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工ntroduc亡lon

1－1．HistorlcalOvorviow of G℡P cyclotⅣdrolaso　工

GTP cyclohydr0lase　＝（GTPCH＝，EC3・5・4・16）catalyses the

formation of D－ery亡hro－7，8－dihydroneopterin triphosphate（NH2P3）

and formic acid from GTP．Thisis the first stepin the de novo

biosynthesis of tetrahydrobiopterin（BH4）（Fig・1－1）・First，

existenceofthisenzymewasindicatedbytheobservationofrelease

of formic acid fromGTP［Burg＆Brown′1966；Burg＆Brown，1968】・

To date，GTPC打r genes are reportedin many species，i・e・

Escherichia coli，　Dictyostelium discoidetm7，　Caenorhabditis

elegans，伽OSaPlenSIRattusnorveglCuS，SaccharoI7yCeSCereVisiae

and nrosqphila melanogaster［ExPASy server，Swiss　＝nstitute of

Bioinformatics］．The comparison of amino acid sequences reveals

thattheC－terminalhalfisev0lutionaryconserved（Fig．1－3）．while

the N－terminalhalfis not．Especially，the N－terminalhalf of

mamalian GTPCH＝is different fromヒhose from bacteria．

1－2．Reaction Sche∬胎　Catalysod by G℡PCH工

Apart from most GTP－Substrate enzymes，GTPCH＝　does not
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hydr01yse the Y－Phosphate nor requlre a magneSiumion・As shown

in figurel－2，this complicated reaction goes through two steps；

ring opening and formic acid release，and Amadorirearrangement

f01lowedbytheringclosure［w01f＆BroⅥ1，1969］（Fig・1－2）・Fromthe

early years′itis suggested thatin the reaction scheme of the

guanineringopening，theC8atomofGTPisreleasedasformicacid′

f01lowed by Amadorirearrangement［Burg＆Brown，1968］・

Ring cpeningand fomic acidrelease（Fig・1－2′　StePl－5）：

The guanine ring－OPening stepis believed to beinitiated by

nucleophilic attack of a p0larizedwater m0lecule to the C8atom

of guanine・Then anotherp0larizedwaterm0lecule again attacked

on the C8　atom and formic acidis released．Untilthe discovery

of an essentialzincion at the catalytic centre，this step had

been considered as a criticalstep，because of a high potential

barrierin the ring opening reaction［Nar et al・，1995b；Auerbach

etal．．2000］．Recentstudiesrevealedthatthezincionisnecessary

for the enzyme activity，and that this ring－OPening stepis not

rate－determining［Auerbach et al．，2000；Schramek et al・′　2001］・

The finding of a zincion at catalytic centre has helped to

understand the ring－OPeningmechanisms・Thatis because the zinc

ion serves as a powerfulto the C8atom of guanine catalyst by

－　4　－
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PrOViding an activatedwater m0lecule for the nucleophilic attack

［McCall et al．，2000］．

Amadorirearrangementandringclosure（Fig．1－2，SteP7－11）：

After formic acid has released′　theintermediate coITTPOund which

PrOne tO have the Amadorirearrangement．From crystallographic

Studies，itis suggested that histidine provides a proton to the

franose O4′　atom，reSultingin ring opening and generating a

Schiffls base［Nar et al．′1995b；Bracher et al．′1998］．Then the

rearrangementof thecarbohydrate sidechainis occurred，f01lowed

by the fomation of the pyrazine ring of the product．The Amadori

rearrangement and the f01lowing steps are suggested occur

SPOntaneOuSly，aS enZyme－independent because ofits slowreaction

rate［Th6ny et al．′　2000；Bracher et al．′　2001］．These reactions

are known t0　0CCur Without catalysis　under physi0loglCal

conditions．

1－3．G℡PCH工　Feodback Roすulatory Prot01n

A phenomenon ofinhibition of the rat GTPCH＝　activity by

reducedpterinswas firstreportedin1984［Bellahseneetal．，1984；

Shen et al．，1988】．＝n case of bacterial GTPCH＝′　however，nO

inhibitionhadbeen observed［Yim＆Brown′1976；Jackson＆Shiota，
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1975］．At that time，and the presence of another protein was not

recognized・＝n1993，Harada et al・first reported GTPCH＝forms a

cornPlexwithaco－factorproteinandtoexhibitfeedback－regulation

behaviour［Haradaetal．′1993］．Theyalsoshowedthattheformation

of the complex requlreS effector m0lecules，L－Phenylalanine for

the stimulatory complex formationland BH4　and GTP for the

inhibitory complex formation・＝n1996，Milstein et al・rePOrted

theDNAsequenceoftheratco－factorprotein，andthisnove110kDa

protein was temed as GTPCH＝Feedback Regulatory Protein，GFRP

［Milstein e亡al．，1996］．Milstein and co－WOrkers predicted that

theGFRPexistasadirrmerbyjudgingfromgelfiltration［Milstein

et al．′1996］，but Yoneyama et al．haddone a cross－1inking study

and concluded thatit was not a dimer but a pentamer［Yoneyama et

aユ．′　1997】．

Todate′SeVeralfeaturesofthispeculiarproteinarefound・

＝）The GFRP geneis found only mamals such asin human′　rat and

mousebutnohom0loglCalgenesarefoundinbacterialPlants，yeaSt

and Drosqphila．1n bacteria and plants，NH2P3　serves as an

intermediatein the biosynthesis of tetrahydrof01ate［Brown　＆

Williamson′1987］．＝＝）＝nthestimulatoryorinhibitorycomplexes′

phenylalanineweaklybinds to GFRP but not to GTPCHlland on the

一　6　－
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COntrary，BH4Weakly binds to GTPCH＝but not to GFRP［Yoneyama＆

Hatakeyama　2001］．

1－4．StmcturalStudy of G℡PCH工

The structuralstudies of bacterialGTPCH＝havebeen carried

out by Huber and co－WOrkers・＝t had been shown by biochemical

experiments thatGTPCH＝forms ahighm0lecularmass complexwhile

the nurnber of components wasundefined，because of highm0lecular

mass．Thefirstreliableresultwasbroughtaboutbyfreeze－etChing

electronmicroscopy［Meining et al．，1995］andx－raydiffraction：

Nar et al．had presented the crystalstructure of E・COliGTPCH＝

at3．0Å［Nar et al．，1995a］（Fig．1－4，1－5）．E．coliGTPCH＝f01ds

intoand（コ＋βstructurewiththehelicalN－terminalsegTnentS，Which

contains an antiparalellhelix pair remote from the rest of the

m0lecule．This pair gears with the opposite GTPCH＝　ring・The

C－terminal segment of the monomer is formed by a central

four－Stranded antiparallelβ一Sheets．The　β－Sheets gathered from

five monomers forms aβ一barrelcorein the pentameric ring（Fig・

1－4）．

＝nterestingly，this structuralf01dis commonin purin－Or

pterin－Substrate enzyme，SuCh as　6－PyruVOyltetrahydropterin

－　7　－
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synthase′　urate OXidase anddihydroneopterin ald0lase・Allthese

enzymesformahomo－01igomericringanddoubledoughnutsstructure′

and the active sites arelocatedat theinterface of two subunits・

These architectures of this family are termed as T－f01d［Nar et

al．，1995a；C01loc，h et al．，2000］．

To date，f01lowing GTPCH＝structures are registered to the

Protein Data Bank：E．coliGTPCH＝（1GTP）［Nar et al．′1995a］，E．

coliGTPCH＝（Hl12S Mutant）＋GTP（1A8R），E．coliGTPCH＝（CllOS

Mutant）＋GTP（1A9C），E．coliGTPCH＝　＋Zn（1FBX）and hman GTPCH＝

＋Zn（1FBl）［Auerbach et al．′　2000］．

1－5．G℡PCH工1n DlさeaSO＄

Human GTPCH＝　has been well characterized as the gene

responsible for hyperphenylalaninemia and dopa－reSPOnSive

dystonia（DRD）・1n1994′　＝chinose et al・maPPed the gene for DRD

t014q22．1－q22．2，andidentifieditasGTPCHgene［＝chinoseetal・，

1994］．DRDis caused by deficiency of dopamine t0less than20％

of the normllevelinヒhe nlgrO－StriatumOf the brain owing to

thedisorderofdopaminesynthesis［Nagatsu＆＝chinose′1998】・After

this discovery，manymutaヒions havebeenreportedinDRDpatients

［Brique e亡　al．，1999］．
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As describedabove，GTPCH＝isinv0lvedin denovobiopterin

synthesisin hunan′　and biopterinis animportant co－factor for

neurotransmitter syntheses，includingphenylalaninehydroxylase′

tyrosinehydroxylase′tryPtOPhanhydroxylaseandinduciblenitric

oxide synthase［Kaufman，1997；for reviews］・Thus′　the decrease

ofGTPCH＝activityarelinkedto thedecrease of BH4，reSultingin

the disorder of neurotransmitter suchas dopamine，SerOtOnine and

nitric oxide（Fig．1－1）．

－　9　－
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Figurel－4．Top（a）andside（b）viewofCαbackbonerepresentatlOn

oftheE．coliGTPCH＝（PDBcodelGTP）penヒamer［Naretal・・1995a］・

The GTPCH＝　decameris formed by　亡WO Pentameric rings docked

face－tOrface．
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Ⅹ－ray Crystalloすrapb土c Stu・dy of the

S亡土mla亡Ory G℡PCH＝－GFRP Complex

2－1．SaIrplo Preparatlon

Expressionin E・COliand purification of recombinant rat

GTPCH＝　and GFRP were carried out by the methods as described

［Yoneyama et al・，1997］・PurifiedGTPCH＝was concentrated t06mg

mL－1in50rnMTris－HCl（PH7．5）containing O．1MKCl，1rtlMEDTAand

lrnMDTT．PurifiedGFRPwasconcentratedt05mgmL－1in50mMMES－NaOH

（PH6．0）．Bothproteinswerestoredat193Kforthecrystallization

Sヒu鴎′．

Thepreparationofthestimulatorycornplexwasdoneasf0110WS・

Theproteinmixture（3・2mL）containing50rnMTris－HCIpH7・5，0・1

MKCl，1rnMphenylalanine′1rrMEDTA，15tiM（54tlgmL－1）GTPCH＝and

15　pM（20　Tlg mL－1）GFRP wasincubated at　200C for　20　min and

concentratedtoa12mgmL－1s0lutionbyfiltrationwithlOOkDacutoff

Microcon（Millipore，USA）．Proteinconcentrationwasmeasuredwith

absorbance spectra with the m0lar extinction coefficient EM′280（＝

291，200M－1cm‾1）and the calculatedm0lecular weight（357，363）of

complex（See SuPPlementaldata）・The extinction coefficient（Eb80）

i

‡

j

」
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ofcomplexisl・23mLmg－1cm－1・Onemicr01itterofcondensedprotein

