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要旨

DNAmethylationinmamiiancellsoccursatthe5－POSitionofcytosinewithinthe

CpGsequence，andcausesgenome－Widephenomenasuchasgenesilenclng，gene

imprlntlng，andXchromosomeinactivation・Aprotein familythatcontains

COnServedmethyl－CpG－bindingdomains（MBDs）recognizesthismethylationsignal

andrecumitsanotherproteinfactors，SuChascorepressorcomplexincludinghistone

deacetylaseandchromatinremodelingATPase，atthemethylationsite．

One ofsuch proteins・MBDlis amammlian methylation－dependent

transcrlPt10nalrepressorandbindsspecincallytoamethylatedCpGsequenceviaits

MBD・ThisstudyreportsthesolutionstruCtureOfMBD（residuesl－75）ofhuman

MBDIproteinincomplexedwithandinabsenceofa12－mermethylatedDNAby

meansofmulti－dimensionalheteronuclearNMRspectroscopy・

Thethree－dimensionalstruCtureSOfMBDIMBDbothincomplexedwithand

absenceofDNAhaveacompactα／βfbldandconsistofafbur－Strandedβ－Sheetand

anα－helixpackedapproximatelyparalleltotheβ－Sheet【1，2］．Theresiduesfbrmed

hydrophobiccoreinMBDlarehighlyconservedintheotherMBDs，SuggeStlngthat

thefbldinglSeSSentiallyidenticalthroughouttheMBDfami1y・ContactstotheDNA

aremadeatthefaceoftheβ－Sheet，Whichispositionedwithinthemqjorgroove．The

methylgroupsatthemethylationsitearerecognizedthroughhydrophobiccontacts

WithaliphaticandarOmaticportionsofarglnine，tyrOSine，Valine，andserineresidues

thatarehighlyconservedamongtheMBDfami1y・AllinteractionswithDNAare

ObservedinthemqorgroovesideofthesixbasepalrSWidthandthespecincbase

COntaCtSaremadeonlyinmethyl－CpGsequence・
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ThecomplexstruCturealsoprovidesinsightintothemechanismofadisease．

OneoftheMBDproteins，MeCP2isassociatedwithRettsyndrome，aChildhood

neurodevelopmentaldisorder；manymutationsarefbundinitsMBDsequence・The

StruCtureSSuggeStthatsomeresiduesofMeCP2MBDthataremutatedinRett

Syndromearelocatedattheproteinhydrophobiccoreortheprotein－DNAinterface，

PrOVidingastruCturalbasistounderstandtheconsequenceofthesemutations．

【1］OhkiI・，ShimotakeN・，FqiitaN・，NakaoM・andShirakawaM．（1999）．Solution

StruCture Ofthemethyl－CpG－binding domainofthemethylation－dependent

transcrlPtlOnalrepressorMBD・EMBOJ．18，6653－6l．

（ThispaperreportsthestruCtureOfMBDlinabsenceofDNA）

【2］OhkiI・，ShimotakeN・，F頑taN・，JeeJ・－G・，比egamiT．，NakaoM．andShirakawa

M・StruCtureOfthemethyl－CpG－bindingdominofhumanMBDlinacomplexwith

methylatedDNA・beingsubmittedfbrpublication．
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LSUMMARY

DNAmethylationinmammalianCellsoccursatthe5－POSitionofcytosinewithintheCpG

SequenCe，andcausesgenome－Widephenomenasuchasgenesilenclng，geneimpnntlng，andX

Chromosomeinactivationcarcinogenesis・Aproteinfami1ythatcontainsconservedmethyl－CpG－

bindingdomains（MBDs）recognizesthismethylationsignalandrecruitsan0therproteinfactors，

SuChascorepressorcomplexincludinghistonedeacety1aseandchromatinremodelingfactors，at

themethylationsite・Oneofsuchproteins，MBDlisamammalianmethylation－dependent

tranSCrlPtionalrepressorandbindsspeCincallytoamethylatedCpGsequenceviaitsMBD．This

StudyreportsthesolutionstruCtureOfMBDofhumanMBDIproteinbothincomplexwithand

absenceofmethylatedDNAbymeanSOfmulti－dimensionalheteronuclearNMRspectroscopy・

ThestruCtureSOftheMBDIMBDconsistofafour－Strandedβ－Sheetandanα－helixpacked

叩PrOXimatelyparalleltotheβ－Sheet・TheresiduesformedhydrophobiccoreinMBDlarehighly

COnServedintheotherMBDs，Whichsuggeststhatthefo1dingisessentia11yidenticalthroughout

theMBDfami1y・ContactstothemethylatedDNAaremadeatthefaceoftheβ－Sheet，Whichis

POSitionedwithinthemqorgroove・DNAbindinginducesthefo1dingofalongloopthat

COntributesamqorDNAinterface，eStablishinganovelmodeofDNAbinding・Themethyl

groups atthemethylationsitearereCOgnizedthroughextensivehydrophobic contactswith

aliphaticandaromaticportionsofarginlne，tyrosine，Valine，andserineresiduesthatarehighly

COnServedamOngtheMBDfami1y・DiscriminationoftheCGsequenceisduetothesame

arginineandtyrosineresidues・ThestruCturealsosuggeststhatsomeresiduesofMeCP2thatare

mutatedinRettsyndrome，aChildhoodneurodevelopmentaldisorder，arelocatedattheprotein

hydrophobiccoreortheprotein－DNAinterface，PrOVidingastruCturalbasistounderstandthe

COnSequenCeOfthesemutations．
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RODUCTTO

CpGmethylationinvertebratesisimportantforcontrolofgeneactivityeitherthrougheffbctson

asinglepromoterregion，OrthroughglobalmechanismsthatafftctmanygeneS（Fig・2．1）（Razin，

1998；TqjimaandSuetake，1998；SiegfriedandCedar，1997；Kassetal・，1997；Bird，1992；Eden

etal・，1998）・Invertebrates，60－90％ofallCpGsaremethylatedanddifftrencesintheCpG－

methylationstatuscorrelatewithawiderangeofbiologlCalphenomena，includinggenomic

imprinting，CarCinogenesis，Xinactivationandembryonicdevelopment（Surani，1998；Chenet

al・，1998；Tateetal・，1996；Lietal・，1993；Ba11abioandWi11ard，1992；Ngetal・，1999）．The

methylationofpromoter－aSSOCiatedCpGislandsisinvoIvedinthetranscrlPtionalrepressionof

tumOrSuPPreSSOrgeneSintumorcellsandimprintedgenes（Baylinetal・，1998；Feinbergetal．，

1995；Sutcli貌etal・，1994；Lalande，1996）・Ontheotherhand，genOme－Widedemethylationhas

beensuggestedtobeanear1ysteplnCarCinogenesis・DNAhypomethylationwasshowntoleadto

elevatedmutationrates，andisassociatedwiththeoccurrenceofchromosomalabnormalities

（FearonandVogelstein，1990；Chenetal．，1998）．

TheslgnalsthatDNAmethylationrepresentsareinterpretedbyproteinfactorsthatcontainshared

methyl－CpG－bindingdomains（MBDs）（Fig・2・2A）‥thereareatpresentnveknownfamily

members，MeCP2，MBDl，MBD2，MBD3，andMBD4（Fig・2・2B）（HendrichandBird，1998；

Bhattacharyaetal・，1999）・Marrmaliance11shavethepotentialtoencodebothlongandshort

formsofMBD2，andthesehavebeentermedMBD2aand2b，reSPeCtively（HendrichandBird，

1998）・Oneofthem，MBD2b，WaSPrOPOSedtohavemethyl－CpGspeciBcdemethylaseactivity

（Bhattacharyaetal・，1999），butrecentpublicationsreportedthatMBD2banditsrelatedproteins

hadfailedtodemethylateDNA，andinsteadimplicateMBD2intranSCriptionalrepression（Wade，

etal・，1999；Ng，etal・，1999）・MBD4，anOthermemberoftheMBDfamily，WaSShowntobean

endonucleasethatformSaCOmPlexwiththeDNAmismatchrepalrPrOtein，MLHl，Which
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SuggeStSthatMBD4maybeinvoIvedinmismatchrepalrandberesponsibleformaintenanceof

genomestability（Bellacosaetal・，1999）・RecentlyHendrichandcoworkersshowedthatMBD4

hasDNAglycosylaseactivityandcanremovethyminefromamismatchCpGsiteinvitro，and

thatitsMBDbindspreferentiallytomethyl－CpG・TpGmismatches（Hendrichetal・，1999）．

MBDshavebeenalsofoundinXbnqpuslaevis・Wadeetal・ShowedthatXbnqpuslaevisMi－2

COmPlex contains MBD3and MBD3LF，Whose sequences are substantia11y similar to

mammalianMBD3（Wadeetal・，1999）・MBD3LFisaproductofanalternative－SPlicing

Variant，andcontainsaninsertionof20aminoacidresiduesinMBD・Sequencesofa11theMBD

familyarehighlyconserved・AllbutmammalianMBD3andXlaevisMBD3LFhavebeen

Showntobindspecinca11ytosymmetricmethyl－CpG，andthebindingappearstobeasa

monomerandbeindependentofthesequencecontextoutsideoftheCGsequence（Chandleret

al・，1999；HendrichandBird，1998；Nanetal．，1993）．

Methyl－CpGbindingproteins（MeCPs）1and2contributetomethylation－dependentgene

Silencing（BergmanandMostoslavsky，1998；Kassetal・，1997；Meehanetal・，1989；Boyesand

Bird，1991；Lewisetal・，1992；Nanetal・，1997）・MeCP2wasshowntobindtoamethylated

DNAandtorecruittheSin3－histonedeacety1asecomplextopromoters，reSultingindeacety1ation

Ofcorehistonesandsubsequenttranscriptionalsilencing（Fig・2・3）印anetal・，1998；Jonesetal．，

1998）・Inlikemamer，MeCPlisahistonedeacety1asecomplexthatincludesMBD2，RbA

P48／p46，histonedeacety1ases（HDACs）1and2，Sin3Aanditsrelatedproteins（Wadeetal．，

1999；Ngetal■，1999）・ThiscomplexiscapableofrepressingtranSCriptionfromcloselyand

SParSelymethylatedpromoters，anditsactivityisubiquitousinsomaticcellsandtissuesbutis

notablyabsentinEScells（BoyesandBird，1991，1992；Meehanetal・，1989）．Besidesthesetwo

COmPlexesofMeCPs，Otherhistonedeacety1asecorecomplexeswerefoundtocontainmembers

OfMBDfamily・NuRD，amulti－Subunitcomplexhavingnucleosomeremodelingandhistone

deacety1aseactivities，COntainsMBD3andMi－2（Zhangetal・，1999；Wadeetal・，1999）．Mi－2is

kn0wntObeamemberoftheSwi2／SnL2helicase／ATPasefamily（Wadeetal．，1999；Wadeet
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al・，1998）・TheseobservationsillustrateacloselinkbetweenCpG－methylationandhistone

deacety1ation．

MBDIwas proposed to be a component ofMeCPl，but this conclusion has been

questioned（Crossetal・，1997；Ngetal．，1999）．F頑taetal．showedthatMBDIcanbindt。

methylatedCpGislandsfromthetumorsuppressors，P16，VHLandE－Cadherin，andimpnnted

SNRPNgenes，andinhibitpromoteractivitiesofthesegenesinamethylationdependentmarner

invitroandinthecells（Ftditaetal・，1999）・Recently，MBDlhaveefftctivetranscriptional

repressiondomains（TRD）inadditiontotheMBDs（Fig・2・2B）Panetal・，1998；Ngetal．，2000；

Ftjitaetal－，1999，2000）・Therepressionmechanism ofMBDlis alsolikelytoinvoIve

deacety1ation（Ngetal．，2000）．

RelationtothediseasehasbeenfoundintheseMBDproteins．Mutationsinonesuch

PrOtein，MeCP2cancauseRettsyndrome，X－1inkeddominantdisorderandisoneofthemost

COmmOnCauSeSOfsporadicmentalretardationinfbmales（incidenceoflinlO，000－15，000）

（Amiretal・，1999）・MostmutationsaremissenseortrunCatingmutationsthataffbcttheintegrity

