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Ge/KM WDAIST UOETRAIBHYIS POV

0 CTIOKTAX m: Benok-AHK koMnnekcbl pacno3HaBaancCb C NOMOLWbio X-ray Kpuctannorpadum c
"m"m"m M"l'n"m“ paspewenuem Gonee yem B 3.0 A Protein Data Bank (PDB) [4,5] u Nucleic Acid
omessnemmie yomxu B Database (NDB) [6]. KoMmnnekcbl ycTaHaBnuBanucCb Kak CTPyKTypa, coaepikalias
omesenesm emykryl  AK- onHy mnu 6onee 6enKoBbIX Lienei W, no KpaiHel Mepe, ABYHUTYaTyo AHK anvHown
CERaLBOUAX armat. " 6onee 4-x nap ocHoBaHui(bp). NckntoueHbl 0oAHOHUTYATbLIE U YeTepexHuTyaTble [HK
JIK xovmnexeos Gaawpyerea ma V1 Non-contiguous AHK (c paspbiBamu HWUTK). B pesynbTaTe BbisiBneHo 240 6enok-
cpyxtyps  AK-csssbmawumx [IHK komnnekcos (Tabn 1, 2). Box 1 noka3sbiBaeT npouecc cenekumm.

okEcTe B “'"""[‘“": BxknioueHbl 24 roMoauMMepHbIX KOMMAeKca, YTM acMMMETPUYHbIE eAVMHULbI
,,.,A' m" Lm lisl 1 3npe MMOAEPXKAT TOLKO MOMOBUHY CTPYKTYPbl.

KNACOH(WIKANMN,  TMaBSAMOILLEA . . .
BCUGNATL  HOB  CTRYKTYDRL Structural taxonomy and classification of protein-AHK complexes

MOACTIRNONDHIX B PEDANT (3]
MOK33bmasT, Wi ofsrmm 234 basa PDB knaccuduumposaHa B COOTBECTBMM CO CTPYKTypoi 6enka B
""m“"'-‘:n" m’“r::'g komnnekce. Knaccudukaums AByX-ypoBHeBas. Ha nepsoM ypoBHe 6enku 6binn
m!ml JK-casaomauye P2CCOPTMPOBAHbI BPYUHYIO Ha 8 rpynn, ncnonb3ysa RasMol [7] AaHHble nuTepaTypbl.
Gema. CnepgpaTerbie, YieHbl OAHON M TOW XXe rpynnbl MMEeNn XapakTepHble 06Llme CTpYKTYypHble CBOICTBA,
.;"':-:;'_' KnaccalialMe |1 conb3yemble Ans pacnosHasaHus JHK, n 6binM poACTBEHHbI ApPY. Ap. B Pa3Hoii
ctenenun. 8 rpynn 6bian cneaytowmmm: (I) HTH (including 'winged' HTH), (II) zinc-
maindl The groups of coordinating, (III) zipper-type, (IV) other a helix, (V) B sheet, (VI) B hairpin/ribbon,
protein structures found in (VII) apyrue u (VIII) 3H3uMbl (Tabn. 2). Mpynna sH3MMOB ABNAAACh UCKOYEHUEM
}he ?ataseihthe ”“E‘ber °f s CTPYKTYpHOrO KpuTepwsi, T.K. OHa COAepXana BCe 6enku, KoTopble o6naaatoT
aanrg”isewr']umbeefcofgéogg ¢epMeHTaTMBHON aKTMBHOCTbIO, ecnun cBsA3aHbl ¢ AHK. 5 3H3MMOB Kpome TOro
files each family contains. KNaccMdULMpPOBaHbl MO CTPYKTYPHbIM OCHOBaHusM ans HTH u ap. a helix rpynn:
restriction endonuclease Fokl (PDB entry 1fok), yd-resolvase (1gdt), Hin
recombinase (1lhcr), Tc3 transposase (1tc3) n Cre recombinase (lcrx). 31 6enku
npeacrasneHol B rpynne HTH B Tabn. 2 n cOOTB. MapKMUpoBaHblI.

Ha Bstopom ypoeHe knaccudbwukaumm [HK-pacnosHalowme AOMeHbl 6binu

(Taén2) List of the 240
structures of protein-AHK
complexes in the dataset

KnaccnduumpoBaHbl B rOMOSIOrMYHbIE CEMENCTBA MYTEM CPaBHEHUS UX CTPYKTYpbl B
E napax, WCNonb3ys nporpaMMy CpaBHEHWS BTOPUYHON CTPYKTypbl SSAP [8].
Pwel | Group |, HTH [POrpamMma mcrosb3yeT MeToA AMHAaMUYECKOro MPOrpamMMMpoBaHNs [9] v BbIABNSAET
proteins CXOACTBO Mexay 6enkamMu nyTeM CpaBHEHUS CTPYKTYPHbIX YCMOBWUI COCTaBASOLMX
(constituent) ammnHokuncnot. SSAP paet nokasaTtenb 100 ana MAeHTUYHbIX 6€KOB U
E| 6onee 80 ans romonornyHbix 6enkosB; 6enku aBToMaTMYECKM NonagatT B 04HO U TO
)K€ CEMENCTBO, ec/in NnokasaTeNb Bbile 3Toh rpaHuubl (cut-off). bonee yaaneHHble
(Puc2) | Group I, zinc- 6enKN, KOTOpble UMEIOT nokasaTtenb 6onee 70 TakxKe NOMELWAOTCA B OAHO U TO Xe

coordinating proteins CeMeNCTBO, €C/IN OHU BbINOMHSAOT CX0AHbIe 6uonoruyeckme dyHkummn [10].
Benkn paspbiBanncs no ux coctasnswowmm [HK-CBA3bLIBAOWMM OMEHaM,
E| npexae 4Yem MnpoBOANTb CpaBHeHMe. B 60MblIMHCTBE AMMEPOB KaXAblh AOMEH,
COOTBETCTBYEeT onpeaeneHHon cybbeamHuue u CTPYKType, KOTOpyk HeobxoanMo
(Pue3) | Group Ill, zipper- ornennTh B constituent uenb. Y 6enkoB, Takux kak Te, uto ¢ PBa zinc fingers,
type proteins OAHaKo, Uenb COAEPXWUT HECKOSIbKO CBSA3blBAOWMX AOMEHOB; B KaXAOM cny4ae,
cnegoBsaTeNnbHO, cybbeaAnHMUbI NOAPA3AENsn Ha COOTBETCTBYHOLWME CErMeHTh,
E| KOTOopble npeacTaBneHbl B Tabn. 2. CTpyKTypbl naeHTUMLMpOBaNnUCh CTaHAAPTHbIM
PweAd | Group IV, other a four-digit PDB «komom (Hanp., 1laay). Korma 6enkoBas Cy6beﬂMHMHa
helix proteins cneunduumnposanacb, TO COOTBETCTBYOWAA uaeHTUdMKauma uenu B PDB daine
pobasnsnacbe k four-digit koay (Hanp., laayA). Ans onpeaeneHHOro cerMeHTa
BHYTpUY cybbeanHuubl 06aBnsncsa YMCcnoBon naeHTudmrKaTop, Kak nokasaHo B Tabn.

E' 2, (Hanp., laayAl).

Pwes) | Group V, B-sheet Bcero npeacraeneHo 54 cemeiicte 6enkoB, M3 KOTOpbiIX 33 uMelT 6onee
proteins oaHoro PDB entry. BHyTpu Kaxaoro ceMemcrsa MMeeTcs CTPYKTypa TOro Xe caMoro

6enka, cBSI3aHHOro C pasnuM4yHbiMKM nocnegosatensHocTamm [OHK (Hanp., phage 434
repressor complexes 1lper and 1lrpe B Cro n Repressor cemMeincTse) U CTPYKTypbl
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pa3Hbix 6enkoB, CBA3aHHble C pa3HbiMW nocnegoBatenbHocTamu AHK, (Hanp.,
E' phage 434 n A repressor complexes, 1per n 1lli cootBetcTtBeHHO, B Cro n Repressor
Pueb] | Group VI, the p- CEMEWCTBE). Tabn. 2 NpeACTaBiseT CNUCOK BCex CTPYKTYp 6enok-AHK komniexkcos u
hairpin/ribbon proteins nx Knaccndukaumio. [Moka3aHbl TakxXxe MHO>XEeCTBEHHbIE CpaBHeHUA
nocneposatenbHocten [HK, koTtopbie cBasbiBatoTca B KaxaoMm cemenctee ( ClustalX

E [11]).

(Pue7) | Group VII, other
OHK-binding proteins

Group I: helix-turn-helix proteins

] Motue HTH sBnsetca  Haubonee  pacnpoCTPaHEHHbIM  3/71EMEHTOM
Puc8) | Group VIII, the pacrniosHaBaHWs, MCMOMb3YEMbIM TPAHCKPUMUMNOHHBLIMA PEryNsSTOPaMM M SH3MMaMu y
enzymes NpOKapuoT U 3yKapuoT. XOTS MOTUB TPaAMLMOHHO onpeaensieTcs Kak cerMeHT B 20
AMUHOKUCIIOT M3 ABYX MOYTU MEPNeHAUKYNAPHbIX d CnvWpanei, COeAMHEHHbIX C
|E| nomoLbio 4YeTblpex octaTtkoB B cM (Cro m Repressor family, 1lmb; Puc. la) aBT.
pacwmnpunun 3To onpeaeneHve ans Tex ¢ 6onee ANMHHLIMU JIMHKEPAMU, TaKUMU Kak

g’;ﬁuiné thilol"elegt'i)gnrac':} NeTnn, TakoW >e [ASMHbl OTHOCUTENbHO OpMeHTauuu a cnupaneit (Hanp., 6enok

the protein-OHK cemencrtea RAP1, 1lign). Mpumepbl Ansa Kaxzoro cemencrsa B rpynne HTH nokasaHbl

complexes from the PDB Ha Puc. 1. Ha puc. HTH BbigeneHa KpacHbIM.

(04/01/00). Motus Bcerpa cssisbiBaeTcst ¢ 6onblioit 6oposaoin AHK; BTOpas a crnuvpans,
06bI4YHO M3BeCTHas Kak pacro3Hawowasi WMAW 30HA4, BcTaBnsetca B 6oposay. B
60/IbLUNHCTBE KOMMJIEKCOB npsimble KOHTaKTbI coBepLUalTCs Mexay

@MUHOKNCNOTHbIMM  6OKOBbIMW LEnoYKaMm W HYKNEOTUAHbIMM OCHOBAHWSAMWU; B
HEMHOMMX Cny4yasx, oAHaKO, MCMOJb3YHTCS aTOMbl 6€/1KOBOrFO OCTOBa WM MOCTUKMU
n3 Monekyn Boabl (Hanp., Trp cemencTtBo penpeccopos, 1ltrrA). MNMoaTBepXxaeHHble
KOHTakTbl ¢ [JHK ocToBOM B OCHOBHOM (OPMUPYKOTCA JIMHKEPOM W NEpPBOK a
cnupanbild B MOTUBE, KOTOPbIN COoeaAuHSIeET MOCTMKOM 6onbwyto 60po3gy Ha N-
TEPMUHANIBHOM KOHUE pacnosHawwern cnupanu. [JanbHelwme B3auMOZenCTBusa C
HYKNEMHOBOW KUC/IOTON M. TaKXe COBepLUaTbCs C MOMOLLbI0 OCTasibHOM YacTu 6enka
W MHOrAA BHOCSAT AanbHenwyto cneundukaumio OHK nocnepoBaTtenbHocTen. Hanp.,
Hin recombinase 6enok (1lhcrA) B3ammogencTByeT C OCHOBaHMAMM B 60MbLUOWN
6opo3ae psaoM c ogHOM M3 cBs3el, obpasyeMbliX CNMpasnblo pacrno3HaBaHuWA.

Mot HTH 06bluHO 06HapyxuBaeTcs B nyyke u3 3-6 a cnvpaneii, KoTopble
co3patoT ctabunmsmpytowyo rmapodobHyo cepaueBuHy. XOTS MOTMBbI M3 pasHbIX
cemMenctBs 6enkoB CTPYKTYPHO O4Y€Hb CXOAHbl HE3HauuTesibHas roMosorus
obHapyxuBaeTcs BHe MOTUBA. B cTpykTypax, Takmx kak 434 penpeccopHblit 6enok
(1lli, cemenctBo Cro u Repressor), HTH MOTMB sIBNSIeTCS 4acTbiO OCHOBHOro Tesna
benka. Y pap., TakMx Kak nypuHoBbIM penpeccop, (lwet, cemencreo Lacl
penpeccopoB), OH HaxoauTcsd B HebOo/bIOM [AOMEHe, O0TXoAsleM OT OCHOBHOWM
CTPYKTYypbl. MMeeTcsi He3HauuTenbHOe CXOACTBO MOCAeAOBaTE/IbHOCTEN Mexay
MOTMBaAMM pasHbiIX CEMENCTB M 3Ta WM3MEHYMBOCTb MO3BOSSET MM pacrno3HaBaTb
onpegeneHHble Habopbl nocnegosaTensHocTen JHK.

