE BMECTE C TPUMBIKAIOIIM -
MU K HUM [-TsiKaMu 06pas3yIoT MpaBble Cyrnepcrmpa-
mu tuna P-tsok—S-nmuet—B-tsek [3, 4]. Bo MHOrmX
SH3-donnax nepsbie aBa B-Tska 00pas3yloT CUIbHO
CKpYYEHHBIE M W3O0THYTbIe [-IIMWIBKU, KOTOPBIE
MMEIOT MHOTO OOIIEro CO CKPYYeHHBIMU [B-IITMUIIb-
KaMU B Ipyrux oesnkax [5].

B HacTosieit padote oOHapyKeH U 0XapaKTEPU30-
BaH eI1le OIMH ITOBTOpsitoInmiicst Bo Bcex SH3-dommax
CTPYKTYPHBIN 3JIEMEHT, Ha3BaHHBIN L-MomyieM, mo-
CKOJIbKY YKJIaJIKa €ro LeNyd HAallOMWHAET JIATUHCKYIO
oykBy L. Ero crpykrypa MoxXeT OBITH IIpeCcTaBIeHA
Kak B-Tsok—rnernsi—p-tsok. B-Tsoku L-momysist paciio-
JIoXeHbl 1o yriioM ~90° B pasHbix B-ciosix SH3-
¢dosma u BMecTe ¢ netseii o0pas3yroT MoJIBUTKA MpaBoit
cynepcrimpani. B pabore nmokazaHO, YTO CTPYKTYpPHI
HEroMOJIOTUYHBIX L-Mofysieil omHOro Tuma Xopollo
COBMEIIIAIOTCS MPY HAJIOXKEHWH, a UX aMUHOKMCIIOT-
HbIE TTOCIEN0BATEIbHOCTH UMEIOT OJMHAKOBOE pac-
MOJIOKEHYE B LIS KITIOUYEeBbIX TUAPO(POOHBIX, TUAPO-
(UWIBHBIX 1 TIPOJIMHOBBIX OCTATKOB.

OKCITEPUMEHTAJIbHAA YACTb

benku nns ucciaemoBaHusi, coaepxamue SH3-
¢onapl, oToOpaHbl M3 baHKa OEJIKOBBIX ITaHHBIX
(PDB) ¢ nomoIisio pazpaboTaHHOM B HAIlIE TpyIIe
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Puc. 1. a — Cxematnueckoe nsobpaxkeHue oomieit ykinanku ternu B SH3-donmax (L-Momynb BeIIeIeH cepbIM IIBETOM). 6 — Y4ua-
cToK 1enu L-Momyist pu nepexozie U3 OfHOTO [3-ciiost B Ipyroit 00pasyeT MMoJIBUTKA MPaBoOii CYTepCpaiyi BOKPYT BooOpakae-
Moii ocu. ¢ — M3o6paxkeHue ctpykTypbl SH3-doana 6enka 1QMC, moayyeHHOe ¢ momollibio mporpammMbl RasMol [7] (L-Monyab
BbIZIEJIeH GOJiee TEMHBIM 11BeTOM). Bo Beex ciyuasix B-Tsoku IoKa3aHbl B BUIE CTPENIOK, HATPABIEHHBIX OT N- K C-KOHIIaM.

cTpykrypHoit knaccupukanmm PSBOST, koropas
JOCTyIHAa 1o aapecy http://strees.protres.ru/ [6], a
Takke HerocpelacTBeHHO ¢ cepBepa PDB (http://
www.rcsb.org/pdb/) ¢ ITOMOIIBIO KIIOYEBBIX CJIOB.
OTOupanu Ay aHaJInM3a HErOMOJIOTMYHBIE OSJIKY WU
noMmeHbl. [TpoBepKy Ha rOMOJIOTHIO IIPOBOIWIIM C I10-
MoIIbio rmporpamMMel Blast 2 Sequences 1St TormapHoOTO
BBIpAaBHUBAHUSI aMUHOKMCJIOTHBIX MOCJICA0BATEILHO-
creii (https://blast.ncbi.nlm.nih.gov/Blast.cgi) [1]. He-
TOMOJIOTUYHBIMU CYUTATIN OEJIKU, IJISI KOTOPBIX MOKA-
3aTelib E-value, yauThIBaIONIMiA KaK MTOJTHYIO UISHTUY -
HOCTb YYaCTKOB MOCJIE0BATEILHOCTEN, TaK U 3aMEHbI
Ha CXOOHbIE AMWHOKUCIOTHI IIPU BLIPABHUBAHUM,
ObLT OonbiIe 1e-04.

B baHke OejIKOBBIX HJAaHHBIX MbI HAlIJIM CBBIIIIE
800 PDB-aiinoB SH3-momenoB nu SH3-1momo0HbIX
JIIOMEHOB, 13 KOTOpPbIX oToOpanu 60 HEroMoJIOrny-
HbIX SH3-donnos (Tabdi. 1) B COOTBETCTBUY C KpUTE-
pusimu nporpammsl Blast 2 Sequences [1].

