










calcium•|binding•@lysozrymes•@are•@especially•@important•@in•@understanding•@the•@evolutional•@relationship

between•@lysozyme•@and•@ct•|lactalbumin•C•@because•@they•@seem•@to•@provide•@an•@evolutionary•@1ink•@between

•oetwo•@proteills•i15•j•C

•@•@•@•@•@•@•@Canine•@milk•@lysozyme•@•iCML•j•@belongs•@to•@the•@family•@of•@calciurn•|binding•@lysozymes•@•i•I6•C

1”T•Eand•@it•Ephy•Ei•ch•Emi•EŒPP•E•EP•E‡u•E•Ear•E‡q•E˜X•Ebe•@c•Ensid•E•Eably•@different‹u•Bm•@th•B•Ce•Bf

non•|calcium•|binding•@c•|type•@lysozyme•@•iconventional•@lysozyme•j•D•@A•@notable•@difference•@has•@been

observed•@in•@their•@unfolding•@profiles•@•iID•D•@A•@stable•@equilibrium•@intermediate•@has•@been•@shown•@to

accumulate•@during•@the•@guanidine•@hydrochloride•|induced•@unfolding•@of•@CML•C•@although•@conventional

ly•E‡S•E•EŒí1y–Ê•EldŒŒac•E•Eperadv•E‰¾•Eˆê•Et•Et•Em•E‡o•E•Eçqth•ButŒŒe•@accumul•Bti•Bn•Bf•@an

mtem•Edi•Et•E•EThu•E•EŒŒ•Emi•Elding•@b•Eh•Evi•B•E•Ef•Ethi•Ep•E•Et•EŒŒi•Em•Ere•Aimil•B•C•Et•B•o•Bt•Bfƒ¿ˆêlactalbumin

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•f

which•@has•@been•@shown•@to•@exhibit•@a•@well•|characterized•@molten•@globule•@state•@in•@its•@equilibrium

unfolding•@•i2•C•@4•C•@18•C•@19•j•C•@and•@the•@unfolding•@intermediate•@of•@CML•@may•@also•@be•@in•@the•@molten•@globule

state•E‡qon•ƒ•E‡q•EˆêxŒä1•cfca1•Ei‡oˆêbinding•@ly•E•EZym•E•C•En•Ey•@CML•@•And•CquŒŒ•C•@milk

lyso•E•iEML•jar•E‡q•E‡ot•E•Eh•Ew•E•Et•Eble•@eqŽ¥1ibäwm•Elt•En•@g1•EbŽM•C•At•Bt•C•i2•Eˆê22•j•D•@h

ƒ¿ŠèlactalbumŒŒand•@EML•Eth•Em•Elt•Eng1•EbŽM•E•Et•Et•Eh•E•Ebeen•Eh•E•„•Eb•Eid•Enˆ÷t•B•›•C’¬ly”¦i•Cnt

mtemediate’w•Eti•Eˆ¹1–Êng‹u•Em•o•E‹QlyŠšld•Ed•Et•Et•E•i2•C4•C23•|2ƒÅ•C•@htere•Atingly•CŒŒ•B•@m•B1t•Cn

glob‘Ze•@stat•E•EfEMhs•@st•Ebilized•C•Et•@leastŒŒP‹Q•C•@by•@n•Etive•|lik•C•CpeciŒÜ•A•@in‹U•Cacti•Bn•A•@and•@i•A•@m•B•Ce

•Et•Eb1•Eth•En•@th•Et•Efƒ¿ˆêlact•ElbŽMŒŒ•i2”T•D

ln•@this•@thesis•C•@1•@have•@demonstrated•@the•@folding•@mechanism•@and•@calcium•|binding•@property•@of

CMZL•@by•@using•@several•@biophysical•@techniques•@such•@as•@calorimetry•C•@CD•@spectroscopy•C•@NMR

spectroscopy•C•@and•@X•|ray•@crystallography•D•@The•@thesis•@censists•@of•@four•@CHAPTERs•D•@ln•@CHAPTER