TouHoe pacrnonoxeHve pacnosHawooLel cnupanu B 6onbluoit 6oposge AHK
TaKXXe BapbMpyeT, oTpaxas CTPYKTYPHYIO U DYHKUMOHaNbHY NOTPebHOCTN Kaxaoro
b6enka. PacnosHatowas cnupanb NPOKapMOTUYECKMX TPaHCKPUMLMOHHbIX (aKTopoB
(Hanp., n3 cemenctB Cro u Repressor, Takmx kak 1lli) obblyHO pacnosioxeHa
napanfnenbHo base-pairing KpasiM HyKneoTuMaoB, TOr4da Kak 3Ta cnpanb Yy
aykapuotmdyecknx 6enkos (Hanp., TrOMeOAOMEHOBOE CeMencTBo, CM loct)
pacnosoXeHa napannenbHo caxap-docdaTHOMYy OCTOBY, 4YTO6bl MPUCNOCOBUTLCS K
6onee AWHHBIM a cnuvpansM. CBA3biBaHWe C nomowblo Trp penpeccopa (1trrA)
YHUKaNbHO, T.K. N-TepMUHanNbHbIN KOHEL a Cnupasn MpakTUYecKu OKa3biBaeTCs B
6opo3ge. XoOTsS Takoe pacrnosloXXeHMe OKrpaHWUMBaeT posib  aMWUHOKWCIOT,
pPacrnofioXXeHHbIX HMXe a cnupanum, OHO Heobxoammo, 4Tobbl AOMYCTUTbL BTOPYHO
penpeccopHyo cybbeanHuuy B Ty Xe caMmyio 6onblwyto 6po3ay, ecnu CBsisbiBaHME B
TaHaeme. CBsasbiBaHue cnvpanu B 6onbwon 60po3age, KOTOpas TakKXe O4eHb
pacnpocTpaHeHa W B Ap. rpynnax, co3gaeT reoMeTpuyeckn 61aronpusaTHble ycnosus,
B KOTOpbIX KOMMOEHEeHTbl kak 6enka, Tak u JHK M. MeHATbCs, Aenas BO3MOXHOM
MyfnbTUcneundnyecKyto KOMMNeMeHTapHOCTb. benkoBble nocnefoBaTeflbHOCTM W
cnocobbl B3aMMOAEWNCTBMS BapbUpYylOT CYLLECTBEHHO, HO HYXAalTca B Chvpany,
ytobbl 6bITb 'MpeacTaBfieHHbIMM' Ha MOBEepXHOCTHM 6enka, roToBbIMM  ANS
B3anmoaencrteusa ¢ AHK, ato n obecneumBaetcsa HTH moTuBOM.

B uenom npokapuoTuueckme TPaHCKPUMUMOHHbIE aKTOpPbl CBS3bIBAOT
nasiMHApPOMHbIE nocnenoBaTeNbHCOTU OHKkak roMoaumepsbl, Toraa Kak
aykapuoTmyeckune 6enkn, Takme Kak 4sieHbl roMOe0bOKCHOro ceMencTBa, CBA3bIBAOT
KaK MOHOMepbl, Takm W retepoammepbl C HECUMMETPUYHBLIMU CaWTaMU-MULLIEHSMMU.
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MocnepHee pacnonoxeHue noTeHUManbHO nossonser pacrnosHaBaTb
3aHauuTesIbHO 6eonee LUMPOKUM Kpyr rnocseaoBaTeNbHOCTEN OHK.
MpokapuoTuyeckne 3H3mMMbl B rpynne (Hanp., Fokl endonuclease, 1fok), koTopble
dYHKUMOHMPYIOT Kak MOHOMepbl, obnagatT 6onee, yem 0AHMM MOTUBOM B OAVMHOYHO
cybbveagmHumue.

HMmeetcs 16 roMosnornuHbix cemelicTs B rpynne HTH. 8 coaepxaT TOAbKO Mo
OOHOWM CTpPYKType KaxnAabli, a mu3 ocrtaBwmxca 6 Tonbko Cro u Repressor u
homeodomain cemeicTBa cogepxaT 6enkM C  pasHbIMM  @MUHOKMUCIOTHbLIMMU
nocnenoBaTesibHOCTAMU.  MAEHTUYHOCTb NapHbIX  MOCNeAoBaTebHOCTEN — Mexay
cybveamHuuamn B cemenctBax Cro u Repressor konebniwoTca B npeaenax ot 68%
(1ImbA un 1perA) go 100% ana maeHTMuHbiXx 6enkos (1A n 1lmbA). MNonapHble
SSAP nokasaTtenu Bbiwe 85. B romeogoMeHOBOM ceMenctBe, Xota POU noMeHoBble
6enkn yacTto paccMaTpuBaloTCa OTAeNbHO, OHM 6bln 06beanHeHbl BMecTe B AaHHOWN
paboTe u3-3a X BbICOKOro nokasatens SSAP. Hanp., 6enok Mata-2 (1aplA) n POU
nomeHoBbI 6enok Pit-1 (l1au7Al) umetoT nokasaTtenb SSAP 88.3 npwu cpaBHeHUM
59% 6enkoBbix ocTaTkoB. Kak pe3ynbTraTt, 6onee 3HaumTesibHass M3MEHYMBOCTb MpU
nonapHon maeHTMdMKaunmmM nocnenoBaTeNbHOCTEN, KOTOpasi camMol HWU3KoW 6bina B
42% (laplA w 1lau7Al). Hin recombinase, vyd-resolvase, Fokl restriction
endonuclease, Tc3 transposase n Cre recombinase cemelicTBa nNpuHaanexart Kak
HTH Tak 1 aH3MMHON rpynne.

'Winged' HTH proteins

Motns 'winged' HTH sBnsercs pacwupeHnem rpynnsl HTH, KoTopbiit
XapaKTepu3yeTcs NpucyTCTBMEM TpPeTbeW a cnupanum n cocegHero B nuctka (Puc.
1m-p), KOTOpble paccMaTpMBalOTCS KakK KOMMOHeHTbl JHK-cBsA3biBawoWwero MoTuea.
Pacno3Hatowasa cnuvpasnb CBA3bIBAaeTCA Kak B perynapHbix HTH MoTuBax, Tak n B
A06aBOYHbIX BTOPUYHbLIX CTPYKTYPHbIX 3MeMeHTax, obecrneunmBas AOMOSHUTENbHbIE
KOHTaKTbl ¢ octoBoM [JHK.

Group II: zinc-coordinating proteins

Zinc-coordinating 6enku obpaszytoT OAHY 6onbuyto rpynny
TPaHCKPUMUMOHHBLIX (aKToOpoB B reHome sykapuoT, a [AHK-ceBa3biBawwWWii MOTUB
XapaKTepuyeTcs YeTblpeXrpaHHON KoopAMHauMen ogHOro Uin AByX WOHOB LIMHKA 3a
CYeT 3aKOHCEpPBMPOBAHHbLIX LMCTEMHOBOIrO WAW TUMCTUAMHOBOrO OCTaTKoB. LUunpoko
pacnpocTpaHeHHOe MCMNOJIb30BaHMe 3TOM OpraHu3auum, Kak nonaratoT, o6ycnoBneHo
CTPYKTYPHOM CTabunbHOCTbIO WOHOB MeTansa, npuHagnexawux AOMeHaM, KOoTopble
HefoCTaToOuYHO BeNnkM  Ansg  obpasoBaHusa ctabunbHoro ruapodobHoro sapa.
Mcnonb3oBaHue zinc-coordinating MOTMBOB He orpaHuM4yeHo cBs3biBaHneM OHK n oHKu
0ob6HapyXuBalTCA TakXe B JAOMeHaX, Kropble obecneumBaloT MexbenkoBble
B3amMoaencTems. benku B 3TOM rpynne CTpyKTypHO 6oniee pasnmuHbl, 4yeMm 6enku
HTH rpynnbl n naeHTMduUUMpoBaHO 6 MPUHULUMUANBHBIX CEMEWUCTB, U3 KOTOpbIX 4
npeacTtasneHbl B 6a3e AaHHbIX KOMMIEKCOB. XapaKTepHble CTPYKTYpbl NpeacTaBieHbl
Ha Pwuc. 2, rae zinc-coordinating MOTMB OKpaweH KpacHbiM. YT06bl m3bexaTb
HeAOoMOHMMaHUa NPy UCNONb30BaHMKN TepMUHa "UMHKOBbIE nanbunkun" (‘zinc finger'),
Mbl 3ape3epBMpoBannM €ro Ucrnosb3oBaHme ana 6eskoB, koTopble uMetoT Zif-268-style
(laayAl) motuB Cc ABYMSA B HUTAMM M Cc a cnumpanbio (Puc. 2a). TepMuH 'zinc-
coordinating' 6yaet ncnonb3oBaTbCsa Kak 06ob6watowmn TepMuH ansa Bcex 6enkoB C
MoHan unHka B JHK-cBsA3bIBaOWEM MOTUBE.

The BPo zinc-finger family

(3[30 zinc-finger 6enkn coctaBnalT camoe 6onbwoe UMHAMBUAYaNbHOE
ceMenctso B rpynne wu 6onee  ThiCA4M  MOTMBOB C  OMpeAenNeHHbIMU
nocnefoBaTeNbHOCTAMU  UAEHTUPUUMPOBAHLI B  TPAHCKPUMUMOHHBLIX daKTopax.
CTpyKkTypa nasab4MKOB XapaktepuayeTcs KOPOTKUM OBYHUTYATbIM
aHTunapannenbHbIM B TNCTKOM, CONPOBOXAAEMbIM a cnupanbio (Puc. 2a). Ase napsbl
3aKOHCEPBUPOBAHHbIX TMCTUAWMHOBBIX WM LUMCTEMHOBbLIX OCTaTKOB B 4 Cnupanu u
BTOPOM 3 HATN CKOOPAMHUPOBAHbI C €ANHCTBEHHbLIM MOHOM LIMHKA.

Benkosble cybbeamHmLbl YacTo coaepxaT MHOXECTBEHbIE NasbuyMKn, KOTopble
ob6opaumBatotcs Bokpyr AHK B Buae cnupanu. ManbymMkm CBSA3bIBAOT cocegHue B 3
Nn.H. cybcanTbl NyTeM MPOHMKHOBEHMS a cnupanu B 6onblyto 6oposgy u 6naroaps
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naTtrepHy pacrno3HaBaHuma Mexay cnupanbio U AHK. AMWHOKMCNOTbI B
nonoxeHun -1, 2, 3 n 6 OTHOCUTENBHO TOYKW CTapTa Cnupanan a UCNOSb3YHTC ANs
B3aMMOAENCTBUSA C OCHOBAHWAMW, HaAxXOAALWMMUCA B MONOXeHun -1, KoTopoe
npeawecTBeT cnupann. XoTa UMEKTCA NpUMepbl KOMMJIEKCOB, KOTOPbIE HE CreaytoT
3TOMY nopsaKy, 6bl710 YCTaHOBMEHO, UYTO MOBpEXAEHMEe aMUHOKWUCAOT B K/HOYEBOWN
no3vumMmn BeAeT K TOMY, YTO HAUYMHAKOT pacro3HaBaTbCA MOC/eA0BaTENbHOCTU Ap.
cybcarita. MNMpu obpasoBaHUM HECKOJSIbKMX MafibuynMKoB B 6eske CBA3bIBAOLWME CANThI
pa3nNnYHOM ANMHbBI M. CBA3bIBabTCA C pasnndHon cneumdunyHocTbio. Hanp., 6enok ¢ 5
nanbymMkamm M. oxuaatb, byaeT CBA3bIBaTbCSH C ASIMHHLIM CANTOM-MULLEHBIO OYEHb
n3bupatenbsHo, Toraa Kak 6enok ToAbKO C O4HMM NanbynMkoM 6yaeT noTeHumanbHo
CBSA3bIBATbCA C  LWMPOKUM  KPYroM CamToB, cogepxawuMm  HeobxoauMmble
nocnepoBatenbHOCTM B cybcanTte. OpHako, cTpykTypa 6enka rnnobnacroMmel
yenoseka (1gli) ykasbiBaeT Ha TO, YTO CBSA3blBaHWE He Bceraa CTo/b NPSAMONHENHO;
M3 5 nanb4ynKoB B CTPYKTYpe OAWMH He KOHTakTupyeTt ¢ AHK BoBce, 1 nuwb ABa, MNo-
BMAUMOMY, 06pasyloT cneumdunyeckne KOHTaKTbl C OCHOBAHUSAMM.

aK yxXe ykasblBanocb, 6enkosble cybbeaMHuubl nNoapasgeneHbl  Ha
onpeaeneHHble AOMeHbl, KaXAbll COAEPXUT MOTUB LMHKOBbIX NafbyMKoB. NonapHas
naeHTUdMKaunsa nocnefoBaTelbHOCTEN CpaBHMBAEMbIX [AOMEHOB oOb6HapyxuBaet
BbICOKOE cX0ACTBO OT 73% (Hanp., ansa 6enka zinc-finger yenoseka, ludbAl, un
6enka Drosophila tramtrack, 2drpAl) go 100% (Hanp., MbiwKHbIA Zif268 6enok,
laayAl, n nckyccrBeHHbln 6enok, 1mey). Bce AOMEHblI CTPYKTYPHO OY€Hb CXOAHbI,
nokasatesib ux SSAP Bbiwe 90.