OCHOBHOI1 00BEKT HcciIenoBaHusI — L-Monyib —
Oonpeae/isIi BU3YaJIbHO C IIOMOIIBIO IIPOTPaMMBbI
MoJiekysipHoii rpaduku RasMol [7]. I1pu Beraucie-
HUU YTJI0B @ U Y KCIIOIb30BaIU ITporpammy MolMol
[8]. Kondopmanmmm aMHUHOKUCIOTHBIX OCTAaTKOB
o0o03Havajau HabOpOM CHUMBOJIOB B COOTBETCTBUU C
HOMEHKJIATypOli, mpeaioKeHHol paHee [9]. YToObl
HaJIOXUTH IIPOCTPAHCTBEHHBIE CTPYKTYPHI IPYr Ha
JIpyTa, UCMOJb30BaJiu mporpammy DeepView/Swiss-
PDBViewer [10]. BeipaBHUBaHNE aMUHOKMCIJIOTHBIX
nocienoBaTeabHOCTeit L-Momyneii, ocHOBaHHOE Ha
HX CTPYKTYPHOM CXOJICTBE, IPOBOAUIN BPYYHYIO.

PE3VJIBTATBI MUCCIEJOBAHUA

OCHOBHOI1 OOBEKT HCCIEAOBAaHUSI B HaCTOSIUEH
pabdote — HeromoJormyHble SH3-110m100HbBIE TOMEHEI,
a TouHee MX [-OG0YOHKHM, KOTOpbIE HAa3BaHbI 3/I€Ch
SH3-donmamu. OO011as yKiaaKa MmoJUIIeITUIHOM 11e-
o1 B IIPOCTpaHCTBeHHOM cTpykKType SH3-dommoB
npencrapiaeHa Ha puc. 1. Kak orMedeHo BEIIIe, mep-
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Bble Tpu (WK YeThbipe) B-Tska 06pasytoT 3[3-yromok
[2], B LieHTpaJIbHOII YacTW HaXOAWUTCSI S-00pa3HbIA
[B-1tucT, KOTOPBI BMECTE C MPUIIETAIOIIMMHU ITO (hiTaH-
raM B-Tsokamu 06pas3yeT BUTOK MPaBoOii CyTiepCripaii
tna B-tsok—S-muet—B-1sek [3]. Kak mokasan aHa-
mm3, B C-KoH1IeBoi1 yacTu Bcex SH3-donaoB HaiineH
CTPYKTYPHBIIA MOIYJb THUMA [-TSK—TeTisi—3-TsoK,
KOTODBIii Ha3BaH 31ech L-momysem (puc. la, 6). B-Tsoku
L-Momysist pacnofiokeHbl B pasHbIX P-ciosx SH3-
donga mon yrinom ~90° u BMecTe ¢ TeTieil 00pasyior
B IIPOCTPAHCTBE IIOJIBUTKA IIPaBOM CyIllepCrypav
(puc. 16).

Ha puc. 2 npencraBieHa 3aBUCUMOCTb YaCTOTHI
BCTpeuyaeMocTu L-Momyieil oT IJIMHBI MX TEeTeNb.
Kak BumHO, 3HaYUTEIILHOE OOJBITMHCTBO L-MOmIy-
Jielt UMeIOT TIeTJIM U3 TpeX, TSITU U IIeCTU OCTaTKOB.
Bonee neranbHbBI aHAIM3 MTOKA3BIBAET, YTO HAMbO-
Jee 4yacTo Bcrpevatorcss L-momynu ¢ fB,0000,- u
B,.c0cBof,-koHbDOpMAIMSIMU, Tae m U A — YUCIIO
OCTaTKOB B TIEPBOM M BTOPOM [-TsiKax COOTBET-
cTBeHHO. [IpMHMMas BO BHUMAaHHWE, 4YTO IIEPBbIi
ocTaTok Ha N-KOHIIe Ol-CITUpain, KOTOPHIit 00pa3yeT
MEPBYIO BOIOPOIHYIO CBS3b, UMEET Ha CaMOM JIeJie
B-koudopmanmio [9] (aHasornyHasi CUTyalusi ¥ B
cnupanisix 3,,), MOXHO cliejaTh BbIBOJ, YTO 3HAYM-
TeJIbHOE OOJILIIMHCTBO L-MoayJiieit Coaep>XuT BUTOK
Ol-CITUpaJIM WIM COUpau 3y, B MeTIsIX (CM. puc. 3 1 4).
OTMEeTHM, YTO 3TOT IIEPBHI OCTATOK O-CITUPAJIBHOTO
BUTKA — OJJTHOBPEMEHHO U TIOCJIEIHUIA OCTATOK Mep-
BOTO B—TH}Ka L-monynsa. B metnsax L-monyneit ¢
B, 0c0Baf,-kKoHDopMalMsiMi  TOTIOTHUTETBHO K
BUTKaM O(-CITMPaJI €CTh CTaHAapTHBIE 3-TTOJIYIOBO-
potel ¢ BoPPB-koHbopmarusMu (IUIsT MX OIMMCAHMS
cM. paborty [9], a Takke puc. 4).