Uhavedeschbed•Eb•Euttheexp•Eessi•En•Ey•Et•Em•EfCML•@byš•ing•›•B•B‰¾•B•B•VŒŒ•B•Cdert•B•C‰Ády

lts @physicochemicŒPP•E•EP•EŽ§•E•Eas•Eh•Ewn•@in•@th•Ef•E11•EWing•ECHAPTERs•D•@In•@C‰çPTER•DII•Dand•@III•C•@I
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•oeothe•um•Ember•E•EfŒŒ•Ely•E•E’@neˆêƒ¿ˆêlactalbumin•Eup•E‡uatnily•C•@whi•Eh•@has•@been•Eäw•Cd•@p•Ceäw•Aly

And•@the•@fmal•@CHAPTER•D•@1•@have•@investigated•@the•@conformational•@changes•@of•@CML•@by•@inducing

calcium•@ions•D•@Each•@content•@in•@the•@thesis•@has•@been•@published•@or•@submitted•@in•@the•@following•@j•@oumals•D
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Abstract

A•@high•|expression•@plasmid•@of•@the•@canine•@milk•@lysozyme•C•@which•@belongs•@to•@the•@famiiy•@of

calcium•|binding•@lysozymes•C•@has•@been•@constmcted•@in•@order•@to•@study•@its•@physicochemical•@propenies•D

Because•@the•@cDNA•@sequence•@of•@the•@protein•@has•@not•@yet•@been•@determined•C•@a•@400•@base•|pair•@gene

encoding•@canirie•@milk•@lysozyme•@was•@first•@designed•@on•@the•@basis•@ef•@the•@known•@amino•@acid•@sequence•D

The•@gene•@was•@constmcted•@by•@an•@enzymatic•@assembly•@of•@21•@chemically•@synthesized•@oligonuc•@leotides

and•@inserted•@into•@an•@Eschen•fchia•@coli•@expression•@vector•@by•@stepwise•@ligation•D•@The•@expression

plasmidŒŒus•@consŒŒcted•@was•@transformed•@into•@BL21•iDE3•j•^pLysS•@cells•D•@The•@gene•@product

accumulated•@as•@inclusion•@bodies•@in•@an•@ins•@olub•@le•@fraction•D•@Recombinant•@canine•@milk•@lysozyme•@was

obtained•@by•@purification•@and•@refolding•@of•@the•@product•@and•@showed•@the•@s•@ame•@characteristics•@in•@terms•@of

bacteriolytic•@activity•@and•@the•@farˆê•@and•@near•|UV•@CD•@spectra•@as•@the•@authentic•@protein•D•@The•@NMR

spectra•@of•@refolded•@lys•@ozyme•@were•@also•@characteristic•@of•@a•@native•@globular•@protein•D•@1•@thus•@conclude•@d

that•@recomb•@inant•@canine•@milk•@lysozyme•@was•@folded•@into•@the•@correct•@native•@stmcture•D•@Moreover•C•@the

thermal•@unfolding•@profiles•@of•@the•@refolded•@recombinant•@lysozyme•@showed•@a•@stable•@equilibrium

intermediate•C•@indicating•@that•@the•@molten•@globule•@state•@of•@this•@protein•@was•@extraordinarily•@stable•D

This•@expression•@system•@of•@calŒŒe•@milk•@lysozyme•@will•@ellable•@us•@to•@extelld•@the•@biophysical•@and

structural•@studies•@of•@this•@protein•D
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Introduction

hth•C‹u•Cid•Bfp•C•Btein•Eh•Emi•E–Pit•@i•Ed•E•Eir•Ebl•Et•E•Ebtain•E1arg•E‡o•E–Q•Efd•E•E“ù•Ed•@p•E•Et•Ein•Eäw‡qgh

•CŠÊ•Ai•Cn•Ay•@lh•Bdu•Eti•En•Eflarge•@am•Eunt•E•Efd•E•E’Ò•Ed•@p•E•Et•EŒŒ•EinŽÞ•E‰¾˜]ƒÖ1ƒm•iE•c1ƒm•ji•Ea‹u•Et

•At•Cp•@in•@th•E•E”¦•Efp•E•Et•Ein•Eh•Emi•Eby•D•@H•Ew•Ev•Er•C•Em•Eny•E‰j’¬•Ed•Ep•E•Et•Ein•Ear•E•E‹u•En•@p•E•Educed•@in•@E

