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ABSTRACT: Cytidine deaminases (CDA, EC 3.5.4.5) are zinc-containing enzymes in the pyrimidine salvage
pathway that catalyze the formation of uridine and deoxyuridine from cytidine and deoxycytidine,
respectively. Two different classes have been identified in the CDA family, a homodimeric form (D-
CDA) with two zinc ions per dimer and a homotetrameric form (T-CDA) with four zinc ions per tetramer.
We have determined the first structure of a T-CDA fr&acillus subtilis The active form of T-CDA is
assembled of four identical subunits with one active site apiece. The subunit of D-CDA is composed of
two domains each exhibiting the same fold as the T-CDA subunits, but only one of them contains zinc
in the active site. The similarity results in a conserved structural core in the two CDA forms. An intriguing
difference between the two CDA structures is the zinc coordinating residues found at the N-terminal of
two a-helices: three cysteine residues in the tetrameric form and two cysteine residues and one histidine
residue in the dimeric form. The role of the zinc ion is to activate a water molecule and thereby generate
a hydroxide ion. How the zinc ion in T-CDA surrounded with three negatively charged residues can
create a similar activity of T-CDA compared to D-CDA has been an enigma. However, the structure of
T-CDA reveals that the negative charge caused by the three ligands is partly neutralized by (1) an arginine
residue hydrogen-bonded to two of the cysteine residues and (2) the dipoles afheles.

The pyrimidine salvage pathway enables organisms to NH, 0 H, oH
utilize exogenous pyrimidine bases and nucleosides, which <N NH E‘gNH
are not intermediates in the de novo pyrimidine synthesis. | ,g | ,g § KI,ZKO
The reaction catalyzed by cytidine deaminase (CDA, EC  wo— ' ©  wo—q N ©  Ho—p,
3.5.4.5} is part of the pyrimidine salvage pathway and 0

k) 2

catalyzes the hydrolytic deamination of cytidine and deoxy-

cytidine to form uridine and deoxyuridine, respectively (

Figure 1). Two forms of CDA have been identified, a homo- , - , - .

Eet?amer)(T-CDA) and a homodimer (D-CDA) represented & 2eoxy)evtidine (2 deaxy)uridine 3,4,5,6-tetrahydro-2*

by the Bacillus subtilisand theEscherichia colienzymes, deoxyuridine (THU)

respectively. CDA fronB. subtilisis a homotetrameric zinc ~ Ficure 1. Cytidine and deoxycytidine are equally good substrates

enzyme with a total molecular mass ofx414.9 kDa Q) in the reaction catalyzed by CDA, where uridine and deoxyuridine
. . ' i are formed, respectively. THU is an inhibitor of CDA with a-€5

The E coll D.'CDA subunit has a molecular mass of 31'.5 C6 single bond and a hydroxyl group at position 4.

kDa; it contains three domains: a small N-terminal domain

of unknown function, a catalytic domain with a bound zinc - g6\, that the T-CDA subunit displays sequence similarity
ion, and a C-terminal domain that possesses nearly the samgis, poth the catalytic and the C-terminal domain of D-CDA
tertiary structure as the catalytic domain though it does not (3). Hence, it has been suggested that T-CDA is constructed
contain a zinc iong). Amino acid sequence alignments have |,’the same way as D-CDA, with the structural core formed
from four identical subunits placed in relation to each other
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1ITK. that T-CDA is more widely distributed among species (Figure
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root-mean-square deviation. D-CDA gene suggests that D-CDA has emerged by a gene

10.1021/bi011849a CCC: $22.00 © 2002 American Chemical Society
Published on Web 01/29/2002