OfthetwomaindomainsofMeCP2，theMBDandtheTRD（Amiretal・，1999；Veyverand

Zoghbi，2000）．

Inthisthesis，WePreSentNMRstudiesofthesolutionstruCtureOfhumanmethylation－dependent

repressorMBDIMBD（residuesl－75）complexedwitha12－mermethylatedDNA・Thepurpose

OfthisstudyistounderstandthemechanismsofthemethylatedDNArecognitionandtherelation

tothediseaseintermSOfthethree－dimensionalstruCtureSandsite－directedmutagenesis．

ThedeteminedstruCtureOfMBDIMBDfo1dsintoanovelα／β－SheetsandwichstruCtu，e

Withalongcharacteristicloop・InteractionbetweentheMBDandDNAismadeatthefaceofthe

β－Sheetandthemqiorgroove・ThestruCtureSOftheMBD－DNAcomplexsuggeststhats。me

residuesofRettmutationsinMeCP2MBDarelocatedatthepositionoftheproteinhydrophobic

COreOrtheprotein－DNAinterface，andcausethelossofthefunctionofMeCP2protein・Inthis
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Study，thestruCtureOfMBDinabsenceofDNAalsoreportedtoenablebetterunderstandingof

thestruCturalrequlrementSimposedontheproteinstruCturefbrDNArecogmition．

Thisstudyisroughlydividedintotwoparts；StudyofMBDinabsenceofDNA（1），andstudyof

MBDincomplexwithDNA（2）・Thepaperpublishedin1999（Ohkietal・，1999）describesapart

l，andisequlValenttoChapter3・1andapartofChapter4inthisthesis・Chapter3．2andthemost

PartOfChapter4and5arethedescnptionaboutapart2，anditsdataaresubmittedfor

Publicationnow．
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A RoleofCF応－methylation

・Stablerepressionofgeneexpression

・Arteratjonofchromatinstructure

l

・GenesilencJng

・GenomelmPrinting
・Xchromosomeinactjvation

・Noisereductk）ningeneexpression

・Carcinogenesis／tumorgenesis

・Regulationinembryonk：development

C ThescherTledCpG－met叫Jationpathway

de novo

Methyk山On

（Dnmt3礼3b） ／諾、・、叫血
Maintenance

甲3

簑　　±＝＝i

Cち　　　R叫偶tion

Me柚y血軌m
（Dnm11）

甲3
票

B

Guanine　　‾H…0

＼
N

k

D

▲－・・・・・H w

0…＝H

＼

／引眺曲叶

C沼OCme
5　　（mC）

、c＝3

Figure2．1CpGmethylationinvertebrates．

Invertebrates，CytOSinemethylationattheCpGsiteisimportantforthereguladonofgeneactivib，，genOmlC

StabilltyandchromatmstruCture；differencesintheDNA－methylationstatusareassociatedwith血printing

Phenomena，development，andcarcinogenesis（A）（SuranL1998；Chenetalり1998；Tateetal．，1996；Lietal．，

1993；Ba11abioandWillard，1992；Ngetal・，1999）■＠）ThechemlCalstruCtureOfaguanine；5－methlyl

CytOSinebasepanHydrogenbondlngarrangementSarethesameaSguanlne：CytOSinebasepalr．（C）The

SChemeofCpGmethyla血npathway・hlVertebrate，CpGmethylatbniscarnedoutbymethyltranSfemsel

and3（Dnmtl，Dnmt3aandDtmlt3b）・DtmtlistargetedtorepllCatmnforksandintroducesmethylgroupson

thenewb，SynthesIZedDNAstrand，therebythemethyladonpatternisconserved throughouttheDNA

rephcat10nS・P）Themethyl｛pGsequenceinB－formDNA．netwomethylgroupsofmethylcytosne（mC）

attheCpGsiteareexposedtothesoIventfromthesideofDNAm句OrgrOOVe．
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hlAmIALSANDMETHOD

3・1StruCturalanalysisofI）NA－freeMBDIMBD

3・1・1SamplepreparationofDNA一打eeMBI）

Theboundariesofthemethyl－CpGbindingdomain（MBD）ofMBDIwereestimatedasresidues

l－84（MetltoLys84，referredtoasMBDl．＿8．）basedonthestudyofMeCP2（Nanetal．，1993）

andahydropathyplotofaminoacidsequence ofMBDl．The丘rstmethionineoftheMBDI

PrOteinsofhumanandmousewasproposedin－framemethionine（HendrichandBird，1998）．

ExpressionvectorplasmidofMBDl］－84reCOmbinantproteinwasconstruCtedasaglutathioneS－

transfbrase（GST）fusionprotein（pGEX－2TH；PharmaCia）andprovidedbyDr．NaoyukiFtjita

andDr・MitsuyoshiNakao（DepartmentofTumorGeneticsandBiology，KumamOtOUniversity

Schoolofmedicine）・ThisrecombinantPrOteinboundwithfu11speciBcityandhighaffimitytothe

methylatedDNAintheorderoflO－100nM（Shimotake，2000，F頑taetal．，2000）．

Isotopically15N－1abelledand15N／】3c－labelledMBDlト糾PrOteinswereexpressedinE．

（DH5α）asaGSTfusionproteininM9syntheticmedia（7g／LNa2HPO4，3g几KH2PO4，0．5g／L

NaCl，20mg几thimidine，20mg／Ladenosine，20mg几guanosine，20mg几cytidine，20mg／L

biotin，20mg／Lthianine，1mMMgSO4，3・3uMFeC13，50匹MMnC12，andlOOLIMCaC12）

COntaining15N－arrmOnlumchloride（15NH4Cl，0・5g／L）and15NH4Cl（0・5g／L）／13c－glucose（1

g／L），reSPeCtively・When15N－labelledproteinwasexpressed，0・1％glyceroland4g／Lglucose

WereaddedinM9medium・A11mediumSuSedforexpressionofMBDll－84COntained50mg／ml

amPici11in・Theculturewasstartedat370C・WhentheOD660reaChedtoO．5，theculturewas

COOleddownfrom370Cto250C，andthenl－β－Dthiogalactopyranoside（IPTG）wasaddedtoa

nnalconcentrationofO・1mM・After6hrinductionat250C，bacteriawereharveStedby

Centrifugation（6，000rpm，30min，40C，inaBecknanJA－10rotor）andstoredat－800C．

Thestoredce11sat－800Cwereresuspendedinasolutioncontaining400mMKCl，20mM

12



Tris－HCl（pH8・0），1mMEDTA，and5mMdithiothreitol（DTT）（10mlperlgwetcells），and

SOnicatedimmediatelyoniceafteradditionofO・1mMphenylmethylsulphonylnuoride（PMSF）．

Thelysate was centrifuged（19，000rpm，30min，40C，inaBecknanJA－20rotor），andthe

SuPematantWaSloadedontoaglutathionecolurrm（3mlglutathione－Sepharose4Bresinperlg

WetCells，PaCkedintotheopenedcolurrm）・Afterloading，thecolumnwaswashedbyhighsalt

bu蝕r（1MKCl，20mMTris－HCl（pH8・0），5mMDTT，tOremOVetheoligonucleotideboundto

theproteinnon－SPeCincally），milddetergentbu脆r（TritonX－1000．1％v／v，20mMTris－HCl（pH

8・0），5mMDTT，Withoutsalt），andsalt一正eebuf托r（20mMTris－HCl（PH8．0），5mMDTT）at40

C・Then，thefusionproteinwaselutedfromglutathionecolumnbyadditionofglutathione

elusionbufEtr（10mMglutathione（GSH），20mMTris－HCl（pH8．0））a氏er30minincubationat

room temperature・A氏er concentration up tolmg／ml（CentripluslO，10，000M．W．cutto往

Amicon），thefusionproteinwascleavedwiththrombin（Sigma，humanthrombin；20NIHunit

Perlmgfusionprotein）for6hrat40C・ThrombincleavagewasstoppedbyadditionofO．1mM

PMSF，andthenMonoSbu貌rAwasadded（20mMpotassiumphosphatebufftr（pH6．5），5mM

DTT）untilpHvaluewasdecreasedto7・0・Thecleavagemixturewaspurinedtohomogeneity

usingaMonoSFPLCcolumn（PharmaCia，1mlcolurrm）withalinearsaltgradientfrombu飴rA

（20mMpotassiumphosphatebufftr（pH6・5），5mMDTT）tobufftrB（20mMpotassium

Phosphatebuffbr（pH6・5），1MKCl，5mMDTT）・TheC－termina19residues（AHPVAVASK）

Were degradedinthe bacterialcells and during steps ofpuri丘cation．The MonoSfractions

COntainedMBDIw昆chconsistedoftheresiduesl－75werecollectedanddilutedbyNMR

measurementbufftr（20mMpotassiumphosphatebu脆r（pH6．5），50mMKCl，5mMDTTin

90％H20／10％D20）andconcentratedtoO・7－1・5mMusingaCentricon－3concentrator（Amicon，

3，000M・W・CuttOq・Thepuri丘edproteinwascheckedbyN－terminalsequencingandTOF－maSS

SPeCtrOSCOPy・Its丘nalpuritywascheckedby17・5％SDS－POlyacrylamidegelelectrophoresis

（SDS－PAGE）．

ThemolecularmassofrecombinantMBDl（residuesl－75）i岳8，639Dalton．Thecalculated

isoelectricpolntis8・69・Themolarabsorptioncoefncientat280mmiscalculatedtobe16，460

13



accordingtotheequations（5，550x2（Trp）＋1，340x4（Tyr）），WhereN（X）representsthenumber

OfaminoacidXintheprotein．

3．1．2NMRmeasureme皿tSOrDNA＿什eeMBD

TheproteinusedforNMRmeasurementconsistedofresiduesl－750fMBDIwithtwoadditional

residuesderivedfromthevectoronN－terminus（GS），referredtoasMBD．NMRspectrawere

acquiredat303KwithBruker DMX500，DRX5000rDRX800NMRspectrometerequlPPed

WithatripleresonanCePrObe（1H／一5N／13c）andtripleaxisgradient（xyzaxis）．SamplesforNMR

measurementstypicallycomprisedl・3mMMBDin20mMpotassiumphosphatebu銑r（pH

6・5），50mMKCl，5mMDTT．ThesampletubesforNMRmeasurementswerea5mmsilicone

COatedmicrograsstubes（Shigemi）withaflatbottomandacylindricaladapterinsertedfrom

upward・Theprotonbasefrequency（Oppm）wassettotheabsoluteresonancefrequencyofDSS

dissoIvedin90％H20／10％D20at300C・Thebasefrequenciesof15Nand13cnucleiweresetto

thevaluesofO・10132905（15N／1Hfrequencyratio）andO・25144952（13c／1Hfrequencyratio），

respectively・Ofa11NMR experiments，quadrature detectionin theindirect dimensions was

achievedbyStatesllPPImethods・Inexperimentswithgradientpulsesappliedforcoherence

Selection（gradientecho），quadraturedetectionwasachievedbylinearcombinationsofP－andN－

typedata・AllNMRdatawereprocessedusingprogramNMRPipe（Delaglioetal．，1995）．In

general，time－domaindata were qpodized with sine－bellor Lorentzian－tO－GaussianWindow

functions and zero－fi11ed once，andthentranSformed tofrequency－domain databy Furrier

tranSformation・Linearprediction（LP）wasqppliedinonlyonedimensionwhereappropriates．

MirrorrimageLPforindirectdimensionacquiredwithconstant－timeevolution・Processedspectra

WereanalyzedusingPIPP（Garrettetal・，1991）andNMRVIEW（Jolmsonetal．，1994）softwares．
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ResonanceasslgnmentSOrMBD

For asslgnmentS OfthelH，15N and13c resonanCeS，a Series oftwo－and three－dimensional

experiments（2D15N－1HHSQC，13c－1HHSQC，and3DCBCA（CO）NH，CBCANH，HNCO，

馴（CA）CO，C（CO）NH，H（CCO）NH，HCCHl’OCSY，15NTOCSY－HSQC）wereperformedwith

the】5N－Or15N，］3c－labelledproteindissoIvedin90％H20′10％D200rlOO％D20solution．

（Cavanagh et al・，1996）・The Table3・1summarizedtheinfbrmation ofthese experimental

ParameterSandcombinationsoftheexperimentandthesample・

Oftheseexperimentsfbrassignments，the2D15N－IH－HSQCexperimentincludedWHrER－

GATEtechniquewith3－9－19compositepulseandWATER－FLIP－BACKteclmiquetosuppress

thewaterslgnal・Other3DNMRexperimentsinwhichamideprotonsweredirectlydetected

includedthesensitivity－enhancementandgradient－eChomethodsontheindirect15Ndimensions．

