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Chapter1.GeneralIntroduction

1-1･Kineticnuclearmagneticresonancespectroscopy

Nuclearmagneticresonance(NMR)spectroscopyisbasedonthe

phenomenon that nuclear spms in a magnetiC 丘eld absorb

electromagneticradiation,usuallylntheradiofrequencyreglOn･The

frequencyofabsorptionbyaparticularspm isdependentnotonlyon

血eextema叫′appliedmagnetic丘eld′butalsoon 血elocal丘eld

determinedbythechemicalandstructuralenvironmentofthenucleus

in question･Thus,in prlnCiple,eachnudeusinamoleculehasa

frequencyofabsorptioncharacteristicofitsenvironment･Thisfact,

combinedwithtwo-dimensionaltechniques,makesitpossibletoattain

extreme high resolubon in NMR spectroscopy thatenables to

differentiateallindividualenvironmentsofatomsevenin acomplex

moleculesuchasaprotein･

From NMR spectra, information on chemical structure,

conformation and dynamicsisobtained･Furthermore,thepulsed

Fouriertransform techniqueandthemultidimensionalNMRconcept

haveprovidedanexplosivedevelopmentofNMRspectroscopy･Asa

result,NMRspectroscopylSnow aPOWerfultechniqueforstudying

stmchresanddynamicsofmolecules･Currently′NMRspectroscopy

andX-raycrystallographyaretheonlytechniquesthatcan examine

structuresofmacromoleculesatatomicresolution.



ApplicabonofNMR spectroscopy′however′hasbeenlimited

usuallytoasysteminthermodymamicequilibrium･Kheticapplication

ofNMRspectroscopyforasystem inanonequilibriumstatehasbeen

ratherlimited･Although NMRiscapableofstudyingrateprocesses

evenin asystem in thermalequilibrium′12observationoftransient

species appearlng in the process offastreactions requues a

combinationofNMRspectroscopywithasuitablejumptechnique･

ConcentrationlumPOrStopped-flowNMRwas血stdevelopedby

GrimaldiandSykes′3andhasbeenusedforenzymaticreactionsand

metalligandinteracdonsaswellasmacromolecularreactionssud as

proteinfolding･Recently,newevidenceforearlyfoldingandunfolding

htermediateswasreportedwi血 血istedmique′4-9 andshowed血e

potentialofthiskineticNMR method･However,becauseofthe

irreversibilityofmixmgprocedure,stopped-flowNMRisnotsuitedfor

slgnalaccumulationwithrepeatedreactions,exceptforslowreactions

forwhichsignalaccumulationsmaybemadeduringasinglereaction･

Temperahreandpressureare血eexte-alparameters血atmay

change thermodymamic equilibrium in a reversible manner･

Temperature-orpressurelumPCyclecanberepeatedforthesam e

sample′aslongas血ereaction isreversible･Ifsud acycleis

incorporatedintoanNMRpulsesequenceandtheslgnalisacquired

symchronizedwith thejump,accumulahonofkinetic(ortransient)

NMRsignalsispossiblebyrepea血g血ecycle･Itisalsopossibleto

conceiveatwo-dimensionalcorrelationspectrumbetweentwophases
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ofdifferenttemperatureorpressure･Althoughaconstructionofa

pressurelumPNMRapparatuswasinitiatedbyYamadaetal･′10ithas

notbeencompletedforregularuse･h 血etemperahre〕ump(Tjump)

spectroscopydevelopedbyEigenetal･,thejumpwasachievedbyan

electricdischargethrough anaqueoussolutionmadeconductivebythe

addidonofions･LaserisalsousedforTjumpm recentshldies･11~14

Thesemethodsaresuitedformonitoringextremelyfastreactions(in

picosec-nanosecrange)′which′unforhmately′isoutside血erangeof

NMRspectroscopy･A血StTjumpNMRexperimentwasreportedby

Blumetal･15inwhichaconvendonalNMRsystemwasusedand也e

deadtimeofT-jumpwasnearlyaminute･In1988,AdlerandScheraga16

introducedcontinuousrecycledflow (CRF)NMRin whichaprotein

solutionisheatedbyheatconductionfromathermalbath･Usingagas

flow,Akasakaandco-w orkers17developedaT-jumpNMRapparatus･

Bo仇of血esetedmiquesrequlreatleastseveralsecondsforaTjump

bylOol200andareapplicableonlyforrelativelyslowreactions･Alaser

TjumpNMRwasalsointroduced,18,19butithasbeenusedforsolid

materials′andhasnotbecomeawidelyapplicabletechniquetoliquids･
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1-2.Temperature-JumpNMRbymicrowaveheating

Microwave hea血g usmg a high-power magnetron was

introducedforT-jumpIHNMRin ourlaboratory･ThemiCrowaveTJ

NMRdevicehasgamedsuccessforliquidcrystals,20butforaqueous

solutions′ithasgainedonlylimitedsuccessbecauseofitshmited

sensitivity′significanttemperature gradientafterthejump and

interferencebetweenthemicrowaveandradiowavecoils.

A pnm ary Objectiveofmy Ph･D･work wasto develop a

microwaveT-jumpNMR apparatuswith tolerablesensitivity,less

temperaturegradientafterthejumpandnointerferencebetweenthe

radiowaveandmicrowavecoils･Theseproblemswereresolvedby

introducinganonconductingdielectricresonatorasamicrowave

mediatortothesamplesolutionandbyin troducingamechanical

samplemlXmgaPParatuS･Detailsofthedesignandtheperformanceof

thesystemaredescribedinChapter2･
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1-3･Applicationofmicrowavetemperature-JumpNMRtotheprotein

foldingstudy

Aproteinmoleculeiscomposedofapolypeptidechaininwhich

aminoacidsarec0-cctedbypeptidebonds･Underphysiological

conditions,thepolypeptidechainfoldsintoauruquethree-dimensional

structure(oratertiarystructtlre);henceitgainsitsbiologicalactivity･

Athigh temperatureoratextremeacidoralkalinecondition,the

tertiarystructureisdestroyedandtheactivityislost･Untilthe丘rsthalf

of血etwentie血 cenhry′itwascommonlybelieved血atifoncea

proteinisdenatured,itcannotregain itsbiological activity･This

perceptionwas′however′overtumedbytheAnfhsen′sdiscoveryof

血espontaneousrenaturadonofreducedandunfoldedribonuclease

A･21AfterAn 丘nsen′sfindingofreversibilityofprotein denaturation′

variouseffortshavebeenmadetounderstandhowaproteinfoldsinto

its characteristic three-dimensional struCture and to know the

reladonship between the amino acid sequence and the three-

dimensionalstructureoftheprotein･Proteinfoldingisnowoneofthe

majorproblemsin lifescienceaswellasin biomedicalandother

appliedresearch･22-25

Tounderstand protein folding,structuralinformation about

intermediatesand thetransition statein thefoldingpathwayis

required･NMRisanonlyspectroscoplCme血Odh solubon血atis

capableofglVmg SuCh information atatomicresolution･When
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combinedwith ajump technique,NMR ispotentiallycapableof

providingstmchralhformationatatomicresoludononinterme血ates

in thefoldingandunfoldingpathway･Thenumberofreportsusmg

NMRtofouowfoldingandunfoldingreactionsisincreasmg･However,

血血eseshldies′unfoldhglShi血tedbyTjump15~170rconcentration-

Jumpofadenaturant,4-8inwhichthedeadtimeisseveralsecondsor

more･By introduclng the microwave T-jump technique,direct

observationoffasterfoldingandunfoldingreactions(withinls)is

expected･

Recently′thestudyofdenaturedandpartiauyfoldedstatesis

receiving COnSiderableattention･Itisconsidered thataresidual

structurein thedenaturedstatehasaresemblancetothatofafolding

intermediateortothestructureofachain foldinginidationsite･26′27

Thereforeitisexpected thatthe structural information on the

denaturedandpartiallyfoldedstatesprovidecritiCalcluesforsolving

themechanism ofprotein folding･28-31Alargenumberofstudieshave

beenperformedon血edenaturedandparぬuyfoldedstates′but血e

informationontheirstructurehasbeenlimitedtothemacroscopiclevel･

Microscopicdetailsofthestructuresofthedenaturedand.partia皿y

foldedstatesareexpectedtobeobtainedbyNMRspectroscopy･Forthe

last decade,progress in NMR techniques has enabled the

characterizationofthesestatesbyhydrogenexchange,32magnetization

transferexperimenP3andheteronuclearmultidimensionalNMR･34′35h

ourlaboratory,theState-Correlatedtwo-dimensional(SC-2D)NMR
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spectroscopyin whichaTjumpeventisincludedintothetwo-

dimensionalNMRpulsesequencehasbeendeveloped･36Thistechnique

iscapableofasslgr-gNMRsignalsofunfoldedspeciesortransient

unfoldingspecies･Inchapter3,directNMRobservationofprotein

unfoldingprocessesisreported･haddition′tramientunfoldingspecies

aredetected′and血eirstmchlreSareCharacterizedbasedonSC-2D

experiments･
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Chapter2･DevelopmentoftheTemperature-一umpNMRapparatus