Hormone receptor family

HpnepHble peuenTopbl AAS CTEPOUAHBIX FOPMOHOB, TUPOUAHbLIX FOPMOHOB W
peTuHouaoB ob6pa3sylT BTOpoe ceMmeicteo B rpynne (Puc.2b). B oTBeT Ha
CBSI3blBaHME COOTBETCTBYIOLWEro /AuraHga 3TW peuenTopbl TPaHCAOUMPYOTCA U3
uMTonnasMbl B S4APO M pEerynuMpyloT TpaHCKpunuuio nocnegoaTtenbHocten AHK,
Ha3biBaeMbix hormone response elements. [oOpMOHanbHble peuenTopbl 06bIYHO
GYHKUMOHMPYIOT KakK rOMO- WAW [FeTepo-AMMepbl, a KaxAbli MOHOMep 06bl4HO
COCTOMT M3 nuraHa-cesAsbiBawowero, [OHK-cBasbiBalowero w peryaupytowiero
TpaHcKpunuuio aoMeHoB. MoTue zinc-coordinating o6Hapyxwusaetca B [OHK-
CBS3blBalOWEM [OMEHe U XapaKTepusyeTcs AByMS aHTunapannesbHbiMM @
cnupansiMn, NOKPbITbIX NeTnsMM ux N-TEPMUHaNbHbIX KOHLOB; Ka)xaas napa
cnupanb-neTns KOOpAMHUPYET OAMH MOH LIMHKA, UCNOSb3ys 4 3aKOHCEPBUMPOBAHHbIX
umMcTenHa. [ilBe a cnvpanu pacrnosioXHebl MPUMEPHO MNoA NMpsMbIM YIAIOM Ap. K Ap.;
nepsas npoHukaeT B 6onbwyto 60po3ay AHK, utobbl OCywecTBUTb B3auMOAENCTBUS
C OCHOBaHMSAMW, TOrAa Kak NeTns u BTopas a cnupasnb KOHTakKTUpyeT ¢ octoBom AHK.
OpHoro [AHK-cBsi3biBawLWero AoMeHa JAOCTaTOYHO AN AMMepu3aumu, a CTOpoHa
(interface), obpasyemas netnen, BeAeT BO BTOPYO a cnupanb.

ce peuenTopHble cybbeanHuLbI pacrnosHatoT OAHY n3 OBYX
nocneaoBaTe/IbHOCTEN rnony-canTa, 5'-AGAACA-3' nnu 5'-AGGTCA-3'".
NaeHTndunkaums MOJIHOIO camTa-MuLLIEHM npeponpeaensiercs ABYyMS
nocnenoBaTeNbHOCTSIMU MOY-CAaWTOB, KOTOPbIE MPUCYTCTBYKT, UX OTHOCUTENbLHOM
opueHTaunen (MM CUMMETPUYHOMN UM NASIMHOAPOMHOM) U PacCTOSSHUEM MeXAy HUMKU
(3-6 n.H.). T.06p., pacnosHaBaHuWe nocnefoBaTesIbHOCTEN MWULIEHUM 3aBUCUT OT
UnTabenbHOCTU MOC/eA0oBaTENbHOCTEN MONY-CaluTOB Kaxaoh cybbeauHuMUeENn M OT
cnocoba, C MOMOLbIO KOTOPOro CcybbeamHuubl AnMepusytoTcs. MocnenoBaTenbHOCTH
BCEX AaHHbIX B uMetowenca 6aze gaHHbIX O4YeHb CXOAHbl (MX NAEHTUYHOCTL > 90%).
3a WCK/IYEHMEM peLenTopoB TUPOMAHOro ropmMoHa (Hanp., 1bsx), KOTopblin nMeeT
ABE AonofiHuTeNbHble cnupann B C-TepMuHanbHOM xBocTe. CTPYKTypbl BCEX OYeEHb
CXO0A4HbI, NonapHbIn nokasaTtenb SSAP ceswe 90.

Loop-sheet-helix family

TpeTtbe cemeiictBo ¢ MoTMBOM zinc-coordinating siBnsieTcs CeMeicTBO C
moTueoM loop-sheet-helix zinc-coordinating (Puc. 2c). OHo npeacrtasneHo [AHK-
cBa3blBaowen obnactbto 6enka p53, akTuBaTopa TPaHCKpUMNUUMK, ydacTBylOWeEro B
cynpeccumn onyxonen. Ero AHK-cBs3bliBaOLWNI JOMEH COCTOUT U3 NETAN, OTXOASALLEN
OT OCHOBHOIO Tena 6enka, conpoBoXxaaemom HebonbWwuM B INCTKOM, U3 a CNupanu m
3aTeM elle oAHOM neTnu, Kkotopas naet obpatHo B 6enok. Tpu uMcTemHa n rmMcTManH
B ABYX NETNAX KOOPAMHUPYIOT MOH LMHKaA.

Benok cessbiBaeTcs a cnupanbio ¢ 6onblwoit 6oposgoit AHK, a netns c
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MWHOPHOM 60po3J0N, XOTa nocnegHsass Bpag Nu obnagaet cneuMdUYHOCTLIO.
benok dyHKUMOHMPYET KakK TeTpamep, Kaxaas ero cybbeauHMua KOHTaKTUpYyeT C
OTAeNbHbIMX pacno3HaBaeMbiMW NOCNEA0BaTEIbHOCTAMU B 5 M.H., pacnonoXXeHHbIMU
ogHa 3a pgpyron. O6nactm BHe [OHK-cBs3biBatowero ™MoTtmBa o06pa3sytoT
B3aMMOAENCTBUSA Mexay cybbeanHuuamu.

Gal4 family

M, nakoHeu, cemeiicTBO, cocTosillee ToNbko M3 oaHoro Gal4 6enka. 370
TPAHCKPUMUMOHHbLIA perynsaTop reHoB, WMHAYUMPYEMbIX ranakTo3oW, a ero zinc-
coordinating MoTuB naeHTMdMUMpPOBaH elwe ToNbko B 6enkax agpoxoken. MoTMB aTOT
npeacTaBfieH Napoi a cnupasnen, KOTopble KOOPANUHUPYIOT MOHbI LMHKA NOCPeACTBOM
6 LUMCTEMHOBbIX OCTATKOB, rae ABa UMCTEMHA CBSA3aHbl C ABYMS aToMaMu MeTtasnna
(Puc. 2d). Nepeas a cnupanb npoHMKaeT B 6onbwyto 60po3ay AHK ans cBA3biBaHUS
C OCHOBaHMAMM, a BTOpas a cnupanb B3aumoaencTeyetr ¢ ocrtosoM. Gal4
(dYHKUMOHMPYET KakK romMoamMMmep, a CTOPOHbl AN AMMepu3aunn pacnosioXeHbl BHe
zinc-coordinating moTumBa.

Group III: zipper-type proteins

I'pynna zipper-type nonyumna csoe Ha3spaHue Mo cnocoby AvMepu3auLMKu ee
YNIEeHOB, OHa XapaKTepHa TONbO AN dYKapUOTMYECKMX OpraHM3MOB. M3BeCTHbl ABa
ceMencTBa nenuuHoBbLIX 3actexek (leucine zipper) (Puc. 3a) wu helix-loop-helix
6enkos (Puc. 3b);nocnegHee Henb3sa nytatb ¢ HTH rpynnoi. T.K. HEKOTOPbIE Y/EHBI
GYHKUMOHUPYIOT B Ka4yecTBe retepoammepos (Hanp., Fos-Jun complex), Bce aaHHble
PDB npeactaBnieHbl TO/IbKO roMogMMepamMu.

Leucine zipper family

B cemeiictBe neitumHoBbIX 3acTexek cTpykTypa 6enka M.6. noapasaeneHa Ha
ABe yactu: obnacte aumepusaummn n HK-ceasbiBatowas obnacte. Kak nokasaHo Ha
Puc. 3a, kaxagasa cybveanHuua B leucine zipper 6enkax coCcTouT U3 OAHOYHOM aneTnum
npumepHo B 60 ammHokmcnoT. Aumepusaums obecneumBaetcs 3a cyeT obpasoBaHus
cynepckpydeHHorn cekuum B 30 aMMHOKMCNOT Ha C-TEepMMHANBHOM KOHLE KaXaomn
cnupanun. CerMeHT, M3BECTHbIA Kak 0651acTb 3aCTeXKW, COCTOUT M3 JNlefluMHa uau
CXOAHbIX TMAPOGOO6HLIX aMWUHOKUCIOT B KaXXAOW BOCbMOW MNO3ULMW - MNPUMEPHO
Kaxable ABa BuTKa a cnupanu. CooTBeTCcTBYyOWME O6OKOBblE LEMOYKM OT KaXKAok
cybeanHmnubl obecneumBaloT rMapodobHble KOHTaKTbl CTOPOH MOCPEeACTBOM 60OK-0-
6ok ynakoBku. [QHK-cBasbiBatowasa obnactb, M3BECTHas TakKXe Kak basic obnactsb,
HaxoamTca Ha N-KoHue, a CBSA3bIBalOWMIA CEerMeHT ynpas/isieT pacwmpeHnem obnactm
AMMepu3aumn. a cnupanu AByX CcybbeaAuHWL, AMBEPrUpyrOT U3 CynepCcKpyYEeHHOro
yyacTka n npoHukalT B 6onbwyto 6oposay AHK B NpoTUBOMOMKHBLIX HanpaBneHusXx,
Kaxxgasl cBA3biBaeT MNoONoBMHY MuweHu. CeMelicTBO leucine zipper npeacraBfieHO
uenukoMm ApoxokeBbiMn GCN4 6enkamu, KOTOpble MMEWT MNOYTU UAEHTUYHYIO
CTPYKTYPY M CBSI3bIBAlOTCSI C MPOMOTOPHbIMM 06/1aCTAMM  FeHOB, KOAMPYHOLWMX
3H3MMbI, yyacTBywWwMe B 6MOCMHTE3e aMMHOKNCAOT. <p4 class=my>Helix-loop-helix
family

Benkn helix-loop-helix sensitotca MoanduKaumeidi HenpepbiBHbIX @ cnvpaneii
6enkoB leucine zipper, B koTopbix [JHK-cBsa3biBalowas v amMmepmsauum obnactm
pasgeneHbl NeTnen, Aalowux B pe3dysbraTe 4deTbipexcnupanbHbin nydyek (Puc. 3b).
Mono6bHO NenuMHOBbLIM 3acTexkaM Cnupanu AUMMEpU3auMn B3avMOAEUCTBYIOT Ap. C
Ap. B cynepckypyeHHoOM obpasoBaHun, a [HK-cBa3biBalowme cnvpanu BCTaBNAKOTCS
B 6onbwyto 6opo3any OHK. PaspgeneHne gByx cerMeHTOB co3gaeT 6osbwyto rmbkocTb
W no3BonseT MO3ULUMOHMPOBATb CMMpanM-30HAbI Ha HYK/JEWHOBbIX KMUCIOTax.
CemelictBo helix-loop-helix npeacTtaBneHO MbIWWHBIMU UM YeNOBEYbUMU HOpMaMu
Max, MbiWWHHBIMM MyoD un uyenoseubumum USF 6enkamun. WAEHTUYHOCTb
nocnenoBaTenibHOCTeN konebnetca B npegenax ot 66% (Max 6enok, 1an2A, u USF
6enok, 1an4A) pno 97% (MbIwKHbLIA Max 6enok, lan2A, n 4denoseubuin Max 6enok,
1hloA)n 3a ucknoueHnem MyoD (1mdyA) n USF (1an4A) 6enkoBoli napbl (NapHbIi
SSAP nokasatenb 70), SSAP nokasatenu Bbiwe 80. CTPYKTYPHbIE pa3finuns Mexay
6enkamMm B OCHOBHOM BO3HWKAKOT M3-3a WM3MEHYMBOCTM AJIMH WU PacCnosioXKeHUs
nertenb.
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Group IV: other a-helix proteins

M3sectHo 7 cemelicTB C OueHb pasnuuHbiMM (yHkuMamu B 'other a helix'
rpynne (Puc. 4). Skn-1 (1skn; Puc. 4d) n MADS (Puc. 4g ana MADS box, 1mnm)
ABMSAOTCA perynatopHbiMM 06nacTsMu TpaHCKpuMnuuu B 3yKapuoTudeckux benkax,
papillomavirus-1 E2 (2bop; Puc. 4a) wn EBNAl (1b3t; Puc. 4c) sasnsaioTtca
perynsaropamu TPaHCKpUNUMM U UHULMATOpPaMM penavkauum, ructoHbl (laoi; Puc.
4b) n high-mobility group (HMG) 6enku (1qgrv; Puc. 4f) aBnatoTCa apXMTEKTYpPHbIMU
6enkamn ans ynakoskm OHK u Cre (1lcrx; Puc. 4e) saBnsercs canT-cneundunyeckomn
pekoMbuHasomn. XoTa CTPYKTypbl 6€1KOB O4YeHb OT/AIMYHbI, BCE OHWM WCMNOMb3YKT A
cnmpanu (oKpalleHbl KpacHbIM Ha Puc. 4) kak ocHOBHOM criocob ces3un ¢ AHK.

Skn-1 1 MADS 6enku cBA3bIBAIOT AAVHHbIE 30HA(probe)-cnupann B 60bLUIO
6opo3ne AHK cnocobomMm, cxoaHbIM C zipper-type 6enkamun. Skn-1 (Puc. 4d) asnseTtca
MOHOMEPOM C KOMMAKTHOM 4eTblpex-CnupasbHOW eAnHuueln; camas AJMHHaa a
cnupanb Ha C-TepMMHanNbHOM KOHUe cBsA3biBaeTca C 6onbwol 6oposgon, a
ocTajibHas 4acTb AOMeHa KOoHTakTupyeT ¢ ocHoBoMm [HK. Y MADS (Puc. 4g),
aHTMnapanienbHbin B JINCTOK M COCEAHMN CyNnepCKPYYEHHbIN y4acTOK obpa3sytoT
NOBEpPXHOCTb AMMepM3auMuM. a Cnuvpanb Ha MPOTUBOMOJIOKHOW CTOPOHE JWUCTKA
AMBeprvpyeT OT LeHTpa CBfA3blBalOLWEro calta B cocegHiwoto 6onbwyto 6po3ay, K
KOHTaKTMpYIOLWMM OCHOBaHMAM W rpynnam ocrtoBa. [AOHK wu3rnbaerca no
HanpaBneHuto benka.