The2D－13c－1HHSQCexperimentsalsoincludedthesensitivity－enhancementmethodinthe

indirect13cdimension・The3DH（CCO）NH，C（CO）NH，andHCCHTOCSYexperimentswere

acquiredwith3cyclesofDIPSI－313c－homonuclearmixing（20．6msoftotalmixingtime）atthe

rfneldstrengthof8・1kHz・The3D】5NイOCSY－HSQCexperimentwasacquiredwith21cycles

OfDIPSI－21H－homonuclearmixing（70msofmixingtime）attherfneldstrengthof8．6kHz．

ThestereospecincasslgnmentOfthemethylgroupsofLeuandValresidueswasachieved

usinga15％fractionally13c－labelledprotein（HuandZuiderweg，1996）．

Chemicalshi氏softheaminogroupsofArg，Glnside－Chainswereasslgnedwith2D15N－1H－

HSQCand3D15N－NOESY－HSQCspectra・TheassignmentofthearomaticprotonofTyr，Phe，

TrpresidueswasobtainedbylH－1H2DNOESYandTOCSYspectrarecordedinD20．

StructurerestraintsofMBI）

Distanceinfbrmation（辿uclearQverhauser王脆cts；NOEs）wasobtainedbymeansof3D－5N－Or

13c－，Or4D15N，】3c－Or）3c，13c－NOESYexperimentswithamlXlngtlmeOflOOmsor150ms

（Cavanaghetal．，1996）・Inthe4DNOESYexperiments，WER－GATEandⅥ仏TER－FLIP＿

BACKteclmiqueswereused・
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Fortorsionanglerestraints（¢），thebackbone vicinalcouplingconstants（3J。Ⅶα）were

determinedbymeansofHMQC－J（Cavanaghetal・，1996）・Thetorsionangles，Xl，OfTyr35，Tyr

52，Phe62andPhe64wereestimatedfrom3Jc－C†and3JNCγCOuPlingconstantSObtainedfrom15N－

Or13c’－13cγSPinechodi脆renceHSQCspectra（Huetal．，1997）．

‡lH）－15Nsteady－StateheteronuclearNOEexperimcnts

To estimate theflexibilityofunliganded proteinbackbone roughly，（1H）－15N steady－State

heteronuclearNOEexperimentswereperformed・Theexperimentswereacquiredat303Kwith

500MHzspectrometer・Intheexperiments，ValuesofrelaxationdelayandlHsaturationwereset

to3・6secand3・Osec，reSPeCtively・The】Hsaturationwasachievedwith120degreepulses

叩Pliedevery5ms・Thespectrawidthwere6510・417Hz（］H）and742．942Hz（一5N）with512

（1H）x128（15N）complexpoints・ThelHcarrierwassettofrequencyofthewaterresonances（4．7

PPm）andthe75Ncarrierwassetto122．471ppm．Valuesof（1H）－］5NheteronuclearNOEwere

Obtainedfromtheratioofintensitiesoftwospectra（measuredwithandwithoutsaturation，

respectively）・Two sets ofspectra with and without saturation were co11ectedfor the noise

estimation．

3．1．3StructⅦreCalculationorMBD

TheNOEconnectivitiesfromstrong，mediumandweakcrosspeakswerecategorized，and

assumedtocorrespondtotheupperlimitsfbrproton－PrOtOndistanCeSOf3．0，4．0，and5．0Å，

respectively・InthennalstepsofstruCtureCalculation，reStraintswereincludedfor15slowly

exchangingbackboneamidesobtainedat283K，PH5・0（2・8－3・4Åp－0），1．8－2．4Å（H－0））．

StruCture Calculation ofMBDIwas performed by DYANA（Guntert，1998）and XPLOR

（Bruenger，1993），WhichcalculatedynamicswithsimulatedamealingprotocoIsintorsionangle

SPaCeandCartesianspace，reSPeCtively・FinalstruCtureWaSCalculatedinCartesianSPaCeuSlng

X－PLOR・The X－PLOR energyfunctionincluded a quadratic harmOnic potentialtermfor

COValentgeometry，aquarticharmonicpotentialtermforVanderWaalsrepulsion，andthe
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PSeudopotentialtermOfNMRrestraints・TheforceconstantsforNMRpseudopotentialwasset

to50kcalmol．1Å－2fordistancerestraintsand200kcalmol－1rad－2fortorsionanglerestraints．

SincetheNMRdataprovidednoindicationofanyCis－PePtidebonds，theomegadihedralangle

WaSreStrainedto180土10withfbrceconstant500kcalmol．）rad，2．chiralityrestraintswerealso

applied・CenteraveraglngOfdistanceinvoIvingmethylene，methyl，andaromaticrlngPrOtOnS

WaSuSedwithappropriatecorrectionstothedistance・Intotal，1270NOEconstraints（491intra－

residual，302sequential，165medium range and312long range）and44dihedralangle

COnStraintswereusedinnnalcalculation・Atotalof125struCtureSWereCalculated．Ofthese，the

25struCtureS，Whichshowedthelowestenergy，WereSelected，andanalyzeduslngMOLMOL

（Koradietal・，1996），AQUAandPROCHECK－NMR（Laskowskietal．，1996）．
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3・2StruCttlralanaIysisofMBDIMBI）－DNAcomplex

3・2・1SampIcpreparationofMBD－I）NAcomplex

PreparationofMBD

Toavoidalossofsamplescausedbydegradationinpuri丘cationsteps，WereCOnStruCtedGST－

MBDlexpression vector uslng by GeneEditorin vitro site－directed mutagenesis system

（Promega）（Shimotake，2000）・ThereconstruCtedvectorhadasequenceoftheresiduesl－750f

MBDl（MBDll－75）insteadofl－84，andshowedagoodexpressionofMBDlincomparisonwith

PreViousone・ThisrecombinantMBDlト75boundwithsamespecincityandafnnityasMBDll＿84

tothemethylatedDNA（Shimotake，2000）・ThepatternOf75N－1HHSQCspectrumOfMBDl．＿，5

WaSeSSentiallyidenticalofMBDll－84，Whichsuggestedthetwoproteinshadasametertiary

StruCture・A11thesamplesofMBDlforNMRmeasurementsofthecomplexwerepreparedwith

thisexpressionvector・Thisrecombinantproteinconsistedofresiduesl－750fMBDIwithtwo

additionalresidue derivedfrom the vector on N－terminus（GS）．The molecular mass of

recombinantMBDll－75is8，639Dalton・The calculatedisoelectricpolntis8．69．The molar

absorptlOnCOefncientat280nmiscalculatedtobe16，460．

MBDll－75reCOmbinantproteins，referredtoasMBDwereexpressedinEcoli（DH5α）as

theGSTfusionprotein・TheexpressionproceduresofMBDlト75－GSTproteinwereslightly

ChangedfromMBDll－84－GSTdescribedinchapter3・1・1・Thevalueschangedfrompreviousone

Wereunderlinedinthefo1lowmglines・15N－hbelledand15N／13c－hbe11edMBDll＿75，referredtoas

MBD，WereeXPreSSedinM9syntheticmediacontaiming15NH4Cl（0・5g／L）and15NH4Cl（0・5g／L）

／13c－glucose（1g几），reSPeCtively・When15N－1abelledMBDwasexpressed，0・1％glyceroland4

g几glucosewereaddedinM9medium・Theculturewasperformedat370C・WhentheOD660

reached立丘，IPTGwasaddedto鮎alconcentrationof⊥皿M・Afterま血induction吐jユ「こ£，

bacteriawerehaⅣeStedbycentrifugation（6，000rpm，30min，40C）andstoredat－800C．

NotisotopicallylabeledMBDwasexpressedinLBmedium（10g／LTryptone，5g／LYeast

extract，10g／LNaCl，1g／Lglucose）・Theculturestartedat370CandwhentheOD66。reaChed
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0・6，IPTGwasaddedtoa丘nalconcentrationoflmM・After3hrsinductionat370C，bacteria

WerePelletedbycentrifugation（6，000rpm，30min，4C）andstoredat－800C．

Fractionallydeuterated15N－labelledMBDcontalnlngOnlyArginineresidueshbe11edwith

13c，15Nand）HwasexpressedinM9media（inthiscase，M9mediumcontained90％D20，0．5

g几’5NH．Cl，1g／L13c－D－glucoseandlOOmg／L13c，15N－1abelledArgimine）．Theculturestartedat

370CandwhentheOD660reaChedO．25，IPTGwasaddedtoa負nalconcentrationoflmM．A氏er

6hrinductionat370C（OD66。reaChedO・4），bacteriawerepelletedbycentrifugation（6，000rpm，

30min，40C）andstoredat－800C・Inthismediumcontained90％D20，thebacteriagrowth

becameveryslow（doublingtime2hr）becauseofisotopeeffbcts．

ApurincationprocedureofMBDwasthesameasMBDl．＿8．（asdescribedpreviously，in

Chapter3・1・1）・Thecellsweresomicatedandcentrifuged，andthenfusionproteinwaspuriBed

fromitssupematantuslngbyglutathionecolurrm・Aftertheelutionfromglutathionecolumn，the

fusionproteinwascleavedbythrombin・Fina11y，MBDwaspuriBedfromthecleavagesolution

byMono S FPLCcolurrm andcentrifuged・Sampleintegritywas con重rmedbyN－terminal

SequenClng，TOF－maSSSPeCtrOSCOPy，andSDS－PAGE．

Preparationof12－mermethylatedDNA

Thepalindromic12－merdeoxy－01igonucleotidecontainingaslnglemethyl－CpGinthecenterof

thesequence，5’－GTATCMGGAmC－3’（M；5－methyl－CytOSine）waschemica11ysynthesizedat

theNIPPONSEIFUNCorporation（npdna＠nlppn・COjp）at500rmoIscalewithHPLCgrade．

ThesynthesizedoligonucleotidewasdissoIvedindistilledwaterandloadedontoaResource－Q

amion－eXChangecolumn（PharmaCia，1ml）・AfterwashingthecolumnwithlOOmMKCIsolution，

theoligonucleotidewaselutedwithlMKCIsolution・ThesolutionwasthenappliedontoHiTrap

desaltingcolurrm（PharmaCia，5mlx3column）fbrdesaltingandelutedwithdisti11edwater．

Dried oligonucleotidewas dissoIvedinanannealing solution contalnlng50mM KCl，and

armealedbydecreaslngthetemperaturefrom950Cto40Cfor3hr・Theannealedoligonucleotide

WaSCheckedbylO％native－PAGE，Performedat40C・Theoligonucleotidewasstoredat40C．
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TheconcentrationofDNAsolutionwasobtainedfromthevalueoftheabsorption（260nm）

at800C・Themolarabsorptioncoe抗cientat260nmiscalculatedtobel・2xlO5・Themelting

temperatureofthisoligonucleotidewascalculatedas360C．

PreparationofMBD－DNAcomplex

TheMBD－DNAcomplexwasformedbytltrationoftheO・2mMoligonucleotideintotheO．2mM

PrOtein，traCingresonanCeSbothoftheproteinamidegroupsinthe15N－1HHSQCspectrumand

theDNAiminoprotonsinthe）HIDjump－and－returnSPeCtrum（Cavanaghetal．，1996）to

indicatel‥1stoichiometry・Theformed MBD－DNA complex was concentrated uslng a

Centricon－3（Amicon，3，000M．W．cuttoff）forNMRmeasurements．The resonances。fthe

COmPlexwereinslowexchangeonthechemicalshifttimescale．

3・2・2NMRmeasurementsofMBD－DNAcomplex

NMRspectrawereacquiredat303KwithaBruker DMX500，DRX500　0r DRX800　NMR

SPeCtrOmeterequlPPedwithatripleresonanCePrObeandtripleaxisgradient・SamPlesforNMR

measurementstypicallycomprisedl・3mMMBD－DNAcomplexin20mMpotassiumphosphate

bufrtr（PH6・5），5mMdeuteratedDTT（d，。－DTT）．OtherNMRconditionsweresameasDNA＿

freeMBDl・TheTable3・2summarizedtheseexperimentalparametersandcombinationsofthe

experimentandthesample．

Resomamceasslg皿mentSOfMBD

ForasslgnmentSOfthelH，15Nand13cresonanCeSOfproteinincomplex，aSeriesoftwo－and

three－dimensionalexperiments were performed（2D）5N－）H HSQC，13c－1H HSQC，3D

CBCA（CO）NH，CBCANH，HNCO，HN（CA）CO，C（CO）NH，H（CCO）NH，HCCHllOCSYand

15NllOCSY－HSQC）withthe15N－Or15N，13c－1abelledproteindissoIvedin90％H20′10％D200r

lOO％D20solution・（Cavanaghetal．，1996）．
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The stereospecinc asslgnment Ofthe methylgroups ofthe Leu andValresidues was

achievedusinga15％fractiona11y13c－labe11edprotein・Toavoidambiguity，SeVeralside－Chain