2-1.Introduction

h 1990′microwavehea血gusmgahigh-powermagnetronwas

introducedforT-jumpNMR,1aLndthemethodwasusedtodevelop

two-dimensionalNMRspectroscopyusmgphasetransition′i･e･′state-

correlated2DNMRspectroscopyforliquidcrystals2A andproteinSin

solution･5htially,theTJNMRtechniqueemployedasimpleone-tum

coilformicrowaveirradiabon･l Thisdevicehasgamedsuccessfor

liquidcrptals′butforaqueoussolubons′ithasgamedonlylimited

successbecauseofitslimited sensitivity′sigrdicanttemperature

gradientafterthejump′andinterferencebetweenthemicrowaveand

radiowavecoils･These血awbacksareexpectedtobegreatlyimproved

by introducing a cylindrical1y shaped,nonconducting dielectric

resonatorasamicrowavemediatortothesamplesolutioninplaceof

血ecopperwiredantema･A 血electricresonatorhasrecentlybeen

introducedsuccessfullytopulsedelectronparamagnetiCresonance

(EPR)spectroscopy･6′7h 血isarticle′血ebasicdesignof血emicrowave

T-jumpNMRapparatusutilizingadielectricresonatorisdescribed,

toge血erwi也typicalpulsesequences(bo血microwaveandradiowave)

foronedimensional(1D)TINMRexperiments･Theactualperformance

of血esystemisdemonstratedinanexampleof血eTJumpunfoldhg

reactionofribonucleaseA.
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2-2･Themicrowavetemperature-JumpNMRsystem

Theen血eseトupof血emicrowaveTJNMRspectrometersystemis

showninFig･2･1･AsabasicNMRspectrometer,aLambda400high

resolutionNMRspectrometer(JEOL,Tokyo)wasusedwitha9･4T

superconducting magnetwith aboresizeof54 mm (Oxford

hstrument,Oxford),although otherspectrometersmayalsobeused･

TocauseaT-jumpin theNMRprobe,apulsedmiCrowavegenerator

specially designed for this experiment (manufactured by IDX

Corporation,Tokyo)wasemployed･Thegeneratorutilizesal･3kW

magnetron(Toshiba)asthemicrowavesourceatafrequencyof2･46

GHz(Sband)correspondingtoawavelength of12･2cm･Thstypeof

magnetronhasbeenusedcommercianyforamicrowaveovenandis

easilyavailable･Toavoidinterferencewith themagneticfieldofthe

superconducthgmagnet′血emicrowavegeneratorisplacedata

distance(一2･5m)fromthemagnet･Adcpulseof5Voutputfromthe

input/outputboard ofthespectrometeropensthegate ofthe

microwave generator′ thus allowlng micrpwave pulses to be

incorporatedintoTJNMR pulsesequences･Then,themicrowave

travelsin thewaveguide,andissenttothebottompartoftheprobevia

asemirigidcoaxialcable(8mmouterdiam eter)･Thecouplingbetween

血ewaveguideand也ecoaxialcableisassuredbyadjus血g血e

positionof血emicrowavetermhatorat血eendof血ewaveguide･

Within theNMRprobebody′anothersemirigidcoaxialcable(3mm

12



outerdiameter)brhgs血emicrowavetoacouplhgloop′whid works

asanantennatocouplethemicrowaveveryefficientlytothedielectric

resonator.

2-3.ThetemperaturelumPNMRProbehead

Fig･2･2showsthedesignoftheTjumpNMRprobehead･The

probewasconstructedbymodificationofacommercialNMRprobe

suppliedfrom JEOL (Tokyo)･Theradio-frequency circuitforthe

deuteriumfield-frequencylockandthetemperaturecontrolunitwere

notmodifiedfromtheonginalones･

A.Dielectricresonator.

Asamicrowavepowerme血atorto血esamplesolubon′we

introducedaslotted-tubedielectricresonatorl16m m height,22mm

outerdiameter′llmm i-erdiameter;Fig･2･2′仲)】′designedforthis

purposeandmanufachredbyMurataSeisakushoCo･(Kyoto)･Amajor

IngredientofthisresonatorisaceramiCwithahighdielectricconstant

of37･4±0･5･Thedielectricresonatorissupportedbyaglasstube(10mm

outerdiameter)withasoftTeflontapeasfillinglFig･2･2,(a)]･

13



B･Microwavecouplingloop･

Wi血血血eNMRprobebody′血eendpartof血esemirigidcoaxial

cable(3mm outerdiam eter)ismadeintoaloopl13mm indiam eter,

Fig･2･2(C)],whichworksasan ante-atocouplethemiCrowavetothe

dielectricresonator･Thedistancebetweenthecouplingloopandthe

bottom of血edelectricresonatorisapproximately 2 mm･The

resonancefrequencyof血e血electricresonatorissensはveto血is

distance′sothatthedistancecanbechangedfor血nuteadjustmentof

themicrowavetuningwith theaidofamiCrowavetimingtmit

(networkanalyzer8753D′HewlettPackard)･

C･RadioPequencycoil･

Theradiofrequencycoilishand-madefromacopperfoilofO･1mm

血icknessandisgoldplated･Thecoilconsistsofatwo一山m saddle′and

is丘xedona6mm outerdiam eterglasstubewith afluorocarbon

polymersheetasinsulatorlFig･2･2(a)]･Theglasstubeiscenteredby

Teflon ringsatboth ends･Toavoid an unfavorableinterference

betweentheradio-frequencycoilandtheresonator′thetopandbottom

partsoftheradio-frequencycoil(20mm inheight)areplacedoutside

thecavityspaceofthedielectriCresonator(16mminheight)･
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2-4･Themechanicalmixingdevice

ThemixingdeviceshowninFig･2･3wasintroducedtoreducethe

temperaturegra血entacross血esamplevolumeimmediatelyafter血e

T-jump･Thesam pletube(Shigemi,Tokyo)consistsoftwoparts;athin-

walledouterglasstube(5mm in outerdiameter)andalongand

slenderpiston-likeinnerglassstick･Thesamplesolutionofabout100pl

iscontainedintheconkedareaoftheouterglasstube′6mminheight′

between血ebottompartof血eouterglasstubeand也eendpartof也e

innerglasstube′andisplacedinthecenteroftheradio-frequencycoil･

Themixerisdesignedtoholdbothtubesseparatelyandtorotateonly

theimerstick･Foraneffectivestirring,ascrewisattachedtotheimer

stick･Thescrew ismadeofglass,whichhasasimilarmagnetic

susceptibilitytothatofdeuteriumoxide･Theglassscrew,1･5mmouter

diameterand6mmheight,iscarvedwith agroove,0･3mm in depth

(seetheblow-upinFig･2･3′right-handside)･Theinnerstickislinked

indirectlytothemotorthrough aloosecogtoavoidconductionof

unfavorablevibrationsfrom thedcmotor･Theshaftiscenteredby

nonmagneticballbearmgswhichconsistofaplasdcboxandglassbaus･

Formeasunngtherotationfrequency,anopticaltachometerisused

thatemploysalaserlightreflectionfromapleCeOfreflectingsealonthe

shaft･Arotationfrequencyof100Hzisusuanyemployed･
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2-5.TJPulseSequences

Fig･2･4(a)showspulsesequences(radiowaveandmicrowave

pulses combined) suitable for one-dimensional T-jump NMR

experiments･〟noboru′′(mearhgJJrise′′in Japanese)isthesimplest

sequenceforobservationoffastreactions･However,Sincecoolingairis

flownwithin theprobeal1throughtheexperiment,andsincethe

temperatureoftheflowissettothetemperaturebeforethejump,afew

secondsafter血ejump血etemperahreof血esamplebeghstocool

down.