s0lution were diluted with49pL of50ITtM Tris－HCl（PH7・5），then

measured an absorbance spectra with a Beckman DU　640　spectro－

Photometer．

2－2．Crystallizatlon of tbe Stimlatory Complex

Screening of the crystallization conditions of the complex

were performed with hanglng－drop vapour－diffusion methods

［McPherson，1990］，thedropletsweremadeaslllIJOfproteins0lution

（5mgmL－1）mixedwithlpLofreservoirs0lution・TheCrystalScreen

l，＝＝，GridScreen Kits（Harnpton Research，USA）were used for the

firstscreeningofcrystallizationconditions・Tiny，Wedge－Shaped

crystals were observedin a droplet containing64％MPD′　0・1M

Tris－HCl（PH8．0）．Severalatternpts to growbetter crystals with

micro－and／OrmaCrO－Seedingtechniquesmadepossiblet00btainthe

large crystals with the volune Of over O・2Ⅹ0・2Ⅹ0・2rrm3・The

crystalswereanalysedbySDSp01yacrylamidegelelectrophoresis

（SDS－PAGE）［Laerrmli，1970］andconfimedtocontaintheGTPCH＝－GFRP

COmplex（Fig．2－2）・

The optimised crystallization condition was obtained as

f01lows．Theinitialdrop was made by mixingll止Of a protein

－　16　－



s0lution（12mgmI／1）withll止Of aMPDs0lution［47・5％（Ⅴ／v）MPD，

5rrMphenylalanine，andO・1MTris－HCl（PH7・5）］includingseveral

microseeds．Thedropwasvapour－diffusedagainstO・5mLofreservoir

s0lution［35％（Ⅴ／v）MPD，5rnMphenylalanineland O・1M Tris－HCl

（PH7．5）］at283K・The complexcrystals usuallyappearedwithin

12hours and grew toits maximum sizein a week（Fig・2－1a）・For

themicroscopicseeding，thepropersize（～0・1mm）ofcrystalswere

pickedup and transferred to a40％（Ⅴ／v）MPD s0lution（～200tlL）

and then crashed with a homogeniser，f01lowed by centrifugation

to remove the supernatant（～1001止）．Alloperations were done at

40C．To contr01the nucleus nuITber，Seriallydiluted40f01dwith

47．5　％（Ⅴ／v）MPD s0lutions．

The crystals were also appearedwhenusing PEG300and＝PA

insteadofMPD（Fig．2－1b′C，d）・However′CryStals growninPEG300

s0lutionp00rlydiffractedandthecrystals obtainedfrom＝PA（Or

ethan01）were fragile．

2－3．Data Collectlon

To prevent the radiation damage during data c01lectionl

crystals were flash－frozenatlOO K［Hope，1988］with30％（Ⅴ／v）

MPDs0lutionsasacryo－PrOteCtant・Thefirstdataset（3・0Å）were

－　17　－



c01lectedat thebeam－1ineBL－6Aof thePhotonFactory（Table2－2）・

The diffraction data were processed with the DEⅣZO／SCALgPACK

package［Otwinowski，1996］・The crystals were found to belong to

monoclinic space group P21Withunit－Celldimensions a＝123・31b

＝111．4′C＝125．8Å′β＝97．690．Assuningthepresenceofonecomplex

intheasymetricunit，thecalculatedvalueof thecrystalv0lune

perproteinmass（Th）［Matthews，1968］is2・39Å3Da－1・Thisvalue

corresponds to a s0lvent content of approximately49％・

Self－rOtation functions were calculated with POムA尺FRⅣ

［Rossmann＆Blow′1962］t0l00kfornon－CryStallographic symetry

（NCS）withseveralPattersonsphereradii・Theseanalysesrevealed

a strong peak（51・6　％　height of the origin peak）in K　＝　7201

representinganon－CryStallographicfive－f01daxis（Fig・2－3left）

and also peaks representing five two－f01d axes perpendicularヒO

the five－f01d axis（Fig．2－3　right）．A closeinspection of the

section K＝180。of the self－rOtation function revealed a diffuse

peaks between eachpair of strong peaks・These peaks may suggest

that five two－f01d axes of GFRP are shifted from those of GTPCH＝

by a rotation around the five－f01d axis・These resultsindicate

thattheasymetricunitcontainsdecamersofGTPCH＝andGFRPwith

PSeudo D5　Symetry・
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Using the E．coliGTPCH＝　structure［PDB codelGTP，Nar et

al．，1995a］，rOtationfunCtionswerecalculatedwithAMoRE［Navaza，

1994］′givingmethetendistincts0lutionsthatclearlyrepresented

D5Symetry（Table2－1）．However，the calculatedelectrondensity

mapwast00P00rtOtraCetheCQbackboneofGFRP，eVenuSingdensity

modification techniques．

2－4．Preparatlon．and Data Collectlon of Heavy－Atα－1Derlvatlves

T0　0btain more precise experimental phases，　Se－Met－

substitutedGFRPwasprepared・1naddition′heavy－atOmderivatives

were screened by soaking method・Since the crystals were stable

in40％（Ⅴ／v）MPDs0lution′SeVerals01utionscontaininglrhMheavy－

atomin40％（Ⅴ／v）MPD，5rhMphenylalanine and O．1M Tris－HCl（PH

7．5）wereprepared．The soakingstudiesweredoneusingvDXplates

with　500　TIIJOf　40　％MPD s01ution（depleted of heavy－atOm）as a

reservoir s0lution．Adroplet of5pL heavy－atOm S0luヒionwas put

onasiliconizedglassplate，f01lowedbytransferringthecrystals

to the droplet then sealedwith grease・The VDX plate was placed

in the c01d r00m（40c）for3t013hours．The soaked crystals were

rapidfrozenwithliquidnitrogenforX－raydiffractionexperiments

withaRigaku－FRrotinganodeX－raygeneratOr・Theres0lutionlimit
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of the data were3．2Å′　but was enough for determination of the

initialphases．

Results of the heavy－atOmderivative search are surrmarized

in Table2－3．The data reduction andintegration were done with

the programDENZO／SCALE且ACK［Otwinowski＆Minor′1997］，and then

theoutputdata filewas translatedto theCCP4format（MTZ file）l

f01lowedbyprocessingwiththeprograms SORTTmlmtnVCATEandCAD

［CCP4′1994］．The derivative data were merged with native data，

and scaled together with the program SCALEZT［CCP4，1994］・The

differencePattersonmapwasCalculatedwiththeprogramPTT［CCP4′

1994】．and thenvisualizedwith theprogramNPO［CCP4′1994］・The

dataofthecrystal，SOakedfor13hourswithmethylmercurychloride

（CH3MgCl）gavethespecificpeaksderivedfromheavy－atOmSinHarker

SeCtion（Fig．2－4a）．

AsthespacegroupP21hasonlyoneHarkersection，themercury

sites could not determinedunequlVOCally．The positions of the

mercury atoms were calculated with the MR phases from the

alanine－Substituted modelof decameric E．coliGTPCH＝′　and the

differenceFouriermapwasgenerated・Thehighestthirtypeakswere

markedwith theprogramPEAKMÅ方［CCP4，1994］′thendisplayedwith

the cornputergraphicprogramO［Jones et al・，1991］，Viewedalong
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five－f01daxis of E．coliGTPCH＝．As theheavy－atOmSWere eXPeCted

to bind to specific sites of each subunitlthe heavy－atOmS Were

likely arranged with five－f01d symeヒry・Ten mercury atomS Were

foundin the asymetric unit and5　0ut OflO mercury atoms were

relatedbythe5－f01drotationaxiswith～15Åapart（Fig・2－4b）・

Severalmercuryqatomswereonthesurfaceof theunitcelllSOthat

the cross－Peaks appearedin＝arker－SeCtionwere overlapped（Fig・

2－4a）．

Se－Met derivative crystals were prepared by the same

procedure as that for native crystals using Se－Met GFRPinstead

of native GFRP．The x－ray diffraction data of Se－Meヒderivatives

werec01lectedatthebeam－1ineBL41ⅩUintheSPring－8′Withmaximum

res0lutionof2．8Å（Table2－2）．SincetheGFRPhas fivemethionine

residues per subunit，50　selenium　Sites should be foundin

asymetric unit・＝n generals，Se－Met derivativeis used for the

multiplewavelengthanomalousdispersion（MAD）method［Hendrickson，

1991］．Since experimentalphases had been already obtained from

theMRmethodandtheHgderivative′Se－Metwereusedasaheavy－atOm

for conventionalMIRmethods．The Se－Met data c01lected at BL41ⅩU

ofSPring－8wereprocessedwiththeprogramsMOSPTJM［Leslie，1999］

andSCAムA［CCP4′1994］．UsingthephasescalculatedfromlOmercury
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atoms，270ut Of50seleniumSites were foundin the asymetric

un土亡．

2－5．Phase DeterⅡ止natlon′Mbd層1Bulldlng・and Stmctu・re Refinem患nt

Heavy－atOm POSitionslOCCuPanCies，B－factors andinitial

phaseswerecalculatedandrefinedwiththeprogram拡′PELqRE［CCP41

1994］．Although theinitialexperimentalphases calculated from

lO mercuryand27seleniumatomswere g00denough for tracing the

reglOn Of GFRP，the density modification，including non－

crystallographicsymnetry（NCS）averaging，histogrammatchingand

s0lventflattening，andphaseextensiongreatlylmprOVedthephases

andproducedanexcellentelectrondensitymap・Atthisstage，mOSt

of the GFRP residues could be built una∬lbiguously with O・The

detailed phasing statistics were sumarizedin table2－2・

The structure refinement was carried out with the program

cⅣS［Brtinger et al．，1998］using the selenomethionylderivative

dataat2．8Å．Roundsofmanualrebuildingandstructurerefinement

usingmaximun－1ikelih00dtargetgavea finalrefinedmodelof the

stimulatory cornplexwith an R factor of22・8％（free－R factor of

26．4％），including2，780amino acids of the GTPCH＝－GFRP complex′

10phenylalanines，142waterm0leculeslandlOtentativepotassiun
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ions，buta2Fo－Fcmapcontainingp00rPeaks forpossiblezlnClOnS

at the active sites．

To establish thepresence of zincions at the active sites，

datasetwas c01lectedfromthecomplexcrystals thatwereprepared

with a GTPCH＝sample purifiedwithout EDTA・The presence of zinc

ions was confirmedby fluorescence XAFS measurements（Fig・2－5）・

Thepositionsof zincionswereidentifiedbyadifferenceFourier

mapusinga入peak（入＝1・282Å）data・Structuralrefinements against

this data to an R－factor of21．6％（Rfree24．3％）revealedlO zinc

ions at everylO active sites・Allresidues of GFRPwere ordered

in the electron density map，Whereas the36N－terminalresidues

（residues12－47）andtworesidues（Val209andGln210）ofGTPCH＝were

not visible on the current map，PrObably due to disorder・＝n the

refinedstructureoftheselenomethionylderivative′Gln800fGTPCH＝

wasreplacedwithAla・Structuralrefinementagainsttheheavy－atOm

dataofCH3HgClrevealedthatthemercuryatomswereboundtoCys80

0f GFRP．

Ramachandranplot analyses（Fig．2－8a，b）revealed thaヒtwo

GTPCH＝residues（LeulO8andLys151）andoneGFRPresidue（＝lelO）are

in disallowed reglOn．
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Figrure2－1．The crystals of the stimulatoryGTPCH工－GFRP cornplex・