L-Monmynu 13 pa3sInyHbIX HETOMOJIOTUYHBIX SH 3-
¢donI0oB 001aTaI0T OUYEHb CXOKMMHM MPOCTPAHCTBEH-
HBIMU CTPYKTypaMKU M XOPOIIO COBMEIIAIOTCS IPU
HajmoxxeHnu. Ha puc. 3 mpeacTaBieHO HaloOXeHUE
Ipyr Ha Apyra 13 HEMHOro yKOpOYeHHBIX C KOHIIOB
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KAPT'ATOB u np.

Tab6auma 1. Criucoxk HeromonornuHbix SH3-dhonmnoB, paspelieHne ux CTpyKTyp U JJIMHBI TTeTelib B L-Momyssax

Ne PDB-kon, uenb YyacTok nenu Paszpenienue, A Yuciio ocTaTKOB B IETIE
01 1139 (A) 178—226 1.9 2
02 1gec (E) 129-215 2.1 16
03 1h5w (A) 61—123 2.1 11
04 lhyo (A) 18—117 1.3 3
05 1ilj (A) 21-90 1.39 3
06 ligq (A) 307357 1.7 3
07 1b0 (E) 5—68 2.5 3
08 11oj (A) 24—-82 1.9 5
09 Imlg (A) 199-248 2.0 3
10 1m5q (A) 22-76 2.0 5
11 1ne8 (A) 6—95 2.1 3
12 lou8 (A) 26—95 1.6 5
13 loz2 (A) 242-292 1.55 5
14 loz2 (A) 349—-399 1.55 5
15 1oz2 (A) 453—-503 1.55 5
16 1177 (A) 284—362 1.75 11
17 1sf9 (A) 84—127 1.71 3
18 Itov (A) 150-219 1.77 3
19 luls (A) 21—65 1.6 5
20 lugp (B) 143—-226 1.63 3
21 1v76 (A) 51-99 2.0 3
22 1vg8 (Q) 37-94 2.2 3
23 1vqo (A) 103—157 2.2 2
24 1y71 (A) 981 1.95 3
25 1zuk (A) 7—67 1.9 3
26 1zuu (A) 3-57 0.97 3
27 2bjq (A) 32-81 1.75 8
28 2bjq (A) 118—166 1.75 6
29 2bjq (A) 216—263 1.75 6
30 2bjq (A) 295-343 1.75 6
31 2¢cb5 (A) 321-425 1.85 9
32 2evr (A) 14—79 1.6 6
33 215k (A) 15—-65 2.2 3
34 2fpe (A) 3-58 1.75 3
35 20x7 (A) 6—70 1.78 8
36 2pu9 (B) 5-73 1.65 3
37 2ra2 (A) 5—54 1.9 5
38 2rh2 (A) 28—77 0.96 3
39 2vir (A) 14-76 2.1 3
40 2x4x (A) 1087—1165 1.85 3
41 2xcl (A) 47-83 1.65 6
42 2zgw (A) 190-235 1.5 3
43 2zpl (A) 129-218 1.7 18
44 3bz7 (A) 33-80 2.0 3
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Ne PDB-kon, nenp YuacTok nemnu Paszpenienue, A Yuciio ocTaTKOB B ITETIIE
45 3fdr (A) 32-79 1.75 3
46 3glj (A) 18—89 1.7 16
47 3g7z (A) 3-83 2.35 3
48 3h8z (A) 15—-60 1.92 3
49 3h8z (A) 74—126 1.92 3
50 3pmt (A) 560—608 1.8 3
51 3qir (A) 31115 2.45 3
52 4edj (A) 14—105 1.9 10
53 4edj (A) 112—196 1.9 10
54 4fwl (A) 222-268 1.7 3
55 4kxt (A) 263—345 2.29 3
56 4rxj (A) 962—1019 2.1 3
57 4ytl (A) 538—583 1.6 3
58 4ytl (A) 588—632 1.6 3
59 5jqc (A) 256—329 2.15 3
60 5iqc (A) 335—411 2.15 3

L-monysneit ¢ B,,00003,-koHbopmarmeii. PerpeseH-
TaTWBHas BHIOOpKA BKIIIOYaa B CeOS CIemylolme
6enku: 1IMI1G, 1TOV, 1Y71, 2PU9, 2RH2, 2X4X,
3H8Z (2 monyns), 3PMT, 4FWI, 4RXJ, 4YTL (2 mo-
nynst). Ha puc. 4 mokazaHo HajloXXeHHE HEMHOTO
YKOPOUYEHHBIX C KOHILIOB TiaTH L-momyneit ¢
B, oc0Baf,-koHdopmariueii, B3areix u3 SH3-boi-
noB caenyrommx 6enkon: 1L.0OJ, IM5Q, 10US, 1U1S,
2RA2. Ot™MeTuM, 9TO CTPYKTYphl L-Momyneii xopo-
110 COBMENIAIOTCS APYT C IPYroM, HECMOTPS Ha TO,
YTO OHM B3(THl U3 HEPOACTBEHHBIX, HETOMOJIOTHY-
HBbIX OEJIKOB.
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Ywucio ocTaTKoOB B TETIE