2564 Biochemistry, Vol. 41, No. 8, 2002 Johansson et al.

ot i A4 RSUVUWUT
1 10 3 0 50 60 70
Bsub  ---------- oo MNRQ**ELITEALKQRDMﬁYAPY; gALLTKD BKVYRGCHIE- -NAAYSMCNCAERTALFKAVSE-UDT---EFQML 73
Bpsy - ----MDVE--KLIAESKKAREQAYVRYSEKE BALLAED-GTIYHECHIE- -NSAYSMTNCAERTAFFRAVSD-BVR---SFKAL 73
Becal - A—‘AMEIE—~QLIVEAKK%REL@YVPY“KFPVGAALLTKG ESVYRECHIE--NAAYSVCNCHABRTALFKAYSE-@EK---EFTAL 73
Bste -—- - - -MEIE--QLIAEAKKARELAYVEYSKFPUYCAALLTKC-GSVYRECHIB - -NAAYSVCNCASRTALFKAYSE-BEK---EFTAL 73
Bant - ————MNSK—-QLIQEAIEARKQ@YVPYSKFQVEAALLTQD HKVYRECHVE - ~-NASYGLCNCBHERTALFKAVSE-BDK---EFVAT 73
Bhal - -—--MDRQ--MLIKEAIQBREGAYVEYEREQUEBALLMKD-GSVIRGARIE- -NASYGLTNCABRTALFKAYSE-BRR---DVVAL 73
Lmon --- - - --MKEN--NFISLAKQAREFAYVEYSKEPYGAALVTKD-DEVVLECKIE- -NASFGLTNCABRTAIFKAVSE-BKR-~-DFKQL 73
Mpir e m MKEKDIYFQKLNELISNAYVEVENERYSCLLLTDG--GWFAGVEIE- -NSAYSPTICABRSAVSSMITS-BFK---QIFKV 73
Mgen --- ----MKVNLEWIIKQLQMIVKREYTEFE YACMIIANN--QTFFEVEIE--NSSFPVTLCEERSAIASMVTS-BHRKI-DYVFV 76
Mpne -—- -~ --MKVDLDWVHHKLQEVVNHEYTEFEKEKVACMLVANN- - QAFYEVEIE- -NASYPVTLCABRSAIANMVTSIMKATI-DYVFV 77
Saur --- -MSYQPHYFQEV--- -RKHQQESYSHYEQFKVEAYLKTKD-BRTFYSTHVE - - NASYPLSTICARERASLVSATISQO-EYRPG-DFESI 76
Sepi e — e ———— = EV----REAQKNAYARYENFKYVEAYLKTKD-BRCFYEANVE - -NAAYPMGICABRSSLVSAISE-EGYQPG-DFESI 67
Cbot B MKYD-EIIKKAIEARENAYVEYSKERVEBAALLTED-NAIYTECHIE - -NASYGATNCEERTAIFKAISE-HK--~-KIKAT 73
Cdif --- ELLRLAEDARQHSYARYEGHRVEAALLTKS-BKVYTECHIE- -CASLGGTNCABRTAIFKAISE-GDK---DIYKI 69
Spne --- ELIELAIETSKHAYVBYSHEPIGAVLVAKD-BSVYTEVHIE- -NASYPLTNCGERTAIFKAISE-HQR-~-EFSEL 73
Smut B e ettt DLIRTAIKASKNAYVRYSH BALKTKS-BKIYQUCHIE--NASFGLTNCGERTAIFKAISE-GYR---DLEEI 69
Spyo --- -—--MGTT--DLVSCAVQESEYAYVEYUHEPYGBALKTKD-BTIVYTECRIE--NVSFGLTNCGERTATIFKAISD-BGHK---ELVEI 73
Llac - - - -MTTTK-KMIAAARERASLAYVEYSHEPYGEAFHTTD-GRIITHCKIE - -NASFGLSNCABERTAIFKAISE-BLK---DFDAL 74
Efae e e KQ--EWLDCAVEALAHAYVEYEN BCLVTAD-BRKMYQBVHIE- -NASFGLTNCAERTAIFKAISE-DER---TFQHL 71
Chyd B LYEKAKEARENEYVEYHBGEKYGAAVLGES-GRKIYQBEANIE- -NASYGLTICEERVAITKAISE-BEK---KLKAI 68
Bbur - MEKLKQEDIDKAFYMAEKARNNSY SEVEKEKVGRCIKTKT-NDFFIHTRVE - -NASFGATCCEBRSAILNMIAKIBVQ-~~EIDFL 80
Tden R ENLFKTALEBAKKAVABYENEHVEGBATILLED-GSIVTHVEIE - -NRSYGLTNCEERTAIFKAVSE-GKT-~-DFKAI 70
Aper e MEQAGRAYARYSRERVEAAVRTSD-ERVYGECHVE - -NSSYGLTVCAERTAVFKAVSE-ESR---GVVEV 63
Tmar --- -~ --MVNPE-KLVKMALEARKKAYAKYSCHRYGAEALLTKS-BKIYTEVHNVE--~-NSSYGLTVCABRVAVFKAVSE-GER---EFVAI 74
Pgin B ettt ATERARSAYA AAVLLDN-GEILSGSHQE- -NAAYPSGLCAERTVLFYAGARYPEAAVREMVLV 68
Scer - MKVGGIEDRQLEALKRAALKACELSYS CSILTNN-DVIFTEAEVE- -NASYSNCICAERSAMIQVLMA-EHR-S-GWKCM 82
Spom -—- - ---MEKEDIEKLFQEVKESLQYS¥C YSN?A,GACVVSDDKNTYIYGAKVE——NASYGNCICA@RVAITKAVSM GYT---KFMAI 77
Bmala - --MSIDVD--ALTSAARLAMDREAYC AALLTKD-BKIITGGHVE--NASYGGTICABRSAVIRAVAR-BYR---EFQAV 75
Bpah --- --MSIDVD--ALTSAARLAMDRAYCEYERE BALLTKD-GKIITGGRVE--SASYGGTICAERSAVTRAVAE-BYR---EFQAV 75
Dmell e QETILAATEBRKOAYCEYSNFAVEEALRTSD-GTIVSHCHIE- -NGAYATCICARRTAAVKATIRSVEQY---SLGHT 71
Dmel2 - Q-ELLTAAFQVRQREYVEYSCHKYERAFRAKVDEKIFTECNVE - -NAAFTPGSCABRTAIAKAVSE-EAT--~-EFLAG 71
Dmel3 --- R-ELLEAALSARRCAYARYSKEKYBAAFRAKC-BRIYAGCNIE- -NVAFTPGNCAERCALAKGISE-GEK---KYTAG 70
Celel -—- MTTTKANLTEFEQQLVDKAIGEMENAYCKYSNRKVMBRALVCDD-GEIIIGANHE - -NASYGATICABRSATVTALTK-BHR~- - -KFKYI 82
Cele2  —--—----===~ MAANSLPQDISDVELVHELARARMRRAHCEYSKEPYUAALLTES-SEIVQUCHVE - -NASYGGTICABRSAIVSAVSQ-BYT---KFRAI 82
Hsap ----MAQKRPACTLKPECVQQLLVCSQEAKKSAYCRYSHEPYGAALLTQE-GRIFKECHNTE - -NACYPLGICABRTAIQKAVSE-BYK---DFRAI 85
Mrus ----MAQERPSCAVEPEHVQRLLLSSREAKKSAYCPYSREPUGAALLTGD-BRIFSECHIE- -NACYPLGVCABRTAIQKAISE-GYK~--DFRAI 85
MsSme - - -mmeo—— - VNWNALRSKAIBEVSRHAYARYSGEPYBAAALVDD-URTVTECRVE- -NVSYCLGLCRECAVVCALHSGGEGR----LVAL 73