Allcrystals were grownin O・1MTris－HCl（PH7・5）・GTPCIiエーGFRP

crystals were prone to grOⅥ1When using the organic s0lvent as

participitant，SuChasMPD（a）／＝PA（b）′PEG300（C）orethanol（d）・

only MPD crystals were durable enough for the diffraction data

c011ection．
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隼軒潮岬刷

G禁Pけ†－†」「㌍：…：
号吉野◆て：・・■；：，、一三◆10

Figure2－2．SilverrstainedSDS－PAGE（16・5％gel）analysis of亡he

stimulatory GTPCH＝－GFRP cornplex・lanel：tWice－WaShed crystals′

1ane　2：the crystallization droplet s0lution・1ane　3：

crystal－WaShedbuffer，1ane4：GTPCH＝control（1一ユg）Jlane5：GTPCH＝

（1Tlg）and GFRP（0・3lユg）contr01・
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1払ble2－1．Resultsoftherotationfunctionanalysescalculatedwith

the native data（10－4Å）withthe alanine－Substituted E coli

GTPCHIstruCture（residue28－219）asasearchmodel・

α　　　β　　† CoIT－F

1　252．O1　105．31　　　39．60

2　287．99　　　74．69　　　219．60

3　14l．61　126．43　　154．42

4　　38．39　　　53．57　　334．42

5　172．80　　132．20　　355．50

6　　7．20　　　47．80　　175．50

7　　99．46　　　98．14　　317．44

8　　80．54　　　81．86　　137．44

9　230．69　　120．91　　21l．13

10　309．31　　　59．09　　　31．13

11260．94　　　98．93　　221．88

25．2

25．2

24．7

24．7

24．6

24．6

24．2

24．2

23．5

23．5

14．0
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1払ble2－2．DataCo11ectionandModelRe丘nementStatistics

Native Se－Met CH3HgCI Zinc毎址

加ゎCO／わcJわ〃［

X－mySOum

Wれele昭h（Å）

Re犯1udon（Å）

R甜edons（Obs）

R甜edons（皿i）

尺叩（％）§

Completeness（％）

肋吻

Resolutionrange（Å）

Heavyatomsites

亀血（％）‡

恥鵬（∝仙加即t）（％）●

Phasingrx）Wer（cendacent）†

0v飢1用糾代Ofm血t

ルわ（おJゆ邪e〟

Re狛1血on柑叫夢（Å）

尺w。㌦紘一Vdu郎（％）ll

旦購（Å2）

Bond血辞hmD（Å）

BondanglermsD（0）

PTt）teinatoms

LigandsPhe）atonb

SoIventandionatorns

PhotonFactory SPring－8　　　　　RigakuFR－C SPhng－8

0．980　　　　　　　l．000　　　　　　　1．542　　　　　　　1．282

3．0（3．1l－3．00）　　2．8（2．94－2．80）　　3・5（3・62－3・50）　　2・7（2・釦ト2・70）

368，952　　　　　　589，690　　　　　　36，708　　　　　　693，751

60，761　　　　　　83，鵬8　　　　　　2，949　　　　　　　932現

6．8（25．9）　　　11．2（57．8）　　　13・2（26・7）　　　　9・5（28・6）

89．4（72．8）　　　　卵．4（卵．4）　　　　85・8（69・6）　　　　開・9（卵・9）

15．0－3．1

27

16．9

15．0－3．5

10

4．2

0．92／0．94　　　　　　　0．90／0．81

0．45／0．糾　　　　　　　0．88／1．19

15．0－2．8

22．8／26．3

58．1

0．0081

l．35

22，120

120

140

0．79

15－2．7

21．6／24．3

42．6

0．0082

l．39

22，（X氾

120

392

¶Statisticsfortheoutershellaregiveninparentheses・

§‰＝∑lI－＜Ⅰ＞I戊Ⅰ，血脈Iis仇e血e卵混血血殉伽ap蘭止血訂貯鮎加om

‡亀血＝∑肝血血㈹卜『血Ⅳ。tl／∑『n血。l・

＊Rc。uB＝∑肝pHl士FpE－FHkkt／∑肝pHl士Fpll，WhereFpH，FpandFHarethescaledstruCturefactorsofthederivadve，nativeand

heavyatorn，reSpeCtively・

†Phasingrx）Wer＝＜FH＞／＜1ackofclosu陀＞・

l困血触＝∑肝。ト『cII／∑F。l，WhereF。andFcaredleObservedandcalculateds仙Cturefactoramplitudes・5％oftherenecdons

wereexcluded廿omwo血ngsetforcalculating廿eerRvalue・
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Figrure2－3．（a）Self－rO亡ation functions and亡he symmetryof the

stimulatorycomplex．Sヒereographic projection of the section K＝

72。（1eft）and the secヒion K＝1800（right）of the self－rOta亡ion

funCtion of the stimulatory GTPCH＝／GRP／Phe complex・　The

integration radiusin the Patterson spaceis35Åand data are

included from15Åto5Å．con亡Ouring starts at亡he2oleveland

thein亡ervalisIo．Thec＊axisisperpendicular亡OeaChpro］eC亡ion・

inwhlch q，＝00，90つ′180。and－90凸areindicatedwiththe aaxis

along q，＝0。・＝nleft figure′　the peakla亡u＝137・5d／P＝1800

corresponds亡○亡henon－CrySta1lographic five－f01daxis・＝nrighヒ

figure，five peaks Five peaks are marked by crosses with peak

numbers；2（U＝90．OD．甲＝90．00）．3（66・60′63・00）．4（49・60．24・90）・

5（49．60．335．10）′　6（66．60．297．00）and7（90・00′270・00）・These

peaks are separaヒed by　360　and correspond to the non－

crys亡a110graphictworfoldaxesperpendiculartothefive－f01daxis・

（b）Definition of the p0lar angle・
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1払ble2－3・Heavy－AtomDerivativeSeamhingStudyResults

HeavyAbnl SoakingTin℃　　　　X－mydata Rdm／“㌦（％）　Results

呼ぶ01u血）（刃

1mMPqCN4h lhour

1mMK2Hd4　　　　1tmq

1mMK2Hgl4　　　　13hours

5111MK2叫　　　　3．81℃l耶

1mMKAuCh　　　　15rK）L耶

lmMK2叫NCbh　　13rx）LqS

1mMCH3H虞二1　　13tx）t耶

lowIでSOl血（m（当Å）

OK

Ce11hasdl飢gdb〔2

（161112123，匡1300）

CellhasdlangedtoC2

（161110122，匡1210）

20．2／1．7　　　　　nOheavy－atOm

（15－4）

30．7／0．8　　　　　nOh町如Om

（15一句

lowim叩b憬　　　25・7／1・0

（124112127，β⇒80）（15－4）

OK 25．7／3．3　　　　　　∫かP愕作成厄yo由即座d

（15－3．5）　　　　　血肋∫eαわ〃・
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Fi卯1re2－4a．AHarker section（Ⅴ＝0・5）of a difference Patterson

map between CH3HgClandNative data・Contouring starts at the20■

leveland theintervalislo．The positions of mercury atom were

determinedbyMR（See teXt），andidentifiedon themap・A11peaks

derivedheavy－atOmWere OVerlapped of twomercuryatoms・Nunbers

indicatedin are corresponding with figure2－4b・
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Figtm2－4b．Thedeterminedtenmercurysitesandtheirpositional

relationship．Ten mercury a亡OmS are arranged as tw00rthogonal

pentagons′Whichhas a side of15Ålong・Eachpentagonis about

lOOÅapar亡．
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Figrtm2－5・Fluorescence X甜S spectrumarOundK－absorptionpeak

for zinc atom．The crystalobtained from GTPCH＝purified with

EDTA－free s0lution and GFRP was moun亡ed on goniometerin BL41ⅩU

at spring－8，and then c01lected fluorescence wiヒh scanning

wavelength．Anobviousshiftofscatteringfactor（fw）at入＝1・282

Å．whichis criticalevidence for亡hepresence of zinc atomsin

亡he crysヒal．
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Figrure2－6・Crystalpacking・OfthestimulatoryGTPCH＝－GFRPcornplex

（P21）′Viewedalongbaxis・Onecomplexisintheasymetricunit・

The figureis made by O［Jones，et al・，1991］・

癖駁

鞄 ロン協・琵琶喜

6　憾－・踊、・ミ．

Figure　2－7・2FoLFc electron densi亡y arOund the liganded

phenylalaninem0lecule・Themapis contouredatl・4o・The figure

is made by O［Jones′　e亡al・，1991］・
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Ⅹ－ray Crystallographic Stu．dy of

亡h層　＝nblbltory G℡PCHエーGFRP Complex

3－1．SaIt中1e Preparatlon

Expressionin E・COliand purification of recombinant rat

GTPCH＝andGFRPwerecarriedoutbythemethodspreviouslydescribed

［Yoneyama et al．，1997］．Purified GTPCH＝was concentrated up t0

6mgmL－1in50rnMTris－HClbuffer（PH7・5）includinglOO mMKCl，

1mM EDTA，andlmM DTT，and purified GFRP was condensed up t05

mgmL－1in50rTIMMES－NaOHbuffer（PH6・0）・Bothproteinsampleswere

stored at193　K for the crystallization study・To prepare the

inhibitory cornplex，6．4mL of proヒein mixture［15tlM GTPCH＝，15

1劇GFRP′100rrM NaCl′1ITtM EDTA，3ntM DTT，0・3rrM deoxy GTP，45

tiMBH2，50rtMMES－NaOH（PH6・0）］wasincubatedat r00mternPerature

for20min′　f01lowed by a concentration up tolO mg mL－1with

Microcon－100（Millipore，USA）．BH4is easily oxidized and

transformedinto BH2，and the efficiency of BH2　for the cornplex

fomtionis the same order as that of BH4［Shen et al．′1988；

Yoneyama＆＝atakeyama，1998］・Therefore′BH2WaS uSedas analogue

m0lecules of BH4　for the crystallization・For similar reasons，
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deoxy－GTP was usedinstead of GTP・

3－2．Crys亡alllzatlon of亡he工nblbltory C叩pl旦K

The first screening of the crystallization conditions were

donewithvapour－diffusiontechniqueusingCrystalScreen＝and＝＝

kit（HamptonResearch）and severals0lutions containing amnonium

sulfatewithmethan0l，ethan0l，iso－PrOPan01（＝PA），tert－butan0l，

ethyleneglyc0l，dioxane，MPD，1′6－Hexanedi0landPEG300［Jancarik

＆　Kim，1991；Huang et al．，1999］．Crystals were obtained from

arnmonium　Sulfate s0lutions containing　＝PA．The hanglng－drop

methods gave the round－Shaped crystals（Fig・3－1a），While the

sitting－dropmethodsgave thewell，Sharpencrystals（Fig・3－1b）・

A8TILinitialdroplet［6mgmL．1protein，and50Ⅰ佃4MES－NaOH（PH

6．0）′　6％（Ⅴ／v）＝PA，0．1M ammonium sulfate and5rttMβ－merCaPtO－

ethan01］was vapour－equilibrated against O・5mL of a reservoir

s0lution［100ITtMMES－NaOH（PH6．0）′12％（Ⅴ／v）＝PA，0・2M∴ammoniun

sulfateandlOITtMβ－merCaPtOethan01］atlOOc・Crystalsgrownunder

thisconditionreachedtheirmaximumSize（0．6Ⅹ0．4Ⅹ0・4m3）within

two weeks．
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3－3．Data Collectlon