Chemicalshifts were asslgnedbythe experimentswhichuseone－bond scalarcouplingfor

COherencetranSfer・2D（HB）CB（CGCD）HDand2D（HB）CB（CGCDCE）HEexperimentswere

usedforassignmentofH8andHechemicalshiftsofaromaticresidues（Yama2akietal．，1993）．

AssignmentofguanidinelHand15NchemicalshiftsofArgresidueswasobtained，uSlnga

fractionallydeuterated，15N－1abelledsamplecontalnlngOnlyArglabelledwith】3c，15N，andlH，aS

described（Yamazakietal・1995）・Theside－ChainCGchemicalshiftsofAspwereobtainedftom

2DCO（CA）HAexperiment（Dijkstraetal．，1994）．

StructurerestraintsofMBD

Distanceinformationofproteinwasobtainedbymeansof3D】5N－Or4D15N，13c－Or13c，13c－

NOESYexperimentswithamixingtimeof120ms（Cavanaghetal．，1996）．

Backbone¢andvtorsionanglerestraintswerederivedfrom3J。ⅦαCOuPlingconstant

Obtainedfrom3DHNHAspectrum，lnCOmbinationwithadatabasesearchbasedon】5N，HN，Cα，

Cβ，C’andHαSeCOndarychemicalshiftsusingtheprogramTALOS（Comi1escuetal．1999）．The

torsionanglesxlofTrp15，Tyr35，Tyr52，Phe62andPhe64wereestimatedfrom3Jc・C†and3JNCγ

COuPlingconstantsobtainedfrom15N－Or13c’－13cγSPinechodi脆renceHSQCspectra（Huetal．，

1997）・ThoseofAsp7，Arg22，Asp32andTyr34wereestimatedfrom3JNHP，3Jc・Cγand／or3JH叫

CO叩1ings，Obtainedfrom3D－HNHB，HN（CO）CO，andHACAHB－COSYspectra（Vuisteretal．，

1998，Grzesieketal．，1995）．

Resona皿CeaSSlg皿mentSO一打ee－DNA

FreeDNAsamplesforNMRmeasurementscomprisedO・7mMDNAin20mMpotassium

Phosphatebu脆r（PH6・5），50mMKCl，5mMdeuteratedDTT（dl。－DTT）at303KinD20

SOlution・Assignmentsofprotonchemicalshiftsofthefree－DNAwereobtainedfiomanalysISOf
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lH－1H2DNOESYandTOCSYrecordedinD20，emPloylngthesequentialasslgnmentPrOCedure

forDNA（Wuthrich，1986）（Table3．2）．

ResonanceasslgnmentSandstructurerestraintsofDNAincomplex

AssignmentoflHchemicalshiftsoftheDNAwasobtainedfromanalysisof2D（Fl，F2）一一3c－

nlteredTOCSY（30msmixingatrfneldstrengthof8．6kHz）experimentandfourNOESY

experimentsat20，40，60，120msmlXlngtime，reSPeCtively・Intheseexperiments，adiabatic

WURSTpulsewasusedforwiderangeinversion（80kHzwidthat500MHzspectrometer）of－3c

magnetization・AssignmentsfbrDNAincomplexwereobtainedinasimilarmannerasfree－

DNA・Imino proton chemicalshifts were obtainedfrom2DJump－and－ReturnNOESY

experimentswith120msmixingtime（SklenarandBax，1987）．

InterprotondistanceswithintheDNAwerederivedfrom2D－H－】HNOEspectraand（Fl，

F2）－］3c－mteredNOEspectraatamixingtimeof40ms・Restraintsof8anglesforallsugarrings

WereeStimatedbasedon（Hl，，H2一）or（H3．，H41）crosspeakpattemsinaDQF－COSYspectrum．

When the asymmetric MBD monomeris bound to the symmetric double－Stranded

Oligonucleotide，eaChstrandoftheDNAinteractswiththeMBDinadistinctlydifftrentway，and

thusexhibitschemicalshiRsthataredifrbrentfromthoseoftheoppositestrand．FortheMBD－

DNAcomplex，WeObservedNOESYcrosspeaksthatarose丘omchemicalexchangeofthetwo

DNAstrands，aSaCOnSequenCeOfareversalintheorientationoftheboundMBDontimescale

OftheNOESYmlXlngtime，aSSeenforexamPle，inthecaseofHIVProtease／inhibitorKNI－529

（Katoh et al・，1999）・Severalcross peaks arosefrom a combined effbct ofthe chemical

exchangeandNOEatamlXlngtlmeOf120ms・Wedistinguishedcrosspeaksthatweredueto

thechemicalexchangeprocessbymeasuringNOEspectraatavarietyofmixingtimes，40，60，

and120msattemperaturesvarylngfrom15to350C，aSdescribedKatoetal・・Thebuild－uPrateS

Oftheseexchange－Orlglnatingcrosspeakswerefoundtobestronglydependentontemperature，

increasingasthetemperatureincreased（Katohetal・，1999）・WealsomeasuredROESYspectrum

（40msmixingatrfneldstrengthof2・5kHz）inordertoidentifycrosspeaksthatarosesolely
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fromthechemicalexchange・Intensitiesofcrosspeaksthatarosefromacombinedefftctofthe

ChemicalexchangeandNOEaresufncientlysmallinNOEspectraatamlXlngtimeof40ms；

thus，allinterprotondistanceswithintheDNA・Fortheprotein，CrOSSPeaksthatwereduetothe

Chemicalexchangeprocesswerenotobserved．

Intermolecularrestraints

Assignmentsofinterm01ecularinterprotonNOEswereidentinedusing3D（Fl）－13c－nlterd（F2）－

13c－editedNOESY－HSQCandseriesoftwodimensionalNOESYspectra，（（FIF2）－］3c－nlterd

NOESY，（Fl）－13c－decoupled（F2）－13c－nlterdNOESY，and（F2）－13c－BlteredNOESY），Of】5N，一3c－

1abelledMBDl－DNAcomplexinD20solution・Intheseisotope－nlteredexperiments，adiabatic

WURSTpulsewasusedforwiderangeinversion（80kHzwidthat500MHzspectrometer）of13c

magnetization・Interm01ecularinterprotondistanCereStraintsincludingproteinmainchainorArg

epsilonprotonswereidentinedusing3D15N－SeParatedNOESYand3D（Fl）－13c／15N－mtered

（F2）－15N－editedNOESYspectraoffractionallydeuterated，】5N－1abelledMBDIsamplecontaining

OnlyArgresidueslabelledwith13c，15N，and7H．

IntermOlecularinterprotondistanceswerecalculatedfromtheintensityofassignedNOE

Peaksof2D（F2）－13c－nlteredNOESYand2DIH－1HNOESYspectraatashortmixingtimeof40

mstoavoidthee脆ctsofchemicalexchangeasdescribedpreviously・

‡】H‡一15Nsteady－StateheteronuclearNOEexperiments

ToroughlyestimatethenexibilityofproteinbackboneincomplexwithDNA，（1H）－15Nsteady－

StateheteronuclearNOEexperimentswerealsoperformedinMBD－DNAcomplextoestimate

theflexibilitychangeinduceduponDNAbinding．TheparametersforNMRmeasurements。f

MBDincomplexwereessentiallythesameasthoseofunligndedMBD．Thevaluesofrelaxation

delayandlHsaturationweresetto3・6secand3・Osecrespectively，andthesaturationwas

achievedwith120degreepulsesqppliedevery5ms・Thespectrawidthwere6510・417Hz（1H）

and886・997Hz（15N）with512（1H）xllO（15N）complexpoints．ThelHcarrierwassetto
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frequencyofthewaterresonanCeS（4・7ppm）andthe15Ncarrierwassetto122．250ppm．Thetwo

SetSOfspectrawithandwithoutsaturationwerecollectedforthenoiseestimation．

3・2・3StructurecalculationofMBD－I）NAcomplex

ThestruCtureSOftheMBDl－DNAcomplexwerecalculatedwithsimulatedannealingprotocoIs

usingX－PLOR（Bruenger1993）・TheNOEconnectivitieswithintheprotein，andbetweenthe

PrOteinandDNA，fromstrong，medium，Weak，andveryweakcrosspeakswerecategorized，and

assumedtocorrespondtotheupperlimitsforproton－PrOtOndistancesof3．0，4．0，5．Oand6．0Å，

respectively・InterprotondistancerestraintsfortheDNAwereclassinedintofiveranges，1・8－

2・5，1・8－3・0，1・8－3・5，2・3－5・0，and3・5－6・0Å・DistancesinvoIvingnon－StereOSPeCincallyassigned

methyleneprotonsandaromaticringprotonsintheproteinwererepresentedasa（∑r－6）－）／6sum

（Omichinskiet al・，1997）・Watson－CrickbasepairingwasmaintainedintheDNAbythe

fo1lowinghydrogenbondrestraints：fbrGCbasepairsrG（N】）－CP3）＝2・95土0・2Å，rG（N2）・C（02）＝2・86士

0・2Å，andrG（06）｛（N4）＝2・91士0・2Å；for∬basepairsrA（Nり叩）＝2・82士0・2Å，andrA（N6）J（04）＝2・86土

0・2Å（Wqjciaketal．，1999）．LoosetorsionanglerestraintsfortheDNAwereusedt。a11eviate

PrOblemsassociatedwithmirrorimages，COVeringbothA－andB－formDNAconformerS（α＝－65

j＝500，β＝180土500，γ＝60士500，e＝180土500and∈＝－85士500）（Wqjciaketal．，1999；

Omichinskietal・，1997）・Inaddition，8anglesforallsugarringswereestimatedtobe145士500，

basedon（Hl．，H2’）or（H3一，H4一）crosspeakpattemsinaDQF－COSYspectrum・Thesehydrogen

bondandtorsionanglerestraintsforDNAareJuStined，becausethepatternOfNOEsfbrtheDNA

istypicalofB－DNA・Weakplanarityrestraintsforbasepairswereincludedduringthesimulated－

armealingprotocol（aforceconstantoflOkcalmorlÅ‾2）・TheX－PLORtargetfunctionalso

includedaquadraticharmOnicpotentialtermforcovalentgeometry，aquarticharmOnicpotential

termforvanderWaalsrepulsion，andthepseudopotentialtermOfNMRrestraints．Inthennal

StePSOfthestructuredetermination，hydrogenbondrestraintswithintheproteinwereincluded

for15slowlyexchangingproteinbackboneamidesobtainedHD－eXChangeexperiments（2．8－3．4
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Å印－0），1・8－2・4Å（H－0））・Noprotein－DNAinterfacialhydrogenbondswereassumedduringthe

Calculationofthecomplex・

TheprocedureforcalculationofthecomplexstruCtureWaSeSSentiallysameasdescribed

byOmichinskiandWright（Omichinskietal・，1997；Wrightetal・，1997）．First，thestructureof

theproteinwascalculatedbysimulatedannealinguslngOnlyrestraintswithintheprotein．Then，

thesimulatedarmealingcalculationofthecomplexwasperformeduslngalltheexperimental

restraints，StartingfromB－formDNAandthecalculatedstruCtureOftheprotein，uSingavariety

Ofprotein－DNAorientationswithaseparationofabout50Å．Intotal，200structuresofthe

COmPlexwerecalculated・Ofthese，81struCtureSeXhibitedneitherdistanceviolationsgreaterthan