Papillomavirus-1 E2 n EBNA1 SBAAOTCS CTPYKTYPHO CXOAHbIMU AUMEPHbLIMM
6enkamun, KoTopble M.6. noapasaeneHbl Ha aee obnactn (Puc. 4a, 4c). B ctepxxHeBomn
obnacTtu, yeTbipe B HUTU OT Kaxxaon cybbeanHUUbl KOMOMHUPYIOTCA B 8-HUTYaTaTbIN
B umnuuap (barrel). ®nanrn AHK-cBa3biBaowmx obnacren npoeumpyoT OANHOUYHYHO
cnumpanb a cMMMeTpu4yHo B 6onbuwyto 6posay AHK . Ncxops m3 ux cTpykTypbl (Puc.
4a, 4c), cBA3bIBaOLWME OPUEHTALMN CIIMPANEN OYEeHb PasfiNyHbl B ABYX CEMENCTBaX.

Histone n HMG sBnsitotca MynbTUMepHbIMM 6enkaMu, KOTOpble CBS3blBaOT
OHK HesaBucuMMO OT nocnegoBaTesibHOCTeNM oOcHoBaHuW. [uctoH (Puc. 4b)
OKTaMepHbIi 6enok, ubs CTpykTypa M.6. noytm umnmHapudeckon. Kaxkaas
cybbeamHuUa npeacTaBieHa My4YKOM M3 Tpex WM 4YeTblpex chupanen, KoTopble
ynakoBaHbl Of4Ha HanpoTMB APYron; ANWHHbIA cermeHT [OHK ob6sBuBaeTcs BOKpyr
umpkynspHoro kpas 6enka. CocegHsas a cnmpanb o6pasyeT 3KCTEHCUMBHbIE KOHTaKTbI
c rpynnamm ocroBa [AHK 4tobbl cTabunuampoBaTb MCKaXK€HUS, HO HU OAHA He
npoHukaer B 6opo3gy W npoucxoamT, CnepoBaTesibHO, JiMWb  HEMHOro
B3aMMOAENCTBUS C OCHoBaHusaAMu. CybbeamHmua HMG npeacrtasneHa Tpemsa da
cnupansMun, KoTopble pacnonoxeHbl B Buge L (Puc. 4f). nepsas u BTOpas cnupanu
CBA3bIBAl0 OCHOBaHWS WM Tpynnbl 0OCOBa M3 MWHOPHOW 60po34bl WM BbI3bIBAKOT
cepbe3sHble nckaxeHus cTpykTypbl AHK 6narogapsa nHTepkansumMm aMMHOKUCNOTHbIX
60KOBbIX Lenoyek.

HaKOHeu,, Cre (Puc. 4e) aBnsetc guMepHbiM 6enkoM. Kaxkaas cybbeanHuua
COCTOMUT U3 ABYX CTPYKTYPHbIX AOMEHOB, KOTOPblE CKNaAbIBAKOTCS B CNOXHbIA My4yek
cnupanen. CoBMeCTHO AoMeHbl GopMUpYOT 3axuMm Bokpyr [OHK, a cnupanu
npoHuKatoT B 6onbLuyto U Manyto 60po3abl.

Group V: the B-sheet proteins

I'pynnbl V » VI npeacrtaeneHbl 6enkamMm, KOTOpble WCMONb3YKOT B-HUTEBblE
CTPYKTYpbl 4719 pacrno3HaBaHna u cea3biBaHua OAHK. 'pynna V, KoTopas To/bKO oA4Ha
cogepxut TATA box-cBs3biBawowee ceMenctso 6enkoB, xapakrepusyeTcs
ncnonb3oBaHMeM WKMPOKOro B nucrtka ang ceasbiBaHna AHK (Puc. 5).

TATA box-csisbiBatolWwme 6enku SBASIOTCS CyLIECTBEHHbIM KOMMOHEHTOM
My/bTMGENKOBbIX  KOMMIEKCOB, WHULUMUPYIOWMX  TpHacKpunumio, KOTOPbI
cobupaeTcsa Ha NpoMoTOpax reHoB, KOTOpble TpaHcKkpubupytoTca ¢ nomouwbio PHK
nonumepasbl II. XOoTS OHW SBNAIOTCS MONEKysaMu U3 OAMHOYHONM Lenu UX CTPYKTYpbl
paccMaTpuBatoTcsl 06bIYHO KaK COCTosAWME M3 ABYX MCEBAO-UAEHTUYHbLIX AOMEHOB.
10-HuTYaTBIM aHTUNApannesnbHblA B JIMCTOK, COEAUHSIIOWWIA AOMEHbI, MOKpbIBaET
MWHOpPHYIO 6opo3ay AHK; oH obpasyeT ABa two HagexHbIX nepernba OT OCHOBHOrO
Tena 6enka nyteM nHTepkanauum deHunanaHuHoBbIX 6OKOBbIX Lenoyvek oT atboro
KOHUa nncTka. CeMencTBO npeactaBneHo 6enkamu ot 6aktepuii Pyrococcus woesei,
ApoOXOKel M yenoseka. CpaBHeHMe nocnefoBaTeNbHOCTEN WU CTPYKTYP pasfnyHbIX
cybbeamHuy, JalT  O4vYeHb  BbICOKMM  nokasatens SSAP  (>90% wu  >90
COOTBETCTBEHHO).
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Group VI: the B-hairpin/ribbon proteins

YneHbl 370l rpynnbl oTauuatotcs oT TATA box-cBsi3biBaloWwmMX 6enKoB, OHM
NCMNONb3YHT O4YEHb MaJleHbKNe ABYX U Tpex-HuT4YaTble B IMCTKU UM MOTUBLI LUNWUIEK
Ons CBSA3M unn ¢ 6onblwion unu manon 6opowaon AHK (Puc. 6). 6 cemeincTtB 6enkoB C
oyeHb pa3HbiMn dyHKUMAMK: Met] repressor (1cma; Puc. 6a), Arc repressor (1bdt;
Puc. 6f) u T-pomeHoBoe cemenctBo (1xbr; Puc. 6d) TpaHCKPpUMNLUMOHHbIX
perynsatopoB; integration host factor (1lihf; Pwuc. 6c¢) u hyperthermophile
XPOMOCOMHble 6enknm (lazp; Puc. 6e), OeNcTBylwMe Kak MoaepxuBatowme neca,
yTobbl AMkTOBaTh CTPYKTYpy [AHK pana obpasosaHus komnnekcoB 6enok-AHK
BblcOKOro nopsiaka; Tus 6enok (lecr; Puc. 6b) 3aBepuwatowminn pennmkaumto AHK c
nomowbio helicases. XoTa B uenoM CTpyKTypbl 6enKoB OTAMYHbI, MMelTcs obwme
TeMbl B UCMO1b30BaHUN B HUTEMN.

Met) u Arc penpeccopbl SBASIOTCS AMMEpPaMM C OYeHb CXOAHbIM CMOCO60M
cesa3biBaHmA (Puc. 6a, 6f). Kaxgasa 6enkoBas cybbeamHuua npeacTtaBsieHa My4vyKoM
cnupanen v OAMHOYHOW [B HUTBLIO; HUTU OT KaXAoW CybbeanHWLbl yNaKoBbIBalOTCSH
CTOPOHa K CTOPOHe, pOopMUpYySa aHTMNapasnefbHbIi IMCTOK, KOTOPbIN CBA3bIBAETCS C
6onbwon 6oposgon [OHK. Jinctok nexumt nnocko B 6o0opo3ae; cnepoBaTesibHO,
6enkoBbie 6OKOBble LEMM OT HEMNOCPEACTBEHHO OAHOM JINLEBONA CTOPOHbI HUTKU
B3aMMOAENCTBYIOT C KpasiMM OCHOBaHMUS.

Tepmunatop pennukauum Tus u T-gOMeHOBble 6eNKM UCMOMb3YIOT B-HUTEBbIE
MOTUBbI, 4TObbI cBA3aTbCs € H6onbwon 6oposgon AHK (Puc. 6b, 6d). B oboux, HUTHK
pacnofnoXeHbl NOYTM NEpneHAMKYSPHO Kpak OCHOBaHWSA, 4TO AenaeT BO3MOXHbIM
KOHTaKTbl aMWHOKWUC/IOT, KOTOpble 3KCMO3MPYKT CBOM 6GOKOBbIE Lenu Ha nbyto
JINLEBYIO CTOPOHY JIMCTKA. TepMMHaTOp penaukauum Tus sBASETCS MOHOMEPHbLIM
6enkom o6pasyowmMm N- u C-TepMuHanbHble a-cnupasibHble My4YKW, KOTOpble
coeAnHEHbl C MOMOLLbID aHTUnNapannenbHbix bundles B HuTen. CTpykTypa obpasyeTt
6onbwyto wenb, B kotopon AHK cBasbiBaeTcs C HUTSMKU, obpalleHHbIMK K 60/bLION
6opo3ge. Hanpotus, T-goMeH cBsA3biBaeTca kaa Aumep. Kaxpgasa cybbveamHuua
COCTOUT M3 B uUuIMHApA: OAMH KOHeW uwaMHApa HaueneH B HanpasneHun OHK wu
npeacTtaBfeH ABYMS B HUTSIMKM, oA4Ha M3 KOTOPbIX pacrnpocTpaHseTcs B 60/bluyto
6opo3ay.

Kak integration host factor Tak M XpPOMOCOMHble 6efikM CBSI3bIBAlOTCS C
MWHOpPHOM 6opo3gon n uckaxatT OHK nyteM uHTepkanaumm 60KOBbIX Lenen oT
mMoTmBoB B nuctka (Puc. 6¢, 6e). Integration host factor geicrByeTr kak aumep;
nieyo B-wWnuibkKM OT KaxAoW cybbeAuHWULUbl pacnpoCTPaHAETCS B HarnpasfieHUn
onno3unTHoM cTopoHbl AHK w BcTaeBnseT nponuHoBble 60KOBble Uenu Mexay
onpegeneHHbiMn base-steps. MwuHopHas 6opo3ga pacwupsietca B obnactum
cBs3biBaHMa n [HK HaknoHseTcs B HanpaBsieHUWM OCHOBHOro Tena 6enka. HanpoTus,
hyperthermophile xpoMOCOMHbIN 6enok AencTByeT Kak MOHOMEp W WUCMNob3yeT
TPexXHUTYaTbIn B JINCTOK ANa CBA3M C MUHOpHOW 6opo3gon. [ABe rmapodobHble
60oKOBble Lleno4Ykn OT COCeAHMX HUTEN WHTepKanuMpylT B OAMHO4YHYL base-step,
BbI3blBas oTk/oHeHMe AHK oT 6enka.

Tonbko cemeiicTBa XpoMOCOMHbIX 6enKoB M Arc penpeccopa coaepxaT 6oree
OOHOWM CTpYKTypbl. [lonapHas waeHTMdMKauMs nocnegoBaTenbHocTern u  SSAP
nokasaTenb Mexay CcybbeauMHuuamMu BHYTPU CeEMeNCTB BbicOkM (>90% wu >90
COOTBETCTBEHHO).

Group VII: other

HMwmeetca nBa He 3H3MMaTMUeCKMX ceMelicTBa C COBpPeMeHHOV 6ase AaHHbIX,
KOTOpble HE WCMOJIb3YIOT XOPOLWO OnpeaensieMblii BTOPUYHbBIN CTPYKTYPHbIA MOTUB
ana ceasbiBaHna AHK (Puc. 7). O6a @YHKUMOHMPYIOT Kak AUMEPbl U WUMeIoT
My/nbTUAOMEHOBble CcybbeamHuubl, KoTopble obecneumBator [HK-cBsisbiBaHue,
AuMepu3aumMio 1 Jiokanusaumio B aape. OTn Henkm e proteins noKpbIBalOT
HYKNEMHOBYIO KMUCNOTY, a KOMMJEeKCbl CMMMETPWUYHbI, €eCcin paccMaTpuBaTb
napannenbHo AanmHHoM ocu [OHK. MexHuTeBble W BHYTPUAOMEHOBbIE METNU
obecneunBatoT 60/bLUYI0 YaCTb KOHTAKTOB C OCHOBaHWSAMW U OCTOBOM.

O6nacts Rel romonorum (Puc. 7a) siBAsieTCS 3aKOHCEpPBMPOBaHHbIM  N-
TepMUHaNbHbIM  AOMEHOM TPAHCKPUMUMOHHBLIX PEryasTtopoB, Y4acTBYHOLWMX B
KneTouyHon 3awmte u aunddepeHumposke. Kaxpaas cybbeamHuua npeacraBrieHa
AByMs B-sandwich gomeHaMun, KOTOpble coefueHeHbl C nomowbi 6onee uem 10
MEeXHUTEBbIX MeTesnb, KOTopble CBA3biBatoTca B 6onbwoi 6opo3ge AHK. CemencTtso
STAT (Puc. 7b) comepXuT TpaHCKpPUMUMOHHbIE (aKTopbl, KOTOpble obecneymBatoT
peakumio Ha UMTOKMHbI WM pocToBble dakTopbl. Kaxaas 6enkosas cybbeanHuua
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COCTOUT W3 4eTblpex CTPYKTYPHbIX [AOMEHOB, a @YHKUWOHANbHbIA AMMEp
HanoMuHaeT napy wurpokoe ¢ AHK cBsa3bto B wapHupe. OkKpyxawwme netiam v a
cnpanb npubnmxatot AHK n3 6onbwon n manon 6oposa.

Group VIII: the enzymes

DH3umHas rpynna 3aBepliaeT knaccubukaumio 6asbl aaHHbIX (Puc. 8). Benku
B 3H3MMHYIO Tpynny ob6beAWHEHbl Ha OCHOBAHWM UX (YHKUMWU; BCE OHU MEHSIOT
cTpykTypy AHK 6narogapsa Katannly XMMmM4ecknx npoLeccos.