Crystalsweretransferredintocryo－PrOteCtantS0lution［14％

＝PA，0．2MammOniumSulfate，10％（Ⅴ／v）PEG300′10％（Ⅴ／v）ethylene

glyc0land O．1M MES－NaOH（pH6・0）】land then rapidly frozen by

transferringint01iquidnitrogen・During thedatac01lection，the

atmosphereofcrystalwaskeptatlOOKwithacryo－StreamOfaliquid

N2gaS．The X－raydiffractiondatawere c01lectedat thebeam－1ine

BL41ⅩUof the SPring－8．Aftermeasurements of the X－rayAbsorption

FineStructure（ⅩAFS）spectrum，thewavelengthfortheK－absorption

peak of zinc atoms（入＝1．2818Å）was determined for the peak－data

c01lection（Fig．2－5）．Thedatac01lection statistics are shownin

亡able　3－1．

AlldatawereprocessedwiththeprogramsDPS仰SFLMpackage・

The crystals belong to spacegroup P21Withunit celldimensions of

a＝121．7，b＝109．7，C＝130．3Å′　β＝97．850．Assuning one GTPCH＝

decamer and two GFRP pentamersin an asymetric unitla Matthews

coefficient鴨Of2．33Å3Da－1is obtained．Thisvalueiswithinthe

normalrange found for proteins［Maヒthews，1968］・The obtained祐

value corresponds to a s0lvent content of　47・2　％・

＝n order to find NCSin the complex structure′　We Calculated

self－rOtation functions．The K＝　720　and K＝1800　section of the
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map calculatedwith anintegration radius of40Åusing datain a

res0lution rangelO－5Åare shoⅥ1in figure3－2・Thereis a peak

ofheight120atP0laranglesu＝58・1，P＝180，K＝720′COrreSPOnding

to a five－f01daxis（Fig．3－2left）．＝n the K＝1800section of the

map，five two－f01d axes are observed（Fig・3－2　right）・Each

neighbouring pair of these axes had an angle of nearly360・＝n

addition，allthesetwo－f01daxeswereperpendiculartothefive－f01d

axis．This resultindicates that theinhibitory coITplexhas pseudo

D5Symetry aS Wellas the stimulatory complex・

3－4．ModelBullding and Reflnem患nt

Thestructurewasdeterminedbym0lecularreplacementmethods

using the GTPCH＝decamer from the stimulatory complex as a search

model．TherotationfunctionscalculatedbytheprogramAMbRe［Navaza，

1994］withtheres0lutionrangeoflO－5Åandanintegrationvector

of40Å．Ten s0lutions showing the same correlation value of47％

wereobtained，WhichrepresentsD5Symetry・Theinitialc00rdinates

werebuiltwiththe stimulatorycomplex・Themodelwas refinedwith

theprogram CⅣS［Brtinger et al・′1998］by severaltechniques such

asrlgid－bodyrefinement，StimulatedannealinglindividualB－factor

refinementandenergyminimizationundertheNCSrestraintonGTPCH＝
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and GFRP respectively・The finalstructure consists of one GTPCH＝

decamer（residues　48－241for each subunit），tWO GFRP pentamer

（residuesl－84foreachsubunit），tenBH2m0lecules，ten Zincions，

ten sodiumions，291waterm0lecules andten triphosphate fragments

of thebounddeoxy－GTPm0lecules・The finalR－and free－R－Valuewas

20．7％and23．3％，reSPeCtively・Therefinement statistics arealso

shown in table　3－1．

The positions of zincions were confirmed using anomalous

structurefactorswiththephasescalculatedfromtherefinedmodel・

Thehighest tenpeaks corresponding to ten zincions at the active

Sites were arranged as D5　Symetry・
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Figure3－1・Crystalsoftheinhibi亡OryGTPCHt－GFRPcomplexobtained

by the hanging・rdropmethod（a），andby亡he sit亡ing－dropmethods

（b）．

－　40　－
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Fi卯Ire3－2●Self－rOtationfunCtioncalculatedfromthediffraction

dataoftheinhibitoryGTPC＝＝－GFRPcomplexintheres0lutionrange

oflO－5Åwith a probe radius of40Å．The K＝720（1eft）and K

＝1800（right）section of the map areindicated・Both maps are

contoured atlointervals from30．The c＊axisis perpendicular to

each pro］eCtion with the a axis along p＝00・Each vectors are；

1：（甲′　山′　X）＝（58・1′180′　72）′2：（甲′　山′　Ⅹ）＝（90′　90′180）′　3：（甲・

u′　X）＝（59．9′　68．8′180）′　4：（甲′　山′　ズ）＝（35・9′　32・0′180）′　5：（甲′

山′X）＝（35．9′328．0′180）′6：（甲′山′Ⅹ）＝（59・9′291・2′180）′7：（甲′

山′　Ⅹ）＝（90′　270′180）．
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1払ble3－2a．ResultsofdlerOtahonfimctionanalysescalculated

widlGTPCHIdecamerOfstimulatorycoInplex（SeeteXt）・

Rotationangle R－factor

α　　　　　　　　　　　　％

1　180．10

2　　1）．10

3　179．12

4　　　0．88

5　180．96

6　　■．96

7　　・0．48

8　180．48

9　　　0．63

10　179．37

57．12　　2（汐．74　　47．8

122．88　　　29．74　　47．8

57．62　　　282．29　　46．7

122．38　　102．29　　46．7

57．79　　137．15　　46．3

122．21　　317．15　　　46．3

121．29　　　245．50　　　46．1

58．71　　　65．50　　46．1

121．36　　174．19　　　45．7

58．64　　　354．19　　　45．7

1もble3，2b．ResultsofdletrmSlationRmctionanalysis．
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Figrure3－3・Crysヒalpackingoftheinl1ibitoryGTPCHエーGFRPcornPlex

（P21）．viewedalongbaxis・ThefigureismadebyO［Jones，e亡al・・

1991］．
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StrucヒuralBasIs of亡he G℡PCH＝－GFRP Complex

4－1．0vorall Stmctu．re

Thestimulatorycomplexcontainstenphenylalaninem0lecules

in an asyrrmetric unit・The modelincludes ten GTPCH＝　subunits

（residues　48－241），ten GFRP subunits（residues l－84）′　ten

phenylalaninem0lecules，andtenzincions・The36residues（12－47）

of each GTPCH＝at the N－terminus were not definedin the current

electron density map，prObably due to disorder・Howeverlit has

beensuggestedthatthisreglOnhavelittleeffectontheactivity

ofthisenzyme［Auerbach，etal．，2000］・＝thasalsobeensuggested

that the N－terminalreglOn Play only a smallr0lein feedback

regulationbyGFRP［Yoneyamaetal・′1997；Auerbach，etal・，2000】・

ThestimulatoryGTPC＝＝－GFRPcomplexconsistsofthreelayers，

（GFRP）5－（GTPCH＝）10－（GFRP）5，With overalldimensions of approxi－

mately130－Åheight and93－Ådiameter（Fig・4－1a）・GFRP forms a

pentamerthatisarrangedasacompactring（Witha56－Ådiameter

and a32－Åheight），aS SuggeSted by a previous study using gel

filtration［Yoneyama　＆　Haヒakeyama，1998］・The GTPCH＝　decamer

consists of two homo－Pentameric rings and forms a torus－Shaped
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structurewithdimensions of93－Åindiameter and66－Åinheight・

TwoGFRPpentamersinteractwithtopandbottomm0lecularsurfaces

ofthetorus－ShapedGTPCH＝decamer，Sharingthesamefive－f01daxis・

At eachinterface between GFRP and GTPCH＝′　five phenylalanine

m0lecules arelocated（Fig．4－1b）．This binding stoichiometry of

phenylalanine is consistent with that determined by the

equilibrationgelfiltrationmethodbyHummelandDreyer［Yoneyama

＆Hatakeyama，2001］・EachactivesiteoftheGTPCH＝monomercontains

one zincion（Fig．4－1b）．

The overallstructure of theinhibitory complexis almost

the same structureas that of the stimulatorycornplex（Fig・4－1b）；

two GFRP pentameric rings are docked top and bottom surfaces of

the GTPCH＝decamer．The height of theinhibitory complex（129・5

Å）waslittle shorter than that of the stimulatorycomplex（130・3

Å）′thismaybeoccurredbyconformationalchangeswithallosteric

regulation discussedin thelater part of this paper・

TheN－terminalregions ofGTPCH＝（residues12－47）werealso

disorderedin allten subunits．While thel00P reglOn Of residues

206－2140f GTPCH＝was disorderedin the zinc－depletedinhibitory

complex（datanotshown）′anelectrondensitywasseenatthisregion・

The GTP binding to theinhibitory complex may contribute to
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stabilize this l00P．＝n fact′　the GTP－binding rate in the

zinc－Carrylng inhibitory complex is higher than in the

zinc－depleted inhibitory complex　（Hatakeyama′　　PerSOnal

corrmnication）．＝n fact，Arg207located at thisl00Pisinv0lved

in GTP binding［Nar et al．，1995］．The electron densities of BH2

m0leculeswereclearlyobservedattheinterfacebetweenGTPCH＝and

GFRPin theinitialFo－Fcmap，Withthedeoxy－GTPwas not observed

exceptthetriphosphateportionatGTPthebindingsite（Fig・4－15）・

4－2．G℡PCH工　S亡mctu．ro

Bothof theratGTPCH＝monomer structureSinthe stimulatory

cornplex（rsGTPCH＝）and theinhibitory（riGTPCH＝）complex are

basicallythe same as that of theN－teminal－deletedhumanGTPCH＝

（hGTPCHl）［Auerbachetal．′2000］orE・COliGTPCH＝（eGTPCH＝）［Nar

et al．′1995b］（Fig．4－2，4－3a）・The ms deviations of CQ atoms of

thewh0le GTPCH＝subunit are，1．30Å（rsGTPCHlvs riGTPCH＝），2・55

Å（eGTPCH＝vs riGTPCH＝），1・05Å（hGTPCHlvs riGTPC＝＝）10・91Å

（hGTPCH＝vs rsGTPCH＝）and2．46Å（eGTPCH＝vs rsGTPCH＝）・Thelarge

deviations are observedinl00P（コd－β1andl00Pαg－β4（Fig・4－3b）・

Comparing the rmsd values，the hGTPCH＝structure，Whichis the

GFRP－free form of mamalian GTPCH＝，reSembles to the stimulatory
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form of GTPCH＝　rather than that of theinhibitory form．