•B•B1ƒSas˜L•Blubl•C•@aggr•Eg•Et•E•E•CŒŒ•E1š•i•En•@b•E–Ê•E•E•C•@and•o•E•Ee•@m•E•Et•@b•E•Eef•Eld•Ed•@t•E•Ebt‹È‡q•Ed•Enal

P•C•Bt•Ci˜Y•D•@ln•Ee‰”1Ž¥ng•@P•E•Ecess•E‰¿•EŽM‹ude•|c•En–Ê‡ung•@P•E•Et•Ein•cu•Eh•E•ERNase‚Öin•@p‚Ê•Eular•E

disulfide•@b•@onds•@must•@be•@rearreanged•@correctly•D•@To•@date•C•@the•@refolding•@of•@such•@proteins•@has•@been

carried•@out•@by•@rapid•@dilution•@into•@aqueous•@s•@olution•@contaming•@b•@oth•@oxidizing•@and•@reducing•@reagent

•i1•|3•j•@or•@by•@gentle•@dialisis•@with•@such•@aqueous•@s•@olution•@•i4•j•D•@ln•@the•@case•@of•@s•@everal•@lysozymes•C•@s•@ince•@it

is•@diŠÊcult•@to•@refbld‹uom•@inclusion•@body•@with•@high•@efficiency•@by•@using•@these•@dilution•@or•@dialysis

methods•@•iKoshiba•C•@unpublished•@results•j•C•@1•@have•@carried•@out•@the•@refolding•@process•@using•@E•D•@coli

thioredoxin•C•@a•@known•@catalyst•@for•@reducing•@protein•@disulfides•@•i•j•j•D

•@•@•@•@•@•@•@ln•@this•@CHAPTER•C•@a•@high•|expression•@plasmid•@of•@the•@canine•@milk•@lys•@ozyme•@•iCML•j•@gene

has•@been•@constructed•@in•@order•@to•@study•@the•@physicochemical•@propenies•@of•@CML•@in•@relation•@to

lysozyme•|ct•|lactalbumin•@evolution•@and•@its•@foldmg•@mechanisms•C•@Because•@the•@cDNA•@sequence•@of

CML•@has•@not•@yet•@been•@detemŒŒed•C•@chemically•@synthesized•@deoxyoligonucleotides•C•@the•@sequences•@o•@f

which•@are•@b•@ased•@on•@the•@known•@amino•@acid•@sequences•@of•@the•@protein•@•i6•j•C•@were•@used•@for•@constructing

the•@plasmid•D•@1•@show•@that•@the•@protein•@over•|expressed•@as•@inclusion•@bodies•@in•@Escherichia•@coli•@i•@s

efficiently•@refolded•@to•@the•@native•@state•@through•@the•@use•@of•@an•@E•D•@coli•@thioredoxin•@refolding•@system•@•ib

and•@that•@the•@refolded•@protein•@exhibits•@fu11•@enzymatic•@activity•@as•@an•@authentic•@lysozyme•D

Furthermore•C•@the•@thermal•@unfolding•@trans•@itions•@of•@the•@protein•@have•@shown•@that•@the•@molten•@globule

state•@of•@CML•@is•@extraordinarily•@stable•C•@even•@more•@stable•@than•@that•@of•@equine•@milk•@lysozyme•@•iEML•j

•i8•C•@9•j•D•@Therefore•C•@CML•@is•@a•@useful•@model•@protein•@for•@elucidating•@the•@molecular•@mechanisms•@by

which•@the•@molten•@globule•@state•@is•@stabilized•@and•@determming•@the•@role•@of•@this•@state•@in•@protein•@foldmg•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@9

Materials•@and•@methods

Materials

All•@enzymes•@used•@for•@the•@genetic•@experiments•@were•@purchased•@from•@Takara•@Shuzo•@•iKyoto•C•@Japan•j•D