Puc. 2. YactoTsl BcTpeyaemoctu L-mopyneit B 3aBUCH-
MOCTH OT JUIMHBI TTETEJTb.
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CTpyKTypHOE CXOICTBO HETOMOJIOTMIHBIX L-Momy-
JIeH TI03BOJISIET TIPOBECTU CTPYKTYpHOE BbIpaBHUBaHUE
VX aMUHOKWCIIOTHBIX MOCIeIOBaTeIbHOCTEM, CpaBHM-
Basi aMIMHOKHCIIOTHBIE OCTAaTKM, HAXOMSIITHECS B CTPYK-
TYPHO-3KBUBAJICHTHBIX MTo3uLivsix. Ha puc. 5 npencras-
JIEHO CTPYKTYPHOE BbIpaBHMBAaHNE AMHHOKHCIOTHBIX
nocaenosarenbHocTeit 34 L-monyneit ¢ 3000003, -KOH-
¢dopmariueii. BolpaBHUBaHUE TPOBOAWIM BPYYHYIO.
V4acTKu TOCIIEI0BaTEIbHOCTEN TIEPBBIX B-TsDKeil BbI-
PaBHUBAIN IO TOCTIEIHEMY OCTATKy KaxKIoro B-Tsoka
TaK, 4TOOBI BHYTpeHHME (HaIlpaBlIeHHbIE B THAPOPOO-
HOE SIIpO) M BHENTHUE (HarpaBIeHHbIC HAPYKY) MO3U-
IV TIOTTAIaJT B OMHM U T€ K€ CTOJIOIBI COOTBETCTBEH-
HO. Y4YacTKM O-CIIMPATbHBIX TOCIEeAOBaTeIbHOCTEM
BBIPABHUBAIM TIO TIEPBBIM OCTATKAM Ol-CITUpAICH, KO-
TOPBIE OMHOBPEMEHHO SBJISTIOTCS ¥ TTOCJICTHIMM OCTaT-
KaMu TepBbix B-Tspkeil. Takum 00pa3oM, B KaXIOM
CTOJIOIIe MHOXECTBEHHOTO BRIPaBHUBAHMST PACIIOIOXKE-
HBI CTPYKTYPHO-3KBUBaJIEHTHBIE OCTaTKH, KOH(MOP-
Mallusi KOTOPbIX ITOKa3aHa OyKBaMu O U 3 B BepxHeit
CTpOKe. AHAJIOTUYHOE BBIpAaBHUBaHHE aMWHOKWC-
JIOTHBIX TTOC/IenoBaTeIbHOCTEM L-Momyneii, mMmero-
mmx B, 00003, -KoHbopMalu, IMpeacTaBieHo Ha
puc. 6.