The decameric structure of GTPCH＝　has a　β－barrelcorein

centralregion（Fig．1－4）．Thisβ一barrelcoreis consistedof four

anti－Parallelβ－Sheets fromone subunit．Therms deviations ofCa

backboneatomat these fourβ－Sheets regionare，0・39Å（rsGTPCH＝

vs riGTPCH＝）′　0．50Å（eGTPCHlvs riGTPCH＝），0．38Å（hGTPCH＝vs

riGTPCH＝），0．25Å（hGTPCH＝vs rsGTPCH＝）and O．45Å（eGTPCH＝vs

rsGTPCH＝），reSPeCtively．

4－3．GFRp Stmctu．ro

The GFRP monomer consists of a six－Stranded antiparallel

β－Sheetandtwocx－helices・These secondarystructureelements are

arrangedintoaβ匝ββαββtop0logY，Whichcouldbelongtothe（α＋β）

proteinclassintheSCOPclassification［Murzinetal・′1995］（Fig・

4－5）．A DAL＝［H0lm＆　Sander，1993］search reveals the highest

structuralsimilarity with a Z score of3・8　for a yeast protein

YciH［Cort et al．′1999］，Whichis a product from a structural

genomic pro］eCt and the function of which remains unknown・YciH

lacks aβ－Strand corresponding to the C－terminalstrand of GFRP

（F土g．4－5）．

At the centre of thel00Pβ1－β2（residues9－14）of GFRP，the
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electron density for a possible metalionis found・Judging from

the c00rdination，the thermalfactor value and the contents of

crystallization s0lvent，it was assumed as a potassiumion・The

backbonecarbonylgroupsofGln9，Argll′Val14′Gly15andtheside－Chain

oxygen atom of Thr8are trapping the potassiumion（Fig・4－6）・＝n

theinhibitory complex，the trappedionwas assumed as sodiumion

basedonthecontentsofcrystallizations0lventatthesameposition

as stimulatory complex．

4－4．Stmctu．ralSlm土1arity botw00n tho GFRP pontaⅡ恰r and

tho　β一prOp011er Stmcturo

GFRP forms apentamerinphysi0logicalconditions［Yoneyama

et al．．1997］．＝n our pentameric structure，threeβ－Sheets（β5′

β6andβ1）of eachsubunitarearrangedradiallyto formanunique

propeller structure（Fig．4－7a）・Theinteractions between two

adjacent GFRP subunits are mainly the hydrophobicinteraction，

whiletwohydrogenbondinginteractionsareobservedbetweenArgll

Nn and Glu460Y，and between Arg54NE atom and Asp2106atom・

＝nterestingly，thearchitectureof theGFRPpentamericring

isverysimilartotheβ－PrOPellerdomainsfoundinseveralproヒeins，

suchasCrathlinheavychain［terHaar etal．，1998］，Tupl［Sprague
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etal．′2000］andGr－－Subunit［Sondeketal．′1996］（Fig・4－8′right），

containing characteristic sequence repeats of about50residues

in a single p01ypeptide chain［Fti16p　＆Jones，1999］・To date・

β－PrOPeller structures with a4－，6－，7－　and8－f01d propeller

geometry have been foundin functionally unrelated proteins・

Recently，a five－f01d　β－PrOPeller has been foundin alectin′

Tachylectin－2［Beiselet al．，1999］（Fig・4－8，middle）・

Each GFRP monomer corresPOnds to a blade of the propellerl

whichisformedbyeachrepeatintheclassicalβ－PrOPellerprotein・

The buried－tryptOPhan residuein a non－P0lar environment，Which

is one of the particular features ofβ－PrOPeller structures，is

als0　0bserved at Trp79（Fig．4－8）・Thus，in contrast to these

proteins that have bladesin a single p01ypeptide chain′　GFRP

provides the first example of a homo－01igomeric　β－PrOPeller

StruCture．

The GFRP pentamer exhibits severalremarkable features

distinct from those ofβ－PrOPeller proteins．Asis the case with

β－PrOPellerproteins，themain forces that fomヒheGFRPpentamer

seemtobemediatedbyhydrophobicinteractionsattheinter－Subunit

interfaces′　Whichinv0lve severalnon－P0lar residues of the

innermost，SeCOnd and thirdβ－Strands（Fig　4－9a）・However，the
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inter－Subunitinteractionsin the GFRP pentamer seem tO be much

stronger than those ofinter－bladeinteractions of　β－PrOPeller

proteins・The totalburied accessible surface area for the GFRP

monomeris2190Å2，Whichislarger than that of otherβ－PrOPeller

proteins（for example，1530Å2for one repeat of Tachylectin－2）・

Moreover，theGFRPpentamerhas theunlqueinteractions among the

centralβ－Strands，Whichpack together around the centra15－f01d

axis without main chain－main chain interaction to fom an

inter－Subunitβ－Sheet・＝nparticular，thesidechainsofSer69and

Thr71playkeyr01esinintimateside－by－Sideinteractionsbetween

eachpairofβ5strands，thus forminginter－Strandhydrogenbonds

（Flg．4－8c′d′e）．

GFRP contains no sequence motif similar to the WD repeat

［Smith et al．′1999］，nOr the kelch repeat［Adams et al・′　2000】′

both of which are popular repeats forβ－PrOPeller structures・＝n

addition，theβ－Sheet top0logYOf GFRPis different fromthose of

the　β－PrOPeller proteins・The anti－Parallelβ－Sheets of the

β－PrOPellerproteins are formedsequentiallywiththeN－terminal

β－Strandbeinglocated at the centre of the propeller，thatis，

β1－β2－β3－β4fromtheinside to theoutside of theβ－PrOPeller・＝n

contrast′　the anti－Para11elβ－Sheet arrangement of GFRP is
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β5－β6－β1－β2fromtheinsidetotheoutside（Fig・4－9a）・NeverthelessI

superposition of theinner three　β－Strands between GFRP and

Tachylectin－2　results in a relatively small value of the

r00t－mean－Squaredeviationforピcarbonatoms（0・78Å）（Fig・4－9b）・

＝n GFRP，tWO helices and an anti－Parallelβ－Sheet（β3－β4）are

insertedbetweenβ2andβ5strands（Fig・4－4）・Thisinsertedβ一Sheet

protrudestheconnectingl00P（l00Pβ3－β4）towardtheboundGTPCH＝・

4－5．pb層nylalanlne－Blndin冒Sl七色

＝n our stimulatorycornplex′　five L－Phenylalaninem0lecules

arelocatedattheinnerregionsoftheGTPCH＝－GFRPinterfaces（Fig・

4－1b）and are completelyburiedinside theinterfaces・The total

buried accessible surface area of each GFRP－GTPCH＝interface，

includingthesetrappedfivephenylalaninem0lecules，isincreased

t06002Å2，Whichissignificantlylargerthanthat（3726Å2）without

thephenylalaninem0lecules・ThusIPhenylalaninebindingenhances

the association of GFRPwithGTPCH＝byoccupylng the spaces at the

interfaces toincrease the contact area．The GFRP pentamer foms

five phenylalanine－binding cavities to accorrmodate the phenyl

group（Fig．4－10c）′While the GTPCH＝decamer has no such cavity

forphenylalanine（Fig・4－10a）・Recentligandbindingstudiesusing
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equilibration gelfiltration［Yoneyama＆Hatakeyama，2001］have

indicated thatphenylalanineweaklybinds freeGFRP′but not free

GTPCH＝．These observations are consistent with our structure′in

whichthephenylalanine－bindingcavitylSPrimarilylocatedonGFRP

rather than on GTPCH＝．Each binding cavity on the GFRP pentamer

islocated at eachinter－Subunit reglOn between two adjacent

subunitsandconsistsofl00PSβ1－β2andβ5－β6fromoneGFRPmonomer′

andl00P　β5－β6　from the adjacent monomer・Thus，l00P　β5－β6

particIPateSintherecognitionof twophenylalaninem0lecules on

both sides，　although no slgnificant c00Perativity of

phenylalanine－binding has been observed［Yoneyama＆Hatakeyama，

2001］．We have founda tentativepotassiumion trappedinside the

l00Pβ1－β2，Of which conformation seems to be stabilized by the

boundpotassiunion，Whereastheionhasnodirectinteractionwith

the bound phenylalanine（Fig・4－6，4－10b）・

Thephenylalanine－bindingcavitylStiledwithhydrophobic

residues，Whichinteractwith thehydrophobic phenylgroup of the

boundphenylalanine（Fig．4－10d′e）・Theaminoandcarboxylgroups

of phenylalanine form six hydrogen bonds with GFRP・Two GFRP

residues，Gln75　and Gln9，ParticIPatein the hydrogen－bonding

interactionsthroughtheirsidechains：thesidechainofGln75from
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one GFRP subunitis directly hydrogen－bonded with the amlnO and

carboxylgroupsofphenylalanine；the sidechainofGln9fromthe

other GFRP subunit forms a water－mediated hydrogen bond with the

amino group．Thiswaterm0leculeis als01inked to the side chain

ofGlu227fromGTPCH＝andthemain－ChaincarbonylgroupofthisGTPCH＝

residue forms a direct hydrogen bond with the amino group of the

boundphenylalanine・Thus，Glu227isasinglekeyresiduefromGTPCH＝

inv0lvedin the recognition of phenylalanine・

4－6．BH2－BlndinすSlte

BH4（Or BH2）is an essentialsubstrate for formation of the

inhibitory cornplex［Harada et al・，1993；Yoneyama＆Hatakeyama，

1998］．＝n our crystalstructure，ten BH2m0lecules were foundin

the GTPCH＝－GFRPinterfaces（Fig．4－1b）．These BH2m0lecules are

foundtointeractwithGTPCH＝rather thanGFRP．Thisis coincident

withprevious results forinvestigatingof BH4binding siteusing

Humel＆Drayer method［Yoneyama＆Hatakeyama，2001］・The BH2－

binding site consists of two－neighbouring GTPCHI subunits；

residues220－231from one chain and residuesl18－120，148－150and

224－234from another chain（Fig．4－11b′C）．Many acidic residues，

suchas Aspl18，Asp228andGlu234exist at theBH2－bindingcavityto
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interact the basic BH2．Two water m0lecules were found to mediate

hydrogenbonds to B＝2・Moreover，Arg232stacks on thepterin ring

togetherwithtworesiduesofLeu148andVa1224・While thearomatic

ring of BH2interacts withmanyGTPCH＝residues（Fig・4－11b），the

side chain from the ring has nointeraction with GTPCH＝and weak

van der Waals contacts（3．5Å）with Gln9from GFRP．

4－7．G℡PCHエーGFRP　工nteractlon

Three GFRP l00PS′　l00PS　β1－β2（residues　9－16），β3－β4

（residues38－45），andβ5－β6（residues73－75）′　make contact with

GTPCH＝（Fig．4－4′4－10a）．L00P　β3－β4　from theinserted　β－Sheet

contacts one GTPCHIsubunit at the outer reglOn Of theinterfaces

between GFRP and GTPCH＝，Whilel00PSβ1－β2andβ5－β6contact the

other adjacent GTPCH＝　subunit at theinnermost reglOn Of the

interfaces．Thus，One GFRP monomer makes contact with two GTPCH＝

Subunits（Fig．4－10b）．

At theinnermost reglOnS Of theinterfaces close to the

five－foldaxis（Fig．4－12），＝lelOandArgllfroml00Pβ1－β2andGln75

froml00Pβ5－β6make contact with the GTPCHlresidues227－2300f

the N－terminalreglOn Of the C－terminalhelix・These contacts

inv0lvevanderWaalsinteractions andasaltbridge formedbetween
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Argllfrom GFRP and Glu227from GTPCH＝（Fig・4－10d）・