Mavi ittt KAIDASAGAYA YﬁRFRVGﬁAGLVDD— RVVTHECHEVE- -NISYGLGLCABCAVVCALYASGHGR--~~-LVAL 65
Mtub - ---MPDVDWNMLRGNATQRAAGAYVEYSREAYEAEAALVDD-GRVVTECHVE - -NVSYGLTLCABCAVVCALESTGEGR-~--LLAL 76
Mlep - —f—MGDVNWDTLQKAAVAARANSYAPYSN@PVEVAGFVND~ RLITEVHVE--NASYGLALCHRBCSMISALYATGEBGR----LVAV 76
Mbov B TORAAGAYVEYSRRAVERAALVDD-ERVVTECHVE - -NVSYGLTLCAECAVVCALHSTGEGR----LLAL 64
Scoe - —MTSQTNPVDHELIEAAAHVARTRCRGDNHTMA%AARARD— RIVTAVEAY----HFTPGGPCABLVVVGAARAAQ-BVY---ELETI 76
Brmall e e e AYARVEKETYARAVIDET-GAVHYEVEVE - -NAAYPQGTCRBOTAIGAMITAABAR--~-RIDKV 58
CCrE  mmmmmmm oo mm e e —— - = AYARYSBKETUARAVIDET-GAVHYSVHVE--NAAYPOGTCABQTAIGAMITAABAR---RIDKV 58
Drad MTEQNAESIASHPDGNALHLTPDPQLLAGAQAHFKQAYAR BRUGAALRTPD-BQVFFEARVE - -NSSFGLTRCAEQSAVQALATA-BGR---TFTDL 93
Athal  —-----------o——— - GVSVIQLLPSLVKPAQSYARTEISKENVAVVGLGSS-GRIFLAVEVEFPNLPLHHS IHABQFLVTNLTLN-BER-~--HLNFF 97
Atha2 ----GVTDPIRLPNLIRKAMCLARAPISKYKYGAVGRASS-BRVYLEVNVDFPGLPLHHSIHABQFLVTNLALN-YEK~--DLCKL 117
Atha3 -~ - -GVTPEPMRLPNLIGKAMSLALAPISKYKYGAVCRARS-ERIYLEVEVELPCLPLHHSIHABOFLVTNLALN-SEK-~-GLHLL 95
Athas ----GVTDHKKLPKLIRKBRNLVKAES---KVEAVGRASS-ERFYLEGVRAVEFKGLLPHFSIHEEOFLIANLALN-SEP---KLTHL 91
Athaé A»A~GVRGPSDLPKLIDK&MSLARA?V&T‘KV AVGLTSS-EEVFLEVEVEFPNLPLHHT IHAEQFLVTNLALN-SMK---KLTHI 90
Atha?7 VHVEFPGLPLHHSIHPREQFLVTNLALN-SEK---GLRQL 118
Ecol - ANMBFIGATMQQTVHABQSAISHAWLS-BEK---ALAAT 122
Styp —-——GLDEDALAFALLPL&AACARTDLﬁHFNV AIARGVS-SNWYFEANMEFLGATMQQTVHARQSAISHAWLR-BEK---GLAAV 122
Pmul ----QLTPQQOLALKLLPIAAAYSLARISQFHVGATAIGQR- AYYFEANLEFASTHIQQTVHABOSAISHAWMN-HES---AITDV 123
Aact ---~QLTPKQLALKLLPIAACYATTRISHENVEAVVHGIG-GDFYFEANQBFCOTDIQQTIHREOSAT SHAWMR-@EK~~~QLTDV 100
Hinf -—---ELTTLKLAMHLLPLAASYSHTAISHENYCATIAIGEQ-GDFYFEANQBEFANSAIQQTIHARQOSAISHAWLR-NER---RISDM 121
Vecho SERYVERIVRGIS-SRLYLEGARMEFTGAQLGQTVHEBOCAI SHAWMK-HEK---GVADT 122
Sput = ——m e m e ~NMTESEVLLALLPIAAALAKP# EFYVG&IAKGKS &DIYMSAﬁLﬁLPGEALFHSVHK?QSAISHAWLS BES---QIVDM 121
+ + + +#n0
A A P S F VGA G G N E AE G
80 90 100 110 120 =
Bsub AVAADTPG---PVSEGBACRYVISELCTK--DVIVVLTNLQGQ IKEMTVEELE S oo — -
Bpsy PVSBOGAEROVIABFCNG- -SMPVYLTNLKGD IEETTVAK
Bcal PVPPUCACRGVIABLCHG--DMKVILANLKGD VKVMTVSEL
Bste g
Bant
Bhal PVPBOEARROVMABLCPA--DTKVYLGNLQGD
Lmon VVVADTDG---PVSEBUGAURIVISEFCAP~~-DMPVILTNLTGK--- - -
Mpir YILTDTIVK-DIGTECEVEROVLSEFAKP--ETPIITYNLKGE-----
Mgen YFNTKNKS -~ - -NSPEEMERUNLLEFSHQ--KTKLFCIDNDSS--- -~
Mpne YFDTKTPT----NSEBEEMERONIFEFATD- -KTQLFCIEKDKS - -~ - -
Saur TVTVD-ADK--PSSBCEACROVLKELCDD - -DMPVYMTNHKGD--- - -
Sepi TVTVD-ADK- - PSSPEHAEROUVMMELCDK - -DMPVYMTNQNGD - - - - -
Chot AVVG-SLE--EYTYEEBICBOVISHFADG--NIDIIIVKDKNN- - - -~
Cdif AIASDNSENNEQTY;GEICRQVIIEFGS—f—DIKIITGYTKGE -----
Spne IVYGQTEK---PISECBACROVMAEFFEQ--DLKVTLVAKDKS - -~~~
Smut PIS CGACRQVMAEFFEP——SAKVTLIAKGGK —————
Spyo GACRQVMAEFFDP--SSLVTLIAKNGQ-----
Llac PISEEBACROVIAEFCPA- -DMPVFLISKNDN----- VKETSVEELEBYSEK-
Efae PIS%&GA@R VMAEFFDP--QMPVTLVGKDGA--—— - TKTMTVEALLBYSET-
Chyd PIS&&GAt&QFMAEF KI--ET-IYLANLAGD----- --IKEFTLEQIEL®YYH#T-
Bbur ~IBEAICLYVMAEFFNQ--DTKIIITESKSFSENK-~--TPIKIYTLKDLEKSPED -
Tden ATATPDADY- - PVSBCEALRHVI SEFMGG - - DTPVIFGSSLDN- —— - - --VVLTDVKGIY®FDA- -
Aper AVYAADSD--EPVPEEEACLOUVLSEFARG--DPRVYMISRTGR--—--
Tmar AI-ASDSP--DKTABBHUAERGVLYRFS-D--DLDVIMADRDGN - -~~~
Pgin AFSASGRVP--LITEEBACROVMLEVCSRHRPFPILMVGEEEA -~ - -~
Scer VICGDSEDQ--CVSHUUVERGF INEFVVK--DFPIVMLNSTGSR -~ - - SKVMTMGELLEMAFG—
Spom GVMSAKGR- - - -VITHEEGICROVIREFSK---DINVYMFHDDGG--- - - YDMKTIEELZEPDSEG
Bmala AVCATPAE PTASUBLERDFLIEFGDM- -KV-IMISSTSNK----— RIEMQLSQLIBLSE T
Bpah AVCATPAE PTABOBLERYFLIEFGDM - -KV-IMISSTSNK----— RIEMQLSQLEIBLSET-