Forobservationofaslowerreaction,apulsesequence"tamotsu"

(mean ing''keep′′inJapanese)wasdevelopedlFig･2･4(b)】･h thispulse

sequence,aftertheinitialjumppulse,shortmicrowavepulsesare

repeatedlyappliedatconstantintervalstokeepthetemperatureofthe

sam plesolution constantforalongerperiod oftime･Sincethe

experimental conditionsaredifferentforeachexperiment,optimal

widthsoftherepetitivemicrowavepulseandintervalsshouldbe

determinedforeachexperiment･BesidestheselDpulsesequences,we

alsointroducedatwo-dimensionalpulsesequencelstate-correlated2D

(SC-2D)]′1whichwasdesignedtoobtainthecorrelationofNMRspectra

between twophysico血emicallydisthctstatesbeforeand aftera

suddenTjump･Thissequencehasgainedsuccessin separatinglocal

dipolecouplingsofprotonsinliquidcrystalS17-19andindemonstrating

thepossibilityofassigningsignalsofanunfoldingintermediatespecies
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ofaprote血20

2-6･Perfom anceoftheSystem

Theachalperformanceof血esystemisnowdemonstratedhan

experimentonaprotehaqueoussolubonasshownbelow･ATTNMR

experimentwasperformedonribonucleaseA(10%in99･96%2H,0,pH

3･5)wi血 血esimpleTJpulsesequence(noboru)wi血 a20ms

microwaveirradiationundermechanicalmixingofthesamplesolution

at100Hz･Changesof血eNMRsignalsof血ewaterprotonandof血e

aromaticrugprotonsofribonucleaseAuponaTjumpfrom550Care

showninFig･2･5(a)AThetemperatureofthesam plesolutionasweuas

the temperature distribution wi thin the samplevolume can be

estimateddirectlyfrom thepeakpositionandthewidth ofthewater

(1H2HO)resonance,respectively,asthechemiCalshiftofwaterisquite

sensitiveto temperature′theup-丘eld shftcorresponding to the

temperatureincreasewi th aslopeof～10oC/0･1ppm･InFig･2･5(a),

imm ediatelyafterthejump,themean positionofthewatersignalis

highfieldshiftedbyaboutO･25ppm,showmgtheimmediateriseofthe

temperahreof血esamplesoludonbyanaverageof25oC′but血e

broadnessoftheslgnalindicatesthepresence ofa significant

temperaturedistributionwithin thesam plevolume･

Themeantemperahreof血esamplesolubon′toge血erwi血 血e

wid血 of血etemperahre血stribudon′isplottedagainstbmeafter血e
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jumpin Fig･2･5(b)･Themean temperaturewasestimatedfrom the

mean chemiCalshiftofthewaterproton(1H2HO)signal,byusingthe

precalibratedtemperature-chemicalshiftcorrelation･Thetemperature

gradientimmediatelyafterthejumpdisappearedalmostcompletely

wi thin100ms,thankstothemechanicalmixlngOfthesamplesolution･

Withoutmixmg,thetemperaturegradientpersistedforabout500ms･

InFig･2･5(a),thearomaticregionofthelH NMR spectraof

ribonucleaseA isshown･Thesignal-tO-noiseratioaswellasthe

resolutionisfairlysatisfactory･Beforethejump,thesignalsarewell

dispersed,characteristicofthefoldedstructureoftheprotein･However,

thespectrumimmediatelyafterthejump(secondrow)appearsalmost

identiCalwiththatofthedenaturedconformerwellthermalizedafter

500m sabove75oC･Thisobservationclearlyindicatesthatthetertiary

structureofribonucleaseAislargelydestroyedwithin 20msofthe

Jumpevent･Deta止edanalysisof血espectrum immediatelyafter血e

jumpwillbeperformedwiththeaidoftheSC-2Dpulsesequenceinthe

followmgchapter･

2-7･FutureProspects

ArapidTjumplSimportantinNMRspectroscopyforatleasttwo

reasons･Oneistocarryouttwo-dimensionalNMR spectroscopy,

observ1ngthespectralcorrelationbetweendifferenttemperatures,i･e･,
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血estate-correlated2DNMRspectroscopy･l′5Forasuccess血llSC-2D

experiment′weneedtochange血ephysico-chemicalstateof血e

samplewithinthespin-latticerelaxationtime(whichisontheorderof

asecondformostprotehslO)′whichiswellrealized血 也epresentsehp

with 20msoftheTjumptime･Theotherreasonistoobserveearly

eventsin thermallyinducedreactionsdirectlybyNMR Especial1yin

protein foldingaLndunfoldingstudies,observationofintermediate

speciesoftenrequlreSdetectioninthetimerangeofmillisecondstotens

ofmilliseconds.11′12

Forkineticobservationofsuchspecies,thecurrentjumptime,20

ms′maynotbesu比･cientandafaster)umpm aminisecondrangeis

desired･Webelievethatthisispossiblewithin thescopeofthe

microwaveT-jump techniqueutilizingadielectricresonator･Our

presentsystem iscapableofcausingaT-jumpofa100plprotein

solutionbyasmuchas20oCwi血血20ms･Asimplecalculadonshows

thatin thiscasethenominale組ciencyofenergyabsorptionbythe

samplesolutionisonly30%of仇el･3kW powerof仇emagnetron･We

mustadmitthatourpresentset-upISnOtfullyoptimizedyetwith

respecttothee組ciencyofenergyconversioninvarioussectioruofthe

microwavecircuit,includingthewaveguide-to-coaxialtubecoupling

andtheloop-to-resonatorcoupling･Thisindicatesthatthereisstilla

roomforimprovementofmicrowaveirradiationefhcientlywithin the

presentsehp′possiblybyabouttwofold･Fur血ermore′as血ple

introduction ofahighermicrowavepowersource commercially
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available(e･g･,5kW,IDX,Tokyo)inplaceofthecurrentl･3kW

magnetronwouldreducethejumptimebyafactorofabout4,cutting

thejumptimewellwithin 5ms･Theoretically,ifal1conditionsare

optimized,ajumptimeofacoupleofmillisecondsisattainable･

Thesensitivityofsignaldetectionisanotherpointthatrequires

improvementforawiderapplicabonof血istedmiquetoprotehsand

otherbiopolym ers･First,theQvalueoftheradiofrequencycircuitwill

behαeasedbyamorecarefulchoiceof仇ematerialusedfor仙e

radiofrequency coil･Furthermore′a substantialincrease in the

sensitivitywillberealizedsimplyby血euseofanNMRspectrometer

workingatahigherfrequency′e･g･′at600-800MHz･Thiswi11inαease

thesignal-to-noiseratiosubstantially(bytwo-tothree-fold)from the

presentlevel･Iithesamequalityofsignalsthatweobtainatpresentat

400MHzaresufacient′weneedonethirdofthepresentsample

volume′and也eTjumptimemaybeshortenedbyafactorof2-3･Based

onal1theaforementionedestimates,constructionofamicrowaveT-

]umpNMRspectrometerwith20oCTjumpwith arisetimewithin a

m山isecondappearstobef由sible･

Final1y,wemaypointoutthatthebasicdesignofthecurrently

proposed system utilizing adielectricresonatorasamicrowave

mediatorisausefulgeneralte血nique血atcanbeappliedtomosto血er

T-jumpspectroscopleSaSWell･
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Medanica1-xlngdevice

Fig･2･1･ThemicrowavetemperatureJumpNMRsystem･
AnNMRspectrometer:LA-4000EOL′Tokyo)equippedwithasuperconductingmagnet(9･4T)withaboresizeof

54mm･Apulsedmicrowavegenerator:IMG-2520P(IDXCorporation,Tokyo)withal･3kWToshibamagnetron,
theoutputofwhichiscontrolledbyapulseprogra- eroftheNMRspectrometer･AmixlngapparatusISinserted
tightlyintotheboreofthemagnetandconnectedwithadcmotor(DN35-T151Nll∋′Canon′Tokyo)･