AttheoutermostreglOnOf theinterfaces of thestimulatory

complex（Fig．4－13a）′Asn42fromGFRPl00Pβ3－β4forms direct and

alsowater－mediatedhydrogenbondswithGlu227andArg226fromGTPC＝＝，

respectively・＝nadditionltWOnOnP0larGFRPresiduesLeu40andGly41

froml00Pβ3－β4makehydrophobicinteractionswithVal182andLeu222

fromGTPCH＝，reSPeCtively・＝ntheinhibitorycomplex（Fig・4－13b）′

thebackbonecarboxylgroupofLeu400fGFRPinteractswithGly223

0fGTPCH＝throughawaterm0lecule・As theresults ofBH2－binding，

the side chains of Arg226　and Glu227　are shifted andl00Se the

interactions observedin the stimulatory complex．Moreover′　the

sidechainofAsn430fGFRPisalsoalteredintheinhibitorycomplex

to formnovelhydrogenbondswith thebackbone carboxylgroups of

Gln189and Pr0190（Fig．4－13）．

4－8．Activo Slto

TheactivesiteofGTPCH＝islocatedattheinterfaceofthree

GTPCH＝subunits：tWO neighbouring subunits（A andB）andone from

oppositepentamericring（C）・Theactivesiteconsistsofresidue

130－137，169－177　and200－208　0f chain A，reSiduesl12－114　and

153－1620f chain B and residues84－910f chain C（Fig・4－2）・The
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zincionisthoughtnecessarytoinitiatethering－OPeningreaction

of GTP substrate catalysed by GTPCHl［Auerbach et al・，2000］・

＝n this crystallographic study，the zincionliganded to

Cys132，His134andCys203（Fig・4－14）is foundinboththeinhibitory

andstimulatorycomplexes・Theaveragedistancesbetweenthe zinc

atomandtheCys132sYatom，theHis134N6atomandtheCys203sYatom

are2．22±0．07（inhibitory：2．37±0．07）Å，2．16±0・05（2・30±

0．05）Å　and　2．37　±　0．08（2．48　±　0．07）Å′　reSPeCtively・

Superimposition of the zincions and theligandsin the GTPCH＝

structures revealed that there are no slgnificant positional

changesattheseresiduesandthe zincatominrsGTPCH＝，riGTPCH＝l

hGTPCH＝　and eGTPCH＝（Fig．4－14）．

＝ntheinhibitorycomplex′theGTPm0leculeisessentialfor

thecomplexformation［Haradaetal・′1993；Yoneyama＆Hatakeyama1

1998］．＝n the crystalstructure of theinhibitory cornplex′　Only

the triphosphate moiety of deoxy－GTP was defined at active site

（Fig．4－15）．Theelectrondensityofthetriphosphateisrelatively

clearattheY－Siteratherthanthe（ヌーSite・Therearep00relectron

densities for the guanosine moiety of deoxy－GTP・
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Figrure4－1・＋0verallstructures of the GTOCH＝－GFRP coItPlex・（a）

space－filledrepresentationofthestimulatorycornplex・GTPCH＝and

GFRP are C010uredwith anber andblack′reSPeC亡ively・（b）Ribbon

representationofthestimulatory（left）andtheinhibitory（right）

cornplexes・GTPCH＝andGFRPsu加nitsarecolouredin訓berandorange，

respectively・The zincions at theactive sites areindicatedas

redspheres・Theligandm01ecules of the stimulatory（Phe，Cyan）

and theirihibitory（BH2，pink）are shown as space，filledmodels・
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Figrure4－2．Sequence aligrment of ra亡′　human and E・COliGTPCH＝・

Theidenticalresidues are highlightedin yellow・The secondary

structure symb01s（C（－helices（mag■enヒa rectangles）and　β一Strands

（greyarrows）），Whichweredeterminedinthis study・areindicated

above亡hesequence・Thecleavagesiteobservedinrat－1iver－derived

GTPCH＝isindicated（CS）［Hatakeyama e亡　al．′1989］・Thus，the

N－terminalofthema亡ureformofratGTPCH工StartSWithGly－Phe－Pro－，

and the mature formwas usedin the struc亡urals亡udy．The residues

particlpateSinzincbindingarehighlightedinblue・Glu227inv0lved

inphenylalanineinteractionishighlightedingreen・Theresidues

located a亡　the active site　い），the GFRPinterface（△）and the

BH2－binding siヒe　し1）areindicated・
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Fi卯Ire4－4．（a）The secondary structure elements of the ratGFRP
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（pinkrectangles）andsixβ－Strands（greyarrows）・The residues
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A stereo View of Cαcarbon tracing of the GFRP monomerin the

stimulatorycomplexwithresiduesnuI血ersineverytenthresidue・

Thetrappedpotassil皿ionisindicatedascyansphere・Theligand

phenylalaninem0leculeisalsoindicatedasagreens亡ickmodel・
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ofGFRPl00Pβ1－β2inthestimulatorycornplex・Thehydrogenbonas

areindica亡ed as brokenlines・The average dis亡ances（Å）in all

ten GFRP monomerSin the cornplex areindicated・
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subunit－Subunitinteractionsobservedin亡hecentralβ5strand・
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in（e）．Aclose，uPViewoftheβ5strandsofGFRP（e）・Brokenlines

indicatehydrogenbondsinvolvingthesidechainsofSer69andThr71・
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s亡ructures．（top）Views of GFRP（left），Tachylectin－2（middle）′

andthehetero－trimeric Gproteinβsubtmit（Gβ）（right）・Eachtop

viewisviewedalongeach5－（forGFRPandTachylectin－2）and7－f01d

（for Gβ）symtric axis・The five GFRP monomers are shoⅥ1in

differentcolours．Similarly，eaChbladeofTachylectin－2（PDBcode

lTL2）andGβ（PDBcodelTBG）isshowninadifferentc0lour・（bottom）

The tryptophan residue at hydrophobic centre observedin each

pro亡eln．
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Tachylectin，2andtheGβSubuniヒ・（b）StereoviewoftheGFRPsubuni亡

（magenta）superirnposed onto a blade of Tachylectin－2（CYan）・
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Fisrure4－10・The phenylalanine－binding sites at theinヒerfaces

between GFRP and GTPCH＝．（a andb）The contacts between GFRP and

GTPCH＝　are shown with ribbon models of the GFRP subunits and

m01ecular surfaces of GTPCH＝．Thepanel（a）shows aclose－up Side

viewofoneGFRPsubunit（magenta）thatmakescontactwithtwoGTPCH＝

subunits（green andlight blue）・The panel（b）shows a top－View

oftheGFRPpentamerOn亡heGTPCH＝decamer・＝nbothpanels・m0lecular

surfaces colouredinblueindicate theGTPCH＝residues contacting

GFRP．Theboundphenylalaninem0leculesareshownas space－filled

models（yellow）・Thetentativepotassiumionsareshownasredballs・

（C）Fivephenylalaninem01eculesboundto亡hestimulatorycomplex

aredepictedon them0lecular surfaces of theGFRPpentamerWi亡h

。ne GFRP monomer aS a ribbon model（magenta）．The bound phenyl－

alaninem0lecules are shown as space－filledmodels（yellow）・（d）

Aclose－upStereOViewof thephenylalanine－binding sitelocated

a亡theinterfaces formedbytwoGFRPsubunits（redandpalegreen）

and。ne GTPCH工Subunit（blue）．The bound phenylalanine m0lecule

is shown as a ball－and－Stick model（yellow）・The bridging water

m。1eculeis shownas aredballwithalabel（WAT）・（e）Schematic

representationoftheGFRP－andGTPCH＝－Phenylalaninein亡eractions・

Brokenlinesindicate hydrogen bonds・The two GFRP subunits are

c0louredin red and pale green′　and one GTPCH＝subunitin blue・

The bound phenylalanine m0leculeis shownin blacklines・The

bridging water m01eculeislabelled with WAT・
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complex・Each subunits are shown as Ca backbone　ヒracing

representationindifferent c010urS・TheBH2m0lecules are shoⅥm

inspace－filledmodels・（b）Scherrtaticdrawingoftheinteractions

betweenBH2andprotein・Theresidues fromdifferentchainsarein

different colours．The hydrogen bonds are denoted as亡hin black

lines．（C）StereoviewofBH2－bindingsite・TheBH2m01eculeisdrawn

as aball－andrstickmodel．The BH2Lbinding siteislocatedat the

interface of two GTPCH＝subunits，Chain A（green）and B（Cyan）・

Two water mOleculesinv0lvedin BH2－binding are also shown with

labels（WATト
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Figrure4－12・M0lecular surface and electrosta亡ic potentials of

stimulatoryGTPCH＝（left）andstimulatoryGFRP（right）viewedfrom

interactedside．Positivecharg・eSareShowninred′negaヒivecharges

inblue．Theligand－binding sites andcontact areaof GTPCHt and

GFRP pentamer reVealedin亡his study areindicated・
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Figrure4－13・C10Se－uPStereOViewsoftheouterGTPCH＝－GFRPcon亡act

sitein the stim11atory（a）and theinhibitory（b）cornplex・The

hydrophobicinteractionsbetweenLeu400fGFRPandLeu222andVal182

0f GTPCH＝　are Observed in both coI叩Iexes・＝n addition，

water－mediatedhydrogenbondsinvolvingGly41，Asn420f GFRP and

Arg226（Stimulatory）orGly223（i血ibitory）ofGTPCH＝areobserved・

＝nthes亡imulatorYCOrnplex′thehydrogenbondbetweensidechains

of Asn420f GFRP and Glu2270f GTPCH＝is found・tn theinhibitory

cortlPlex′therearehydrogenbondsbetweenGFRPAsn43andthecarbonyl

group of GTPC＝＝Gln189and Pr0190・
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Co叫parlson of the G℡PCHエーGFRP Stlmla亡Ory

and　＝nhlbltory Co叫plexes

5－1．G℡PCH工　and GFRP s血nlt

Comparing two GTPCH＝　structureSin the stimulatory and

inhibitorycomplexes，COnformationalchanges（rmsdofCα＞1Å）were

observedat five regions；l00Pαb－C（C（residues79－81），l00PC王d－β1

（106－121），l00Pβ2－CXe（151－157），l00P CXg－β4（204－212）and cxh－CXi

（221－234）（Fig．5－1）．L00Pdb－αCisinv0lvedintriphosphatebinding

of dGTPin theinhibitory complex．L00P Cd－β1，Which shows

slgnificantconfomationalchanges，formspartoftheGTP－binding

siteandf01lowedbyresiduesl15－121particIPatinglnBH2－binding・

L00Pβ2－αe COntaCtS reSiduesl15－121these・L00PCXg－β4′Whichis

also inv0lvedin GTP－binding，eXhibits large conformtional

changes．＝nthedecamericGTPCH＝structure′thisloopcontactsthe

correspondingl00P Of another GTPCH＝subunit from the opposite

GTPCH＝ring．Therefore′　COnfomationalchanges observed at this

reglOnmaybelinkedtoquaternarygeometricalchangesoftheGTPCH＝

decamers．L00PCXh－CXiis themaincomponentof theBH2－bindingsite

（F土g．4－2）．
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Thepentameric GFRP structures arehighly conservedin the