B cooTBeTCTBUM C MpUHIIMIIAMU CTPYKTYPHOI Op-
raHu3aluy 0eJIKOB OOKOBBIE LIEITM aMUHOKMCJIOTHBIX
OCTaTKOB, IIOTPYKE€HHbIE B TUAPOGOOHOE SIAPO MU
JIOKajnbHOE THUAPOMPOOHOE OKpYKEHHE MOJCKYJIHI,
JOJIKHBI OBITh TUAPOGOOHBIMU, a PACHOJIOXKEHHBIS
Ha MOBEPXHOCTU — IIPEUMYIIECTBEHHO TMAPOPUIIb-
HBIMU. B MieanbHbBIX CIydasiX B IBYXCIOMHBIX CTPYK-
Typax B-TsDKM JTOJDKHBI MIMETh CTPOroe YepeloBaHue
ruapodOOHBIX M TUAPOMUIBHBEIX OCTAaTKOB B IIEHU
[11]. OmHako 3TO MpaBMIO HE BCEINa BBITIOJIHEHO B
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B-TsKax, pacmosoXeHHBIX Ha Kpasix [-71McToB, MO-
CKOJIbKY X OOKOBBIE 1LIeTIY, HANIPaBJICHHBIE B CTOPOHY
ruapodOOHOrO s1Ipa, MOTYT OBbITh JOCTYITHBI MOJIEKY-
JIaM BOZBbI M, CJIEIOBATEJIbHO, MOTYT OBITh THIPOMUIb-
HbiMu. Kak BumHO Ha puc. la, B-Tsku, oOpasyroliye
L-MoyJib, pacroiokeHbl Ha Kpasix 3-CJI0eB, o3ToMy
MHOTHE GOKOBBIE LIETTH 3TUX [B-TsKeit, HarpaBieHHbIE
B CTOPOHY ruapo¢o0Horo sapa (ux 0yKBeHHbIE 000-
3HAYEHUS IMOJYEPKHYTHI Ha pUC. 5 U 6), SIBISIOTCS
ruapowIbHBIMA. TeM He MeHee, MHOTHE M3 HHUX
UMEIOT IJIUHHBbIE TuapohoOHbie HOXKHU (Lys, Arg,
Glu, Gln). B L-monysix ¢ B,,000.0.3,,-koHbopmarvsi-
MU HauOoJjiee CTPOro IIPaBMJIO BBHIIIOJIHEHO B IBYX
MO3ULIUSIX — 3TO MPEANOCACIHSISI TO3ULIMS TIEPBOTO
B-Tsika M mepBast MO3UIIMST BTOPOTO B-TsikKa, KOTO-
pbie B IOJABJISIONIEM OOJILIIMHCTBE CIy4aceB 3aHSThI
ruapoOOHBIMM OCcTaTKaMU (OHU BBIACICHBI Cepoit
3aJuBKOM Ha puc. 5). B L-moaynsix ¢ B, oo0Bof,,-
KOH(MOpManUsIMMI K TAKUM OTHOCSIT TPU MO3ULIAN —
3TO MPEANOCIIEIHSIS TO3ULIKs ITepBoro B-Tska, 3-1o-
3UIIMS B TIETJIC U TIepBasi BHYTPEHHSISI TO3UILIUST BTO-
poro B-Tska, KOTOpbIE 3aHSTHI TOJBKO TUIAPO(HOO6-
HBIMU OCTaTKaMM (BBIAEJICHBI Cepoil 3aJIMBKOM Ha
puc. 6). OcoOblIii UHTEPEC MPEACTABIISIOT IIEPBLIE ITO-
3ULIUN O-CHUpajieil, KOTOpble OMHOBPEMEHHO SIBJISI-
JOTCSI TIOCJIEAHUMU TTO3ULIUSIMU TIEPBBIX B-TsiKeit B
oboux Tunax L-Momyneit (OHU Tak Ke BhIASJIEHBI Ce-
poii 3aMBKOI Ha puc. 5 u 6). B aTux ciaydasx ooHa-
pYyXeH TaK Ha3bIBaEMBIil “TIepNEeHINKYJISIPHBIN
BXO4” B O-CITMPasib, KOTOPBI OYE€Hb YacTO ObIBAET
Ha N-KOHIIaX O-crimpajeii B 6enkax u umeer BPo,-
KOH(MOpManuio, Tae m — YKUCIIO OCTATKOB B Ol-CITHMpa-
au [9, 12]. CratucTrueckuii aHajau3 mokasaj, YTo B
Oesnkax mepsble () mosuumMM O-crimpajeii B 60Jb-
IIMHCTBE CIy4YaeB 3aHATH THAPOPUIbHBIMU (~80%,
OOJIBIIMHCTBO U3 KOTOpbIX — Ser, Thr, Asp u Asn) u
HeGombimu (~17%, ato Gly, Ala, Pro) octatkamu.
B uenom, B mepBbix () mosumusix o-crimpaneit
L-Mmonyneit oOHapyXeHO aHAJIOTUYHOE pacrpenese-
HHE OCTATKOB, OJHAKO BCTPEUYACTCS aHOMAJIbHO OOJIb-
1I0€ KOJIMYEeCTBO MPOIMHOB. B L-Momyssix ¢ 3,000,
koHdopManmeit 50% 3Tux Mo3uLMii 3aHSITO PO~
Hamu. Kpome aToro, npojnHbl oOHapykeHbI BO BTO-
PBIX ¥ TPETHUX MO3ULIMSIX O-CITUpaneil (puc. 5).

OBCYXIEHMWE PE3VJIbTATOB

B r100yaspHbIX Oenkax MOJMUIENTUAHAS 1Liemb
MHOTOKpPATHO CJIOXKEeHa caMa Ha cebsl 1 oOpasyeT Iie-
JIBIA PSIT 9aCTO TIOBTOPSTIONINXCST OJIOKOB M3 ABYX 1 00-
Jiee COCEIHUX IO 1IN OL-CIIMpaieil u/umm PB-Tsokei,
KOTOpBIE€ HA3BIBAIOTCSI CYIIEPBTOPUYHBIMU CTPYKTYpa-
MU WA CTPYKTYpHbIMU MoTUBaMu [13—16]. Ocobblii
WHTEpEC MPEACTaBIISIOT CTPYKTYPHbIE MOTHBBI, UMEIO-
Iie KOMIIaKTHbIE YHUKAJIbHBIC YKJIAOKW LeIeil u
OIpeeJIEHHYIO IICEBAOXUPAIBHOCTD [ 15, 16]. Kax bl
THUIT TAKUX CTPYKTYPHBIX MOTUBOB MOXHO OXapaKTe-
pU30BaTh OAWHAKOBBIM KOJIMYECTBOM OL-CITMpasICii
u/vn B-TsoKeit M X OJMHAKOBBIM PACIIONOXKEHUEM

MOIJIEKVJIAIPHAA BUOJIOTUA

KAPT'ATOB u np.

Puc. 3. Hayioxxenue npyr Ha apyra ctpykryp 13 L-mony-
neit ¢ 3,008, -KoHbOpMaLKeil ¢ TOMOLIBIO TPOrpamM-
mbl  DeepView/Swiss-PDBViewer [10]. M3o06paxkeHue
MOJIyYeHO ¢ ToMollIbIo porpammbl RasMol [7]. BykBel o
u B o00o3HayalT KOHGMOOPMALIMK COOTBETCTBYIOLIMX
octaTkoB, N 1 C — KOHIIbI y4aCTKOB LIETIU.

Puc. 4. HanoxeHue Ipyr Ha Ipyra CTpyKTyp IsTH L-Mo-
ayneit ¢ B,,o00fBof,-KoHbopMmaneii, TOIy4eHHOE Tak
Xe, Kak Ha puc. 3.