Fig･2･2･Thedesignoftheprobeheadandthesampletube･Foreasy

Tsndd,earS票.dipnlge,cS:e(,riegShOtT.a(tao)ri;adsrsa.uXetsrmwi諾a6remniTnddtT.smT .1崇 ,be
diam eters,(b)dielectricresonator(MURATAproducts,Kyoto),
(C)couplingloop,(d)spacer(fluorocarbonpolymer),(e)radiofrequency
coil,(i)outertube,(g)innertube,(h)glassscrew(1･5mmouterdiameter)
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I---I-----I--1r

Fig.2.3･Detailsofthemixingapparatusandthesampletube(modified
fromBMS-005J′Shigemi′Tokyo′Japan)･Thearrowsindicateblow-upsof
thepartsenclosedbybrokenlines･(a)Rod,connectedwithadcmotor;
(b)supportingbody(Vinylplastic,29mmouterdiameter),I(C)thetopof
themagnet;(d)aluminumshaft;(e)theupperpartoftheNMRprobe;(i)
ballbearings(PB626,Shimizu-seiko,Osaka,Japan);(g)Shortshaft(fixed
withballbearingsandholdstheinnersamplestick);(h)0ring(fixesthe
outersampletubetothebody);and(i)samplepositionaladjuster･

23



a

Radio-ave I&

Fig･2･4･Typicalpulsesequencesfortemperatureうum pNMRexperiments･(a)The

sequenceNoboru･Beforethejump,thesamplesolutionisequilibratedatOl･Upon
irradiationofthemicrowavepulse,thetemperaturelSjumpedtoO2･Afterwaiting,
acqulSltlOnOffreeinductiondecayslgnalsisexecuted･Arepetitivedelayof180sis
allowedforsamplecoolingandequilibrationatOl･仲)ThesequenceTamotsu･
Microwavepulsesareappliedintermittendyafterthetemperaturelum PtOkeepthe
temperahreafter血ejumpasconstantaspossibleforalongerperiodoftime･forea血
newexperiment′optimizationoftheleng血andfrequencyofintermittentmicrowave
pulsesmustbeachevedbymordtorlngthetemperatureofthesample･
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Fig･2･5･(a)ProtonNMRspedTalchangesof血eribonucleaseA

solution(10% in 99･96% 2H20,pH 3･5)upontemperaturejump

from55oC,measuredat400MHz.

Right:thelH2HOregion･Left:thearomaticregionofribonuclease

A･Theexperimentwasperformedunder血erotationof血emixmg

screw at100Hzwith thepulsesequenceofFig･3(a)･The

temperahlrelumPWasattainedwi血 amicrowavepulseof20ms

durationandthecoolingwasattainedduringtherepetitiontimeof

180S･No丘eld-frequencylockwasused･Chemicalshiftsare

referencedtothemethylsignalof3-trimethylsilylproplOnate

addedasanintemalreference.

仲)Temperaturevariationofthesamplesolutionagainsttimeafterthe

Jump･ThemeantemperahlreWaseS丘mated血)m 血emeanchemical

shiftofthewaterproton(1H2HO)signal,basedontheprecalibrated

temperature-chemicalshiftcorrelation･Likewise,the temperature

distribubonacross血esamplevolume′asestimatedfrom 血ehalf-

intensitywidthsofthewatersignal,areshownwithvertiCalbars･
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Chapter3･Applicationtotheproteinfoldingstudy

3-1･BovinepancreaticribonucleaseA

3-1-1.Introduction

Struchralinformationonfoldingintermediatesisconsideredtobe

crucialforsolving the protein-folding problem･However,Since

refoldingstartsfrom theunfoldedprotein whoseconformadonis

poorlyunderstoodandsinceitisgenerallythoughtthattherate-

1imitingstepinfoldingliesclosetothenativestate,thetransitionstate

canbecharacterizedbystudyingtheunfoldingreactionratherthan by

thefoldingreaction･Sofar,however,informationavailableforthe

unfoldingpathwaylSquitelimited･

RibonucleaseA(RNaseA)frombovinepancreasisoneofthebest-

Shdiedproteinsforunfoldhgreactions′becauseofitssmallsize′welレ

definedstructureandextremelyhigh reversibility ofdenaturation

againstpH′denaturant′heatandpressure･Anumberofkineticstudies′

includingtheuseofkineticNMR,weremadeontheunfoldingprocess

ofRNaseA･However,theimageoftheunfoldingprocessisrather

diverseamongsciendsts′asshownbelow･

Scheragaandhisassociatesappliedstopped-flow UV-absorption

andfluorescencemethodstotheunfoldingstudyofRNaseAuponpH

Jumpor仇econcentrabonJumpofguanidhium hy血odloride･l A
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very rapid unfoldingphase(completed within 100 msatroom

temperature)wasdetected,followedbytwoslowerprocessesoccurring

in timerangesofsecondstohundredsofseconds･Thetwoslower

processeswereattributed totheisomerizationreaction ofproline

residues′while血everyrapidunfoldhgphasewasattributedto血e

transitionfromthenativefoldedstatetoafullydenaturedstatebefore

theprolineisomerizationtakesplace･

Kiefhaberetal･appliedthelH-2Hexchange-Pulselabelingmethod

tomonitorthehydrogenbondingstateofindividualamideprotons

withNMR in theprocessofunfoldingofRNaseA inidatedbya

concentrationjumpofguanidinium chloride･2Ⅰtwasfoundthatmost

amideprotonsexch-geatacommonrate(-0･004S-1)･Theresultwas

interpretedtoindicatethattheentirenetworkofpeptidehydrogen

bondsisbroken in asingleratellimiting step･Furthermore,by

comparmgthetimechangeofthelH NMRspectrum with thatof

circulardichroi5m′血eexistenceofaninteme血atespecieswi血 a

lifetimeaslongasafew hundredsofsecondswassuggestedin the

unfoldingprocessofRNaseA at10 oC･3 They attributed this

intermediatespeciestoa"drymolten一globule'-state4inwhichtheside

chainsarefreetorotate′butarenotyethy血ated･

Meanwhile′anultrafastinfraredabsorptionchange(nanoseconds

scale)wasreportedbyHochstrasserandhisassociatesin theamideI

reglOnin alaser-pulsedT-jumpunfoldingstudyofRNaseA5.The

au血orshterpreted血atwaterpenetraboninto血eburied β-sheet
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reglOnShascompletedh血isperiod･

Thus′opinionsarediverseontheunfoldingprocessofRNaseA･

Scheragaetal･foundnointermediatestatein theunfoldingprocess

excepttheprolineisomers･Kiefhaberetallconsidera'Tdrymolten-

globule"aspossibleintermediateintheunfoldingprocess･Ontheother

hand,Hochstrasseretal･considershydrationisveryrapid,maybe

血ishedwithinnanoseconds･AlthoughKiefhaberetal･usedthereal一

也meNMRfor血eirshdy′血emlXmgdeadbmeof血eapparahlSWas

severaltensofseconds･Therefore′anyfastconformadonal血angewas

notdiscussed･Moreover′prわbablybecauseof血ehugedenahrant

slgnal,thelow-fieldsideoftheNMR spectrum wasnotusedfor

analysis･Meanwh止e, the pulse labeling experimentcan extract

informationonlyabouthydrogen-bondsofbackboneamidegroups,but

noinformatiOnisavailableonthepackingstateoftheside-chains

characteristicofterdarystructure･

hordertocircumvent血issituabon′血emicrowaveTjumpNMR

me血odwasappliedfor仙eunfold血gprocessofRNaseA･Theside

chain slgnalswerefollowedasIDNMRspectrain atime-sequential

ma-ersymchoronizedwithaT-jump･Theunfoldingprocesswasalso

followedby2DNMRmeasurementsymchronizedwithaT-jump,i･e･,

SC-2DNMR′tocharacterizetransientunfoldingspecies･
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3-1-2.MaterialsandMethods