O・3Ånordihedralviolationsgreaterthan5degree・Thesestructureswerefurtherrennedbya

Simulatedannealingprocedure・Fina11y，the20struCtureSthatshowedthelowestenergywere

Selected and analyzedwith MOLMOL（Koradiet al・，1996），AQUA，PROCHECK－NMR

（Laskowskietal・，1996）andCURVES（Dickersonetal．，1989）．
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3．3Muta丘onalanalyses

WealsoperformedamutationalanalysIStOObtaintheefEbctsofthesubstitutionstoDNAbinding

activity，WhichcouldnotbeobtainedfromstruCturaldatadirectly．Forthemutationalanalysis，

theresidues expectedtoplay animportantroleforDNAbindingwere selectedandits site－

directedmutantswerepreparedinaGST－fusionform，andeachwasexaminedastothepotential

tobindtoadouble－Strandedoligonucleotidecarrylngamethyl－CpGpair，bymeansofgel－ShiR

aSSayS・

Basedonalargechemicalshi氏changecausedbyDNAbinding，thesequencehomologyln

theMBDfamily，andtheNMRstruCture，thefo1lowlngllresidueswereselected；Arg22，Thr

27，Arg30，Asp32，Tyr34，Arg44，Ser45，Lys46，Tyr52，Phe64，andLys65．A1lofthese

residues were changed to alanine．In addition to these substitutions to alanine，the residue

SuggeSted the possibilityofthe base recognition was changedto another residue ofsimilar

PrOPerty；Arg22，Arg30，andArg44tolysine，andTyr34tophenylalanine．Consequently，We

PreParedfo1lowlng15mutantsofMBDlformutationalanalysIS；R22A，R22K，T27A，R30A，

R30KD32A，Y34A，Y34F，R44A，R44K，S45A，K46A，Y52A，F64A，andK65Amutants．

Mutant construCtS Were PrePared丘om GST－MBDll＿8．eXPreSSion vector（pGEX－2TH；

PharmaCia）withGeneEditorinvitrosite－directedmutagenesissystem（Promega），aCCOrdingto

themanufacturer－sinstruCtions・ThecodingreglOnSOfa11mutantsweresequenced・GST－MBDl

fusionproteinswerepurinedandusedforDNAbindingassay・Thecold12－mermethylatedand

unmethylatedDNA（5’－G℃ATCMGGAmC－3’，M；5－methyl－CytOSineorcytosine）wereprepared

asdescribedinchapter3．2．1．

ToexamineDNAbindingafnmity，reaCtionswerecarriedoutin10ploflOmMTris－HCl，

PH8・0，5mMMgC12，5mMDTT，5％glycerol・Themixturescontainedl・7ngofeachpurined

PrOteinand74ngofthemethylatedorunmethylatedDNA．Thereactionswerecarriedfor30min

atroomtemperature・ThebindingreactionmixtureswereloadedonalO％acrylamidegeland

runinTBEbufftr・ThegelswerestainedwithSYBRgreenI（MolecularProbes）．
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ThetertiarystruCtureSOfeachmutantwarecheckedbythe）5N－）HHSQCspectrum，Ofall

mutantS，OnlyF64AMBDIwasshowedamutation－induceddisrupt10n．
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4RESULTS

4．1SamplepreparationoffreeMBDandMBD－I）NAcomple

Themethyl－CpGbindingdomain（MBD）ofMBDl，COmPrisingresiduesl－75，WaSeXPreSSedin

Ecoliwiththeadditionof13c－glucoseand15NH4Cltoprepare99％isotopica11yemichedprotein・

TherecombinantMBDl］－75，referredtoasMBD，WaSPurinedchromatographicallyasdescribed

in“MaterialsandMethods’’（Chapter3），and茄nalpuritywasmorethan95％judgedby17．5％

SDS－PAGE・TheMBDwasinthesolublefractionthroughthepurincationsteps・Finallyyields

Of2・2mgproteinperliterofminimalM9culture，Whichcontainedlgn13c－glucoseandO・5g／1

15NH4Cl，COuldbe obtained・Yields ofl・1mg／1proteinwere obtainedfromthe M9culture

COntaiming90％D20．

TheconditionofNMRmeasurementsofthe ftee MBDandMBD－DNAcomplexwas

decidedprevioustostartingthestruCturalanalysis・15N－1HHSQCNMRexperimentprovidesa

SPeCtrum，WhichcorrelatestheresonanCeSOfanamideproton（7HN），andthedirectlyattached

amidenitrogen（15N）・IntheHSQCspectrum，eaChpeakrepresentsthebackboneamidegroupof

eachaminoacidorside－Chainamide／aminogro叩S・Therefore，aCOnditionofaproteincanbe

judgedfromitsdispersion，anumber，andintensitiesofpeaks・ComparisonoftheHSQCspectra

recordedinvariousconditionsshowthatfreeMBDissolubleandstableinfo1lowlngCOnditions；

pH：5．0－6．5

Iomicstrength（KCl）：0－150mM

Temperature：293K－310K

Proteinconcentration：＜2．OmM．

ForNMRmeasurements，alowerpHvalue，lowersalt，higherproteinconcentration，andhigher

temperaturearegenerallypreferable・Consequently，thennalNMRconditionforfreeMBDwas

decidedtobe20mMpotassiumPhosphatebufftr（pH6．5），50mMKCl，5mMDTTat303K．In

thiscondition，MBDgavewe11－disperSed15N－1HHSQCspectrumandwasstablefor5months．
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MBDincomplexwithDNAwasalsostableandshowedgooddispersionsinthesame

COnditionoffreeMBD・Generally，mOStOftheinteractionsbetweenproteinandDNAwereheld

byelectrostaticfbrces，SOalowerionlcstrengthwaspreferabletoincreasetheelectrostatic

interaction・AsthespectrumPatternWaSnearlythesameintherangeoftheionicconditionfrom

Oto50mMofKCl，thennalNMRconditionforMBD－DNAcomplexwasdecidedto20mM

POtaSSiumphosphatebufftr（pH6・5），5mMDTTwithoutsaltat303K・Inthiscondition，MBDin

COmPlexgavewell－dispersed】H－15NHSQCspectrumandMBD－DNAwasstablefor3months．

4・2ResonanceasslgmmentS

DNA－n・eeMBD

TheresonanceasslgnmentSforthebackbone］Ii／15N／13cchemicalshiftsoffreeMBDwere

COmPletedexceptforthevector－derivedresidues，Gly－2andSer－1，OnN－terminus．Theresonance

Ofthesetworesiduescouldnotbeobservedin15N－IHHSQCspectrum，PrObablydueto

COnfbrmationalaveraglngOrhydrogenexchangewithsoIvent・Mostoftheside－Chainchemical

ShiftswereasslgnedexceptfbrGly－2andSer－1・AllthemethylgroupsofLeuandValwere

asslgnedstereospeciBcallywitha15％fhctionally73clabeledprotein．

MBDincompIexwithDNA

TheresonanceasslgnmentSforthebackbonelH／】5N／13cchemicalshiftsofMBDincomplexwith

DNAwerecompletedexceptforthevector－derivedresidues，Gly－2andSer－1．Theseresonances

COuldnotbeobservedinspectraofthecomplex・Mostoftheside－Chainchemicalshi鮎were

asslgnedexceptfbrGly－2andSer－1・AllthemethylgroupsofLeuandValwereasslgned

StereOSPeCifically・Incomplex，guamidinelHand15NchemicalshiftsofallthearglnlnereSidues

Werefurtherassigned・Fig・4・1showsa15N－1HcorrelationHSQCspectrumOftheDNA－bound

andDNA－freeMBDwiththeasslgnmentofbackboneandside－Chainamide／aminogroups・
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DNAincomplexwithMBD，and什eeDNA

TheresonanceasslgnmentSfornon－eXChangeableprotonsof12basepairsDNAincomplexwere

COmPleteforHl，，H2，，H2＝，H3，，H4，，H2，H5，H6，H8andmethylgroupsofthymineand

methylcytosine・Generally，Whenthe symmetric double－Stranded oligonucleotide bindsto

asymmetricprotein，eaChstrandsofoligonucleotideglVedifftrentchemicalshifts．FortheMBD＿

DNAcomplex，eaChstrandofthebasepalrS3－10gavedifftrentchemicalshifts・Onlytwobase

PalrSinthebothendsofDNAgavesamechemicalshifts，becausethebothendsofDNAwere

littleinnuencedbyMBD－DNAinteraction・TheresonancesinthebasepalrS3－10werealso

afftctedbychemicalexchangecausedbyMBD－DNAinteraction・Assignmentsoftheimino

PrOtOnOfDNAbaseswerecompleteexceptfortwobasepalrSinthebothendsofDNAprobably

duetoslgnaloverlapplng・At283K，11iminoslgnalsoutof12basepalrSWereObservedinthe

Chemicalshiftrangefrom12ppmto14ppm，indicatingthattheseiminoprotonsformedWatson－

Cricktypehydrogenbonds．

TheresonancesofffeeDNAwerealsoasslgnedtocomparewiththoseofDNAincomplex

WithMBD・TheresonanceasslgnmentSfornon－eXChangeableprotonsof丘eeDNAwerealso

COmPleteforHl，，H2，，H2＝，H3，，H4，，H2，H5，H6，H8andmethylgroupsofthymineand

methylcytosine・Inthecaseofasyrrmetricdouble－Strandedoligonucleotide，eaChstrandgives

SameChemicalshi鮎・Actua11y，lnthisfreeDNA，eaChstrandhadsamechemicalshifts．
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（A）DNA－freeMBD
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（A）15N－1HHSQCspectrumofDNA－boundMBD・Theassignmentsofthebackboneamidegroups
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4．3Structuredeterminationandstructuralstatistics

DNA一触・eeMBD

StruCtureOfMBDwasdeterminedfromatotalof1329NMR－deriveddistanceandtorsionangle

restraints・Atotalof125struCtureSWaSCalculated，and980fthemshowednoviolationgrater

thanO・5Åor5degree・Ofthese，the25struCtureS，Whichshowedthelowestenergy，Were

Selected，andanalyzed．The statisticsforthe25nnalstructuresare ShowninTable4．1．The

backboneandhydrophobicsidechainshavebeenwelldenned，eXCePtforaloopregion（L2；

residues22－30），andN－terminalandC－terminalresidues・ForloopL2，fewlong－rangeNOEs

WereObserved・ThelocalsequentialNOEpattemsandlH－15NheteronuclearNOEvaluesofthis

reglOnareCharacteristicofanunStruCturedandflexibleloop・InadditiontothisreglOn，theN－

terminalresidues，including MetlandAla2，and the C－terminalsix residues have not been

dennedregardingstruCture．

The root－mean－Square deviation（rmSd）of residues3－69as to the mean coordinate

POSitions，eXCludingloopLl，isO・45Åforthebackboneheavyatoms，andO・98Åforallheavy

atoms．

MBD－DNAcomplex

StruCtureOfMBD－DNAcomplexwasdeterminedfromatotalof2022NMR－deriveddistanCe

andtorsionanglerestraints（1452forprotein，479forDNA，and91forprotein－DNA）．The

Statisticsforthe20nnalstruCtureSareShowninTable4・2・TheMBD－DNAcomplexwaswell

de茄nedexceptforN－terminalandC－terminalresiduesofproteinandthebothendofDNA．The

N－terminaltwoandC－terminalsixresiduesoftheprotein，andtwobasepalrSinthebothendsof

DNAhavenotbeendefinedregardingstruCture．TheseresidueswerefarfromtheMBD＿DNA

interface．

ThermSdofresidues3－690ftheproteinandbasepairs3－100ftheDNAisO．57Åfbrthe

PrOteinbackboneandDNAheavyatoms，andO．82Åfbrallheavyatoms．
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InteractlOnSbetween MBD and DNAwereidentinedbased on the calculated ensemble