Dmell RIAD---- -
Dmel2 AVLAYEPN g aF
Dmel3 AVVAYHPDffGFTTQGQVQRQFILEFIQNV—DIPIYI ———————————

Celel VVATELEA f—PCSQCGVGRQVLIEFG~fffDYKVILGSSTSDQ-va
Cele2 AVVTELSE- SLERUFLVEFGDY--KV-VVGTASNNKI -~~~
Hsap AIASDMQDD-—FIS@ @ACREVMREFG T--NWPVYMTKPDGTY----
Mmus AISSDLQEE- -FISEEGRERDVMREFG-T- -DWAVYMTKPDATF - ———
Msme VLMBEGRECRQVLLEHGGP--ELLIDHAHGP -~ -----
Mavi VLTEEGREUROVLABHGGP--ELLIDHPGGP - -—--
Mtub VLMEEEREROVLLEHNGGS - -ELLIDHPVRP - ---
Mlep SLMPUUREKDLLYBHGGP--ELKIMTPKGV ~ -—-
Mbov ACVDGHGS---VLMEEGRERDVLLEHGGS --ELLIDHPVRP -~ — - -~ -

Scoe VAVGDRERG--VVPEEBRERYVLLDYFPG---LEVIVGEGDRVR- - -~
Brmall LIAAGSGA---VVQBEUGERORIARFAGE--ACEITSVQGGKPT~ -~~~

Cere LIAAGSGA VVQﬁﬁﬁGCRQRIAﬁFAGE——ACEIISVQGGKPT———— DLE
Drad VVYTEASP PATHEGARRDILFEFAP- - -DARVVCTNAQGEV- -~ -~ - -~ IS LAQEEEEPGAGG----
Athal AVSAA--------— BEGHEROFLOBRIRDAP- EIKILITDPNNSADSDSAADSDGFLRLGSFH@HRK GPDDLLGKD-~-HPLLLESHDNHLKISDL---DS 181

Atha? AVAISTDGL-EFGTRCENCLEOFLMEMSNAL-DMKILSKP-KHEA-G------- SFSSLRLEEP-----—- NVLPKG--SPFLLEKRYNCLTLSGSA--GE 196
Atha3 AVTISTDGN-DFGARUSNERYFLMEISKAL-NIKILLKS-KHEAEG- -~ SFKSLRLLEPDRE-SPDDVLPKG--SPLLLEKRHNCLSLSGSA-~-EE 180
Atha5  AVSHN--GT-VFQDREYDUTHFLKEINNAH-QIEILIKN-AHGRDG-- SFKSLESHMEDE¥®-GSESILSAE--PSLLLMERDNCLALID----ED 172
Athaé AVSVT--GT-IFGARUGHERUFYQEMRNAP-EIEILIKRPKDGID--- EFMSLKSLMEERE-GPDSILPED--ASLLLEQRDNSLVLSDE---EE 172

Atha7  AVAISSDCI- EFGAECSNCRQFLMETSNEL DIKILLKS-KHEAEG- - L®YRE-TPDDVLPKG--SPLLLEKRDNCLTLSGST--EE 203
Ecol ROFMNELNSGL-DLRIHLPGREA----~-- ~-HALRDYH¥DAR-GPKDLEIKT----LLMDEQDHGY------~

Styp PGGHSR@FMNELNSGL DLRIHLPGRAP- MDAE-GPKDLEIKT--~-LLMDEQDHGF -

Pmul VVNYT -~ FCCHCROFMNELKTAP-QLKIHLPHSQN- “DA¥-GPADLDIQH----FLLDAQNNQL-

Aact TVNYT- - PEGHEROFMNELNSAE-TLQIHLPHSQN- ‘DARAGPKDLNIQLA———SLLDQHDNQL—

Hinf VVNYT-- CBHEROFMNELHGAE-KISIHLPHSON- BDAR-GPKDLDIAA----HLLAEENHDL-

Vcho TINFS-- PCOGHCHOFMNELTTAS~SLKIQLPKRAA- - -~ —KTLQEYEﬁEsﬁ GPADLGIDS----GLMSPVNHGK-

Sput IVNAS--------- FC@H&RQFMNBLVDGG QIKIHLPSQDS------—--=-~--- HLLSYYEEYAR-GPKDLNVQS~----PLLVKQETEF-~-~~----~

+
PCG CRQ E LP F



Tetrameric Cytidine Deaminase Biochemistry, Vol. 41, No. 8, 2002565

Ficure 2: Sequence alignment of 45 amino acid sequences of potential T-CDAs (roman) and in the bottom 13 sequences of the catalytic
domain of potential D-CDAs (italic). The numbering on top of the sequences is accordBgstabtilis T-CDA. Residues with 100%
sequence identity are shown in dark gray boxes, more than 80% identity in gray boxes, and more than 60% identity in light gray boxes. The
residues with more than 80% sequence identity are also displayed below the aligned sequences. The secondary structure elBments from
subtilis T-CDA are shown above the sequences with a twisted rodwfbelices and an arrow fgs-strands. The three zinc ligands are
marked with (*), the active site residue GIu55 is marked with (#), the residues interacting with the inhibitor THU are market) vetid(

the charge-compensating residue Arg56 is marked wijhThe names of the organisms with proven CDA activity are in boldface. Organisms
abbreviations: T-CDA: BsulBacillus subtilis(P19079); BpsyBacillus psychrophilu§Q9S3MO0); Bcal Bacillus caldolyticugQ9R2S1);
Bste,Bacillus stearothermophily8Bant, Bacillus anthracis Bhal, Bacillus haloduran§Q9KD53); Lmon,Listeria monocytogene#/pir,
Mycoplasma pirun{P47718); MgenMycoplasma genitaliuniP47298); MpneMycoplasma pneumonig®75051); SaurStaphylococcus

aureus Sepi,Staphylococcus epidermi€bot, Clostridium botulinumCdif, Clostridium difficile Spne,Streptococcus pneumonjg@&mut,
Streptococcus mutanSpyo,Streptococcus pyogenédac, Lactococcus lactifQ9GFM8); EfaeEnterococcus faecali€hyd, Carboxythermus
hydrogenoformansbur, Borrelia burgdorferi(051563); TdenTreponema denticojdper, Aeropyrum pernixQ9YD74); Tmar,Thermatoga

maritima (Q9WZzV0); Pgin,Porphyromonas gingalis; Scer,Saccharomyces cersiae (Q06549); SpomSchizosaccharomyces pombe
(Q09190); BmalaBrugia malayi(P90706); BpahBrugia pahangiQ93143); DmellProsophila melanogastdr Dmel2, D. melanogaster

II; Dmel3, D. melanogastetll; Celel, Caenorhabditis eleganks Cele2,C. elegandl (Q20628); HsapHomo sapiengP32320); Mmus,