stimulatory and theinhibitory complexes（average rms deviation

of CQ carbon atomsis O．64Å′　at reSidues2－83）．However，alarge

localconfomationalchangeisfoundinl00Pβ3－β4（residues38－44）′

which contacts GTPCH＝（Fig．5－2）．

As showninfigure5－2，l00Pβ3－β4intheinhibitorycomplex

slightlyshiftstowardinsideofthepentamericring・＝nterestinglyl

thereis n0large change observedinl00PSβ1－β2andβ5－β6，Which

consistofthephenylalanine－bindingsite・Therecentlydetermined

structure of a free form of GFRP［Bader et al．，2001］resembles

tothatintheinhibitorycomplexratherthanthatinthestimulatory

cornplex．The rms displacement values of GFRP Cα　carbon atoms

（residues2－83）in the free form′　the stimulatoryandinhibitory

corrplexes are sumrizedin table5－1・＝n the free form of GFRP，

＝lelO residueis flipped toward the hydrophobic cavity，Whichis

occupied with the aromatic moiety of phenylalaninein the

Stimulatory cornplex・

＝ncontrasttOSmallandlocalstructuralchangesintheGFRP

structuresin the stimulatory andinhibitory complexes′1arge

structuralchangeswere foundin thequaternarystructureS Of the

GTPCH＝decamer．Asshowninfigure5－3a，thecentralcavityofGTPCH＝
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is narrowedin theinhibitory complex primarily as a result of

changesininteractionsbetweensubunitsatthecentreofthering・

＝nthestimulatorycornPlex′Glu233andLys230fromeachsubunitform

ahydrogenbondnetworkattheringcentre・＝ntheinhibitorycornplex′

however，the side chain of Lys230flips away from this hydrogen

networktomakehydrogenbondswithAsp228（Fig・5－3b）・Theaverage

distance between adjacent two Lys230　Nく　atomsin the rsGTPCH＝

pentameris4・84±0・20Å，While that for Glu2330E atomsin the

riGTPCH＝pentameris3．56±0．17Å・

Superimpositionoftheinhibitorycomplexonthestimulatory

one so as to yield the maximum0Verlap between the upper GFRP

pentamers，reVealedrotations of theGTPCH＝pentamerandmonomer・

The upper GTPCH＝pentamersin theinhibitory cornplex rotate by

approximately　－4・00　against the upper GTPCH＝　pentamerin the

stimulatorycomplex・Therotationmatrixof oneGTPCH＝subunitof

the upper pentameris glVen aS

lO．999　－0・026　　0・048l lO．628l

GTPCH＝i，hi＝lO．026　1．000　－0・014lxGTPCH＝stim　・　　卜0・328l

l－0．048　　0・015　　0・999l
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This transformation canbe dividedinto two steps・The first step

is a－4．00rotation around the five－f01d axis of the complex and

the second stepis a3・30rotaヒionaround the axis crossedat the

cQ carbon atom of Gln171（Fig．5－3c）・This second axisis nearly

perpendicular to the five－f01daxis・The secondrotationresults

inshrinkingof thewh0lestructureintheinhibitorycornPlexthan

in the stimulatory complex．

5－2．Liすand－Blndユng Si亡O

AsthestructuralchangesbetweentheGFRPstructuresinthe

stimulatoryandinhibitorYCOmplexesaresmall，thephenylalanine－

binding cavity on GFRP was not altered slgnificantlyin these

complex formations・　However，　the interactions between

phenylalanineandGlu2270fGTPCH＝shouldbechangedbecauseofthe

rotationofGTPCH＝againstGFRP・Superirnpositionofphenylalanine

on theinhibitory cornplexindicates possible repulsive contacts

between the negatively charged carboxylgroups of phenylalanine

and GTPCH＝Glu227（Fig．5－4b）．

The BH2－binding siteinduceslocalstructuralchanges of

GTPCH＝including Glu233and Lys230（Fig・5－5）・1n the stimulatory

complex′　Lys230（B）interacts with Glu233（A）and Glu233（B）l血ile
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Asp288（B）interactswithThr231（B）・＝n theinhibitorycomplex′the

side－ChainofGlu2330rients towardthe centralcavity・At the same

time，the side－Chain ofIJyS230（B）bends upward tointeract with

Asp288（B）．Thr231（B）participatesintheBH2reCOgnition・＝naddition，

thehydrogenbondbetweenGlul19（B）0どatomandbackboneaminogroup

ofMet221（A）inthestimulatorycomplexisbrokenandawaterm0lecule

replaces the Glul19（B）positionin theinhibitory complex（Fig・

5－4a）．

Especia11y，theresidueslO6－115haveaslgnificantinduced

fitby the fomation of BH2－binding・The side chainof Aspl18（B）

re－Oriented tointeract with BH2　and Arg226（A）′　forming the

BH2－binding pocket・These structuralchanges are propagated to

Glul19（B），Hisl17（B）andresidueslO6－116．As shownin figure5－6al

the sidechainofHisl17（B）re－Orientates andmakes ahydrogenbond

withAspl14（B）（Fig・5－6a）・Theinter－Subunitinteractionbetween

Arg176（A）and Glul15（B）in the stirnulatory complexis brokenwith

thesechanges・Asaresultofthesechanges，thebackboneofresidues

llO－115shift up by3．3Å．

5－3．Active Sito

The guanosine－binding site foundin the E・COliGTPCHトGTP
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complexisformedbyfivel00PStOPrOVideapocketforthearomatic

guanine ring［Nar et al．，1995b］．Thispocketis also foundin the

current GTPCH＝－GFRP complexes・＝n the stimulatory complex・tW0

l00PSfromthesubunitB（Fig・5－6a）containphel13（B）andLeu156（B）′

respectively・These two residues arelocatedatpositions able to

makedirecthydrophobiccontactswiththepostulatedguaninering・

Especially，Phel13（B）playsar0leasalidofthepocket（Fig・5－6）・

Theotherthreel00PSCamefromthesubunitAandcontainHis134（A），

Arg176（A）and His201（A），reSPeCtively・＝n theinhibitory complex′

thel00PCOntainingphel13（B）isshiftedawayfromthepocket，While

anotherl00PCOntainingIJeu156（B）moves towardthepocket soas t0

0CCuPythepocket spacewith theLeu156（B）side chain・Therefore，

the guanine－binding pocket of theinhibitory complex becomes a

shallower one，Whichis open to the s0lvent reglOn・Theselocal

structuralchanges are triggered by BH2－binding，Whichinduces a

largeshiftof thel00PCOntainingphel13（B）・Duetotheseshifts・

the GTP binding pocketis openin theinhibitory complex′　While

itis cornpleヒelyclosedin the stimulatorycornplexlaS Wellasin

the active site of eGTPCH＝（Fig．5－6c）．

TheGTP－bindingsite foundintheE・COliGTPCH＝－GTPcomplex

islocated at theinter－Subunit of three GTPCH＝　subunits；tWO
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neighbouring subunits and one subunit from the opposite GTPCH＝

pentamerring・Thereare fiveessentialresiduesofCys132（CysllO

inE．coli），His134（His112）′His135（Hisl13），His201（His179）andCys203

（Cys181）at theactivesite［Naretal・′1995b］・Alltheseresidues

belongtosubunitA，nOttOSubunitB・ThreeofthemlCys132′His135

andCys203bindazincionwithtetrahedralgeometryandtheremainder

binds a water m0lecule thatis considered to be activated for the

initiation of the guanine ring opening（Fig・1－2）・The zincion

is considered as an essentialion for enzyme activities，because

E．coliGTPCH＝purifiedwithout chelating agents shows five－f01d

enzymeactivitiesthanGTPC＝＝purifiedwithEDTA［Auerbachetal・1

2000］．＝nhypotheticalreactionmodel，the zincionactivates the

water m01ecule for the nucleophile attack to the C8atom of GTP

［Auerbache亡al．，2000］（Fig．1－2）．＝nthiscrystallographicstudy，

＝confirmedthe zincionlocatedat the centre of Cys132sY′His135

N5　and Cys203　sY atoms in the GTPCH＝－GFRP complexes・The

superlrnPOSition of the stimulatory and theinhibitory complexes

around the active site revealed that the arrangements of Cys1321

His134′His135，His201，Cys203andthe zincionwerealmostunChanged

（F土g．4－14）．
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Figrure5－2・（a）ThedistancesbetweencorrespondingCqatomsofthe

inhibitory，StimulatoryandfreeLformsofGFRP・Thedistancesare

plottedagainst the residue n11血er・（b）Superirrposi亡ion of the

inhibitory（green）′StimulaヒOry（red）andfree－form（Cyan）ofGFRP・

Aclose－uPViewaroundthe＝lelO（phenylalaninebindingsite）and

ligandmolecule（Phe）is shownin the box・
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rsGTPCHl（red）pentam已r・Thefit亡ingcalculationwasdonewithCO

atomsofinnertwentyβ－S亡rands・Clearly′亡hecentralcavityis

narrowedin theihhibitory co叩Iex・（b）Theinter－Subunit
interactionsinthe centralcavity・＝nthe s亡imulatorycorrPlex

（bottom）．亡hehydrogen－bondingnetworkformedbyGlu233andLys230

isindicatedbybrokenlines・（C）QuaternaryS亡ruCturalchanges

between the stimulatory andinhibitory corrplexes・The fitting
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calculation was done between Ca atoms of each GFRP・The GTPCHI

subunit rotation from the stimulaヒOry tO theinhibitory complex

is shoⅥ1aS a COmbinaヒion of two rotations（1and2）・The first

rotationis4．Ob abou亡亡he5－foldaxis・Thesecondro亡ationis3・30

about the axis through a Ca carbon a亡OmOf Gln171・
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Figrure5－4．（a）Superirrposedligand－bindingsiteintheinhibitory

（green）and stimulatory（red）cortlPlexes・Compared with　亡he

stimulaヒOry COrnPlex．helixh（224－227）of亡heinhibitoryGTPCH＝

complexslidesabout2・5Åtowardtothecentralcavity・Theligand

m0lecules（PheandBH2）are showninye110W・（b）Close－upViewof

the phenylalanine－binding site・
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nameindicate the chain＝D．Thehydrogenbonding areindicatedas

dashedlines．
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Fignlre　5－6．（a）Superimposition of the active sitesin the

stimulatory（red）andtheinl1ibi亡Ory（green）complexes・Thefitting

calculations were done by using coreβ－barrelregions of GTPCH＝

pentemeric rings・The GTP m01ecule from the E・COliGTPCH＝TGTP

s亡ructure（PDBcodelA9C）is fittedonthe strucヒures・（b）The900

rotatedviewsfrom（a）．（C）ThemolecularsurfacesoftheGTPbinding

si亡ein亡heinhibitory（left）．the s亡imulatory（middle）and the

E．coli（right）GTPC＝＝，Wi亡hヒhe GTP m0lecule from the E・COli

complexis overlayed・
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DIsc11SSlOn