StruCtureS・MBD－DNAcontactsillustratedinFigure4．6（Chapter4．5）wereobservedinmost

membersoftheNMRensemble，eXCePtforthehydrogenbondfromtheArg44guanidiniumto

eitherN70rO60fG19，OrtOthebothofthem・ThisArg44．G19hydrogenbondwasassumed

basedonthefo1lowlngObservations・First，SinglesubstitutionofArg44toeitheralanineorlyslne

totallyabolishedDNAbinding，indicatingthatArg44isimportantforDNAbinding（Fig．4．6）．

Then，inmembersoftheNMRensemble，OnlyN70rO60fG19and／orG20canaccepthydrogen

bondfromtheNeatomofArg44，WhilenoothergrouplntheDNAisfoundtoacceptthebond．

OfthesetwoArg44－basecontacts，theslgnincanceorexistenceoftheArg44－G20hydrogen

bondcanbeexcludedbytheobservationthatMBDIMBDcanefncientlybindtoDNAofthe

SequenCe5一一GATCGAm5cGACGTAC－3．（datanotshown）．Thisobservationindicatesthatthe

basefo1lowingthemethylCpGsequence（positions8and20inFigs．4．5）canbeadenineor

thymineforthespecincbinding・Takentogether，WeaSSumedthattheArg44－G19hydrogen

bondfoundintheNMRensembleisslgni丘canttoDNArecognltion・
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NMRrestraintsforstructurecaJcuJation

Distancerestraint

Jntra－reSidue

SequentiaIli－jl＝1

Short－rangel＜1i－jL4

Long－rangeJi－jf＞4

Hydrogenbond

DihedralangJerestraints（¢）

StatisticsforstructurecaJcuJatjon

R・m・S・d・fromexpehmentaJrestraints

Distances（A）

Ang（es（0）

Deviationsfromidealizedgeometry

Bonds（A）

A咽Ies（0）
Jmpropers（0）

PROCHECKanalysis（residues3－20，32－69）
MostfavoredregJOnS

AdditionaJJya‖owedreg．ons

GenerousJya．Jowedreg．ons

DisaHowedregrons

Coordinateprecision（residues3－20，32－69）
Protejnbackboneatoms

AJJproteinheavyatoms

1，315

491

302

206

301

15

44

0．007±0．0007

0．23±0．08

0．0024±0．00001

0．67±0．002

0．36±0．005

75．8％
20．7％

3．1％
0．4％

0．45A

O．98A

TabJe4．1StruCturalstatisticsfbrDNA－freeMBD．

Thereportedvaluesrefbrtothenna125simulatedannealingstruCtureS・NoneofthestruCtureS

exhibiteddistanCereStraintviolations＞0・3Åordihedralanglerestraintviolations＞5。．coordinate

PreCisionisde血edastheaverager・m・S・difftrencebetweenthe伽aI25struCtureSandthemean

COOrdinates・ThebackboneatomsincludetheN，CαandC・atoms．
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NMRrestraintsforstructurecaIcufation

Protein

Distancerestrajnt

Jntra－reSidue

Sequentia＝－jl＝1
Short－rangel＜Ji－jL4
Long－range＝－jJ＞4

Hydrogenbond

DihedraJanglerestraints（¢，V，Xl）
DNA

Distancerestraints（a）

DihedraJanglerestraints
Protein－DNAdistancerestraints

StatisticsforstructurecaIcuJatjon

R・m・S・d・from。eXPehmentalrestrajnts
Distances（A）

AngIes（0）

Deviationsfromidealizedgeometry
Bonds（A）

AngJes（0）

Jmpropers（0）

PROCHECKanaIysis（residues3r690ftheprotein）
MostfavoredregIOnS

AdditionaIJyaJ］owedregJOnS

GenerousJyaJrowedreg．ons

DisalJowedregJOnS

Coordinateprecision

ProteinbackboneplusDNAheavyatoms

Al［proteinheavyp［usDNAheavyatoms

Proteinbackboneatoms

A‖proteinheavyatoms

DNAheavyatoms

1，389

520

324

178

341

26

34，20，9

343

136

91

0．019±0．0003

0．12±0．03

0．0044±0．00002

0．91±0．002

0．35±0．01

64．7％
28．1％
5．7％
1．4％

0．57A

0．82A

0．42A

0．87A

0．46A

（a）TherewereatotaJof140intra－reSidue，148sequentia＝ntra－Strand，25

inter－Strandand30hydrogenbonddistancerestraints．

TabJe4・2StruCturalstatisticsfbrMBD－DNAcomplex・

Thereportedva）uesrefbrtothenna120simulatedannealingstruCtureS．NoneofthestruCtureSeXhibited

distancerestraintviolations＞0・3Åordihedralanglerestraintvio）ations＞5。・Coordinateprecisionis

de丘nedastheaverager・m・S■diffbrencebetweenthenna125struCtureSandthemeancoordinates．rme

Valuesrefbrtoresidues3－690ftheproteinandbasepairs3－100ftheDNA．Thebackboneatomsinclude

theN，CoこZuldC’atoms．
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4・4SolutionstruCtureOfMBI）－DNAComplex

Thethree－dimensionalstruCtureOftheMBDincomplexwithDNAhasacompactfo1d，theN－

andC－terminibeingonoppositefacesofthemolecule・Figure4・2showstheproteinbackboneof

the20伽alstruCtureSderivedfromNMRdata・Itassumesanα′β－Sandwichfo1d：Onelayer

COnSistsofafour－Strandedtwistedβ－Sheet（strandβA，Leu6－Asp7；βB，Lys16－Phe21；βC，

Ser3l－Gln36；βD，Arg42－Ile43），andtheotherlayercomprisesα－helix（αA，Lys46－Leu53）

WithacharacteristichairpinloopattheC－terminus・BothhelixαAandtheβ－Sheethavean

amphipathiccharacter，andtheirhydrophobicfacesaretightlypackedagalnSteaChother，SOthat

helixαAandstrandβDarearrangedinaroughlyantiparallelmarner．The。Vera11fo1d。fDNA＿

boundMBDissimilartothatoftheunligandedMBDwiththeexceptlOnOfaloopL2that

emanateSbetweenβBandβC．

TheMBDcontainsfourcharacteristiclongloops，Ll，L2，L3andtheC－terminalhairpln

loop（Fig・4・2）・LoopLl（Cys8－Trp15），WhichcormectsβAandβB，islargelybentandprqiects

beyondthestrandβBandβC・Ofthisloop，Leullcomprisesthehydrophobicc。，eandformS

manyinteractionswiththerestoftheprotein・LoopL3（Gly54－Leu61），thatconnectshelixαA

andthehairplnloop，iswellde血ed・ItstartsatacharacteristicshortturnatGly54－Pro55，

fo1lowedbyahelicalcoilarrangedantiparalleltoα1・LoopL2（Arg22－Arg30）isalsowell

definedincomplexedwithDNA・However，incontrasttoLlandL3，loopL2ishighlyflexiblein

theunligandedproteinjudgingfromthesma1115NheteronuclearNOEvalue・Asdescribedbelow，

thisL2flexibilityinunligandedformPlaysanimportantroleforDNAbinding．Theaminoacid

SequenCeSOfL2arehighlyconserved，WhichsuggestsanexistenceofstruCturalanddynamical

SimilarityinL2regionthroughouttheMBDproteins・TheC－terminalhairpinloop（Phe62－Ile

68）resemblesaβ－hairpin，WithamainchainhydrogenbondbetweenGly67HNandAsp63

C，＝OinitsstemreglOn・ThisloophasstruCturallyvitalhydrophobicresidues，Phe62andPhe64，

Whkhstabilizeorientationofthehairplnrelativetotherestoftheprotein，andareidenticalinall

MBDfamilymembers（Fig・4・3C）・SubstitutionofPhe64byalaminecauseddisruptionofthe
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nativetertiarystruCtureandaconsequentlossoftheDNAbinding（see‖Materialsandmethods‖）．

Deletionofresidues157－162fromMeCP2，Whichcorrespondstothemostofthehairpinloopof

MeCP2，reSultedinatotallossofmethyl－CpGbindingactivity，furtherindicatingthestruCtural

Sign班canceofthehairpinloop（Nanetal・，1993）・WithknowledgeofthetertiarystruCtureOfthe

MBDlandstruCturallyvitalresidues，WeCOuldalignsequencesoftheMBDfamily，aSShownin

Figure4・3，findingtheinsertionoffourresiduesatthejunctionbetweenL3andthehairpinloop

inbothMeCP2andMBD4・ConsideringtheinsertionpositioninthetertiarystruCture，these

residueswouldbeexpectednottohavealargeimpactontheoverallfo1dingoftheseproteins．

This MBDfo1dgenerates awelldefued hydrophobic corethatincludes the entire

POlypeptidedomain，andisfbrmedbyLeull，Trp15，Thr33，Tyr35，Ile43，Leu49，Tyr52，Leu

53，Leu59，Phe62andPhe64（Figs・4・3AandB）■Thehighdegreeofconservationofthese

residuesinmammalianandXlaevisMBDs，WhichareresponsibleforstruCturalintegrityofthe

domain，SuggeStSthatthefo1dingisessentiallyidenticalthroughouttheMBDfamily（Fig・4．3C）．

Thegeometryoftheα－helixrelativetotheβ一Sheetwasdeterminedbythehydrophobic

interactionofLeu49andLeu53intheα－helixandTyr35andIle43intheβ－Sheet．Extensive

hydrophobiccontactsofresiduesinloops，LeullandTrp15inloopLl，Leu59inloopL3，and

Phe62andPhe64inhairpin－loop，furtherstabilizedthisinteraction・Side－Chainsofmostofthe

COnServedhydrophobicresiduespolnttOtheinterioroftheprotein・ExceptionsareTyr34and

Tyr52・TheseresiduesarehighlyconservedandtheiraromaticrlngSarelargelyexposedtothe

SOIvent（Fig．4．3A）．

Inadditiontohydrophobicresiduesthatformthecore，SeVeralbasicresiduesarewell

COnServedinthemammalianandXlaevisMBDfamily・Side－Chainsofthesebasicresiduesare

exposedtothesoIvent，arelargelycon血edtoonesideofthemoleculeandformSabinding

SurfacetoDNA（Figs・4・4BandC）・WellconservedArg30，血g42，Arg44，Lys46andLys65

arelineduplnthemiddleofthisbasicsurface，andArg22andLys23areclusteredinloopL2．

Ofthese，0nlyArg17，WhichhighlyconservedinMBDfamily，islocatedontheotherside，

howeveritsupportsonesideofproteinhydrophobiccorebylongaliphaticpolypeptideofthe
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Side－Chain・Inadditiontothesebasicones，threeconservedresidues，Asp32，Tyr34andSer45，

arelocatedinthemiddleofthissurfaceandtheseside－ChainsareexposedtoDNAbases（Figs．

4・4and4．6）．

StruCtureOfMBD－DNAcompIex

The血a120struCtureSOftheMBD－DNAcomplexareshownsuperimposedinstereoinFigure

4・5D・ThelocationofMBDontheDNAhasbeenwellde鮎edsq）POrtedbyalargenumberof

interm01ecularNOEs・ContactstotheDNAaremadethroughthefaceoftheβ－Sheet，Whichis

POSitionedwithinthem40rgrOOVe・ThebetastrandsβBandβCareacrossthemqiorgroove，and

twodi飴rentstruCturalcomponentsatthebothendofP－Strands，loopL2andhelixαAstabilize

theMBD－DNAinteractionfromeachsideofDNA・TheMBDcontactstothesixbasepalrSand

thespeciAcbasecontactsaremadeonlyinmethyl－CpGsequence．

OnecharacteristicfeatureoftheMBD－DNAinteractionisitssma11interfacialcontactarea．

CalculationofthechangeinsoIvent－aCCeSSiblesurfaceareaofMBDuponDNAbindingglVeSa

Valueofonly810Å2，Whichismuchsmallerthantheaveragevalueof1340Å2for9monomeric

PrOteins（Jonesetal・，1999）・ThissmallvaluereflectsthefactthatMBDcontactsDNA

exclusivelywithinanarrowareaofthemqorgrooveofthedqplex：nOPartOftheproteininvades

theminorgrooveside（Fig・4・6）・ThisftatureisprobablynecessarysothatMBDcanaccess

exposedCpGsitesonnucleosomecoreswithoutstericcrash（Lugeretal・，1997）．Indeed，the

MBDofMeCP2canbindmethyl－CpGsitesexposedinthem句OrgrOOVeOfnucleosomalDNA

Withoutmqiorimpedance（Chandleretal・，1999）・Probablyowingtothissmallcontactsurface，

theDNAinthecomplexis，intum，unbentandotherwisedisplaystypicalfbaturesofaBform

duplex，eXCePtforasma11widemingofthemqorgrooveattheMBDcontactsite．
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Figure4・2SolutionstruCtureOftheMBDIMBDincomplexwithDNA