AHK-cBszbiBaoWwme o6nact, MCnosib3yemble 3H3MMaMu B LIENOM [OBOJSILHO
XKECTKM ANsl ONUCaHMS UX B TePMUHAX MPOCTbIX CTPYKTYPHbIX MOTMBOB M 3TN 6enku
WMCMOMb3YKT 3KCTEHCMBHYIO KOMBMHauUMoO a cnuvpanen, B HuUTen wn neTtenb AN
pacno3HaBaHua u ceasbiBaHnsa AHK (Puc.8). BonblMHCTBO 3H3MMOB NpeacTaB/ieHO
TpemMss 4yeTkmMMn gomeHamu: [OHK-pacnosHawwuii [AOMeH, KOTOpbl 'cuuTbiBaeT'
nocnegosaTtenbHocTn [OHK; kaTanuTtMyeckMm [OMEH C 3SH3MMaTUUYECKM aKTUBHbIM
cantoM; u, TaM rae Heobxoaumo,[OMEeH AMMepu3auuu, O4HAKO MMelTca W
ncknodeHnsa. CTpykTypa 4vacto npu 3toMm obpasyeTt U-ob6pa3Hyto NOAOCTb C KOTOPOM
[OHK cBsizaHa n yacto ctpyktypa AHK npu aToM gedopmupyetcs 6yayum cBA3aHHOWN.

Ans  cukBeHc-cneuMdUYHBIX  3H3MMOB  MOC/AEA0BATENIbHOCTSIMU-MULLEHSMU
06bIl4HO sBnsOTCA 4-8 N.H., U CBA3bIBaHWe sBnseTcsa 6onee nsbupartenbHbIM, YeM y
TPAHCKPUMNUMOHHBLIX  perynatopoB. Hanp., B 6enkax, Takumx kKak Hhal
methyltransferases n endonucleases, ogMHouYHasi 3aMeHa B MOCNeA0BATENbHOCTU-
MULIEHM M. BECTU K peAyKuun CBS3blBaKOLWEN aKTMBHOCTM 6onee 4eM B MUIJIMOH pas.
benkn, kak nonaratT, npuobpeTaroT CBOK CNEUUMdUYUYHOCTb KakK OT CYUTbIBAHUS
nocnepoBaTeNlbHOCTEN OCHOBAHMW, TaK W KaTanuTuyeckoro genctemsa Ha AHK, kak
370 nMeeT MecTo Yy endonucleases BamHI (3bam; Puc. 8e) u EcoRI (1gps; Puc. 8d),
WM paxe B MNepByl odvepeab bnarogaps KaTtanuTMuecKuUM npoueccaM, Kak 3TO
mMeet Mecto y endonuclease EcoRV (1rva; Pwuc. 8c). Op. 6enkn, Takume kKak
nonuMepasbl OOJIXKHbI, OAHaKo, obecneumBaTtb CUKBEHC-HEe3aBUCKMble
B3ammogencteus ¢ wm3 AOHK cybctpaTtom, BCe ewe coxpaHsas cneumduyHocTb
npaBW/IbHO pasfinyaTb NMapbl OCHOBAHWI OT HEMPaBW/IbHbLIX NOCeAOBaTeNbHOCTEN. 7
endonucleases n 4 polymerases (cM. cemeictBa 40-46 u 47-50, n Puc. 8b-8h u Puc.
8i-8l, cooTB.), AOMUHUPYIOT B 3TOW rpynne u3 16 ceMencTs.

A protein-AHK complex website

Website, koTopblii cymmupyeT rpynnbl 1 cemeiictea protein-AHK komnnekcos
HaxoauTca no agpecy http://www.biochem.ucl.ac.uk/bsm/prot_dna/prot_dna.html.
OH BKJIIOYAET KpaTKoe oOonucaHMe Kaxaoro ceMmenctea W uHboOpMauuio,
yCTaHoOBNEHHY0 Ans cybbeamHuy kKaxaoro 6enka, CTPpyKTypHyt wuWHdbOpMauwuto,
Tabnuubl nonapHoM wuaeHTUdMKaUMKW MocnenoBaTeNbHOCTEN W nokasaTtenn SSAP.
MpuBeneHbl cBsA3n 6enkoB ¢ mx coots. PDB u NDB gaHHbiMM mn PRINTS aHanus
nocnegosaTenbHOCTEN MOTMBOB. KpoMme TOro npueBeaeHbl ccbiikn Ha PDBsum, Hawy
6a3y AaHHbIX, CYMMUPYIOLLYIO M aHanuM3npylowy CTpykTypy dannbl PDB. Kaxpas
CTpYKTypa coaepxut nHdopmaunto o ee CATH, PROCHECK n PROMOTIF aHanuse un
ccbinkn Ha SCOP, WHATIF check n FSSP cTpyKTUpHblE Aa@HHbIE.

Conclusions

IlpencrasnenHble  paHHble cospaloT  6a3y AN NydlWEro  NOHWMaHus
obpa3zoBaHua komnnekcoB 6enok-AHK. OHW nponuBaloT CBeT Ha pasHoobpasue
TaKNX KOMMAEKCOB U NOAYEPKNBAIOT BAXHOCTb B3aMMOAENCTBMIA MexAy a CAnpasnsiMm
n 6onbwon 60po340K, 4UYTO SBASETCA OCHOBHbIM crnocobom cBs3n B 28 u3b4
cemencTtB. B uctHoctn, HTH m zinc-coordinating MOTMBbI MCMONB3YIOTCS MOBTOPHO W
CO34al0T KOMMNAaKTHbIA KapKac, KOTOpbI NpeAcCTaBfsieT a Cnupaib Ha NMOBEPXHOCTU
CTPYKTYPHO pasnuuarowmxca 6enkos, rotoByw ana B3aumogencteus ¢ AHK. 3twn
CTPYKTYpbl OBHapyXwuBalT MHOXECTBO BapuvauMin Kak B aMMHOKMUCIOTHbIX
nocneaoBaTeslbHOCTAX, Tak W B AeTanax reoMeTpum W 33[4eNCTBOBaHbl B
COOTBETCTBMM C nNOTPebHOCTAMM KOHTEeKCTa, B KOTOPOM OHM Haxogatcs. [Ans
OOCTUMXKEHME TEeCHOro COOTBETCTBMSA MeXAy a cnupanbio u 6onblwoinn 60po3noin
nMeeTcs AOCTaodHO rmbkoctn, 4tobbl u  6H6enok wn [OHK apgonTtuposanm
cooTBeTCTBYOWME KoHdopMaumm, koTopass obecneumBaeT MynbTUCneyndUUHyO0
KOMMnieMeHTapHoCTb. Kaxaoe n3 aTnx B3anMoAencTBun 6asmpyeTcss He Ha MpOCTOM
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Koae, CBSA3@aHHOM C aMUHOKUCNOTHbLIMMU nocsnefoBaTelbHOCTAMMU "
nocneposatencHoctamMn AHK, ¢ KOTOpbIMM OHWM coeauHsawTcsa. [lMpuHuMas BO
BHUMAHWE [OOMNOSIHUTENBHYI CMOXHOCTb LENMKOM pasHbiX KapkKacoB, Tenepb
CTaHOBUTCH SACHbIM, YTO AeTajlbHble NpaBuna AN pacno3HaBaHMs ocHoBaHun OHK
0.6. cneundunyHbIMM AN CEMENCTB, HO B UX OCHOBE 4. NexaTb TeHAEHUWUM, Takue
KakK arginine-guanine B3anMoaencTeus.

Boisensiiotca 1 pasnuuns  Mexay 6enkoBbIMM - AOMEHaMM,  KOTOpble
HenocpeacTBeHHO cBA3biBaoTCA ¢ AHK, n Te, 4yto yyacTBylT B KaTanmie. XoOT4
UMEIOTCHA UCKIKYEHNS, HO CHadana npoucxoguTt nputsxeHuve JHK oaHOM u3 CTOpPOH
n BXoAoM B 60po3ay 4515 B3aMMOAENCTBUS C KpasiMu OCHOBaHUN. MocneaHue obbl4HO
COCTaBNOT CybCTpaT, MCNONb3yeMblil CMOXHbIMU CETSIMU BTOPWUYHbBIX CTPYKTYp W
neTtenb. 4YacTO BbI3bIBAOWMNX 3HaYUTeNbHble UcCKaxeHus [JHK -  06blyHO
HeobxoaMMble AN KaTanMTuyeckoro npouecca. CnocobHocTb wm3rmbate AHK
OAHAKO, He OrpaHu4yeHa TOJIbKO 3H3MMaMu; XOTS U He CTONb CUJ/IbHOE, HO YeTkoe
narnbanme AHK saBnaTtca Takxke obuwepacnpocTpaHeeHbiM CBOWMCTBOM KOMMEKCOB,
obpasyembiX TPaHCKPUMUMOHHBbIMK dakTopaMn. ITOT M Ap. 3ddeKTbl, Takme Kak
3N1eKTPOCTaTUYHOCTb, BOAOK- W KaTMOHaMWU-OMOCpeAOBaHHble B3aMMOAENCTBUSA
Cnocob6CTBYIOT KOCBEHHO pacno3HaBaHMo nocnegosatenoHocTen AHK.

B ta6n. 1, cyMMupoBaHbl AaHHbIE B OCHOBHOM MO CTPYKTYype 3yKapuoTUYecKux
6enkoB. OHM pemoHCcTpupytoT, yTo [HK-cBsi3biBawowme [OOMEHbI MMEKT OYEHb
3HauYMeT/NbHOe CTPYKTypHOe pa3Hoobpa3sve, 4yeM pgp. DT0 He aBnseTCcs
HEOXMAAHHOCTbI, Y4UUTbIBAs, 4YTO 3TWU OpraHusMmbl CHOpPMUPOBANM [OBOJSIBEHO
CNOXHbIE TPAHCKPUMUWUOHHbIE W pernapaunmoHHbie MexXaHW3Mbl, W KpOMe TOro,
6onbWIMHCTBO 3YKapnoTn4YeCcKknx 6enkoB BbISIB/IEHbI " CTPYKTYPHO
oxapakTepusoBaHbl. be3ycnoBHO A0/MKHbLI CyLWEeCcTBOBaTb M ApP. €lle He OMUCaHHble
crnocobbl cBsA3M  6enkoB ¢ AHK. [EeHOMHbIM aHanM3 He TONbKO MO3BONUT
naeHTuduumpoeaTtb Takme 6enkuM, HO W MO3BONUT onpenenntb GYHKUMOHANbHO
BaXkHble canTbl-MnuweHn Ha AHK. Outline of the families of AHK-binding proteins

A complete outline of the families of AHK-binding proteins and their
functional, structural and binding properties follows.

Box 1 shows the selection process by which the dataset was compiled. Table 1
provides a summary of the families and Table 2lists the 240 structures of protein-AHK
complexes in the database. Figures 1-8 show ribbon diagrams of the relevant structures.

Group I: Helix-turn-helix (HTH) group

1. Cro and Repressor family

Function. The Cro and Repressor proteins (Figure la) are part of the lysogenic/lytic
growth switch mechanism in bacteriophages and function as transcriptional regulators at a set
of six related operons.

Structure. Both protein types function as homodimers. Each Repressor subunit has two
domains: an amino-terminal five-helix bundle whose second and third a helices comprise a
HTH motif; and a carboxy-terminal domain that mediates dimerization (Figure 1a). Cro is a
single-domain protein with a structure homologous to the amino-terminal region of Repressor.
The fourth and fifth a helices mediate dimerization .

Binding. Cro and Repressor bind six related operons with varying affinities. Each operon is
14 bp long and pseudosymmetrical; four bases at either end are conserved between sites and
the variation in the sequence of the central 6 bp are thought to modulate the binding affinity
of the protein. The recognition helix of the HTH motif contacts base edges in the AHK major
groove.

2. Homeodomain family

Function. These are transcription regulators for a wide range of genes; in particular many
have a vital role in development and cell differentiation (for example, Mat a-2; lapl). Some
are expressed broadly whereas others are tissue specific.

Structure. The proteins are small (just over 100 amino-acid residues in length) and
consist of four helices.

Binding. The protein binds AHK either as a monomer or a dimer, depending on the
protein and many are capable of both. Typical HTH binding is displayed in Figure 1b, with the
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second helix of the motif inserted in the AHK major groove.
3. Lacl repressor family

Function. Lac repressor regulates the lac operon, which codes for proteins required to
transport and degrade lactose. The purine repressor proteins of the Lacl repressor family
regulate de novo purine and pyrimidine synthesis by repression of genes encoding enzymes
that participate in the synthesis pathway. Guanine and hypoxanthine act as co-repressors on
binding to the protein. Other members of the Lacl repressor family, not represented in the
current dataset, display high structural and sequence similarity and control a wide range of
biosynthetic pathways.

Structure. Purine repressors function as homodimers, as do most other family members
(Figure 1c). The lactose, fructose and raffinose repressors are exceptions, and appear to exist
as tetramers [67]. Each subunit is a two-domain structure. The amino-terminal domain
(approximately 60 residues) contains a three-helix bundle followed by a loop and an additional
helix. The first two a helices form the HTH motif and the fourth is called the hinge helix. The
larger carboxy-terminal domain (about 280 residues) is a mixture of a helices and B strands
and binds the co-repressor.

Binding. Binding sites are typically 16-18 bp long and pseudo-palindromic. The
recognition helix of the HTH motif binds in the major groove and phosphate backbone contacts
are mediated by the remainder of the helical bundle. The hinge helix from each subunit is
inserted in the same IHK minor groove at the center of the binding site and jointly introduce a
kink by intercalation of leucine sidechains.

4. Endonuclease FokI family

Function. Endonuclease FokI is a bipartite restriction enzyme which recognizes a specific
OHK sequence and non-specifically cleaves at a position a short distance away.