Mus musculugP56389); MsmeMycobacterium smegmatiMavi, Mycobacterium aium; Mtub, Mycobacterium tuberculosi€53367);

Mlep, Mycobacterium lepraédQ9CBD3); Mbov,Mycobacterium bois; Scoe,Streptomyces coelicoldQ9KYT5); Bmall, Burkholderia

malleii; Ccre,Caulobacter crescentu®rad, Deinococcus radioduran®9RSE7); D-CDA: AthalArabidopsis thaliand (065896); Atha2,
Arabidopsis thaliandl (O065571); Atha3 Arabidopsis thaliandll (Q9ZT33); Atha4;Arabidopsis thaliandV (Q9S7S2); Atha5Arabidopsis
thaliana V (Q9ZT32); Atha6,Arabidopsis thalianavl (Q9SU86); Atha7,Arabidopsis thalianaVIl (Q9ZT35); Ecol, Escherichia coli
(P13652); StypsSalmonella typhimuriugPmul, Pasteurella multicodaAact, Actinobacillus actinomycetemcomitardinf, Haemophilus
influenzae(P44325); Vcol,Vibrio cholerae(Q9KSMS5); Sput,Shewanella putrefaciens

duplication of an ancestral T-CDA gene. The C-terminal Table 1: Data Statistiés

domain has subsequently evolved and lost its zinc coordinat- wavelength (A) 1.5418
ing residues and thereby its catalytic activity. resolution (A) 20-2.03 (2.08-2.03)
The zinc ion in the active site plays a central role in the IF/{(S)(’B" (%} 1'794(1(2'3
proposed catalytic mechanism of CDA, activating a water completeness (%) 98.4 (78.7)
molecule to form a hydroxide ion that performs a nucleo- no. of reflections 214942
philic attack on the substrat8,(4). An amino acid sequence no. of unique reflections 15867
alignment shows an overall sequence identity of 26% =Values in parentheses are data for the highest resolution shell.
betweenB. subtilisT-CDA and the catalytic domain d. b Rsym = { S naXilli(hkl) — [(hKD[} A Sreili(hKD} , whereli(hKI) is the

coli D-CDA. The alignment also implies that the zinc intensity of theith observation of reflectiorhkl and I(hKl) is the
liganding residues differ in T-CDA and D-CDA. According average intensity of observations.

to the sequence alignment, the histidine residue that together

with two cysteine residues coordinate to the zinc ion in from a drop of 2uL of 4.5 mg/mL CDA and 5 mM THU in
D-CDA is exchanged for a cysteine residue in T-CDA, 20 mM Tris-HCI, pH 7.6, mixed with 2L of mother liquor
implying that zinc in T-CDA has three cysteine ligands (26% 2-methyl-,2,4-pent,anediol, 10 mM calcium chloride,
(Figure 2). This kind of zinc coordination with three 2.4 651 M sodium acetate, pH 4.6). The hanging drops
negatively charged cysteine residues is quite unusual for agqjjjiprated over 1 mL of mother liquor at room temperature.

catalytic zinc ion (for reviews, se& and 6), and the At ihese conditions, crystals appear after a couple of hours
undiminished activity of T-CDA as compared to D-CDA has ;4 grow to a final size of 0.2 0.3 x 0.05 mm in 2 days.

been enigmaticq). From the three-dimensional structure of Data Collection Diffraction data were collected at 120 K

T-CDA from B. subtilis presented here, we have been able on a MAR345 image plate detector mounted on a copper

to explain how the zinc ion can maintain a normal level of rotating anode generator from Rigaku (RU300) operating at
activity. The refined structure model also includes the CDA 50 kV/80 mA. Auto-indexing, data reduction, and scaling

inhibitor 3,4,5,6-tetrahydro-2eoxyuridine (THU) (Figure were performed with programs from the HKL suite0)

1). The s’gructure has further enabled us t_o answer SOME Ol tistics of the diffraction data are shown in Table 1. The
the questions about the differences and similarities between _ - -
crystals belong to space gro@2 (a= 75.1,b =66.1,c =

T-CDA and D-CDA. 55.5 A, B = 115.9) and diffract X-rays well. However,

MATERIALS AND METHODS nonmerohedral twinning of the crystals made the auto-
indexing of the data nontrivial and difficult. Two protein
Crystallization The gene for CDA fronB. subtiliswas chains per asymmetric unit give a reasonable Matthews’

cloned and expressed . coli and purified as reported ~ coefficient of 2.09 &/Da, corresponding to approximately
earlier @). Crystal Screen | from Hampton Resear8hwas 41% solvent content.

used for screening of crystallization conditions Borsubtilis Structure Determination and Refinementhe three-
CDA using the vapor diffusion technique. The experiments dimensional structure was determined using the molecular
were performed both with the native enzyme only and in replacement method implemented in the program EPMR
the presence of the CDA inhibitor THU (purchased from (11). Several search models based on the catalytic domain
Calbiochem, La Jolla, CA). The initial crystallization condi- of E. coliD-CDA (residues 46184; PDB code 1CTT) were
tions in solution 1 (30% 2-methyl-2,4-pentanediol, 0.02 M tested. The search model that finally worked contained two
calcium chloride, 0.1 M sodium acetate, pH 4.6) were copies of the catalytic domain, placed in relation to each
refined, and the crystal used for data collection was grown other exactly as in th&. coli dimer. Both zinc ions were
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Table 2: Refinement Statistits Table 3: Buried Surfaces (inZbetween Subunits and Domains of
no. of reflections 15599 T-CDA and B-CDA
working set 14822 T-CDA D-CDA
test set 777
resolution (A) 19.922.04 (2.13-2.04) c D B ¢ D B
no. of atoms 2193 A 2822 1159 1842 3269 1174 1663
R-factor (%} 20.7 (21.3) A+B 7161 - 8714 -
R-free (%) 23.2 (25.0) A+C - 5226 - 3947
averageB-factor (&) 14.0 2 The domains and subunits are labeled A, B, C, and D according to
averageB-factor protein atoms (A 13.1 the cartoons in Figure 4.
averageB-factor zinc ions (&) 9.8
averageB-factor THU (A2) 7.3
ave:jageB-faCtorwater atoms (A 25.1 using the program ClustalXg) with the following param-
rms . ; . ; . ;
bond length (A) 0.005 eters: gap ogggr)g, 5.0Q, gap ehxtenspn, 8.5, delay dilverg_l;_(laqnt
bond angle (deg) 19 sequences, 50%; protein weight matrix, Gonnet series. The