（A）Best－ntSuPerPOSitlOnOfthebackbone（N，Cα，andC）atomsofthe20flnalstruCtureS・The

dlSOrderedtwoN－terminalandsixC－terminalresiduesareomittedfromnguresforclari1y・Theresi血es

inP－Strandandα－hellXareCOloredingreenandred，reSpeCtlVeIy・LoopL2whlChisimportantfbr

DNAbindmgiscoIoredinblue．P）SchematicribbondrawingoftheenergyminimlZedaverage

struCture・Secondarystructureelementsareindicated・
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Figure4．4SurfacediagramsofMBD．

FiguresBandCarethesurfacediagramsofMBD，ViewedinthesarneorientationasinFigureA・

FiguresD，EandFareviewedintheoppositedirectionasA・The conservedbasic，aCidic，and

hydrophobicresiduesare coloredinblue，pink，andyellow，reSPeCtively（Figs・B and E）・The

hydrophobicsuperficialpatchesmadeupoftheconservedbasicresidues（Fig・B）・Distributionofthe

electrostaticpotential（±10kT）onthesoIventaccessiblesurfacedisplayedwithGRASP（Figs・Cand

F）．Bluecorrespondstopositivepotentialandredtonegativepotential．
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4・5MolecularbasisofmethylatedDNArecognition

Overviewofrecognition

ThedetailsofMBD－DNAinteractionarestmarizedinFigures4・6A，BandC．Eachstrandof

12－merdouble－StrandedDNAarenumberedtoGl－C12（codingstrand）andG13－C24（non－

COdingstrand）・Methylcytosineineachstrandisrefb汀edtoasm5c6（codingstrand）andm5c18

（non－COdingstrand），reSPeCtively・RecognitionofDNAbyMBDresultsfromalargenumberof

theelectrostatic，hydrogenbonding，andhydrophobicinteractions，Whichareformedbetween

MBDandDNA．

M毎orbindinginterfaceintheproteinconsistsoftwoparts，WhicheachpartrecognlZeS

PhosphatebackboneandbasesofeachstrandfromoppositesideofDNA・Onem呵Orinterface，

loopL2whichconsistsofaconservedsmallresiduescontactswiththem呵OrgrOOVeOfDNA

togetherwithitsneighboringresiduesinstrandsβBandβC（Figs．4．5D，4．6BandC）．Another

m毎orDNAinterfaceconsistsofasegmentcomprisingpartsofstrandβD，helixαAandtheir

COnneCtingloop■Theseinteractionsanchoranedgeofthebeta－SheetandtheN－terminalpartof

helixαAwithinthem往iorgroove（Figs・4・5D，4・6BandC）・ThealignmentofαApermitsa

favorableinteractionofitshelixdipolewithDNA（Zhouetal．，1998）．

Baserecogmitionatthemethyl－CpGsite

MBDbindsspeci丘ca11ytomethyl－CpGDNA，anditsrecognlt10nisachievedbyhydrophobic

interactionsbetweentheMBDresiduesandtwomethylgroupsoftwomethyl－CytOSine（m5c6，

m5c18）atthemethyl－CpGsite・Thistwomethylgroupsaredistinguishedbymqjorgroove

COntaCtSmadeby茄veresidues，Va120，Arg22，Tyr34，Arg44andSer45（Fig．4．6B）．These

residuesformaCOntinuoushydrophobicpatchthatmediatestheinterfacialcontacts，andare

invariantinallfunctionalMBDfamilymembers，eXCePtforVa120（Figs．4．4BandC）．Theside

ChainsofVa120，Arg22andTyr34createahydrophobicpocket，WhichpacksagalnStthemethyl

groupofm5c6，WhilethealiphaticportionsofArg44andSer45contactsm5c18．Mutationof

Ser45toalaninecausesamoderatelossofDNAbindingafnnlty（Fig．4．7A）．Fljitaetal．
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reportedthatlocalizationpatternSOfMBDIproteincarrylngaSlnglemutationofSer45toalanine

inHeLanucleusweresimilartothoseofwild－typeprotein（Fqjitaetal・，2000）・Thesesuggest

thattheside－ChainofSer45mainlycontributesthehydrophobicinteractionratherthanthe

electrostatic・TheinteractionsbetweenthenveresiduesofMBDandthemethylgroupsofthe

methyl－CytOSineareeVidencedby20interm01ecularNOEobservations．

Inadditiontothetwomethylgroupsofmethyl－CytOSinebases，tWOguaninebasesatthe

methyl－CpG site are recognizedbytwo conserved arglnlnereSiduesthrough electrostatic

interactions・ThesidechainguanidimiumsofArg22andArg44areinpositionstodonate

hydrogenbondstoG7andG19，reSPeCtively（Fig・4・6）・Arg22alsodonatesahydrogenbondto

thephosphatelocatedbetweenC5andm5c6throughitse－NH・Thesecontactsareslgn班canttO

recognition，aSSubstitutionofArg220rArg44witheitheralamineorlysineabolishesDNA

binding（Fig・4・7）・Specincityfbrthem5c：GbasepairisfurtherconferredbyTyr34；itsside

Chainhydroxylgroupispoisedtoacceptahydrogenbondfromthe4－aminogroupofm5c6（Fig．

4・6）・TheexistenceofthisbondissupportedbymutagenesisofTyr34tophenylalanineor

alanine，eitherofwhichmarkedlydecreasestheafnnityformethylatedDNA，SuggeStingthatthe

Tyr34hydroxylgroq）ParticipatesinDNAbinding（Figs・4・6and4・7A）・InmamalianMBD3，

thistyrosinesubstitutionatposition34maycausealossofthebindingtomethyl－CpG（Fig．

4・5A）（HendrichandBird，1998）・Takentogether，reCOgmitionofthemethyl－CpGsiteappearsto

betheresultexclusivelyofhydrophobicandpolarcontactsmediatedmainlybythenveresidues．

BasecontactsbyMBDarelimitedtothem5cGsequencewithinthem叫OrgrOOVe．

Sidechain－SidechaininteractionsinvoIvingthethesenveresiduesarecruCialforproper

generationoftheinterfacialcontactsurface；inparticular，thoseinvoIvingAsp32andTyr34are

Ofspecialimportance・ThecarboxylateofconservedAsp32isinapositiontoformahydrogen

bondsaltbridgeinteractionwiththeguanldiniumofArg22，facilitatingcontactsofArg22with

G7andm5c6（Fig・4・6B）・AlthoughAsp32appearsnottomediateadirectcontactwithDNA，its

Substitution to alanine slgn捕cantlyimpalrS DNA binding，SuggeSting the existence and

importanceofthisAsp32－Arg22interaction（Figs・4・6Band4・7A）・ThisArg－Aspinteractionin
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theguaninerecogmitionisalsoobservedinZif268Zinc丘ngers（Reberetal・，1994）．Thearomatic

rlngOfTyr340nOnefacemediatesaninterfacialcontactwithm5c6andontheotherside

buttressesthesidechainofArg44throughhydrophobicinteractions，SuPPOrtingtheArg44side

ChaincontactwithG19andm5c18．

DNAbackbonecomtacts

DNAsugar－PhosphatebackbonecontactsaremediatedmainlybyresiduesinL2andβD－αA

loop，andhelixαA・LoopL2，WhichbecomesordereduponDNAbinding，SPreadsoutftomthe

bodyoftheprotein，itstiplatchingontotheDNAbackboneofonestrand（Figs・4・5Dand4．6）．

InvariantGly25formSaCharacteristicsharpturnattheextremeoftheloop，andthemainchain

amidegroupsofitsneighboringresidues，Lys23，Ser24，Ala26andThr27，arefavorably

POSitionedtodonatehydrogenbondstothetwophosphateslocatedbetweenC5andG7（Fig．

4・6C）・FurthermOre，thehydrogen－bondbetweenArg30INandThr27C・＝Ostabilizestheloop

StruCture・Someoftheseresiduesontheloopconcurrentlymakehydrophobiccontactswiththe

backbonesugars．

Theside－ChainsofArg18，Lys23，Arg30，Arg42，Lys46，Arg51andLys65are

favorably positioned to donate hydrogen bonds to DNA phosphates（Fig・4．6）．Alanine

SubstitutionsofArg30，Lys46，OrLys65indicatethattheirimportancefbrDNAbinding，eaChof

WhichsignlficantlydecreasedDNAbinding（Fig・4・7A）・Ontheotherhand，SubstitutionofArg

30tolysinehaslittleefftctonDNAbinding，PrObablybecausethepositivelychargedsidechain

Oflyslne Can mediate asimilarcontactwiththeDNAbackbone・In contrast，thelyslne

SubstitutionofeitherArg220rArg44tota11yabolishesDNAbinding，becauseguanidiniumsof

theseresiduesarecruCialfbrbasediscrimination（Fig．4．7A）．Thebackboneinteracti。nisfurther

StabilizedbytwoαAresidues，Va147andGlu48，thatmakehydrophobiccontactswithsugar

rlngSOfC17andm5c18，reSPeCtively・Thestrongconservationofresiduesthatareimportantfor

DNAbindingandstruCturalintegrityofthedomainsuggeststhatthefbldingandmodeofDNA

interactionissimilarthroughouttheMBDfamily・
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Figure4・5SolutlOnStruCtureOfMBDIMBD－DNAcompkxL

（A）SequenceallgnmentOftheMBDfami1y．Conservedresiduesareboxed・ReddenotesMBDl

residuesinteractingwithDNAbasesandgrayidentifleSreSiduesinteractlngwithDNAsugar－

phosphatebackbone・ThesecondarystruCtureOfMBDlincomplexwithDNAisindlCatedatthetop・

ResiduesthathavebeenshowntobeimportantforDNAbindlngthroughmutatlOnalanaけsisare

markedwithasteriskabovethesequences．＠）SequenceofollgOnuCleotldeusedhth1SStudy・‖mC”

represents5－methylcytosine，Themethyl｛pGsequenceishigh1唱htedinred・（C）Superposit10nOf20

NMRstruCtureSOfMBD－DNAcomplex．Theproteinbackboneatoms（residues3－69）andDNAheavy

atoms（ぬ沌Pam2Lll）areshown．Thetwomethylgroupsatthemethyl－CpGslteareCOloredinwhlte・

（D）SchematlCribbondlagramSOftheenergyminimuedaveragestruCtureinstereo・Secondary

struc加代elementsoftheproteinareshown．
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（A）Close－uPviewofthebestfitsuperpos血腫Ofthe20nnalstructuresattheposit10nOfprotein－DNA

interactlOnS．TbesiderchalnatOmSOftheproteinthatinteractswithDNAbasesaqeshowninorange，While

proteinbackboneatornsareinred・＠）Adetailviewoftheprotein－DNAcontactsite・Proteinsi

interactingwithDNAbasesandbackbonearesh椚inyellowandred，reSPeCtmly・Theside－Chamof

D32aTeCOloredingreen・Reddashedlhesareindicatesproposedinter－mOlecuhrhydrogenbonds，WhlCh

areobservedinthemostmembersofNMRstruCtureS．R22－D32hydrogenbol）disalsodisplayed・（C）

SehematicsuTunaryOfproteinTDNAinteractions・DNAbases，Sugarrings，andphosphatesareindlCatedas

boxes，pentagOnS，andsma11circks，reSpeCtiveb・・Twomethylgroupsatthemethyl－CpGsiteare

representedasred創Iedcircles．Arrowsarecoloreddifferent＆dependmgonthehterach）nmOdeofthe

protein－DNA＝hydrophobic＆ellow），electrostatic（bhw），andhydrogenbonds（red）・Reddashedarrows

indlCatethehydrogenbondhteractionsinvorvingbackboneamidegroupsoftheprotein・DNAbases，