Structure. The protein acts as a monomer with two functional regions (Figure 1d). The
amino-terminal IHK-recognition region (about 390 residues) may be divided into three further
subregions. D1, a roughly 160 residue subregion made of an amino-terminal arm, ten a
helices and a two-stranded B sheet. Helices 5, 6 and 8 form a pseudo-HTH motif. Helices 5 and
6 lie on the same helical axis, jointly forming the first a helix, and helix 8 acts as the
recognition helix. A subregion (D2), of about 110 residues, contains six a helices and a three-
stranded B sheet with the a helices packing in a triangular formation and the second and fifth
a helices arranged in a HTH-like manner. The turn is replaced by an extensive loop region - D3
- an approximately 80-residue segment containing five a helices and a three-stranded B sheet.
The carboxy-terminal catalytic domain (about 180 residues) is made of a five-stranded B sheet
flanked by seven a helices. The active site is situated on the first three B strands in the
region .

Binding. Binding is to a site containing the sequence 5'-GGATG-3' and staggered cleavage
occurs 9 and 13 bp away from the target sequence. All base contacts to the recognition
sequence are made by subregions D1 and D2. The amino-terminal arm and second a helix
from D1 bind in the major groove and a loop preceding this recognition helix is found in the
minor groove. The recognition helix from the HTH motif in D2 contacts the major groove. The
catalytic region is positioned adjacent to the JHK-recognition region.

5. yd-resolvase family

Function. The yd-resolvase is a site-specific recombinase which converts negatively
supercoiled circular AHK containing two directly repeated copies of the recombination site into
two interlinked rings.

Structure. The protein functions as a homodimer (Figure 1e). Each subunit is made of two
domains. The amino-terminal domain (about 120 residues) contains the catalytic center and
the dimerization interface. It consists of a five-stranded B sheet flanked by three a helices on
one side and a single a helix on the other. The longest a helix packs with its counterpart in the
other subunit to stabilize the dimer. The carboxy-terminal domain (approximately 40 residues)
is a three-helix bundle with the second and third a helices forming a HTH motif. An extended
arm region (about 20 residues), comprising the carboxy-terminal half of the dimerization helix
and a loop, connect the two domains.

Binding. Each 114 bp recombination region consists of three resolvase-binding sites, I, II
and III. Each site binds a resolvase dimer and is made of an inverted repeat of a 12 bp
recognition sequence with varying base sequence and spacing between the half-sites. The
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structure found in 1gdt (Figure 1e) is thought to represent the conformation found prior to
the recombination process. Two main AHK-binding regions are found in each subunit. The
recognition helix of the carboxy-terminal HTH motif binds in the major groove at the outer
ends of the binding site. The extended helix in the arm region is inserted in the minor groove
near the center of the binding site in a similar manner to the recognition helices from leucine-
zipper structures. The AHK is bent 60° away from the main body of the protein. The OHK is
slightly kinked at the center of the site owing to partial intercalation of threonine residues from
the arm region.

6. Hin recombinase family

Function. The Hin recombinase protein catalyzes site-specific recombination in the
Salmonella chromosome.

Structure. The structure 1lhcr is of the domain involved in JHK sequence recognition
(Figure 1f). It is a three-helix bundle flanked by short peptide chains at either end (about 50
residues). The second two a helices form the HTH motif .

Binding. The full protein cooperatively binds as a homodimer at a 26 bp site. The
recognition helix in the HTH motif is inserted in the major groove and surrounding helices
make contacts with the phosphate backbone. The amino- and carboxy-terminal tails bind in
adjacent minor grooves although their importance in sequence recognition is unknown.

7. RAP1 family

Function. The RAP1 protein performs two functions. The first is the periodic binding of
[OHK to regulate telomere length. Telomeres are nucleoprotein complexes found at the ends of
eukaryotic chromosomes where the JHK consists of a repeated array of short, species-specific
sequence motifs. The second function is that of transcription regulation; RAP1 functions as an
activator or repressor for a large number of genes.

Structure. RAP1 is a monomeric protein with two homologous domains and a carboxy-
terminal tail (Figure 1g). Domain 1 (about 80 residues) contains a three-helix bundle and an
amino-terminal tail, whereas domain 2 (about 80 residues) contains an additional fourth a
helix. In each, the second and third a helices form the HTH motif. The two domains are
connected by a 30 residue linker region and are positioned 8 bp apart. The carboxy-terminal
tail is a 20 residue segment which emerges from domain 2 and folds back towards domain 1 .

Binding. The binding site is 16 bp long and shows a tandem repeat at an 8 base interval.
The two domains bind in a similar fashion at opposite ends of the binding site; the recognition
helices of the HTH motif are inserted in the major groove and the remaining a helices contact
the neighboring AHK backbone. The amino-terminal and the linker regions interact with the
minor groove and the carboxy-terminal tail interacts with the major groove as it folds back.
The flexibility of the linker allows for slight variations in spacing between tandem repeats.

8. Prd paired domain family

Function. The Prd paired domain is a functional domain found in a set of transcription
regulatory proteins which are important in cell development.

Structure. The protein acts as a monomer with two structural domains (Figure 1h). The
amino-terminal domain (about 70 residues) contains a short antiparallel B sheet and a B turn
followed by a three-helix bundle and extended carboxy-terminal tail. The second and third a
helices in the bundle form an HTH motif. The carboxy-terminal domain (approximately 50
residues) also contains a three-helix bundle which has an HTH motif.

Binding. Prd proteins bind to 13-20 bp sites which share a common core sequence. The
recognition helix in the HTH and the B turn of the amino-terminal domain make base contacts
in the major and minor grooves respectively. The rest of the domain interacts with the AHK
backbone. The carboxy-terminal domain does not contact the AHK, but domain structure and
biochemical evidence suggest it does bind AHK in certain family members (for example Pax
proteins).

9. Tc3 transposase family

Function. The structure contained in 1tc3 (Figure 1i) is of the AHK-recognition domain
found in the amino terminus of Tc3 transposase. The function of the enzymes is to move
specific segments of HK from one position of the genome to another.
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Structure. The domain (about 50 residues) contains a three-helix bundle and an amino-
terminal tail (Figure 1i). The last two a helices form the HTH motif .

Binding. Binding is to a 20 bp site. The recognition helix of the HTH motif is bound in the
major groove and other a helices make JHK backbone contacts. The amino-terminal tail binds
in an adjacent minor groove although the interactions are not thought to be specific.

10. Trp repressor family

Function. The Trp repressor is involved in the regulation of tryptophan synthesis by
binding three different operator sites. L-tryptophan acts as co-repressor.

Structure. Each subunit (about 100 residues) forms a six-helix bundle (Figure 1j). Helices
4 and 5 correspond to the HTH motif whereas the remaining four a helices provide the
dimerization interface. Tryptophan also binds the helical bundle .

Binding. Binding is to three related 16 bp operator sites which the protein binds in the
presence of tryptophan. The HTH motifs are reoriented on binding of the co-repressor to
enable AHK-binding. The recognition helix is positioned in the major groove and most base
contacts are made through a network of intermediate water molecules. Operator sites are
symmetrical and also show approximate symmetry within the half-site, which leads to two
alternative modes of binding. In the first, the dimer subunits bind each half-site symmetrically
about the central base-pairs. This is similar to what is observed for the other prokaryotic HTH
proteins. In the second, two dimers co-operatively bind to a single operator site in tandem.
Dimers are staggered by 8 bp and rotated through 270° about the [HK axis and the crystal
structure 1trr (Figure 1j) displays a superhelix of dimers binding successive binding sites.

11. Diphtheria tox repressor family

Function. The virulent phenotype of the pathogenic bacterium Corynebacterium
diphtheriae is conferred by diphtheria toxin, whose expression is an adaptive response to low
concentrations of iron. The expression of the toxin gene (tox) is regulated by the repressor
diphtheria Tox, which is activated by transition metal ions.

Structure. Diphtheria tox is a 225-residue protein that binds as a dimer to AHK. Each
monomer consists of six helices and a short two-stranded B sheet, with helices 2 and 3
constituting the HTH motif (Figure 1k).

Binding. The [OHK interacts with two dimers bound to opposite sides of the tox operator,
with each dimer interacting with two major groove regions. Together, the two HTH motifs (one
in each dimer) bind a 24 bp sequence.

12. Transcription factor TFIIB

Function. The transcription factor TFIIB is an essential part of the multiprotein
transcription initiator complex that assembles on RNA polymerase II promoters. TFIIB binds a
7 bp region upstream of the TATA box called the B recognition box.

Structure. TFIIB is composed almost entirely of a helices and is approximately 200
residues long (Figure 11).

Binding. TFIIB binds AHK in two places as a result of the nucleic acid distortion caused by
the interaction of the TATA box-binding protein. The main interactions are due to a carboxy-
terminal HTH motif binding AHK in the major groove at the upstream site. The protein also
binds AHK in the minor groove at a downstream site using the amino terminus of a helix to
contact the AHK backbone.

'Winged' HTH proteins

13. Interferon regulatory factor family

Function. The family of interferon regulatory factor (IRF) transcription factors is important
in the regulation of inter-ferons in response to infection by virus and in the regulation of
interferon-inducible genes.

Structure. The IRF family is characterized by a unique 'tryptophan cluster' AHK-binding
region of five tryptophan residues. The protein binds as a monomer with a HTH motif binding
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OHK through three of the five conserved tryptophans. The IRF AHK-binding region has an
a/B architecture consisting of a cluster of three a helices flanked on one side by a mixed four-
stranded B sheet (Figure 1m).

Binding. Helices 2 and 3 comprise the HTH motif, with helix 3 lying in the HK major
groove. Contacts to bases within the major groove are localized to a GAAA core sequence
within a 13 bp AHK element in the interferon promoter.

14. Catabolite gene activator (CAP) family

Function. CAP is a cAMP-dependent transcription regulator. A rise in cAMP concentration
leads to increased affinity of CAP for catabolite-sensitive operons.

Structure. The protein functions as a homodimer, and each subunit comprises a two-
domain structure (Figure 1n). The carboxy-terminal domain (about 60 residues) mainly
consists of a three-helix bundle with the second two a helices forming the HTH motif. The
domain contains a small B sheet that also contributes to AHK binding. The larger amino-
terminal domain (approximately 130 residues) has an extensive B sheet that mediates cAMP
binding, and a long a helix that forms the dimer interface.

Binding. The consensus binding sequence is a symmetric 22 bp site. Binding by the
recognition helix of the HTH motif in the major groove induces a sharp, highly localized bend
in the AHK and additional contacts with the phosphate backbone are made by the B strands
from the same domain.

15. Transcription factor family

Heat-shock and E2F/DP transcription factors

Function. The protein 3hts (Figure 10) recognizes the promoters of the heat-shock
protein genes through upstream [HK sequences (heat-shock elements, HSEs). An HSE
consists of alternating, inverted repeats of the sequence nGAAn, where n can be any
nucleotide. The E2F and DP protein families form heterodimeric transcription factors that have
a central role in the expression of cell-cycle-regulated genes and recognize a ¢/gGCGCg/c
sequence.

Structure. The JHK-binding domains of these proteins have a 'winged' HTH fold - that is,
a three-helix bundle capped by an antiparallel B sheet. Helices 2 and 3 constitute the HTH
motif.

Binding. The third helix of the HTH is docked into the major groove. The AHK-binding
domain makes additional contacts to the AHK through the amino terminus of the first helix and
the turn of the HTH motif. The only other HTH fold that contacts the AHK with the residues of
the turn is the Ets family.

16. Ets domain family

Function. The Ets family of transcription factors, of which there are now about 35
members, regulate gene expression during growth and development. They share a conserved
domain of around 85 amino acids which binds as a monomer to the AHK sequence 5'-
C/AGGAA/T-3'.

Structure. The 'winged' HTH motif interacts with a 10 bp region of duplex AHK that takes
up a uniform curve of 8° (Figure 1p).

Binding. The domain contacts the AHK by a loop-helix-loop architecture, the turn of the
HTH motif and the loop at the end of helix 1 before the B sheet contacting the JHK backbone.

Group II: zinc-coordinating proteins

17. BBa zinc-finger family

Function. The BBa zinc-finger proteins constitute the largest individual family in this
group. The AHK-binding motif is found in many transcription regulators and more than a
thousand distinct motifs have been identified through sequence analysis .

Structure. The structure of the finger is characterized by a short two-stranded antiparallel
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B sheet followed by an a helix (Figure 2a) and a single zinc ion bound by two pairs of
conserved histidine and cysteine residues situated in the a helix and second B strand. Proteins
generally contain multiple copies of fingers in a single peptide chain which wrap round the AHK
along the major groove in a spiral manner.

Binding. The recognition pattern of the probe a helix has been well characterized; each
finger binds adjacent 3 bp sub-sites on the JHK using amino acids at positions -1, 2, 3 and 6
relative to the start of the a helix, -1 being the residue position preceding the helix. Although
exceptions to this rule have been observed in specific examples, experiments have shown that
by altering the amino-acid types at the key positions, different subsite sequences are
recognized, suggesting that these residue positions are usually sufficient for specific binding.
By varying the number of fingers used in a protein chain, this relatively simple motif allows
recognition of a wide range of binding sites with different degrees of specificity. For example, a
protein with five fingers is expected to bind a site very selectively, whereas a protein with only
a single finger would bind a wide range of sites containing the required 3 bp sequence.
However, the structure of the human glioblastoma protein suggests that binding is not always
straightforward; of the five fingers in the structure, one does not contact the AHK at all and
only two appear to make specific contacts with bases . As described earlier, the protein
subunits in this study have been split into distinct domains, each containing a single zinc-
finger motif. The pairwise sequence identities of the aligned domains are all high, ranging from
73% (for example, human zinc-finger protein, 1udbAl, and Drosophila tramtrack protein,
2drpA1l) to 100% (for example, mouse Zif268 protein, 1aayAl, and artificial protein, 1mey).
All domains are structurally very similar, returning SSAP scores of over 90.

18. Hormone receptor family

Function. Members of the hormone receptor family translocate from the cytoplasm to the
nucleus and regulate transcription at [JHK sequences called hormone response elements on
binding of steroid and other hormones .