The•@21•@deoxyoligonucleotides•@that•@were•@used•@for•@construction•@of•@the•@CML•@gene•@•iFigure•@1•j•@were

synthesized•@by•@mm•@Co•D•@Ltd•@•iTokyo•C•@Japan•j•D•@SP•|Sepharose•@FF•@and•@Sephacry1•@S•|200•@were

obtained‹uom•@Phamacia•@Biotech•iUppsala•C•@Sweden•j•Cƒ‹ficrococcus•@lysodeikncus•@for•@measuring•@the

enzymatic•@activity•@of•@lysozymes•@was•@obtained•@from•@Sigma•@Chemicals•@•iSt•@Louis•C•@USA•j•D•@Hen•@egg

white•@lysozyme•@and•@human•@lysozyme•@were‹uom•@Sigma•@Chemicals•iSt•@Louis•C•@USA•j•D•@Authentic

EML•@and•@CML•@have•@been•@prepared•@previously•@•i•I0•C•@1•I•j•D•@All•@other•@reagents•@were•@of•@biochemical

research•@grade•D

c•Enstructi•En•@•Efa•@synthetic•i•FML•@8ƒÃƒÎƒÃ

The•@CM•FL•@gene•@was•@assembled‹uom•@three•@gene•@segments•C•@PS•@l•C•@PS2•C•@and•@PS3•C•@and•@each•@segment•@was

constnlcted‹uom•@seven•@ohgonucleotides•iFigure•@l•@A•j•D

•@•@•@•@•@•@•@To•@prepare•@the•@PSl•@segment•C•@each•@of•@the•@seven•@oligonucleotides‹uom•@PSl•|1•@to•@PS1•|7•@was

phosphorylated•@in•@a•@20ƒÊL•@reaction•@mixture•@that•@contained•@50•@pmol•@of•@the•@purified•@oligonucleotide•C

50mM•@Tris•|HCI•ipH•@8•B0•j•C10mM•@MgC12•C10mMƒÀˆêmerc•@aptoethanol•C5ƒÊM•@ATP•C•@and•@40‡oéCts•@of•@T4

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Þpolynucleotide•@kinase•D•@A‹uer•@being•}nclubated•@fbr•@30•@minutes•@at•@37•@C•C•@the•@kinase•@was•@inactivated

•@•@•@•@•@•@•@•@•@•@•@•@•@‚Þby•@heating•@at•@65•@C•@fbr•@l•@5•@mimtes•D•@The•@phosphorylated•@oligonucleotides•@were•@then•@mixed•@aŒŒd

annealed•@in•@a•@l•@OƒÊL•@reaction•@mixture•@that•@collta“¶ned•@1ƒÊ•C•FL•@of•@the•@above•@phosphorylation•@reaction

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚è

mlxture•@of•@each•@oligonucleotide•@and•@3ƒÊL•@of•@water•@The•@oligonucleotide•@mixture•@was•@heated•@at•@l•@OO

Cfbr•@3•@minutes•@and•@then•@cooled•@slowly•@to•@room•@temperature•@over•@a•@period•@of•@l•@hour•@to•@allow•@the

complementafy•@strands•@to•@anneal•D•@The•@annealed•@segment•C•@PS•@1•C•@was•@ligated•@into•@a•@cloning•@vector

•ipMT7•j•GpMT7•@was•@double•|digested•@withƒnrco•@1•@and•@Ba•V2•@HI•C•@then•@mixed•@With•@the•@annealed•@segment

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@10
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with•@a•@molar•@ratio•@of•@1•F10•@•ivector•@•F•@insert•j•C•@and•@then•@ligated•D•@The•@ligation•@was•@canied•@out•@using•@a

TAKARA•@Version•@2•@ligation•@kit•@and•@this•@generated•@a•@plasmid•@pMT7PSI•@•iFigure•@IB•j•D•@E•@coli•@strain

MVl184•@w—í”¦f•B•Cm•Cd•@byŒŒ•E1ig•Ed•En•@mix–Qand•o•EpMT7PSI•@DNA•@w•E•Ep–Ê•Ed‹u•EmŒŒ•E

”¦f•Bm•Aed•@ce11•C•DŠãe•À•Ae‹u•Cd•Ee‘¦•Ent•@w•E•Ec•EŒŒm•Ed•@by•@DNA•Eequ•En•E–Ê9•iPharrnaci•E•ESw•Ed•En•j•E

•@•@•@•@•@•@•@The•@other•@two•@segments•C•@P•@S•@2•@and•@P•@S3•C•@were•@prepared•@in•@the•@s•@ame•@manner•@as•@shown•@above•D