BIOJIb LIETIM M B TIpocTpaHcTBe. CYUTAIOT, YTO TaKUE
CTPYKTYPHBIE MOTHBEI JOCTATOYHO CTAOMIBHBI, CITO-
COOHBI CBEpPHYTHCSI B CBOM YHUKAIBbHBIC CTPYKTYPHI
Ne 6
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Ne  PDB-xon BBBRBRRR
01 1HYO A fiEs
02 1T1J A gyfp
03 1IGOQ A efean
04 1JBO E tnnfa
05 1MI1G A rmtpveld
06 1NES8 A irtld
07 1SF9 A ealp
08 1TOV A ggfyvr
09 1UGP B svyydew
10 1V76 A iwkvp
11 1vQ8 Q kektiiyt
2 1Y71 A gtnip
13 1ZUK : A viegifp
14 17ZUU A etglvp
15 2F5K A ewyvp
16 2FPE A rgvip
17 2PU9 B kahfr
18 2RH2 A vqiyp
19 2VI1R A igydp
20 2X4X A wgwilp
21  3BZ7 A drqwvk
22 3FDR A ngdcp
23 3G7%Z A asyvp
24 3H8Z A rqip
25 3H8Z : A eiyt
26 3PMT A yeevl
27 3QIR A i1
28 A4AFWl A viwvp
29 4KXT : A tylp
30 4RXJ A dyywvh
31 4YTL A lefp
32 A4YTL A evtit
33 5JQC A wmd
34  5JQC A wld

1079

aca BPRBRBR YyacTok Lenu
QAS atmh 107—116
SSI ¥re 77—86
LAD wkl 342-352
LHE wqge 57—-67
FDQ wek 234-247
KQR 1t 8089
ISV Iqge 117—-126
PVD ykv 208218
EPY iel 213-225
KDV sifefe 85-98
AAH Irr 80—93
EQM wkk 70—80
KSF wav 54—66
TTY Hr 46-56
ESR wlk 5564
AYY aie 47-57
PDE wtl 62—72
VAA ler 66—76
YNY fei 65-75
RTK lVB 1154—1164
KDD ang 69—79
LKD dra 68—78
VSV ig 69-77
FGD ¥r 51-59
LER Irp 116—125
LSN ikp 597—607
PEL sf 106—114
SRK wkp 257—-267
LEV gni 335-344
QGR wfp 10071018
IST Irk 573582
ANN 1s 622—631
KRA fvy 320-328
ARA fhv 402-410

Puc. 5. CTpykTypHOE BEIpaBHMBaHHE aMUHOKHCIIOTHBIX IOCeA0BaTeIbHOCTeN L-Monyreit, umerowux 3,000, -KoHbopMa-
mu. KoHbopMalmm ocTaTkoB B CTOJIOLAX [TOKa3aHbl OYKBaMu O, 1 3 B BepXHeii cTpoke. oi-CriupaibHble OCTATKHU TOKA3aHbI
3arJIaBHBIMU, 3-CTPYKTYPHBIE OCTATKU — CTPOYHBIMY OyKBaMu. [1om4epKHyTHI B-0CTaTKH, HATIPABICHHBIE B CTOPOHY THIPO-
¢o6Horo smpa. B kaxmoit ctpoke cieBa nokazaH PDB-kon 6eika, a cipaBa — y4acToK Iielu, oopasytomuii L-Monyinb. Cm.

TAaKXKE TCKCT.

caMH 110 ce6e M MOTYT OBbITh 3apOAbIIIAMU U/WJIHA TO-
TOBBIMM CTPYKTYPHBIMU OJIOKAaMU TIpU CBOpayMBa-
HuU 6esKkoB [15, 17].

B npenbinymux padorax [18, 19] Mbl moapobHO
paccMoTpend pas3iuuyHble BapuaHThl [1-Momynei,
CTPYKTypa KOTOPBIX HAITOMWHAET TPeYecKylo (WM
pycckyio) oyksy Il. Ilo-Bummmomy, camu 1o cebe
I1-Monmynm HecTaOMIIBHEI, OTHAKO B KOMOMHAIIMSIX C
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B-mmuibkamu, S- U Z-06pa3HbIMU P-1HMcTaMU U
Bop-enuHunamu oHM 0GPA3ylOT KOMITAKTHbBIC, 3a-
MKHYTBIE M CTAOWIbHBIE CTPYKTYPHBIE MOTUBBI, KO-
TOpPbIC IUPOKO pacipocTpaHeHbl B Oenkax. Kak Bus-
HO Ha puc. 1, L-Momyin — HEKOMITAKTHBIE CTPYKTY-
pbI, UX B-TSDKM MPAKTUYECKU HE B3aMMOICHCTBYIOT
JPYT C OPYrOM, OMHAKO B MIPOCTPAHCTBE OHM BCETIA
PAacCIIONIOXEHBI OMMHAKOBO M BMECTe C TeTieil oopa-
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Ne PDB-xox  PPBBBRBR
0f 1LOJ : A v1iE
02 1M50Q A rviim
03 10U8 : A vsrelyip
04 1U01S : A qmvy
05 2RA2 A kggin

KAPT'ATOB u np.

acaPa BRPRE Vuacrok uenu
GDNiV yisr 6981
YRYAV hid 62—74
MGAaL aiya 78—94
KHALS tvvp 52-64
RTDVK emva 40-53

Puc. 6. CTpyKkTypHOE BEIpaBHUBaHUE aMIHOKHCIOTHBIX ITOC/IEN0BATENbHOCTE, Konupyoiunx L-monymu ¢ 3,,000030.3,,-KoH-

dopmanusimu. O603HaUEHUST TaKKeE XK€, KaK Ha puc. 5.