Structure. Hormone receptors function as homo- or hetero-dimers and each monomer
typically consists of a ligand-binding, a AHK-binding and a transcription regulatory domain
(Figure 2b). The zinc-coordinating motif is found in the [AHK-binding domain and is
characterized by two antiparallel a helices capped by loops at their amino-terminal ends. Each
helix-loop pair coordinates a single zinc ion using four conserved cysteines. The two a helices
lie approximately at right angles to each other; the first is inserted in the JHK major groove to
provide interactions with bases whereas the loops and the second a helix contact the AHK
backbone. The AHK-binding domain alone is sufficient for dimerization, the interface being
formed by the loops leading into the second a helix.

Binding. All receptor subunits bind to one of two half-site sequences, 5'-AGAACA-3' or 5'-
AGGTCA-3'. A hormone-response element contains two half-sites and the identity of the
response element is determined by the sequences that are present, the relative orientation
between them (either symmetric or palindromic) and the spacing between them (between 3
and 6 bp). Thus recognition of the target sequence by the whole hormone receptor depends on
read-out of half-site sequences by each subunit and the structure of the homo-or
heterodimeric protein . The sequences of all subunits in the current dataset are very similar
(sequence identities > 90%) except for the AHK-binding domain of the thyroid hormone
receptor (for example, 1bsx), which has two extra helices in the carboxy-terminal tail. The
structures are all very similar with pairwise SSAP scores of over 90.

19. Loop-sheet-helix family

Function. The loop-sheet-helix zinc-binding motif is represented solely by the AHK-
binding region of p53, a transcriptional activator implicated in tumor suppression .

Structure. As the name indicates, the IHK-binding domain consists of a loop leading out
of the main body of the protein, followed by a small B sheet, an a helix and then another loop
that leads back into the protein (Figure 2c). The zinc ion is coordinated by three cysteines and
a histidine in the two loop regions.

Binding. Base contacts are supplied by the a helix in the JHK major groove and by the
loops in the minor groove, although the latter are not thought to confer much specificity. The
protein functions as a tetramer, with each subunit contacting a separate 5 bp recognition
sequence positioned one after another. All intersubunit interactions are made by regions
outside the AIHK-binding motif.

20. Gal4-type family
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Function. The final zinc-coordinating family contains only the Gal4 protein. It is a
transcriptional regulator of galactose-induced genes and its zinc-coordinating motif has so far
only been identified in proteins from Saccharomyces cerevisiae.

Structure. The motif consists of a pair of a helices that coordinate two zinc ions through
six cysteine residues, where two of the cysteines are shared by both metal atoms (Figure 2d).

Binding. The first a helix is presented in the AHK major groove for binding with bases,
and backbone interactions are made by the second a helix. Gal4 functions as a homodimer and
the dimerization interface is located outside the zinc-coordinating motif.

Group III: zipper-type proteins

21. Leucine zipper family

Function. The leucine zipper family consists of the yeast GCN4 proteins that bind
promoter regions of genes encoding enzymes involved in amino-acid biosynthesis, and the
Fos-Jun heterodimer, which activates the expression of many immune-response genes.

Structure. The structure of the zipper-type proteins may be split into two parts: the
dimerization and OHK-binding regions. As shown in (Figure 3a), each subunit in the leucine
zipper protein consists of a single a helix about 60 amino acids long. Dimerization is mediated
through the formation of a coiled coil by a section of 30 amino acids at the carboxy-terminal
end of each helix. The segment, known as the zipper region, consists of leucine or a similar
hydrophobic amino acid every eight residue positions, roughly every two turns of the a helix.
Corresponding side chains from each subunit mediate hydrophobic contacts at the interface
through side-by-side packing. The AOHK-binding region, also known as the basic region, is
found in the amino terminus, and for the leucine zipper proteins, the binding segment is a
direct extension of the dimerization region.

Binding. The a helices of the two subunits diverge from the coiled coil and enter the JHK
major groove in opposing directions, each binding to half of the target sequence.

22. Helix-loop-helix family

Function. The helix-loop-helix proteins are transcription factors that control the
expression of a wide range of genes involved in differentiation and development.

Structure. As the name suggests, helix-loop-helix proteins are a modification of the
continuous a helices of the leucine zipper proteins in which the AHK-binding and dimerization
regions are separated by a loop, resulting in a four-helix bundle (Figure 3b).

Binding. Like the leucine zippers, the dimerization helices interact with each other in a
coiled-coil arrangement and the AHK-binding helices are inserted into the JHK major groove.
By separating the two segments, more flexibility is allowed in positioning the probe helices on
binding nucleic.

The helix-loop-helix family is represented by the mouse and human forms of Max, Srebp-
1, mouse MyoD and human USF proteins. Sequence identities range from 66% (Max protein,
1an2A, and USF protein, 1an4A) to 97% (mouse Max protein, 1an2A, and human Max protein,
1hloA) and with the exception of the MyoD (1mdyA) and USF (1an4A) protein pair (pairwise
SSAP score 70), SSAP scores are above 80. Structural differences between proteins mainly
arise from the variation in lengths and positioning of the loops.

Group IV: Other a-helix proteins

23. Papillomavirus-1 E2 family

Function. This family has a single member, the papillo-mavirus-1 E2 protein, which uses
a probe helix as part of the OHK-recognition domain. The protein is a viral transcription
regulator that acts at all viral promoters and also functions as a viral replication initiator.

Structure. The JHK-binding region of the E2 protein (Figure 4a) is about 85 residues long
and consists of four B strands and two interstrand a helices. Two subunits combine to form an
eight-strand B-barrel, which provides the interface for the resulting homodimer.

Binding. The larger a helix from each subunit is symmetrically inserted in the AHK major
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groove making base and backbone contacts. Additional interactions to the backbone are
provided by interstrand loops.

24, Histone family

Function. JHK in chromatin is organized in arrays of nucleosomes. The nucleosome, in its
role as the principal packaging element of JHK within the nucleus, is the primary determinant
of AHK accessibility.

Structure. Two copies of each of four histone proteins are assembled into an octamer that
has 145-147 bp of AHK wrapped in a superhelix around it to form a nucleosome core.

Binding. The protein octamer is divided into four 'histone-fold' dimers, each dimer being
defined by H3-H4 and H2A-H2B histone pairs. The central histone-fold domains of all four core
histone proteins share a highly similar structural motif constructed from three a helices
connected by two loops. The two H3-H4 pairs interact through a four-helix bundle formed only
from the two H3 histone folds to define the H3-H4 tetramer. Each H2A-H2B pair interacts with
this tetramer through a second, homologous four-helix bundle between H2B and H4 histone
folds. The histone-fold regions of each tetramer bind to the center of the AHK, which is
wrapped into a superhelix. Further a helices and coil elements extend from the histone-fold
regions and are also an integral part of the core protein within the confines of the AHK
superhelix.

25. EBNA1 protein (Epstein-Barr nuclear antigen 1)

Function. EBNA1 binds to four recognition sites in the origin of latent AHK replication of
Epstein-Barr virus and activates latent-phase replication of the viral genomes.

Structure. EBNA1 comprises two domains (Figure 4c, a flanking and a core domain (which
is structurally homologous to the complete AHK-binding domain of the bovine papilloma virus
E2 protein) and binds AHK as a dimer.

Binding. The flanking domain, which includes a helix that projects into the major groove
and an extended chain that travels along the minor groove, makes all of the sequence-
determining contacts with the JHK. The core domain makes no direct contacts with the AHK
bases.

26. Skn-1

Function. Skn-1 is a developmental transcription factor that specifies mesoderm in
Caenorhabditis elegans.

Structure. Skn-1 consists of a compact four-helix unit with one helix more than twice as
long as any of the others (Figure 4d.

Binding. It binds as a monomer and binds AHK at two contact points. At the carboxy
terminus, the longest helix extends from the domain to occupy the major groove of JHK in a
manner similar to zipper proteins. Skn-1, however, lacks the leucine zipper found in all zipper.
Additional contacts with the HK are made by a short basic segment at the amino terminus of
the domain, reminiscent of the 'homeodomain arm'.

27. Cre recombinase family

Function.: Cre recombinase catalyzes a site-specific recombination reaction between two
34-bp loxA and loxP sites in bacteriophage A.

Structure. Cre is a 320-residue protein and folds into two distinct domains that are
separated by a short linker. The amino-terminal domain contains five helices and the large
carboxy-terminal domain is primary a helical with a small B sheet packing against a nine-helix
domain (Figure 4e.

Binding. The protein binds AHK as a dimer, each monomer binding the outermost 15 bp
of one lox half-site. The amino- and carboxy-terminal domains form a clamp around the half-
sites making extensive contacts with both major and minor grooves. Helices 2 and 4 of the
amino-terminal domain cross each other, both contacting the major groove of the /ox half-site.
The interface of AHK with the carboxy-terminal domain is complex, involving the entire face of
the domain, with both helices and connecting loops interacting with the major and minor
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grooves and the JHK backbone.
28. High-mobility group family

Function. The high-mobility group (HMG) chromosomal proteins, which are common to all
eukaryotes, bind AHK in a non-sequence-specific fashion to promote chromatin function and
gene regulation. They interact directly with nucleosomes and are believed to be modulators of
chromatin structure. They are also important in activating a number of regulators of gene
expression, including p53, Hox transcription factors and steroid hormone receptors, by
increasing their affinity for AHK.

Structure. Chromosomal HMG proteins have a global fold of three helices stabilized in an
'L-shaped' configuration by two hydrophobic cores (Figure 4f>.

Binding. The HMG domain binds to an AT-rich HK sequence using a large surface on the
concave face of the protein, to bind the minor groove of the HK. This bends the AHK helix
axis away from the site of contact. The first and second helices contact the AHK, their amino
termini fitting into the minor groove, whereas helix 3 is primarily exposed to solvent. Partial
intercalation of aliphatic and aromatic residues in helix 2 occurs in the minor groove.

29. MADS-box family

Function. The MADS-box motif is found in various AHK-binding proteins, commonly
transcription factors, and specifies JHK binding, dimerization and interaction with accessory
factors.

Structure. MADS proteins bind [JHK as dimers as part of a larger cooperative JHK-binding
complex containing other AHK-binding proteins. The MADS domain is a 56-residue motif
consisting of a pair of antiparallel coiled-coil a helices packed against an antiparallel two-
stranded B sheet. This B sheet of the motif is also involved in interprotein interactions with
other accessory proteins.

Binding. MADS dimerization occurs along the extensive flat side of the monomer involving
the helices and B sheet. The MADS protein shown here, MCM-1 (Figure 4g), interacts with HK
predominantly with its long a helices located nearly parallel to the minor groove at the center
of the binding site. These a helices extend into the major groove on either side of the dyad;
direct contacts made within the major groove and along the phosphate backbone cause the
[OHK to bend around the MADS box. The amino-terminal strand of the MADS region (before the
first helix of the MADS motif) often passes over and interacts with the JHK backbone.

Group V: B-sheet proteins

30. TATA box-binding family

This group, which only contains the TATA box-binding protein family, is characterized by
the use a large B-sheet structures to bind the AHK (Figure 5).

Function. TATA box-binding proteins are an essential component of the multiprotein
transcription initiator complex that assembles on promoters bound by RNA polymerase II.

Structure. Although they are single-chain molecules, their structures are generally
considered to consist of two pseudoidentical domains. A ten-stranded antiparallel B sheet joins
the domains.

Binding. The B sheet covers the OHK minor groove and creates two substantial kinks
away from the main body of the protein, by intercalating phenylalanine side chains from either
end of the sheet.

The family is represented by Pyrococcus woesei, Saccha-romyces cerevisiae and human
forms of the protein. Unsurprisingly, both sequence and structural alignments of the various
subunits yield very high scores (> 90% and 90 or more respectively).

Group VI: B-hairpin/ribbon proteins

31. Met] repressor family

Function. Transcriptional regulator of the expression of methionine biosynthetic enzymes
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in E. coli.

Structure. The Met] repressor binds [1HK as a dimer (Figure 6a), each subunit comprising
a helical bundle and a single B strand; the strands from each subunit form the antiparallel
sheet for JHK-binding (colored red).

Binding.: The two B strands fit into the major groove and do not alter the AHK structure
significantly on binding. They lie flat against the base of the groove and interactions are only
made from one face of the sheet. Supporting backbone contacts are made by the surrounding
helices and the amino-terminal loop regions.

32. Tus replication terminator family
Function. Tus protein terminates replication of AHK inE. coli.

Structure. The protein consists of two a-helical bundles at the amino and carboxy termini,
connected by a large B-sheet region and binds JHK as a monomer.

Binding. The HK-binding region of the Tus family is made of four antiparallel B strands
(colored red in Figure 6b) which links the amino- and carboxy-terminal domains and produces
a large central cleft in the protein. The OHK is bound in this cleft, with the interdomain B
strands contacting bases in the major groove. JHK backbone contacts are provided by the
whole protein. The B strands are positioned almost perpendicular to the base edges in the
groove, enabling contacts from amino acids that expose their side chains on either face of the
sheet.

33. Integration host factor family

Function. Integration host factor (IHF) is a small heterodimeric protein that specifically
binds to AHK and functions as an architectural factor in many cellular processes in
prokaryotes.

Structure. The protein is a heterodimer of two related subunits each made of three
helices and a two-stranded B sheet.

Binding. In contrast to the two families above, the integration host factor forces an
enormous distortion in the HK by inserting a B hairpin from each subunit in the minor groove
(red in Figure 6¢). As seen in the TATA box-binding family, the protein produces kinks by
intercalating side chains between base steps at the edges of the binding sites. The
intercalating prolines are found at the tips of the B hairpins that extend from the protein
towards the other side of the AHK. The nucleic acid is bent towards the main body of the
protein and the deformation is stabilized by contacts with the phosphate groups .