Materials

Deuterium oxidewaspurdased 丘om ISOTEC (Ohio′USA)･

Deuterium chlorideandTSP(3-trimethyl-sily1-propionate-2′2′′3′3′-d4)

wereacquiredfrom Merck(Darmstadt,Germany)･Bovinepancreatic

RNaseA′typesXⅡ-Awasobtainedfrom Sigma(Tokyo′Japan)and

usedwith nofurtherpurification･

Samplepreparation･

Priorto血eexperiments′血elabileamideprotonsofRNaseAhad

beenexchangedwith deuterium atomstwicebyincubationin 99･9%

2H,0atpH3･0,70oCfor15minutesandlyophilization･ThepHvalues

citedaredirectpH meterreadingsatroom temperaturewithout

correlabonforisotopee触cts･Thelyoph山zedsamplesofRNaseAwere

dissolvedataconcentrationoflOOmg/mlin99･96%2H20′弧 aliquotof

aTSPsolutionbeingaddedasinternalchemicalshiftreference･The

finalpHofthesolutionwasadjustedto3･5･Aftercentrifugation′120Lil

ofthesolutionwastransferredintoasam ple-tube(BMS-0051,Shigemi,

Tokyo′Japan)･

One-dimensionalTemperature-jumpNMRexperiment･

BeforetheT-jump,thesamplesolutionwasmaintainedat50oC

where血eproteh moleculesexistin 血ena也vestate･Then 血e
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temperature ofthe sam ple solution isJumped to the average

temperatureof700Cbytheapplicationofamicrowavepulse･The

temperatureofthesampleafterthejumpwasestimatedfrom the

chemicalshiftofthelH2HOsignalofthesolventwater,basedonthe

precalibrated temperature-chemical shiftcorrelation･For a rapid

quenchingofthetemperaturegradientacrossthesam plevolumeafter

thejump,aglass-madescrewisattachedatthebottomoftheinnertube

ofShigemi(BMS-005J)and也ehnerhbeisrotatedatarateoflOOHz･

By血isrotation′仇etemperahregradientwi血h血esamplesolubonis

largelydestroyedweuwi血血100msec･Foreachspectrum′eightscans

wereaccumulatedwi仇 180secrepebbon･Aspectralwid血 of6000Hz

wasusedwith8192complexdatapoints･AftereachT-jump,thesam ple

solutionwascooledbyairflow for3minutes･Sincethevolumeof

sampleissmall(～120pl)′thecoolmgiscompletein 3min,during

whichtheprotein retumstoitsnativestateat50oCbeforethenext

jumpstarts･No丘eld-frequencylockwasusedduringtheTjumpNMR

measurement′butthemagnetiC丘eldwassufbcientlystabletoallowa

longtimeslgnalaccumulation･

State-correlatedtwo-dimensionalNMR.

TheSC-2Dsequence6used血 也epresentshldyisshownhFig･

3･1･1･Thispulsesequenceresembles血atofNOESY･Themixmgperiod

inNOESYisreplacedbytheT-jumpperiodandthewaitingperiod･In

theevolutionperiod,protonspinislabeledbyitschemicalshiftinthe
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nativestate･Amicrowavepulseoftypica皿y15-20msisappliedand也e

temperatureofsamplesolutionissuddenlybroughtaboutfrom50oC

to70oC･Unfoldingreactionproceedsin thewaitingperiod･Byvarym g

thewaitingperiod,wecan obtainautoICOrrelationspectrumofvarious

protonsin theprotein betweenthenativestatebeforethejumpand

someunfoldedstateuponunfoldingbutafter血ewai血gperiod･h血e

presentstudy,correlationspectrawereobtainedbetweenthenative

stateand也estateimmediatelyafter血ejump(1msec)andbetween血e

nativestateand也estateat200msecafter血ejump･也 eachspectrum′

spectralwidth anddatapointsin thetlaxiswere6000HzandlO24′

while血eywere600Hzand32complexpohtsin血et2axis･Thetl

domah slgnalswere zero一缶lled to 128 pointspnorto Fourier

transformabon･Eightscanswereaccumulatedforeachtlvaluewith

180seerepeti丘onforphasecycling′glVlngatOtalaccumulationtimeof

33hforoneSC-2Dspectrum･Tominimizethetemperaturegradient

wi thinthesamplesolution,thesam pletubewasspunat30Hzbythe

commercialair-flowspiruhgdevicesuppliedbyJEOL･
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3-1-3.Results

TimesequenceofeventsuponTjumpoccurrmgonRNaseAis

shownin aseriesoflD protonNMR spectrain Fig･3･1･2･Before

applyingthemicrowavepulse,thespectrum (top)atpH3･5,500Cis

thatofthenativeconformationshowmgwell-dispersedchemicalshifts

characteristicofitstertiarystructure･Within onemillisecondafterthe

20msmicrowavepulse,thespectrum changeddrasticallyintotheone

(Secondfrom thetop)thatappearsalmostidenticalwiththatofthe

thermallydenaturedstateatequilibriumat70oC(bottom)･ThefourC2

protonslgnalsoffourHisresiduesmergedhtoasmgletat8･65ppm′

whichisastandardchemical shiftin arandom-coiledpolypeptide

chain･7 Likewise′proton signals ofphenylalanine′tyrosine and

histidineprotonsgroupedintotheirspecificchemiCalshiftpositions･

Theslgnalsofhigh一点eldshiftedmethylprotonsdisappearedalmost

completely･Althoughsomepeaksremain1ngatthechemiCalshiftinthe

nativestatewereobserved,weconsiderthatmostofthesepeaksare

duetotemperahregradientwi血血 也esamplehbe･At50msecafter

仇ejumpwhen血etemperahlregradientalmost血sappeared′血ose

residual"native"peaksapparentlydisappeared･Nofurtherprominent

changewasapparentinthespectrumat100and200msafterthejump･

Thespectraobservedafterthejumpweremuchsimplerthanthat

beforethejump′Sincetheyaregroupedintopeaksof血esametypesof
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protonsofthesamekindofam inoacidresidues･Assignmentofsignals

tospeci丘cprotonsin thepolypeptidechain cannotbemadewith

conventionaltwo-dimensionalspectroscopIC teChiques･However,

wi血 anoveltedmiquecalledstate-correlatedhvo-dimensionalNMR

Spectroscopy(SC-2D)′acorreladonspectrum isobtainedbetween

slgnalsofh血vidualprotons血atexisth twodi鮎rentstatesor

environmentsrelatedbyrapidT-jump(muchlessthan thespin-lattice

relaxabon timeTl)′i.e.′betweentheN (native)stateandtheU

(unfolded)stateuponaTjump･

Fig･3･1･3ashowsanSC-2D spectrum forthearomaticproton

regionofRNaseAbetweenthenativestateN(50oC)andthestateU

immediately(1msec)afterthejumpbymorethan20oC･Crosspeaks

areobservedforeachprotonoffourhistidine′threephertylalanines′

andsixtyrosinesofRNaseA･Wenotethatthesignalswhicharewell

dispersedalongtheFlaxisinthenativeconformationaregroupedinto

slgnalsatpositionsnearlycharacteristicforarandomcoilalongtheF2

axis;7･317･5ppmfortheC-2protonsofhistidine,around7･3ppmfor

phenylalanhe′7･land6･85ppm for8and E protonsOfTyroshe

residues,respectively･SincetheNMRsignalshavebeenasslgnedinthe

nativestateofRNaseA,8J9wecouldasslgnindividualprotonslgnalsin

theunfolded stateaswell,m'acrosspeaksconnectingthetwo･

PreviouslytheseasslgnmentScouldbedoneonlyforhistidineC2

protonsuslngSPeCi丘cdeuteration･10

0neof血echaracterisdcfeaturesof仇eSC-2Dspectrumis血at山e
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Crosspeaksappearonlyatonesideofthediagonalline,becausethe

magnetizationistransferredunidirectional1yfromonestatetotheother′

butnotexchanged mutually as in conventiona12D exchange

spectroscopy･Ifthetransferofmagnetizationiscomplete′thereshould

beessentiallynodiagonalpeaks,exceptforsomeaccidentalones･InFig･

3･1･3,however,weobservesomediagonalpeaks,e･g･,eprotonofTyr25

at6･52ppmand8ProtonofHislO9at7･50ppm･Thesepeaksongmate

fromresidualnativeconformersthatremainedafterthejumpduetoa

significanttemperaturegradientwithin thesamplevolume･Thesame

signalsarealsoapparent血也espectrumrightafter血ejumphlDTJ

experiment(Fig･3･1･2)･Fromthecrosssectionalspectraofeprotonsof

Tyr25and8protonsofHislO9alongtheF2axis(Fig･3･1･3a),the

volumesoftheremainngpeakswerecalculated,from whichwe

es也mate血epercentageof血enativespeciesremahmglmsecafter血e

jumptobeabout20%･

Fig･3･1･3bshowsthecorrelationspectrummeasuredbetweenthe

nativestateandthestateat200msecafterthejump;thevolumesofthe

diagonalpeaksarereduced,thepercentageofwhichdeducedfromthe

volumeoftheeprotonsignalofTyr25andthevolumeofthe8proton

slgnalsofHislO9wasdecreasedto4%′while血oseofoff-diagonal

peaksincreased･Theaboveobservationindicatesthatthetemperature

gradientwithin thesamplevolumedisappeared in 200mstime･

NarrowlngOfthelinewidth oftheHis-8peaksin theF2axisalso

showsthedestruction ofthetemperaturegradientin Fig･3･1･3b･
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Interestingly,anewslgnalappearedatFl:6･93ppm andF2:7･15ppm･