3YIOT MMOJIBUTKA IIpaBoii cyrnepcnupaiu. Bzaumoneii-
crBue L-Monmyns ¢ N-koH1eBoii yacTeio SH3-doma
OPUBOIUT K OOpa30BaHUIO 3aMKHYTOI CTPYKTYPBI
tumna B-604oHKa, KoTopasi 00JIamgaeT MOBbIIIEHHOM
KOOIIEpPAaTUBHOCTBIO U OOJBIICH CTaOMILHOCTBIO
(cm., Hampumep, padory [20]). Ilo-BummMomy, B
9TOM 1 COCTOUT OCHOBHasl CTPYKTYpHasi poJib L-Mo-
IyJIeii.

Heo6xonuMo oTMETUTB, YTO BOEPBBIE CTPYKTYPHI,
aHaJIOTMYHbIe L-MomynsaM, oOHapyKeHbI B MISITU O~
Kax ¢ OPTOrOHAJILHOM YITAaKOBKO# [3-CJT0eB 1 ONTMcaHbl
B pabote [21]. [TokazaHO Takxe, YTO -TSKH, KOTOPbIE
MEePEXOMAT U3 OJHOTO -CJI0si B APYTOii, CUIIBHO CKPY-
YEeHbI U U30THYTHI Ha ~90°, 0Opa3ys NoJBUTKA MTPaBOi
cyrepcnupaiu, Tak ke kak B L-monyne. B BB-yrosn-
Kax cpasy JiBa COCeMHUX [-Tska oOpas3yroT 1Be mpa-
BBIX cyliepcriupaiu (T.e. aBa L-MomyJist) Ipu repexo-
Jie U3 OMHOTOo B-crost B mpyroii [22]. OxHako Hanbo-
nee yacto L-momyau oGHapyXeHbl B 3B-yronakax u,
clieoBaTeIbHO, B coAepKalIux ux oeiakax. CTpyKTy-
pa 3B-yronka mpencrapisieT coGoit Z-00pa3Hblit
B-muct, cioXeHHBI caM Ha ce0sl TaKMM 00pa3oM,
4TO LEHTPAIBbHBIA B-TSK MpU Mepexome U3 OTHOTro
cllosi B Apyroit obpasyeTr MoJBMTKa IMpaBoii cymnep-
crimpanu, T.e. L-momyns [23]. B MecTtax mepexona
LEHTPaIbHbIE B-TSKM MOTYT ITpUoGpeTaTh KOHMOP-
marumio B-cruba (B-bend) [20] waum o6Gpa3oBBIBATH
HeOoJIbllINe CTaHAapTHbIe CTPYKTYpel ¢ ByBB-,
BPRoy B-, PoyB, PyeP- wim PeP-xkonbopmanmsimu
[22—24]. IIpn mocTpoeHUM OOHOBJIEHHOTO CTPYK-
TYPHOTO IpeBa MBI HallIi B baHke OEJIKOBBIX HaH-
Hbix (PDB) 720 6enkoB, conepxkaiux 33-yroaku, us
HUX 224 — HETOMOJIOTUYHEIE OSJIKM (IPeBO JOCTYITHO
o angpecy: http:// strees.protres.ru/2_1.xml, cM. Tak-
xKe [6, 24]). B a1y 6a3y JaHHBIX BOILILIO OOJIBIITMHCTBO
n3 60 SH3-donaoB (He Bce, HOCKOIBKY B 2014 . cin-
COK 3THUX IOMEHOB ObLI MeHbIIIe [24]), mOTOMY 4TO B
KaXIOM U3 3TUX (DOJIIOB IepBble ¢ N-KOHIA TpU
(wn yetbipe) B-Tska 06pasyioT 3B-yrosiok u coor-
BETCTBEHHO BTOPOI MM BTOPOii U TpeTuii B-Tsiku (B
3aBUCMMOCTU OT KOH(pOpMalUuMU U KOJUYECTBA
OCTaTKOB B Iepexoje) o0pa3yloT mpasbliii L-Momyb.
Taxkum obpazoM, kaxnperit SH3-donn comepkuTt aBa
npaBbIX L-Momynsi, oiUH U3 KOTOPBIX HAXOOUTCSI B
N-KOHIIEBOI YacTU M BXOIMT B coctaB 3B-yroika, a
nIpyroii — obocoobmeHHbI — Ha C-koHIe. Kak cienyer