; , - amino acid sequence alignment was imported into the
2Values in parentheses are data for the highest resolution &Fell. rogram FarOut24) and edited manually. The magnitudes
factor={ 3 nal|Fobd — K|Fcad[}{ TncFongd - ¢ Rfree={ Shusext|[Ford —  Prodra W : Y- 9 :
KIFcaid [ S hiesFobd WhereFons andFeacare observed and calculated — Of the intersubunit interaction surfaces were calculated with
structure factors, respectivell,is the scale factor, and the test setis a probe of radius 1.4 A using the program CNS)(
5% of the data chosen randomly. Figures Figure 2 was prepared with the program FarOut
(24), Figures 3, 4, and 6 were prepared with the programs

kept in the search model while some of the loops were cut MOLSCRIPT @5) and Raster3D26), and Figure 5a was
off, giving 99 core residues out of 139 from tite coli prepared with BOBSCRIPT2() and Raster3DZ6).
D-CDA catalytic domain. A correlation coefficient of 25.6%
and anR-factor of 56.6% were obtained for the correct RESULTS AND DISCUSSION
solution. Rigid body refinement of the structure, allowing  Overall Structure.The crystal structure of T-CDA from
the two protein chains to move separately, first at low B. subtilis has been determined at 2.0 A resolution by
resolution and then at steps of increasing resolution with the molecular replacement with the catalytic domainEofcoli
program CNS 12), gave anR-factor of 53.1% R-free D-CDA as search model. The enzyme crystallizes with two
52.5%). The NCS relation was determined, and all residuessubunits (A and B) of the tetramer in the asymmetric unit.
in the model except from the glycine residues were changedThe subunits are related by a pseudo-two-fold axis parallel
to alanine residues. The zinc atom was also deposed beforeo the crystallographic-axis. Almost all of the polypeptide
a step of simulated annealing was performed with CN5 (- chain and the side chains could be fitted into the electron
employing strict 2-fold NCS. As the difference electron density with the exception of the five C-terminal residues
density map showed clear density for the zinc ion and its (132—136), which appear to be disordered even at 120 K.
ligands, model building in O13) was started. After a few  The subunit of T-CDA fromB. subtilisis composed of a
cycles of simulated annealing refinement with CNS and mixed s-sheet $1—5) with onea-helix (1) on one side
model building with O, the zinc ion as well as THU and all and five a-helices ¢2—6) on the other side of thg-sheet
amino acids, except from the five C-terminal residues, could (Figure 3a). The model has been refined with a fRRdactor
be introduced into the model. The NCS restraints were of 20.7% R-free 23.2%), and all residues are found in the
relaxed,B-values were refined, and water molecules were allowed region of the Ramachandran plot. Each subunit
included in the model. Water molecules related by NCS were contains 131 amino acid residues and binds a zinc ion and
found by the program WATNCSL@) and added tothe NCS  a THU molecule. The model also includes 183 water
restraints list. Model quality was checked during the entire molecules of which 104 are related by NCS. There are no
procedure using OOP3§) and PROCHECKX6). The final major differences between the two subunits; all &oms
model has a-factor of 20.7% R-free 23.2%) and contains  of the two subunits A and B are superimposed with an rmsd
262 amino acid residues, 2 zinc ions, 2 THU molecules, and of 0.02 A using the program Q.8) with default parameters.
183 water molecules, of which 104 are related by NCS.  The two subunits A and B in the asymmetric unit, i.e.,
Refinement statistics are shown in Table 2. half of the homotetramer, are related by a pseudo-two-fold
Sequences, Sequence Alignment, and Surface Andlgsis  symmetry. A perpendicular crystallographic 2-fold axis
amino acid sequences of 45 different potential T-CDA and generates the two other subunits (C and D) and completes
the catalytic domain of 13 potential D-CDA were used in the homotetramer, giving an approximate ovef2p sym-
the alignment. The sequences were found in the SWISS metry (Figure 3b). This gives rise to a complex set of
PROT and the TrEMBL databases and from ongoing genomeintersubunit interactions. The entire surface of the tetramer
projects. The origins of the CDA amino acid sequences are subunit is 7034 A and the buried surface between subunits
presented in the text of Figure 2. Out of the 58 amino acid A and B, which form the asymmetric unit, is 1842 frable
sequences, only a few have been proven to have CDA3 and Figure 4). The buried surface between subunits A and
activity. These ar®. subtilis(2), Bacillus psychrophilugl7), C is 2822 R, and this explains the importance of choosing
Bacillus caldolyticug17), Mycoplasma pirun{18), Homo the two correctly related subunits as a model in the molecular
sapiens(19), Saccharomyces cersiae (20), Deinococcus replacement search, since the interactions between the
radiodurans(J. Neuhard, unpublished resultg), coli (21), subunits are totally different. A correct solution could not
A. thaliana | (22), and A. thaliana VI (S. Vincenzetti, be found using a model of subunits A and C, while it worked
unpublished results). The amino acid sequences were alignedvith subunits A and B.




Tetrameric Cytidine Deaminase

Ficure 3: Fold of T-CDA fromB. subtilis Ribbon views of (a)
the subunit and (b) the tetramer. The A, B, C, and D subunits are

shown in magenta, yellow, green, and blue, respectively. The bound

inhibitor and the zinc ligands are shown in ball-and-stick repre-

Biochemistry, Vol. 41, No. 8, 2002567

b)

Ficure 4: Cartoons of (a) T-CDA and (b) D-CDA that display
the structures in equivalent views.