ThechemicalshiftvalueintheFlaxisshowsthatthisslgnalbelongsto

the8protonofTyr92･Thatthisnew crosspeakisnotduetothe

temperaturegradientisclearfromthefactthat,evenafter200msec,the

percentageofthenewpeakislessthan50%ofthetotalsprotonpeakof

Tyr92･Thepercentageshouldbe96%if血etemperahlregradientwere

血ereason･Thereforefur仇erconformationalchangeafter血elossof

chemicalshiftdispersionimmediatelyaftertheJump isindicated･

Accordhgly′血epossibility血at血estate血 me血atelyafter血ejumpis

atransientunfoldingstateissuggested･Theorlgm Ofthisnewpeak

willbediscussedinthefollowlngSeCtion･

3-1-4.Discussion

772etertia7yStructureislostwithin20msat70oC･

Immediately(1ms)afterthemicrowavepulseofduration20ms,

thespectrumlostitscharacteristicfeatureofthenative,foldedstate;the

chemicalshiftdispersionin thenativetertiarystructureislostalmost

completely･Besides,theSC-2D spectrum showedclearlythatmost

aromaticprotonpeaksaregroupedtogetherin theirrandom coil

positions･Theresultindicatesthattheshort-rangeorderofthenative

tertiarystructure(within severalA),responsibleforthecharacteristic

chemicalshiftdispersionofthefoldedstate,islostwi thin20msofthe
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T-jumpevent･FurtherchangewasnotsoapparentwithtimeinthelD

TJNMRspectrummeasuredat70oC血也eequilibriumdenahlredstate･

Thisobservationsuggeststhatthemagneticenvironmentsaroundmost

sidechainsbecomesimilartothoseofthethermallydenaturedprotein･

From Fig･3･1･3b,werecognlZethatthechemicalshiLtsofHislO5

andHisl19in血eunfoldedstatearesmauer血an 血atofHis12and

His48･ChemicalshiftofHis residue is sensitive to a slight

circumstantialdifference･18However′forPheandTyrresidues′no

significantchemicalshiftdeviationisobserved･Itistmlikelythata

significanthydrophobicinteractionexistsinthestateimmediatelyafter

血ejump･Therefore′wi血血 也ejumpevent′血epenetrabonofwater

moleculesinto thehydrophobicclusterorthehydration ofthe

hy血ophobiccore′mustbecomplete･

Pro-trappedtransientspeciesisdeiected･

ExaminationoftheSC-2Dspectrarevealssometimedependence

im partofthespectrum･Theslgnalforthe8protonofTyr-92shifted

closeto itsrandom-coiled position immediately aftertheJumP･

Iiowever,thepeakshowedfurtherdownfieldshiftwithtimeafterthe

Jump･h 血epnmarysequenceofRNaseA′Tyr92precedesPro93′

whichisconservedinallofthesequencedhomologousRNaseAs･11The
importanceofthisresidueforthestructuralstability12andforthe

kineticsoffolding/unfolding13′14hasbeenpointedout･RNaseAhas

fourprolineresiduesatpositions42,93,114,and117･TheLys41-Pro42
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andVal116-Pro117peptidebondsarein transconformationin the

nativestate,whiletheTyr92-Pro93andAsnl13-Pro114peptidebonds

arein100%cisconformer.15whenRNaseAisunfolded′thefourX-Pro

peptidebondsarepredominantlyinthetramsconformationin thermal

equilibrium･Consequently,tmfoldedRNaseAexistsasamixtureofa

numberofunfoldedconformersunderequilibrium conditionwi仙

respecttocis-transisomerizationofthefourXIProbonds,16,17which

complicates the folding kinetics･18The kinetics offolding was

investigatedwithdouble-jumpstopped-flowtechniques1,19onsamples

with substitutiOnforaprolineresidue･14Inthestudyofunfoldingof

RNaseA′血efast(millisecondrange)and也eslow (secondstoa

hundredsecondrange)phaseswerereported.18′20Recendy′by血e

unfoldingkineticsofRNaseAwithsubstitutionforprolineorTyrosine

residues,Juminagaetal･confirmedthattheslow unfoldingphase

arisesfrom thetwoGis-prolineresidues(e･g･,Pro92andProl14)and

evaluated the time constants and activation energies for the

isomerizationofPro92andPro114individually･21Usingtheirkinetic

dataforP114Amutant(て=105sat15oCandEa-21･2kcal/mol)′we

estimatedthetimeconstantsfortheisomerizationoftheTyr92-Pro93

pepddebondat70oCtobe290msec･Inaddition,thepercentagesof

thepeptidebondinGisconformerintheunfoldedstatewereestimated

tobeatleast60%･22′23Therefore′atleast33% of血epepddebond

shouldbeintramsconformerin200msecafterthejump･Judgingfrom

thecrosssectionalspectrum ofSC-2D (Fig･3･1･3b),thevolumeratio
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between血enewpeakand也epeakof8protonofTyr92seemstobe

closeto血isvalue(一33%)･Accordhgly′weconsidered血at血enew

peak appeared h SC-2D spectrum at200msecafter血eJump

correspondsto血e8protonofTyr92of血especiesh whichTyr92-

Pro93peptidebondisintransconformer･Inviewofthesmallchemical

shiftdifferenceofthe8protonofTyr92betweenthetransientspecies

andtheunfoldedspecies′itisunlikelythatanytertiarystructure

involvingTyr92ispresentin thetransientspecies･Althoughthesame

behaviorisexpectedon血eTyrl15residuewhichfollows血ecis-

prolmeresidue(e･g･′Pro114′whosedmeconstantforisomerizationat

70oCisestimatedtobe162msecwiththeJuminaga'S21kineticdata),

thecoincidenceofchemicalsh汀tsbetweenthenativeandunfolded

statesforTyrl15prohibitsadefhiteansweron血is･On血eo血erhand′

血etransientspeciesdetectedhereappearstocorrespondtoUvforUf′

whichwasreportedbyHouryetal･4tobeadenaturedspecieslacking

anynative-likestructure･

Inconclusion′within20msat70oC′thenativestructureofRNase

A transformshtoatransientspecieswhosecharacteristictertiary

structureisalmostfullylostandthesidechainsnearlyfullyhydrated,

exceptfor仙ecisconformationof血eTyr92-Pro93pepbdebondwhich

graduallytransformsintotramsconformationwith atimeconstantof

approximately300ms･Thisresultapparentlycontra血ct血e血y-molten

globulehypo血esisoftheearlyunfoldingspeciesbyKiefhaberetal･3

However′血ediscrepancybetween血etwoexperimentsmayresult
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from differentexperimentalconditionsbetweenthetwoexperiments,

andmoreexperimentsareneededtorea血auni丘edconclusion･
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3-2.Bovineα-1actalbumin

3-2-1.Introduction

VariousorlgmSOfα-1actalbumhhavebeenusedasmodelsfor仙e

proteinfoldingstudy･14AlthoughtheprlmaryStructureandthetertiary

stmchreofα-1actalbuminishomologousto血oseoflysozymes′血e

functionandfoldingbehaviorarequitedifferentforthetwoproteinS･

WhendecalCificatedunderextremesoflowpH′α-1actalbuminsform a

statewith poortertiary structurebutwith native-likesecondary

structure･Asimilarconformationalstate,Called"molten-globulestate",

isrealizedundermildlydenaturingconditionssuchasthemoderate

concentration ofGdnHC15 orthe reduction ofdisul丘de bonds.