The•@PS2•@segment•@was•@inserted•@into•@pMT7PSI•@to•@generate•@pMT7PSI•^2•C•@and•@the•@PS3•@segment•@was

inserted•@into•@pMT7PSI•^2•@to•@generate•@pMT7PSI•^2•^3•C•@which•@contained•@the•@entire•@canine•@milk

lysozyme•@gene•@•iFigure•@I•@B•j•D

Constru•@ction•@of•@a•@versan•fle•@exipression•@pltzsmid•@ipHK7ClvaL•j

T•B•A•B—H•At•Aver•Aatil•B•@•Cxp•Ce•Csi•Bn•@plasmid•Ef•@C”§•CŽ~e•@enŒŒ•Eg•En•E•Eegm•Ent•Ex•Ei•Eed‹u•Em•f

pMT7PSI•^2•^3•@was•@cloned•@into•@a•@plasmid•@pSCREEN•@1•|b•i•{•j•@•iNovagen•@lnc•D•C•@Madison•C•@USA•j•D•@The

pMT7PSI•^2•^3•@was•@digested•@with•@Pvu•@II•@and•@•D••Z•C•@a•@1•C•@and•@the•@CML•@gene•@segment•@obtained•@was•@ligated

into•@the•@Eco•@RV•|Xb•@a•@1•@sites•@of•@p•@S•@CREEN•@1•|b•i•{•j•D•@The•@resulting•@plasmid•@was•@called•@pHK7CML•D

The•@pHK7CML•@contains•@T7•@transcription•@and•@translation•@signals•C•@both•@of•@which•@result•@in•@the•@high

expression•@of•@CML•C•@and•@the•@fl•@origin•@of•@replication•C•@which•@allowed•@us•@to•@prepare•@the•@single•|stranded

piasmid•@DNA•D

RƒÕ1‰¾9•@and•@is•E•fƒ¿ƒK•EƒÎƒÕ8ƒÖ•V‚ßfƒÎ‘¤t•i••ML

The•@refblding•@of•@recombinant•@CML•@that•@had•@been•@partially•@puriŒÜed•@by•@gel•@mtradon•isee•@above•jwas

carried•@out•@by•@the•@method•@of•@Koshib•@a•@et•@al•D•i7•jwith•@slight•@modifications•D•@Thioredoxin•i20•@mL•G50

ƒÊM•jwas•@frrst•@preincubated•@With•@l•@OƒÊL•@of•@DTT•i10•@mM•@fbr•@30•@minutes•C•@and•@the•@resultant•@reduced

thioredoxin•@soIudon•@was•@mixed•@with•@20•@mL•@of•@oxygenated•@thioredoxin•i50ƒÊM•jto•@make•@a•@refblding

buf•’er•@soludon•D•@After•@miXing•@the•@refolding•@buiifer•@solution•C4•D1m•FL•@of•@denatured•@recombinant•@CML

•i25ƒÊM•jand•@90ƒÊL•@of•@CaC12•i0•D5•@M•jwere•@immediately•@added•@to•@this•@refolding•@bUiifer•@s•@olution•D•@The

•@•@•@ƒR•@•@•@•@•@•@•@•@•@ƒ••@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚®•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒ•

reactlon•@mlxture•@was•@mcubated•@fbr•@4•@days•@at•@25•@C•C•@then•@dialyzed•@against•@20•@mM•@Tris•|HCI•@buffer

ƒ³H8•D0•jcont‚ÊŒŒg•@1•@mM•@CaC12•@and•@applied•@on•@a•@S•@P•|Sepharose•@FF•@colunm•i8•~50•@mm•C•@Pharmacia•j•D

Refblded•@recombinant•@CML•@was•@eluted‹uom•@the•@cohmm•@by•@a•@linear•@NaCl•@gradient‹uom•@O•@to•@O•D3•@M•D

The•@eluate•@contaming•@lysozyme•@was•@collected•C•@dialyzed•@against•@O•B01•@M•@HCI•C•@and•@lyophilized•D

Measure‰ÁƒÃ‘éoflys•Eay•Vze•Eacti•«

The•@b•@acteriolytic•@activity•@of•@lysozymes•@was•@as•@s•@ayed•@by•@the•@method•@of•@Kumagai•@et•@al•D•@•i12•j•D