川脚rdn野，弧dpb叩b鮎WblChc腫也CtW他p和也ha托…lordgr鍔m（D）Pmkhsuぬ∝血a卵mSat

theDNAeontactsiteLTheproteinsurfaceswhlChinteractwithDNAbasesandbackbonesareshowninred

andbhe，reSpeCtrVeb．Twomethylgroupsaremarkedwithyellowcircles・（りEl∝trOStaticsurfacesofthe

proteinattheDNAbi血i喝Site・Twomethylgroupsareah；OmarkedwithyeHowcircles・Thebasic

residuesarepositlOnedinoneside（Sideofk）OPL2）oftheproteinsurface・
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（A）Gel－ShlftassaywasperfomedtoobtaintheeffectsofthesubstitutionstoDNAbindlngaCtivity，

whichcouldnotbeobtainedfromstruCturaldatadirectly．Thewi1d－tyPeandmutatedresiduesare

indicatedabove．（B）0nlytheresidueswhlChsubstitutionscausealossofDNAbindingactivityare

indicatedontheMBDstruCture．Basicresiduesarecoloredinred，Whlleothersareinyellow．（C）

ThestruCtureOftheMBD－DNAcomplex，ViewedinthesameorientationasinFigureB・The

residueswhichrecognlZeDNAbaseandsugar－phosphatebackbonearecoloredinredandyellow，

respeCtively．（D）SideviewoftheFigureC・
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5・lComparisonoftheI）NA－boundandDNA－freeMBI）

Theoverallfo1dofDNA－boundMBDisverysimilartothatofunligandedMBD（Fig・5・1C，D）．

ThermSdinCαCOOrdinatesfortheresiduesinthesecondarystruCturebetweenthetwolowest

energystruCtureSisl・2Å・AsuperpositionoftheribbondiagramSOfthetwomoleculesindicates

thatthearrangementoftheβ－Sheetandtheα－helixisthesame．AsigmincantChangeOfthe

COnformationareobservedinseveralloopreg10nS；loopLl，L2，andL3andthehairpinloopinC

terminus（Fig．5．1）．

LoopL2thatemanateSbetweenβBandβCdoesnotformaSinglede貢mitestruCtureinthe

unligandedproteinjudgingfromobservationoftheftwlong－rangeNOEs，althoughitsresidues

arehighlyconservedintheMBDfamily・1H－15NheteronuclearNOEmeasurements（Cavanaghet

al・，1996）showedsma11NOEvaluesforresiduesinthisloop（0・34土0．17）indicatingthatL2is

highlymobileinsolution・However，WhentheproteinbindstoDNA，thisloopadoptsawell－

de血edconformation，WhichsupportedwiththelargerNOEvalues（0・70土0・05）（Fig・5．1A）．

LoopnexibilityatthispositioninunligandedformisalsoobservedinMeCP2MBD，Which

indicatestheimportanceofthisflexibilityfbrDNAbinding（WakeBeldetal．，1999）．

L3and the hairplnloop have ordered struCtureand same conformationinthe two

molecules・However，thepositionoftheseloopsinMBDstruCtureisdifftrentbyabout2．5Å．

Fittingthecoordinateoftheunligandedproteintothoseoftheprotein－DNAcomplex，thehairpln

loopofun1igandedproteincausesastericclashwithm句OrgrOOVebackboneatoms．Thesmau

ValuesoflH－15NheteronuclearNOEofAla56－Asp58inL3（smal1erthan0・6）suggeststhatthe

loopnexibilityreducesstericcrashwithDNA・ThepositionoftheloopLlthatcormectsβAand

βBisalsochangeduponDNAbinding・AsLlinteractsdirectlywiththehairpinloopandisin

OPPOSitesideofDNAbindingsurface，thischangeaPPearStObecausedbythemovementofthe

hairpinloopuponDNAbinding・
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Figure5・1］5N－1HheteronuclearNOEoftheDNA－freeandDNA－bundMBDL

（A）．Plotsofthevaluesof15N－1HheterorrLWlearNOEoftheDNA－free（above）andDNA－bound

仲elow）MBDagainsttheresiduenumber・Figure＠）showsadifferenceofthesetwoNOE

values．LargestdifferenceisobservedinloopL2・（C）andP）・Thebackbonesuperposit10nOf20

nnalstruCtureSOfMBDinDNA，丘ee（C）andDNA－boundformsP）areshown L00PL2is

indlCatedinblue．TbeL2becomesorderedinthepresenceofDNA・
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5・2ComparisonofMBDIMBDandMeCP2MBD

Recently，thestruCtureOftheMBD ofanotherMBDfamilyproteinMeCP2wasreported

（Wakeneldetal・，1999）・Althoughthe sequencehomologyofMBDsisnotsohigh（39％）

betweentheMBDlandMeCP2proteins，thetertlaryStruCtureSOfthetwoMBDsareVerySlmilar

（Fig・5・2）・EachMBDhassamestruCturalcomponents；afour－Strandedβ－Sheetandanα－helix．

OnlyinMeCP2，insertionoffourresiduesatthejunctionbetweenL3andthehairpinloopexists

andforms an additionalshorthelix．ThermSdin22CαCOOrdinatesforthe residuesinthe

SeCOndarystruCture（βB，reSidues16－21；βC，reSidues31－36；βD，reSidues42－43；αA，reSidues46－

53forMBDl）betweenthetwolowestenergystruCtureSisl．5Å．

TheresiduesformedtheproteinhydrophobiccorearehighlyconservedamongMBDland

MeCP2・However，eaChresidueholdsthedifftrentpositioninbothmolecules，PrObablycaused

bystruCturaldi飴renceinC－terminalregion（Fig・5・2）・Itisnoteworthythatthepositionsofthe

MBDlresidueswhichrecognize DNAbases（Tyr34，Arg44，Ser45）andits corresponding

residuesofMeCP2（Tyr123，Arg133，Ser134）areverysimilar．

InthestruCtureOfMBDl－DNAcomplex，N－terminalresiduesofMBDlareneartheDNA

Phosphatebackboneatoms．ThesmallvaluesofheteronuclearNOEintheseresiduesrenectthat

thesedonotcontributetospecincrecognitionofDNAinMBDl（Fig．5．1A）．However，in

MeCP2，N－terminalpolypeptidesegment（IRDRG），WhichisabsentinotherMBDs，isrequired

forDNAbinding（Wake丘eldetal・，1999；Nanetal・，1993）・VarietyofN－terminalsequence

amongMBDfamilyprobal）1yglVeSanadditionalfunctiontoMBD．
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Figure5・2Comparisonoftheovera11topologleSOfMBDIMBDandMeCP2MBD・

RibbondiagramsofMBDIMBD（A）andMeCP2MBD（B）（呵eneldetal・，1999）areshownwiththe
secondarystruCturalelemenb・ThesecondarystruCtureSinbothstruCtureSareindicatedingreen（βrs打and）

andred（α－helix）・Theoveralltopologyisessentiallythesame・AdditionalcL－helix（d3）isobservedinC－

tem血alofMeCP2．
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5．3RettmutationsfbundinMeCP2

ThestruCtureOftheMBD－DNAcomplexthusallowsustointerpretrapidlyaccumulating

mutationaldataforMeCP2in－PatientssufrtringfromRettsyndrome，aleadingcauseofmental

retardationandautisticbehaviorinfヒmales・Intotal，Substitutionsof15diffbrentresidueshave

beenreportedinMeCP2，100fwhichareintheMBD，aSShowninFigure5・3B（Amiretal．，

1999；VeyverandZoghbi，2000）．

OfthelOresiduesintheMBD，Arg133andSer1340fMeCP2areequivalenttoArg44

andSer450fMBDl・Interestingly，thesearetwoofthefburconservedresiduesthatformthe

methylbinding pocketsin the MBDl－DNA complex（Figs・4・6B）；thus，itis rather

StraightforwardtoproposethateitheroftheRettmutationscauseslargee脆ctsincontactswith

ThreeotherMeCP2residuesfoundintheRettmutationsites，Leu124，Asp156andThr

158，arePreSumiblylocatedatornearthecontactsitewithDNAbackbone，deducedfromthe

POSitionsofthecorrespondingresiduesofMBDl，Tyr35，Asp63andLys65（Figs・4・6and5．4）．

Lys650fMBDIcontributestononsequence－SPeCincDNAbindingbycontactingtheDNA

backbone，aSeVidenceditsreplacementbyalamine，WhichmarkedlydecreasesDNAbindingof

MBDl（Fig・4・7A）・However，amutationatthecorrespondingpositionofMeCP2，T158M，has

beenreportedtocauseonly2－fo1dreductioninitsbindingafnnityfbrmethylatedDNA，While

anyOfthethreeotherRe恍Syndromemutations，RlO6W，R133C，andF155S，abrogateDNA

bindingsigmificantly（Ballestaretal・，2000）・0nlyMeCP2andMBD4possessathreonineat

POSition65intheMBDfamily（Fig・4・5A）；thus，thisresiduemightbeinvoIvedinotherroles

relatedtothespeci丘cfunctionofMeCP2andMBD4，aSSuggeStedbyBallestaretal・・Incontrast，

Gly12（ProlOlinMeCP2），Arg17（ArglO6）andPhe62（Phe155）ofMBDlarewell

COnServed amongtheMBD family，butarelocatedremotefromtheDNAinterface．Rett

mutationsa飴ctingtheseMeCP2residuesarelikelytohaveglobalstruCturalconsequences，

becausetheyarepresumablylmPOrtantfbrproperfo1dingormaintenanCeOftheprotein・s
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StruCtureinbothMBDlandMeCP2（Ohkietal・1999；Wakeneldetal・，1999；Ballestaretal．，

2000）．
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Figure5・3MutatlOnSOnMeCP2causedRetsymdrome・

（A）DescriptionofReusyndrome・（B）0nlymissensemutadonsareindicatedonMeCP2structure・Mostof

themutatlOnSCauSedRettsyndromearefoundintheMBDandTRDdomainsequences・
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Figure5・4Posit10nSOfRettsyndromemutations・

（A）SequentialallgnmentOfMBDlandMeCP2・ConservedresiduesareboxedandsecondarystruCtureSare

indlCatedatthetopPBDl）andbottomPIeCP2）ofthesequence・ThemlSSenSemutatlOnSOfMeCP2foundin

R班Syndromeareindwatedbelowthesequences・Reumutat10nSinMeCP2arecoloredinproposedfuncdon

basedonananabTSISOfthestruCtureOfMBD－DNAcomplex・Theresiduescoloredinorangearesupposedto

possessafunctionofstruCttmmalntenanCeandredsneedforinteract10nwithDNA・TbesesubstitutlOnSmay

catBealossofthefunctionofMeCP2・BlueresiduesaresHghtbTaWaytrOmDNAinteractionsiteinMBDl，While

血yareexposedtothesoIvenLT158mutat”nOfMeCP2hasbeenreportedtocauseonly2－foldreductionin

DNAbindlnga肋ityCBallestaretalり2000），WhlChsuggeststheotherfunctionofT158・Tbepositionsofthese

mutatl。nSareShowedonthestruCtureSOfMBDIMBD（B）andMeCP2MBD（C）・
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OnecharaCterisdcfbatureoftheMBD－DNAinteractionisitssma11interfacialcontactarea．This

SmallvaluerenectsthefactthatMBDcontactsDNAexclusivelywithinanarrowareaofthe

m如rgrooveoftheduplex‥nOPartOftheproteininvadestheminorgrooveside（Fig．4．6D）．This

featureisprobablynecessarysothatMBDcanaCCeSSeXPOSedCpGsitesonnucleosomecores

Withoutstericinterferencewiththecorehistones，aSthesehistonescontactDNAprlmari1yfrom

theminorgrooveside（Lugeretal・，1997）・Indeed，theMBDofMeCP2canbindmethyl－CpG

Sitesexposedinthem如rgrooveofnucleosomalDNAwithoutmqiorimpedanCe（Chandleret

al・，1999）・Probablyowingtothissmallcontactsurface，theDNAinthecomplexis，inturn，

unbentandotherwiseexhibitstypicalfbaturesofaB－formduplex，eXCePtforasmallwideningof

themqorgrooveattheMBDcontactsite・ThestruCtureSOfMBD－DNAcomplexrevealsthat
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StruCturalreasons・Themqjorityofconservedhydrophobicresiduescontributetoformthe
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PrOteinmainchain・Conservationoftheseresiduesindicatedthattheoveral1fo1dandfunctions

WillbethesameacrosstheMBD・ThisstudyalsoprovidesaframeWOrkforfurtherstudiesof

RettsyndromebyfacilitatingtheinterpretationoftheaccumulatingmutationaldataonMeCP2．
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（accessioncodelD9N）．
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