charge being partly neutralized by the helix dipoles. The zinc
ion is tetrahedrally coordinated with the bound inhibitor THU
as the fourth ligand (Figure 5). The coordination distances
range from 2.2 to 2.4 A where the lowest value is the distance
to the THU 4-hydroxyl group. The inhibitor THU is bound

in an anti conformation and is completely buried in the
interior of the enzyme in a pocket totally devoid of solvent.
At 2.0 A resolution, a well-ordered solvent molecule would
be visible in a difference electron density map, especially
since the surrounding atoms have |@afactors, implying
that this part of the structure is well-ordered (Table 2). The
absence of water in the T-CDA active site is in accordance
with the crystal structure d&. coli D-CDA in complex with
zebularine-3,4-hydrat@®). Zebularine-3,4-hydrate and THU
differ at two points: the 2hydroxyl group of zebularine-
3,4-hydrate and the CG5C6 bond which is unsaturated in
zebularine-3,4-hydrate. Apparently, these two CDA inhibitors
do not make room for a water molecule that was observed
adjacent to C4 in the crystal structurestofcoli D-CDA in
complexes with 3,4-dihydrozebularin2g), 3-deazacytidine
(29), or uridine B0). In T-CDA, THU is bound to the poly-
peptide backbone and residues that are conserved to different
degrees in the sequence alignment in Figure 2. The THU
bound to subunit A also interacts with residues from subunits
B and D; i.e., each THU molecule in the tetramer is in contact
with three of the four subunits. The side chains of residues
that make specific interactions (shorter than 3.9 A) with THU
are Phe24(A), Val26(A), Asn42(A), Glu44(A), and Phel25-
(B). The main chain NH group of residue Tyr48(D) is
hydrogen-bonded to the-Bydroxyl group of THU. Tyr48

is replaced by a Phe in some of the T-CDA amino acid
sequences, while this residue is not conserved in the D-CDA
amino acid sequences. Theltg/droxyl group of ribose in
THU is hydrogen-bonded to the highly conserved Asn42 and
Glu44; the former is invariant in the alignment of both
T-CDA and D-CDA sequences in Figure 2. There are no
obvious interaction partners in T-CDA for thé-t2ydroxyl
group in cytidine, one of the substrates of CDA. This could
explain why cytidine and deoxycytidine are equally good
substrates and why the enzyme does not discriminate between
ribose and deoxyribose. The other residues that interact with
THU (Phe24, Val26, Glu44, and Phel25) are either con-

sentation, and the zinc ions are shown as gray spheres. (c) Topologyserved or changed to residues with side chains of the same

diagram of the T-CDA subunit. Green bars represent the zinc
ligands.

Active Site.The catalytic zinc ion is coordinated by three
cysteine residues at the N-terminal end arhelices a3
(Cys53) andx4 (Cys86 and Cys89) (Figure 3), their negative

size and properties in the other T-CDA and D-CDA amino
acid sequences. The only sequence that does not conform to
the pattern is the one frotreptomyces coelicolorlowever,

the protein corresponding to this sequence has not been
studied, and its CDA activity may be questioned.



2568 Biochemistry, Vol. 41, No. 8, 2002 Johansson et al.
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Ficure 5: Active site of T-CDA fromB. subtiliswith the bound inhibitor THU. Hydrogen bonds and coordination bonds are shown as
dotted lines. (a) Stereoview. The—F. omit electron density map of THU is contoured atd..gb) Schematic view. The bond lengths are
given in angstroms.

Despite the construction of the active site with residues involved in interactions that are important for the quaternary
from three subunits, T-CDA frorB. subtilisdoes not display  structure, substrate and zinc ion binding. Residues Cys53/
any cooperativity between its four active sit€d.(The His102, Cys86/Cys129, and Cys89/Cys132 from T-CDA
entrance for the substrate into the active site pocket of subunitfrom B. subtiligD-CDA from E. coli serve as ligands for
A appears to require an opening of the C-terminal hel&)(  the zinc ion, and GIu55/Glu105 hydrogen-bonded to THU
from the adjacent subunit B. Inspection of tBefactors  fnctions as proton donor and acceptor in catalysis. The
shows that this part of the structure (residues-1251) has  .,ngerved residues Phe24, Asn42, Glu44, Alas4, and Phel125

. > N 5
at hlgther mfti'g%z)e_rﬁ sz"A). th?n tget avgraiqe o_(f_j the mediate substrate binding while Ser22, Arg90, GIn91, Glu95,
structure B = - 'heTolowing five L-erminalresiaues = 4 Leul2?1, which also are conserved, are engaged in

(132-136) display even more flexibility as they could not : . L .

be traced in the electron density. Phel25 stacks with thetetramer_ |nteragt|ons_ for T-CDA and in dimer or domain

ribose ring of the inhibitor THU, and residues £2831 only dom_aln mte_ractlons in the case of D-CDA. The conserved

make internal hydrogen bonds, which implicate that these 9lycine residues (Gly27, Gly35, Gly40, Gly87) may be

residues easily can swing out and let the substrate in or thelmportant for the geometry of the surrounding residues, such

product out. as the Gly87 between the zinc coordinating residues Cys86
Sequence Alignment of CDA Sequences and Coeder and Cys89. Pro20 is present where the protein chain makes

ResiduesAlmost all of the residues that are conserved among @ turn, and Pro122 is at the end afhelix o5. The two

the T-CDAs and D-CDAs in the amino acid sequence conserved alanine residues (Alal3 and Ala27) are both placed