”T‹¨7‰¾ƒÎ‚°4ƒÊƒŒ‘¤4•vH•Elo•|pr•Eteins

Preparation•@of•@apoˆê•@and•@holo•|proteins•@were•@performed•@as•@described•@previous•@ly•@•iD•D

‘ô‹½•çf•EƒÎƒ¿•«ƒ¿•Š•«•ü‰K•B•›ƒÎƒÕƒÃc•E‰Á‰¾ƒÎƒÈ”§

Recombinant•@CML•@was•@overexpressed•@in•@E•@coli•@•iBL21•iDE3•j•^pLysS•j•@that•@had•@been•@transforrned•@by

pHK7CML•D•@The•@protein•@was•@expressed•@as•@inclusion•@bodies•@and•@was•@solubilized•@in•@6M•@guanidine

hydrochloride•@contaming•@S•@O•@mM•@Tris•|HCI•@•ipH•@8•D0•j•C•@1•@mM•@EDTA•C•@and•@650•@mM•@B•|mercaptoethanoi•D

The•@solubilized•@protein•@was•@partially•@purifried•@by•@gel•@filtration•@on•@a•@colum•@of•@Sephacry1•@S•|200•@as

described•@previous•@ly•@•ib•D

Measurements•@OJ•u•i••D–c•B‚©ƒ¿

The•@CD•@spectra•@of•@recombinant•@CML•i27•D5ƒÊM•jwere•@measured•@on•@a•@Jasco•@J•|500•@sp‡ttropolarimeter

•iTbkyo•C•@Japan•j•D•@Far•|and•@near•|UV•@CD•@spectra•@were•@measured•@using•@a•@cell•@with•@O•D1•Eand•@1•Ecm

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Þoptical•@path•@lengths•C•@respectively•C•@at•@pH•@4•D5•@and•@25•@C•D
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••‰¾‹™1‹rƒÎáo9•@cal•Erime•»ƒÊ•j3•i‚è

Differenctal•@scaming•@calorimeuic•@•iDSC•j•@measurements•@of•@recombinant•@CML•@were•@carried•@out•@with

an•@MC•|2•@microcalorimeter•iMicroCal•@Inc•D•C•@Northampton•C•@USA•jat•@a•@scaŽMing•@rate•@of•@1•EO•@K•^min•E

The•@sample•@solution•@for•@DSC•@measurement•@was•@prepared•@by•@dissolving•@lyophilized•@lysozyme•@in•@a•@50

mM•@sodium•@acetate•@buffer•@•ipH•@4•D5•j•D•@The•@lysozyme•@concentration•@used•@was•@1•D5•@mg•^mL•D•@The•@pH

of•@the•@s•@ample•@s•@olution•@was•@checked•@before•@and•@after•@each•@measurement•D•@The•@calorimetric•@enthalpy

•iAiV•Di•j•@was•@evaluated•@using•@Origin•@computer•@software•@•iMicrocal•@lnc•D•j•D

One•|dimensi•Enal•@iH•@NMR•@spe‰¾

One•|dimensional•@1•@H•@NMR•@spectra•@were•@obtained•@on•@a•@JE•@OL•@ct•|400•@spectrometer•@operatmg•@at•@400

MHz•D•@The•@sample•@s•@olution•@for•@i•@H•@NMR•@measurement•@was•@prepared•@by•@dissolving•@lyophilized

lysozyme•@in•@D20•@and•@the•@pH•@was•@adj•@usted•@with•@sma11•@quantities•@of•@NaOD•@or•@D•@CI•@to•@pH•@4•D5•D•@in•@all

experiments•C•@the•@sweep•@width•@was•@15•D0•@ppm•C•@and•@the•@digital•@resolution•@O•D36•@Hz•^point•D•@The•@water

signal•@was•@suppressed•@by•@DANTE•@palse•|sequence•@•i13•j•D

8D8•|P•E‰Ácry•fƒ¿•Viide•@gel•@elecƒJe•Ephoresis

The•@expression•@level•@of•@recombinant•@CML•@in•@E•D•@coli•@was•@analyzed•@by•@SDS•|polyacrylamide•@gel

electrophoresis•@accordng•@to•@the•@method•@of•@Laemmli•@•i14•j•D

E5‰¾ation•@ofprot‰¾coƒÎc8—fƒ¿ƒK•BƒÎ

The•@protein•@concentrations•@were•@estimated•@spectrophotometrically•@using•@the•@following•@extinction

coefficients•@at•@280•@nm•F•@EiO•^O•@t•C•D•@•••@23•D2•@for•@authentic•@and•@recombinant•@CML•@•i10•j•@and•@EiO•^O•@i•D•D•@•••@11•D4•@for