Interestingly,aJJmolten-globulestate"isalsoobservedasatransient

speciesin thekineticfoldingexperiment6･Hence′α-1actalbumin has

receivedconsiderableattentioninthestudyofproteinfolding･

Structuresofα-1actalbuminsfrom differentlivingorgardsmswere

studiedbyNMRin theirnative7-10andmolten-globulestates･2,llThe

refoldingofbovineα-1actalbumin wasmonitoredbystopped-flow

NMRanditwasfound血at血也edeadbmeof血eexperiments(一5S)′

血espectrum ofBLA changedto血atofmolten-globulestatewhich

血enslowlyhmedinto仇atof血ena也vestate･

Fortheunfoldingkineticsofα-1actalbuminsbyNMRspectroscopy′

however′noshdyhasbeen reported･h 血epresentwork′血e
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unfoldingprocessofbovineα-1actalbumin(BLA)wasfollowedbyone-

dimensionalTjumpNMRspectroscopy,whichsuggestedtheexistence

oftransientunfoldingspecies･Furthermore,theSC-2D spectroscopy

wasusedtoasslgnSlgnalsofunfoldedandtransientunfoldhgspecies･

3-2-2.Materials&Methods

Materials.

Calciumchloride′UreaandTrisIHCIwerepurchasedfromnacalai

tesque(Kyoto,Japan)･Allchemicalreagentsusedwereguaranteed

reagentgrade･BLAwasobtainedfromSigma(Tokyo,Japan)andused

wi血out血lr血erpuri丘ca也on･

CircularDichroismmeasurements.

AllCircularDichroism (CD)measurementswereperformedh 10

mM TrisIHCIBuffer(pH7･1)containing150uM CaC12andureawhose

concentrationrangedbetweenOM and6M･Theprotein concentration

wasO･7mg/ml(-50pM)･Thermalunfoldingtransitionsoftheprotein

weremeasuredwith CDabsorptionat222nm,270and290nm in a

JASCOr720spectropolarimeter･

PreparationofNMRsamples･

Priorto血eNMRsamplepreparation′labileamideprotonswere
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replacedwith deuteronsbyhea血gthesampleat327Kfor15minim

99･9%2H20atpH7･0･ThenlyophilizedsamplesofBLAweredissolved

ataconcentrationof70mg/mlin99･96%2H20containing100mMTriS-

HCland4M Urea･AnexcessofCaC12(25mM)wasdissolved血 也e

protehsolutiontoensurecompletecomplexabonof血eproteinbyCa2十･

An aliquotofTSPsolutionwasaddedasintemalchemicalshift

reference･ThehalpHofthesolutionwasadjustedbyaddingasmall

amountof2HClorNaO2Hsolutionin99･96%2H20･AllpHvaluescited

herearedirectpH meterreadingswithoutisotopecorrections･After

centrifugation′120plofthesamplesolutionwastransferredintothe

Shigemi NMRtube(BMSOO51)･

One-dimensionaltemperature-jumpNMR･

For one-dimensional TJ NMR experiment, the combined

radio丘equencyandmicrowavepulsesequence〟ndboru′′wasused･

Thenumberofdatapointswas4096andthespectralwidthwas6000

Hz･ATjumpfrom 400Ctoapproximately650Cwasrealizedbya

microwavepulseof15msecduration･AcquisitionsoffreeinductiOn

decayslgnalswereexecutedafteracertainWaitingtime･Sixteenscans

wereaccumulatedforeachspectrumwitharepetitiontimeof180sfor

thesamplecoolingandtherefoldingoftheprotein･
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Siate-correlatedtwo-dimensionalNMRspectroscopy･

TheradiofrequencyaLndmicrowavepulsesequenceusedforthe

state-CorrelatedNMRspectroscopylSglVenin Chapter3-2-1･TheT-

jumpwascarriedoutsimilarlyasin血ecaseofone-血mensionalTJ

NMR･Thewaitingperiodwas100msec･Thenumberofdatapoints

was64and也espectralwid血 was1600Hzin血etldomaれ while血e

correspondingnumberswere2048Complexpointsand6000Hzinthe

t2axis′respectively･Thetldomah slgnalswerezero一缶11edto128

pointsprlOrtOFouriertransformation･Sixteenscanswereaccumulated

wi血180-secpulsedelaybme･

3-2-3.Results

EquilibriumthermalunfoldingfollowedbyCircularDichloism

AlltheTjumpexperiments werecarriedoutin4M ureato

minimizetheeffectofprotein aggregation･First,theeffectsofureaon

thestabilityandthecooperativityoftnfoldingwereexaminedwithCD

spectroscopy･Thenativeform ofBLAgivesnegativeellipticityin the

nearandfarUV reglOnS,withminimaat270nm and222nm,

respecbvely･Themhimaat270mmresultsfromaromaticrmgsburied

in thehydrophobiccore,indicatingtheexistenceoftertiarystructure･

Theminimum at220nm resultsmainlyfrom thepeptidechain and

showstheexistenceofthesecondarystructure･h Fig･3･2･1a,the
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thermaltransitioncurvesofBLA monitoredbythemean residue

ellipticity at270mm atvariousconcentrationsofureaarepresented･

Below4M,thesigmoidtypetransitionwith commonbaselinesforthe

nativeandunfoldedspeciesisobservedwithadecreaseofTm･

Fig･3･2･1bshowstransitioncurvesmonitoredatthreewavelengths

(222,270and290nm)in thepresenceof4M urea,pH 7･1･Thethree

curvescoincidedwellwith eachother,indicatingthatthetwo-state

transitionismaintainedeveninthepresenceof4Murea･

OnedimensionalTemperature-jumpNMRmeasurements･

Beforeapplyhg血emicrowavepulse′bo血aromaticandaliphatic

protonregionsoftheNMRspectrumofBLA(atpH7･2′40oC′Fig･3･2･2′

top)showwidedispersionsofchemicalshift,whichischaracteristicof

a globular protein,reflecting the highly specifiC inter-residue

interactionswithinacompactfoldedstructure･Sincethechemicalshifts

inthisspectrumagreedwiththespectrumatOMurea(datanotshown),

itisconsideredthatureaitselfdoesnotinfluencethenativestructureof

BLA･Thebottom spectrum in Fig･3･2･2wasobtainedforBLA in

thermalequilibrium at650C whereBLA existsfullyln thefully

unfoldedstate･Thewidedispersionofchemicalshiftislost,whichis

typicalfortherandom-coilstateofaprotein･Nevertheless′in the

aromaticregionOnenOticethatchemicalshiftsofsomepeaksare

deviatedfrom血eaverageshiftposibons′forexample′血epeaksat6･6′

6･7and7･72ppm･TheorlgmOf仇esepeakswinbe血scussed血也enext
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section.

Thespectrum takenimme血atelyafter血ejumpfrom 40oCto

65oC(Fig･3･2･2′secondrow)appearsalmostidenbcalwi血血atof血e

unfoldedstateafterthethermalequilibrium isreachedat65oC(Fig･

3･2･2,bottom)･However,acloseinspectionofFig･3･2･2indicatesthat

血epeaksat6･6′6･7and 7･72ppm areconsiderablybroadened

immediatelyafterthejumpandbecomeshaperwith time･h addition,

shouldersgrowwithtimeat6･98and7･05ppm･

TheaboveresultsindicatethatthetertiarystructureofBLA is

largelydestroyedwithin thejumpevent(15ms),butthatsomefurther

conformationaldangesmaytakeplaceafter血ejump･

State-correlatedtwo-dimensionalNMRspectroscopy･

An SC-2DspectrumofBLAbetweenthenativeconformer(40oC)

and也econformerat100msecafter血ejump(65oC)isshowninf■ig･

3･2･3 for the aromatic reglOn･BLA has three histidinC,four

phenylalanine′fourtyrosineandfourtryptophanresidues･h theSC-

2DspectrumofFig･3･2･3,thesignalswhicharedispersedalongtheFl

axisbythecharacteristicchemicalshiftsinthenativeconformationare

groupedintochemicalshiftscharacteristicforarandomcoilalongthe

F2axis･SinceasslgnmentSOfthearomaticringProtonSlgnalsofBLAin

血ena也vestatehavebeencompleted′12 crosspeaks血 也eSC-2D

spec仕umcaneasilybemadeasshown血也ef■ig･3･2･3･Unforhlnately′

assignmentsOfmosto血erprotonsofphenylalanheresiduesexceptfor
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血e8protonsofPhe3lcouldnotbemadebecauseof血epoorchemical