34. T-domain family

Function. The T domain (Figure 6d) is an approximately 180-residue homodimeric domain
found in transcriptional regulators for genes essential in tissue specification, morphogenesis
and organogenesis.

Structure. Each subunit consists of a seven-strand antiparallel B barrel; one opening of
this barrel forms a dimer interface with the equivalent segment of the other subunit while the
other end points towards the HK.

Binding. Two B strands protrude from the barrel, one of which extends into the AHK
major groove. The probe helix is situated in a three-helix bundle in the carboxy-terminal tail.
In contrast to many protein families, the a helix binds base and backbone groups from the
OHK minor groove .

35. Hyperthermophile chromosomal proteins

Function. These proteins are found in hyperthermophilic archaebacteria and have high
thermal, acid and chemical stability. They bind AHK without marked sequence preference and
increase the T of AHK by about 40°C.

Structure. The proteins consist of an incomplete five-stranded B-barrel capped by an a
helix abutting three B strands (Figure 6e).
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Binding. The proteins bind the minor groove with the three-stranded B sheet causing the
OHK to kink severely. The kink results from the intercalation of specific hydrophobic side
chains into the OHK structure, but without causing any significant distortion of the protein
structure relative to the uncomplexed protein in solution.

36. Arc repressor

Function. Transcription of the ant gene during lytic growth of bacteriophage P22 is
regulated by the cooperative binding of two Arc repressor dimers to a 21-bp operator site.

Structure. Arc is a small (about 100 residues), homodimeric repressor of the ribbon-helix-
helix family of transcription factors. Each monomer consists of a pair of helices connected by
an antiparallel B sheet (Figure 6f).

Binding. Each Arc dimer uses the B sheet to recognize bases in the major groove and the
amino termini of the second helix in each pair contact the JHK backbone.

Group VII: other

37. Rel homology region family

Function. The Rel homology region is found in the amino terminus of proteins that act at
the k B OHK recognition site, and mediates JHK binding, dimerization and nuclear localization
(Figure 7a). Proteins that contain the region act as transcription regulators for genes
commonly involved in cellular defense and differentiation. The carboxy-terminal domains
located outside the region are variable between proteins.

Structure. The Rel homology region binds symmetrically as a homo- or hetero-dimer.
Each subunit (of about 300 residues) has two distinct domains, both consisting of a
sandwich.

Binding. Interactions in the JHK major groove are made along the whole length of the 10
bp site using a total of ten interstrand loops .

38. STAT protein family

Function. STATs are a family of eukaryotic transcription factors that mediate the response
to a large number of cytokines and growth factors. Upon activation by cell-surface receptors or
their associated kinases, Stat proteins dimerize, translocate to the nucleus and bind to specific
promoter sequences.

Structure. STAT proteins are between 750 and 850 residues long and bind as dimers to
[OHK target sites with a 9 bp consensus sequence, TTCCGGGAA. Each monomer is composed of
four domains: an amino-terminal four-helix bundle, an eight-stranded B barrel (residues 321-
465), a helix-loop-helix 'connector' domain (residues 466-585) and an SH2 domain.

Binding. The STAT homodimer grips the OHK like a pair of pliers (Figure 7b). The
monomers are held together by the carboxy-terminal SH2 domains, and the large four-helix
bundle domains form the 'handles' of the pliers. The AHK is almost entirely enclosed by the
protein dimer, and contacts the loops from the 8 barrel and the connector domains.

Group VIII: enzymes

39. Methyltransferase family

Function. The methyltransferase enzyme is represented by a single homologous family.
The protein catalyzes the transfer of a methyl group from S-adenosyl-L-methion-ine to the C5
position of cytosine. In prokaryotes the reaction is most commonly found in the protection of
the AHK from restriction enzymes. In eukaryotes, however, JHK methylation is implicated in a
wider range of cellular processes including transcriptional regulation, AHK repair,
developmental regulation and chromatin organization. The current dataset only includes the
prokaryotic Hhal methyltransferase (for example, 4mht).

Structure.: The protein functions as a monomer (about 320 residues) containing two
domains that are separated by a large [JHK-binding cleft (Figure 8a). The catalytic domain
(about 220 residues) consists of a seven-stranded B sheet flanked by a total of five a helices
on either side. This domain contains the cofactor-binding site and the active sites. The OHK-
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recognition domain (about 100 residues) comprises five antiparallel strands that form a
twisted B sheet.

Binding. The protein preferentially binds the sequence 5'-GCGC-3' with the first cytosine
base methylated in the enzyme reaction. The AHK is bound in the protein cleft so that the
major groove faces the recognition domain and the minor groove faces the catalytic domain.
The 4 bp in the target sequence are contacted from the major groove using two glycine-rich
interstrand loops, and the substrate cytosine is flipped out of the AHK helix into the catalytic
domain. The AHK structure is underwound and the base-pairing is rearranged over 3 bp either
side of the substrate base. The three structures in the family all have identical sequences and
return high pairwise SSAP scores (> 90).

40-44. Endonucleases

Seven endonuclease families are represented in the current dataset. The FokI family also
belongs to the HTH group and has already been described. Figure 8b-8f display MolScript
diagrams for representative structures of all the families, viewed parallel and perpendicular to
the OHK axis. EcoRV, Pvull, EcoRI and BamHI (1rva, 1piv, leri and 1bhm, respectively) are
type II restriction endonucleases that recognize AHK sites of 6 bp in length and cleave the
phosphate backbone at precise positions within the target sequence. Although there is little
sequence similarity between the four protein types, their U-shaped homodimeric structures
display some very common features.

The subunits of Pvull (about 140 residues per subunit) and EcoRV (approximately 240
residues per subunit) may be divided into three segments: the amino-terminal dimerization
region, the core catalytic region and the carboxy-terminal JHK-recognition region (Figure 8b,
8c). The catalytic regions of both comprise a five- or six-stranded mixed parallel/antiparallel
sheet (colored blue), which forms part of the cavity base. Most of the [AHK-recognition
segments extend from the carboxy-terminal end of the catalytic region (red). In Pwvull, the
region comprises two parallel a helices and in EcoRV, a mixture of a helices and B strands.
Both proteins approach the minor groove, and the [HK-recognition regions reach around the
side of the JHK to contact bases in the major groove using a pair of loops. The dimerization
regions of the two proteins are very different (colored green) and complete the base of the
cavity.

The catalytic (or core) regions of endonucleases EcoRI (about 250 residues per monomer)
and BamHI (about 200 residues per monomer) also consist of five-stranded
parallel/antiparallel B sheets (Figure 8d, 8e). The positioning of the sheets is different from
EcoRV and Pvull, and they form the sides of the cavities. Included in the core region of both
proteins are two a helices that pack against their counterparts in the other subunit to form a
four-helix bundle at the base of the cavity. EcoRI and BamHI both approach the AHK and
make most of the base contacts from the major groove, although the method of sequence
recognition greatly differ. EcoRI uses an extra set of interstrand loops and strands that follow
the major groove towards the outer edges of the target sequence from the center (green in
Figure 8d). BamHI lacks these extra regions and uses the amino-terminal end of the helical
bundle for binding .

44, Endonuclease V

This protein (for example 1lvas) catalyzes the first step in the pyrimidine-specific base-
excision repair pathway. In contrast to the type II enzymes described above, endonuclease V
functions as a monomer (about 130 residues) whose structure comprises a four-helix bundle
arranged to form a concave surface in which the AHK is bound (Figure 8f). Binding is centered
on a damaged pyrimidine dimer; most of the interactions are to the AHK backbone, and the
only base contacts are made to the central adenine which is flipped out of the [1HK helix into a
cavity on the protein surface.

45. DNase I

Function. DNase I is an endonuclease that degrades double-stranded AOHK in a non-
specific but sequence-dependent manner. Its function is dependent on the presence of

divalent cations such as Ca%*, Mg2*and Mn2*.

Structure. DNase I is an a,B protein with two six-stranded B-pleated sheets packed
against each other forming the core of a 'sandwich'-type structure. The two predominantly
antiparallel B sheets are flanked by three longer a helices and extensive loop regions.

Binding. DNase I binds in the minor groove of the AHK duplex with an exposed loop
region forming contacts in and along both sides of the minor groove and extending over a total
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of 6 bp (Figure 8g). As a consequence of DNase I binding, the minor groove opens by
about 3 A& and the duplex bends towards the major groove by about 20°.

46. JHK mismatch endonuclease

Function. In E. coli, the enzyme recognizes a TG mismatched base pair, generated after
spontaneous deamina-tion of methylated cytosines, and cleaves the phosphate backbone on
the 5' side of the thymine.

Structure. The protein contains three helices surrounding a B sheet, with one other helix
used to intercalate the AHK.

Binding. Three aromatic residues from one helix intercalate into the major groove of the
[OHK to strikingly deform the base pair stacking (Figure 8h).

47-50. Polymerase group

Polymerases must provide sequence-independent interactions with their AHK substrate,
yet retain the specificity to distinguish correctly paired bases from mismatches. OHK
polymerases synthesize [OHK strands by catalyzing the stepwise addition of a
deoxyribonuleotide to the 3'-OH end of a polynucleotide chain that is paired to a second,
template stand. Four polymerases have been classified: Pol B, Pol I, Pol T7 and Pol RT (reverse
transcriptase).

47. OHK polymerase B (pol B); 48. AHK polymerase I (pol I); 49. AHK polymerase T7 (pol
T7)

Pol B (Figure 8i) and Pol I (Figure 8j) have three structural domains that perform three
separate functions, not only polymerizing the HK but editing and repairing it by 3'-5'-and 5'-
3'-exonuclease activity respectively. T7 OHK polymerase (Figure 8k) possesses no 5'-3'-
exonuclease activity. For Pol I and T7, the larger carboxy-terminal domain has both the
polymerase and 3'-5'-exonuclease activity with an a+p structure that can be likened to that of
a right hand. A large cleft formed from a six-stranded antiparallel B sheet surrounded by a
helices forms the 'palm' and binds the JHK minor groove along with the 'thumb' region (Figure
8j, 8k). Extensive sequence-independent interactions exist in the minor groove. The major
groove, with its sequence-specific pattern of hydrogen-bond donors and acceptors, which form
the primary means of recognition for many sequence-specific IHK-binding proteins, does not
contact the protein and is solvent-accessible.

The smaller amino-terminal of Pol I has 5'-3'-exonuclease activity. It is folded into an a
structure with a mixed B sheet of five strands.

50. HIV reverse transcriptase

Function. Reverse transcriptases have two enzymatic activities: a JHK polymerase that
can copy either HK or RNA templates and an RNase H. The two crystal structures of HIV
reverse transcriptase which have been solved are only of the polymerase region.

Structure. HIV-1 reverse transcriptase (Figure 8l)is a heterodimer consisting of p66
(about 550 residues) and p51 (about 430 residues), two subunits of a helices and B strands
which share a common amino terminus. The p51 subunit corresponds to the polymerase
domain of the p66 subunit. The carboxy terminus of p66 forms the RNase H domain.

Binding. Loops and helices of p66 make extensive interactions with the AHK. P51 also
binds but its interactions are mainly at the protein dimer interface with p66.

51. Uracil-AHK glycosylase

Function. Any uracil bases in IHK, a result of either misincorporation or deamination of
cytosine, are removed by uracil-AHK glycosylase (UDG).

Structure. UDG is 225 residues long and contains a central four-stranded B-sheet region
partly surrounded by eight a helices (Figure 8m).

Binding. Damaged AHK binds to UDG near the carboxy-terminal end of its central four-
stranded B sheet. Conserved UDG residues in loop regions contact the AHK, with the loop
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between sheet 4 and helix 8 inserting into the JHK minor groove. A few contacts with the
OHK backbone are made by two helices.

52. 3-Methyladenine AHK glycosylase

Function. HK N-glycosylases are base excision-repair proteins that locate and cleave
damaged bases from JHK as the first step in restoring the sequence.

Structure. The protein is 216 residues in length and is composed mainly of B strands
(Figure 8n).

Binding. The enzyme intercalates into the minor groove of AHK using two B strands,
causing the damaged base to flip into the enzyme active site for base excision.

53. Homing endonuclease family

Function. Homing endonucleases are a diverse collection of proteins that are encoded by
genes with mobile, self-splicing introns. These enzymes promote the movement of the AHK
sequences that encode them from one chromosome location to another; they do this by
making a site-specific double-strand break at a target site in an allele that lacks the
corresponding mobile intron.

Structure. The protein binds JHK as a dimer and displays mixed ap topology (Figure 80).
Each monomer contains three antiparallel B sheets flanked by two long a helices, and a long
carboxy-terminal tail that extends around the surface of the second subunit in the dimer and is
stabilized by two bound zinc ions 15 A apart.

Binding. The zinc-binding motifs are critical primarily for structural stabilization of the
protein core and are not involved in AHK binding. The primary sequence-specific contacts
made to homing-site AIHK are from residues in the second B sheet of each enzyme monomer
which contact the major groove of each half-site. Additional contacts are made in the center of
the complex within the minor groove and with several phosphate groups in the cleavage site.

54, Topoisomerase I

Function. Topoisomerases I promote the relaxation of [AHK superhelical tension by
introducing a transient single-stranded break in duplex AHK and are vital for the processes of
[OHK replication, transcription and recombination.

Structure. No crystal structure has been solved for the whole protein - only for the central
core and the carboxy-terminal domains (592 residues; see Figure 8p). The central core domain
is connected to the carboxy-terminal domain by a linker. This linker assumes a coiled-coil
configuration and protrudes away from the remainder of the enzyme.

Binding. The enzyme completely surrounds the AHK, contacting the backbone with loops
and a B sheet binds in the major groove.
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