MOIJIEKVJIAIPHAA BUOJIOTUA

13 U3JI03KEHHOTO BhIIIIe, HACTOSIIIASK paboTa MOCBSIIEHA,
IJIaBHBIM 00pa3oM, 3TUM 000CO0JIEHHBIM L-MOIyIsIM.

CpaBHUTENbHBIN aHAIU3 TTOKa3bIBaeT, UTO 0OJIb-
IMHCTBO L-Momyneii, Bxomsmux B cocta 3B-yros-
koB SH3-(donmos, nMmeeT 60j1ee KOPOTKUE MEPEXOTBI
M3 OHOTO CJIOS B IPYTOii, ueM obocobieHHbIe L-Mo-
nynu. Kak rpaBuiio, B cOCTaB MePBbIX BXOOUT OT HY-
JIS 10 IBYX OCTaTKOB B O-, Ol -, Y- WU €-KOHDOpMa-
usix (CM. Takke paboty [24]), a GOJIBLIMHCTBO BTO-
PBIX, KaK 3TO BUJHO Ha PUC. 2, COCTOST U3 TPEX, MATU
u Oojiee ocTaTkoB. B 06pa3zoBaHUM MHOTUX MEPEX0-
noB L-momysieit, BXoasiux B 33-yroyiku, KJIo4eBylo
pPOJIb UTPAIOT OCTaTKU C Ol - WK €-KOHMOpMaIUEN,
KOTOpbI€ JOJKHBI OBITh TTUILIMHAMU WJIM OCTaTKaMu
C TMOKMMM OOKOBBIMM lienssMU. B mepexomax (uiam
neTiIsIX) OOJIBIIMHCTBA 000CO0IeHHBIX L-Momyneit
OCTaTKOB C O - U €-KOH(MOpMaLUSIMU HET, 1A U [JIU-
LIMHBI BCTPEYal0TCsI OTHOCUTEIBHO PEeNKo (CM. puc. 5
u 6). [IponuHbl, Ha060POT, OOHAPYKUBAIOTCST JOCTA-
TOYHO YacTo U, NMO-BUAMMOMY, UTPAIOT BAKHYIO POJIb B
00pa3oBaHU MEPEXOIOB B 000COOIEHHBIX L-MOmyIsIX.

OTMeTM B 3aK/IIOYEHHE, YTO OO0OCOOJIEHHBIE
L-Monynu ectb M B Oenkax APYTMX CTPYKTYPHBIX
KJIACCOB M CyIIepCeMeMCTB, OTIMYHBIX OT SH3-domnos.
Hanpumep, L-momymu ¢ B,00008,-kKoHbopmartmeit
HaiimeHbl B ciaeayomux Oenkax m3 PDB: 1BIM,
1FR3, 1PL6, 1Q12, 2J7N, 2ZB3, 2ZB3, 5A4G u ap.
HecMmoTtps Ha 1O, 4TO 3TK L-MOay/In HaliIeHEI B pa3-
JIMYHBIX CTPYKTYPHBIX KjlaccaxX GEJIKOB, OHU TaK K€
00pa3yoT IMpaBble Cynepcrupaii, XOpoIlIo COBMe-
IIAIOTCS MIPU HAJIOXKEHUU OpYyT Ha Apyra u ¢ L-mony-
nssmMu 13 SH3-(hommoB n MEIOT CXOXee pacroIoXe-
HUE B e U B CTPYKTYPE KITIOUEBBIX TUAPODOOHBIX,
r’UapoUIILHBIX M NPOJMHOBBLIX OCTaTKoB. Bce 31O
CBUIETENILCTBYET B ITOJIb3Y TOTO, UTO B OCHOBE TAKOTO
CTPYKTYPHOI'O CXOJCTBa JieXKaT o01ue (pU3NKO-XU-
MUYeCKUe MPUHLIUIMEI, 2 HE TOMOJIOTHSI.

PabGora BEIMTOTHEHA B paMKax ITpoeKTa roc. 3aaa-
Hust Ne 0115-2018-0008, a Takxke npu (hUHAHCOBOIA
noanepxke Poccuiickoro coHma hyHIaMeHTaIbHBIX
uccnenoBanuii (17-04-00242).
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STRUCTURE AND FEATURES OF AMINO ACID SEQUENCES
OF L-MODULES IN SH3-LIKE FOLDS

A. M. Kargatov', E. V. Brazhnikov!, A. V. Efimov" *

! Institute of Protein Research, Russian Academy of Sciences, Pushchino, Moscow Region, 142290 Russia

*e-mail: efimov@protres.ru

Here we present a detailed stereochemical analysis of non-homologous SH3-like folds and a novel commonly oc-
curring module (L-module) whith B-strand—loop—-strand structure. The B-strands of the L-module are packed
orthogonally in the top and bottom [-sheets of SH3-like folds. They bend through 90° when passing from one
[-sheet to the other and together with the crossover loop form a half-turn of a right-handed superhelix. A database
including 60 nonhomologous SH3-like domains has been compiled using the Protein Data Bank and analyzed for
the L-modules occurrence. The most common L-modules have J,,000f,- and B,,c00fof,-conformations,
where m and n are numbers of B-residues in the first and second B-strands, these modules occur most in 57 and
8% SH2-like domain, respectively. When superimposed, these types of the L-modules exhibit much similarity be-
tween their 3D structures and a certain pattern of their key hydrophobic, hydrophilic and proline residues detected
irrespective of whether they occur in homologous or nonhomologous proteins.

Keywords: o-helix, B-strand, structural motif, structural similarity
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