shiftdispersionin thenativestate(Flaxis)andtheserioussignal

overlapintheunfoldedstate(F2axis)･Forclarity,correlatedpeaksare

coloredintheirrespectiveaminoacidgroup･

h Fig･3･2･3,whilemostsignalsaregroupedbythetypesofthe

protonsofaminoacids,somepeaksshowdeviationsfrom theaverage

valuesofthe group･The peaks wi th significantchemicalshift

deviationsfrom random coilpositionsat650Cwereasslgnedtothe

8andeprotonsofTyrlO3(6･6and6･72ppm in F2axis)andtothee

protonsofHislO7(7･73ppminF2axis)･Inaddition′thechemiCalshft

ofthe8protonsofHislO7wasalsofoundtobeconsiderablyup丘eld-

shiftedintheunfoldedstate(6･83ppminF2axis)･Smalldeviationsof

chemicalshiftasobservedherecamotbedetectedwi血outtheuseof

theSC-2DmethodduetosevereoverlapofsignalsintheF2axis･

Generallyspeaking′theline-wi dth ofthe皿foldedprotein is

narrowerthan thatofthenativeprotein,hencetheshapeofthecross

peakshouldbeaneupsoidwith alongaxisalongtheFlaxis(for

example,seetheeprotonsignalofHis32inFig･3･2･3(Fl;8,12ppm,F2;

7･96ppm)･However,theshapesofsomepeaks areevidentlymore

elongatedalongtheF2axisthanalongtheFlaxis･Theextremecanbe

seenforsignalsofTyrlO3andfortheslgnaloftheeprotonofHislO7in

comparisontothoseofHis32andHis68･Theseobserva丘onsindicate

thattherearedifferencesin thelinewidthsevenam ongthesame

protonsofthesametypeofaminoacidinthetransientspectrum･
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Moreover′itwasfound血atsomeslgnals′namely血eslgnalsof

TrplO4 C4′Trp26C5 and Trp26C6′exhibitconsiderable 血e-

broadening･Thesepeaksbecomesharperwith time,asjudgedfromthe

gradualgrowthoftheshouldersat6･98and7･05ppminthelDT-jump

spectra･

3-2-4.Discussion

ImmediatelyaftertheT-jump,thelDNMRspectrum lostits

characterisdcfeatureofthenativestate･Accordingly′itisconcluded

thatthearomaticresidueclustersarelargelydestroyedintheunfolded

state･However,protonslgnalsofTyrlO3andHislO7aresignificantly

up丘eld-shifted･Moreovertheseslgnalsareabnormallybroadened

immediatelyafterthejump,butbecomenormallysharpwithtimeafter

thejump･Thebroadeningofthesignalssuggeststheexistenceofsome

kindofinter-residueinteractionsinvolvingTyrlO3andHislO7･

Thetertiarystructureofα-1actalbuminispresentedinFig･3･2･4･

Therearetwoclustersofaromaticresidues(clusterI′clusterⅡ)which

makeuppartofthehydrophobiccoreoftheheliCaldomain ofthe

nativeBLA･14TyrlO3formspartofclusterIIandHislO7islocatedclose

toclusterII(Fig･3･2･5)･htheearlystudies,thechemiCalShiftdeviation

ofsomeresiduesintheacid-denaturedstate(A-state)hasbeenreported

forbovine′14guineapig2andhumanα-1actalbumin･Accordingtothese
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reports,intheA-state,noorderedstructureforeitherofthetwomajor

clustersofaromaticresidueswasdetected,butanewaromaticcluster

wasfoundbysomewell-definedNOReffects･2Theyconcludedthatthe

residualstructureintheA-stateresultsfrom therearrangementofthe

sidechainsofTyrlO3,TrplO4andHislO7･Meanwhile,fromthestudies

on也emodelpepbdeswhichcorrespondto血e101-110pepbdereglOn

ofbovine15andhuman16′17α-lactalbumin′itwasfoundthattheside

chainsofthesepeptidestendtoformnon-nativehydrophobicclusters

ofα-1actalbumh･也 view of血ecohcidenceofresidues(TyrlO3and

HislO7)whichshowup丘eld-shiftchemicalshiftsintheA-stateandin

thespectrumimmediatelyafterthejump,theclusterformationofside

dainsofTyrlO3andHis107isquitelikely･

Furthermore,thelinebroadeningisalsorecognizedforthe

signalsofTrplO4C4′Trp60C4′Trp26C5andTrp26C6(Fig･3･2･3)･

TrplO4isconsideredtobeincludedin thenon-nativehydrophobic

clusterasdiscussedin也eA-state･Al血oughTIp26is血stant丘om 血e

101-110peptidereglOnintheprimaryStructure,inthenativestructure

ofBLA′itislocatedclosetoTrplO4(seefig･3･2･5)･On血eo血erhand′

Trp60isamemberoftheclusterII,whoseNOEwithTyrlO3isdetected

in thenativeconLormer.13Therefore,theaminoacidresidueswhich

showedlinebroadeningsintheTjumpexperimentarelocatedcloseto

eachotherin thenativestructure･Therefore,although theorlglnal

nativeclusterisnotmaintainedintheunfoldedspecies,thesame

groupsofaminOacidresiduesformadifferentformofaclusterinthe
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transientunfoldingspeciesfoundimm ediatelyafterthejumporinthe

stablethermaldenaturedstate.

Onepossibility isthattheresidualstructureisfluctuatinglike

molten-globulestate･h 血eA-state′considerablelhe-broadenmglS

observed･Inparticular,theline-broadeninglSremarkableforTyrlO3

andHislO7･Immediatelyafterthejump,thisreg10nmayformagroup

ofstructuressimilartotheA-state･Thesharpenlngwithtimemay

reflectthedisruptionofthatstructure･

Theresidualstructureisassumedtobefluctuating･Thepointto

noteis仇at仇elhe-broadenmgwasobseⅣednotforoverallresidues′

butonlyforthelocalizedresidues･Thus,itmeansthatapartiany

foldedstateisdetected･Therefore,thepartconsistingofresidues101-

110,Trp26andTrp60issuggestedasthechainfoldinginitiationsite･
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C-ten

Fig･3･2.4.Ribbondiagramof比-1actalbumin.ThestructurewastakenfromPDB･
ThediagramwaspreparedwiththeprogramMOLSCRIPT･

Fig･3･2･5･Aromaticresidueclustersinbovineα一lactalbumin･
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Chapter4･Conclusion&futureProspects

Theperformanceof血emicrowaveTJumpNMRsystem andits

applicationtoprotein unfoldingstudyhavebeendemonstrated･On

仙issystem′fastreaction(m山isecondrange)canbefollowedatatomic

resolution･Besides′血enewSC-2Dtedmiqueintroducedinchapter3-1

isanovelspectroscopy帆which血emuはdimensionalNMRtedmique

iscombinedwithdmeresolution.

Althoughin this thesistheapplicationsoftheTjumpNMR

techiqueareshownonlyfortheunfoldingprocess,itisalsopossible

tofollow thefoldingprocesswith thistechnique,Sinceitiswidely

known thatproteinunfoldsatlow temperature･ByperformmgaT-

3umpexperimentonacolddenaturedprotein,afoldingprocessmaybe

di∫ectlyobseⅣedbyNMR･

Recently,apulsedlaserTJtechiquewith IR orfluorescence

detection,observ1ngearlyeventsin protein foldingandunfoldingln

thepICOSeCOndtonanosecondrange,wasintroducedbyotherworkers･

ThemicrowaveT-jumpNMRtechniquein troducedhereworksforthe

detectionofmuchslowereventsinproteinfoldhgandunfoldhg′but

with a spatialresolution far beyond thatattainable by other

spectroscopictechniques･Moreover′血eslgnalscanbeobseⅣedfrom

theentirety oftheproteinmolecule･Withtheseuniquefeatures,the

microwaveTJNMRspectroscopyintroducedin thepresentworkwill

continuetobeacrucialtechniqueinthestudyofproteinfolding･
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Final1yIpointoutthatthistedmiquecanbeappliedtoawide

varietyofsystemsw血 temperahlre-dependentproperties･Thisstudy

providesthepossibilitythatchemical′physicalandbiologicalreactions

areanalyzedatatomicresolutionbyNMRspectroscopy･
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