6－1．℡helnhlbl亡Ory meChanism of G℡PCⅢ－GFRP c叩plex・

As observedin the E．coliand hman GTPCH＝　structures，eaCh

rat GTPCHlmonomer contains one zincion，Whichbinds the conserved

Cys132，His135，and Cys203residues at the active site（Fig・4－14）・

Superimpositionof thepentamers of these enzymes alsogave a small

m deviationvalue ofl．07Å′　SuggeSting no significant structural

changeSattheactivesite（Fig・4－14）・SincetheE・COlienzymeshows

noc00Perativityandthusonlyoneactivefomexists，thestructural

similarityobservedbetweentheE・COliGTPCH＝andratGTPCHlinthe

stimulatorycomplexsuggeststhatGFRPlockstheenzymeintheactive

form．＝n contrast，localstructuralchanges at the GTP－binding site

are found tobeinducedbyBH2－binding・＝n these structuralchangesI

phel13and Leu156play key r0les to regulate the catalysis・

Recentbiochemicalstudieshave suggestedthedetails of each

reactionstepaswellasr0lesofkeyresidues，aSSumrizedinfigure

6－1．＝t has been shownwith E．coliH179AGTPCH＝that His179（His201

in rat）is indispensable for the formic acid releasing step

（intemediateltointemediate2）／and the conversion of GTP to
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interTnediatelis reversible［Bracher etal．′1999］．Thestopped－flow

kinetics analysis have shown that the equilibrium constant between

GTP andintermediatelmaybeinclinedヒO the GTP side［Schramek et

al．′　2001；Bracher et al．′　2001］・Therefore′　tO release the formic

acid，itisnecessaryfortheN7atomofGTPtobeclosetotheNどatom

ofHis201forreceivingthehydrogenatom（Fig．6－1）・Sincethepositions

of essentialresidues arenot changedbetweenrsGTPCH＝andriGTPCH＝l

thereactioncouldprogresstofomintermediate20rditwdroneopterin

triphosphate（NH2P3）′becausetheAmadorirearrangementreactionsare

likely toprogress non－enZymatically［＝iggins＆Bunn1981］′aSWell

as f01lowing ring closure and dehydration［Andrews et al・，1969］・

However，nO decrease of the GTP concentration was observedin the

inhibitorycornplex［Haradaetal・′1993；Yoneyama＆Hatakeyama，1998］・

Therefore，the reaction shouldbeinhibited before the fomic acid

releasing step．

WhentheGTPm0leculefromtheE．coliGTPCH＝－GTPstructure（PDB

code：1A8R）issuperirrposedontheGTPCH＝－GFRPcomplexeslthedistance

between theN7atom of GTP and the NE atom of His201was found tobe

approximately3・7Åin both structures・This valueis stilllonger

toglVe thehydrogen fromto theNどatomofHis201to theN7atomof

GTP．Therefore，theshiftofLeu1560fGTPCH＝intheinhibitorycornplex
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may beimportant for theinhibition because Leu156would block the

guanineringtoapproachtowardtheHis201Nどatom・1nthestimulatory

cornplex′IJeu156isawayfortheguaninering・Moreover，Phel13playas

alid of the GTP－binding pocket（Fig．6－2）．

The regulatory mechanisms of the GTPCH＝－GFRP coITPlexesI

supposed by comparing two－State StruCtureS are aS f01lows；in

stimulatory cornplex，thelid of the GTP－binding cavity（His134and

phel13）is closed，and the prop（Leu156）is pulled back′　SO that the

GTP N7atom caninteract with His201NE atom．＝ninhibitory corrplex′

althoughnochangeisobservedinchainAlthelargestructuralchanges

are occurredin chainB．Thelidof cavity（Phel13）is open，and the

prop（Leu156）ispoppedinsidethecavity′interruptingtheGTPN7atom

to access His201Nどatom（Fig．6－2）．

6－2．Allostorlc Reすulation of G℡PCHエーGFRP

A110Steric regulations are seen at various proteins such as

carrierproteins，ion channels，glyc01yses andoxygen transfer・The

allosteric proteins areusually01igomeric andhavernultipleligand

binding sites・The allosteric proteins usually have two forms，a

low－affinity，P00rlyactiveform（ヒheTense－State）andahigh－affinity，

highly active fom（the Relaxed－State）・Most of the cases，the
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conversionT－StatetOR－State（R－StatetOT－StateaSWell）isoccurred

byligandbinding，andtheligandand／orsubstratebindingsitesare

locatedat subunit－Subunitinterfaces．TheT－Rtransitionis usually

foundasquaternarylevel，SOitis able toaffectinligandbinding

sites′　eVenif they are remote［Perutz，1989；for reviews］・

＝nthisstructuralstudyoftwostatesoftheGTPCH＝－GFRPcomplex′

alarge structuralchange at residuelO6－1150f GTPCH＝was observed

（Fig．5－6a），andthischangedirectlyaffectstotheGTP－binding（Fig・

5－6b）．TheallostericregulationmechanismoftheGTPCH＝－GFRPcoITPlex

is quite similar to those regular allosteric proteins，but several

features areun1quein this enzyme・

Oneoftheun1quefeaturesisthatthesubstrateGTPisnecessary

for theinl1ibitory corrplex fomtion［Harada et al・′1993；Yoneyama

＆Hatakeyama，1998］・Most recentwOrkhasindicated that GTPis not

always necessarily for the formationof theinhibitorycorTIPlexlbut

enhancingヒhe BH4－binding［Yoneyama＆Hatakeyam′2001］・AtpH6・0′

BH4alone fullyinduces the fomation of theihhibitory cornplex・

Crystallization of theinhibitory cornplexwas carried out at pH6・

This might be the reason why deoxy－GTP m0lecules were not clearly

detectedinthecrystalstructure・ThepHdependencyofGTPCHlactivity

shows that the optimmp＝for the catalysisis near9・0［Hatakeyama
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e亡　aユ．′　1989］．

Another featureis that theL－Phenylalaninedecreases theHill

coefficientofGTP froml．85t01．0，reSultinglnenhancingtheenzyme

activity atlow a GTP concentration［Harada et al・，1993］・＝n the

GFRP－free state，GTPCH＝　form a funCtionaldecamer exhibiting the

enzymeactivity・SincetheGTP－bindingsiteislocatedattheinterface

of three subunits，the binding stoichiometry should be affected

slgnificantlybysubunit－Subunitinteractions andmobility・Because

theGFRPpentamerhasarlgidstructure，thebindingofGFRPtoGTPCH＝

may contribute to decrease the mobility of GTPCH＝subunits・

TheallostericconversionmodeofGTPCH＝－GFRPcomplexis fitted

onMWC（Monod－WyTnan－Changeux）［Monodetal・′1965］modelrather than

m（Koshland－Nemethy－Filmer）［Koshland et al・，1966］model・The

concentration of BH4andphenylalaninein ratliver are estimated to

be6岬．1501劇respectively・Thesevalues arecorrparable to theEC50

values of theseligands［Harada et al・′1993］・

＝nptwsi0logicalconditionsIBH4andphenylalaninearepresent

at the same time．Conversionof T－State＜－＞R－Stateinphysi0loglCal

conditions，andhow to exchange（or coexist）theligandsin cornplex

willbe the nextissues．
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ring」OPening and formic acid releasing step・
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Fi卯re6－2・Amodelproposedfromthecrystals亡ruCtureOfthehumn

and E．coliGTPCH＝［Auerbach et al・・2000］′and the stimulatory

andinhibitoryGTPCH＝－GFRP complex・In stimulatorycomplex・the

lidoftheGTPTbindingpocketisclosed′andLeu156ispu11edback・

＝ninhibitorycornplex′thelidofcavityiswidelyopen／andthe

Leu156ispoppedinsidethecavity′reSultingthattheGTPN7atom

is hard to access tO His201NE atom・
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SupplementalData

a．Abbrevlatlons

GTPCH＝，GTP cyclohydr0lase　＝；GFRPIGTPCH＝　feedback regulatory

protein；rSGTPCH＝，ratStimulatoryGTPCH＝；riGTPCH＝，ratinhibitory

GTPCH＝；eGTPCH＝，E．coliGTPCH＝；hGTPCH＝′　human GTPCH＝；Phe，

L－Phenylalanine；　BH2，　7，8－dihydrobiopterin；　BH4′　（6R）－L－

erythro－5，6，7′8－tetrahydrobiopterin；　　MPD，　　2－methyl－214－

Pentanedi01；1PA，isopropylalcoh0l・

b．Haterlals

Rat GTPCH＝and GFRP were provided by Dr．K．Hatakeyama［Yoneyama

etal．′1997；Yoneyama＆Hatakeyama，1998］．Deoxy－GTPwaspurchased

from Sigma，BH2WaS gifted fromDr・K・Hatakeyama・MPD and＝PAwere

purchased fromWako pure chemical（Osaka，Japan）・Allequipments

used for protein crystallography were purchased from Hampton

research（California，USA）．

C．Quantltative AnalysIs

Proteinconcentrationweremeasuredbytheabsorbance spectrawith

BeckmanDU640spectrophotometer，Withtheextinctioncoefficients

of the GTPCH＝，GFRP and complex as　昂n280　＝1．64′　0・90　andl・23　mL

mg－1cm－1，reSPeCtively・Concentration of deoxy－GTP and BH2Were

measuredin O．1N HCIs0lution by the absorbance spectra with the

m0lar extinction coefficients as　どM252　＝12，200　and　どM255　＝11，000

M－1cm－1，reSPeCtively・

d．Flgure Drawlnす

The figures were drawn with the f0110Wing programs；MOLSCRZPT

［Kraulis，1991］，Raster3D［Merritt＆Bacon，1997］，GRASP［Nich01ls

et al．′1991］，0［Jones et al．′1991］and RasMt）l［ⅥW・bernstein－

plus－SOnS．COm／software／rasm01］・
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e．publlcatlons

Maita，N．，Okada，K．′　Hirotsu，S．，Hatakeyama，K．＆Hakoshima，T．

（2001）．Preparation and crystallization of the stimulatory and

inhibitory complex of GTP cyclohydr0lase　＝　andits feedback

regulatory protein GFRP・Acta Crystallographica section D157，

1153－1156．

Maita，N．′Okada，K．，Hatakeyama′K．＆Hakoshima，T．（2002）．Crystal

structure of the stimulatory complex of GTP cyclohydr0lase＝and

its feedback regulatoryprotein GFRP・Proceedings of theNational

AcadeIry Of Sciences uSA′　99，1212－1217・

f．mtabaso Deposltlons

CRYSTAL STRUCTURE OF RAT GTPCH＝／GFRP ST＝MULATORY COMPLEX

Pro亡eムっ　上通亡a　βan鬼　Code l工S7

CRYSTAL STRUCTURE OF RAT GTPCH＝／GFRP ST＝MULATORY COMPIJEX PLUS ZN

Pro亡eムコ　工通亡a　βanた　Code l工S8
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