alignment of 58 potential CDA sequences in Figure 2 are in the middle of secondary structural elementd @ndf1)
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D-CDA with either the A or the B subunit of T-CDA using
default parameters in the program LSQMABLJ gives 87
aligned @t atoms with an rmsd value of 1.3 A. However,
there are some major differences between the D-CDA and
C-terminal the T-CDA structures. The C-terminal domain of D-CDA
domain does not contain the zinc coordinating residues, and hence
no zinc ion. As a consequence, there are in total two active
sites per D-CDA as compared to the four active sites in
T-CDA (Figure 6). Another significant difference is the
N-terminal domain of the D-CDA subunit that is missing in
T-CDA. The function of this domain is not resolved, and
the structure of T-CDA has not thrown any new light on
this aspect.
D-CDA may have arisen by a gene duplication of T-CDA,
C-terminal and pronounced structural similarity of the catalytic and the
D domain C-terminal domains of D-CDA strengthens this hypothesis.
So does the presence of a 20 amino acid residue long linker
that lacks secondary structure between the catalytic and the
C-terminal domains of D-CDA (Figure 6). The magnitudes
of the buried surfaces between subunits and domains in
T-CDA and D-CDA are given in Table 3 and Figure 4. Not
FiGURE 6: Ribbon diagram of the superimposed structure8of  surprisingly do the covalently connected domains in D-CDA
subtilisT-CDA in gray ancE. coliD-CDA (PDB code 1CTT) with  display a much more extended interaction surface than the
:gsntswgf E’”lc’gl?gs gg‘grgfe 'thxnagg ryeﬂlg‘r’]"a ryeeslﬁflffts";)ﬂg'r J;‘%\Iﬁ'i?; dimer—dimer interaction. Several residues that constitute the
the additional two zinc ions that are presenBinsubtilisT-CDA interaction surfaces are highly conserved in the T-CDA and
are shown as gray spheres. The linker connecting the catalytic andD-CDA amino acid sequences (Figure 2). This applies to
the C-_terminal dor_nain of D-CDA is cc_)lored dark blue in the red residues Phe24, Arg90, GIn91, Leul21, and Phel25 in the
subunit and cyan in the yellow subunit. A and B subunit interface of T-CDA and also to residues
. o ) . . ) Tyr21, Ser22, Glud4, and Arg56 in the A and D subunit
with thelr_ side chains pointed into the hydrophobic core of jhterface of T-CDA with two exceptions: Tyr21 and Arg56
the protein. are only conserved among T-CDA amino acid sequences.
Comparison of T-CDA and D-CDAhe overall structure  Despite the large interaction surface, there are fewer con-
of T-CDA from B. subtilisdisplays significant similarity to  served residues between the A and C subunits in T-CDA.
D-CDA from E. coli. A superposition of the entif. subtilis ~ The conserved residues that are part of this surface comprise
homotetramer and thié. coli homodimer with the program  Tyr18, Tyr21, Asn45, and Glu95, and among these, only
O (13) using default parameters gives an rmsd of 1.7 A for Glu95 is conserved in both T-CDA and D-CDA. As a
422 G atoms. The two structures superimposed are depictedremark, the residue corresponding to Tyr21 (Tyr20Ein
in Figure 6. coli D-CDA numbering) is conserved in the C-terminal
The D-CDA dimer is constructed from two identical domain of D-CDA (sequence alignment not shown).
subunits, composed of three domains. In the crystal structure, The zinc ion does not have the same ligands in D-CDA
they are related by a crystallographic 2-fold axis perpen- and T-CDA. InE. coli D-CDA, the ligands are one histidine
dicular to the plane of the paper in Figure 8).(The (His102) and two cysteine residues (Cys129 and Cys132),
additional 2-fold pseudo-symmetry evoked by the structural while in B. subtilisT-CDA all three residues are cysteines
similarity of the catalytic and the C-terminal domain of (Cys53, Cys86, and Cys89). The function of the catalytic
D-CDA gives rise to an approximate overa2symmetry, zinc ion in CDA is to activate a water molecule to form a
similar to the symmetry of T-CDA. All secondary structural hydroxide ion that in turn makes a nucleophilic attack on
elements oB. subtilisT-CDA have corresponding secondary the C4 carbon in the pyrimidine ring of cytidin8)( Glu55

catalytic A
domain

catalytic
domain

structural elements in the catalytic domairEofcoli D-CDA. is a key residue in the proposed model for catalysis. The
A structural superposition of thedCatoms in the catalytic ~ carboxylic group of this residue functions both as a proton
domain ofE. coli D-CDA with the A and B subunits oB. acceptor and as a proton donor in the uridine-forming

subtilis T-CDA using default parameters in the program reaction, where the amino group of cytidine is replaced with
LSQMAN (31) gives rmsd values of 1.3 and 1.4 A with 116 an oxo group stemming from the water initially coordinated
and 119 @ atoms superimposed, respectively. A sequence to the zinc ion.

alignment based on the structural alignment shows 28% The activity of an enzyme containing a zinc ion coordi-
identity between thés. coli D-CDA catalytic domain and  nated by three negatively charged cysteine residues as in
theB. subtilisT-CDA subunit. The polypeptide chain of the T-CDA would be expected to be lower than one where the
C-terminal domain oE. coli D-CDA is 29 residues shorter  zinc ligands are two cysteines and a histidine residue. This
than the one of the catalytic domain, and as a consequenceis supported by the investigations of Bertini and co-workers
this domain lacks th@g-strand corresponding {66 and the in a series of ab initio Hartree~ock calculations for zinc
o-helices corresponding ta5 and a6. In this case, the in complexes with different simple ligands, e.g., a hydroxide
sequence identity is 26% based on a structural alignment. Aion or a water molecule coordinated to the zinc ion together
structural alignment of the C-terminal domain Bf coli with three ammonia molecules and the corresponding
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complexes where ammonia is substituted withe&Hyroups 2.
(32). These calculations show that thi€value of the bound

water molecule increases with the number of thiol ligands 3
and the formation of a hydroxide ion becomes less likely. It
has been suggested that the third cysteine residue in T-CDA
is positioned so it becomes a poor ligand for ziig: {This 5
is not seen in theB. subtilis T-CDA structure where the
zinc—sulfur distances are virtually identical and the zincion 6
and its ligands form an almost perfect tetrahedron. Another
proposition, based on a model of T-CDA from D-CDA, was 7.
that Tyr48 should form a hydrogen bond to Cys53 and
decrease its negative char@®. (The structure oB. subtilis
T-CDA does not support this theory either. However, an
arginine residue (Arg56) is hydrogen-bonded to two of the
zinc ligands, Cys53 and Cys89. This important residue and 1.
the position of the cysteine residues at the positive end of

the dipole of thea-helicesa3 ando4 compensate part of 11.
the negative charges of the cysteine side chains and thereby
lower the K, value of the coordinated water molecule. 12.

CONCLUSIONS

The structure of tetrameric T-CDA fromB. subtilishas
confirmed the hypothesis that the overall structure of T-CDA 13-
is similar to D-CDA. The T-CDA lacks the N-terminal
domain of D-CDA, and the tetramer subunit displays the 14.
largest degree of similarity to the catalytic domain of D- ;5
CDA. T-CDA contains four active sites in the homotetramer,
while D-CDA has only two. Despite having very similar 16
structural cores, the C-terminal domain of D-CDA does not
contain the zinc coordinating residues and hence no zinc ion. 17.

The zinc-liganding residues differ between tesubtilis
T-CDA and theE. coliD-CDA, being three cysteine residues 18-
in the first case and two cysteine residues and one histidine 19
in the second. How the zinc ion in T-CDA is able to activate '
a water molecule and create the hydroxide ion used in
catalysis has been an enigma due to the negative charges of
the three coordinating cysteine residues. The three-dimen- 21.
sional structure oB. subtilisT-CDA revealed an arginine
(Arg56) positioned at hydrogen bonding distances to two of 22.
the cysteine ligands (Cys53 and Cys89). The excess negative
charge in the environment of the zinc ion is compensated
by this residue and the positive charge from the dipoles of
a-helicesa3 ando4. Together this explains how the zinc
ion is able to fulfill its catalytic role. 25
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