E•@coli•@thioredoxin•@•i15•j•D

13

Design•@ofthe•@synthetic•@CML•@gene

The•@cDNA•@sequence•@of•@CrvfiL•@has•@not•@yet•@been•@determined•C•@1•@therefore•@designed•@a•@synthetic•@gene•@that

encodes•@CIVIIL•@on•@the•@basis•@of•@its•@known•@amino•@acid•@sequence•@•i6•j•D•@The•@design•@ofthe•@synthetic•@gene

progressed•@as•@follows•D•@First•C•@the•@amino•@acid•@sequence•@ofthe•@lysozyme•@was•@reverse•|translated•@into•@a

DNA•@sequence•@through•@the•@use•@of•@the•@triplets•@that•@occur•@most•@frequently•@in•@E•D•@coli•@•i16•j•D•@Second•C

the•@sequence•@was•@checked•@by•@a•@computer•@program•@•iGENETYX•j•@to•@ensure•@that•@there•@were•@no

excessively•@stable•@secondary•@structures•@in•@the•@encoded•@mRNA•C•@especially•@in•@the•@upstream•@region•@of

the•@gene•D•@Third•C•@for•@obvious•@convenience•C•@unique•@restriction•@endonuclease•@recognition•@sites•@were

introduced•@into•@the•@sequence•@without•@changing•@the•@encode•@amino•@acid•@sequence•D

Construction•@ofthe•@synthests•@gene•@and•@the•@expression•@plasmid

The•@three•@segments•@•iPS1•C•@PS2•C•@and•@PS3•j•@that•@made•@up•@the•@designed•@lysozyme•@gene•@were•@consrmcted

from•@2101igonucleotides•@ranging•@in•@size‹uom•@20•@to•@56•iFigure•@IA•j•D•@The•@three•@segments•@were•F•ii•j

the•@I•@S2•|bp•@7Vco•@YBam•@HI•@fragment•@composed•@of•@seven•@oligonucleotides•@•iPSI•j•C•@•iii•j•@the•@133•|bp•@Bam

HVSph•@I‹uagment•@composed•@of•@seven•@oligonucleotides•iPS2•j•C•@and•iiii•jthe•@l•@15•|bp•@Sph•@UPvu•@II

fragment•@composed•@of•@seven•@oligonucleotides•@•iPS3•j•D•@ln•@order•@to•@use•@the•@7Vco•@I•@site•@of•@the•@cloning

vector•@pMT7•C•@PS•@1•@segment•@had•@a•@Nco•@1•@cohesive•@end•C•@and•@the•@initiation•@codon•@•iATG•j•@was•@added•@at

the•@5•fˆêend•@of•@the•@synthetic•@lysozyme•@gene•D•@Thus•C•@the•@recombinant•@protein•@expressed•@in•@E•D•@coli•@had

an•@extra•@methionine•@residue•@at•@the•@N•|terminus•D

•@•@•@•@•@•@•@The•@assembly•@of•@the•@synthetic•@gene•@was•@carried•@out•@by•@a•@stepwise•@ligation•@ofthe•@three•@gene

segments•@into•@pMT7•@that•@had•@been•@used•@for•@the•@overexpression•@of•@staphylococcal•@nuclease•@in•@E•@coli

•i17•j•C•@to•@create•@the•@plasmid•@pMT7PS•@I•^2•^3•@•iFigure•@I•@B•j•D•@The•@insert•@of•@the•@assembled•@gene•@into•@pMT7

was•@confirmed•@by•@DNA•@sequencing•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@14
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•@•@•@•@•@•@•@To•@construct•@an•@expression•@pidsmid•@of•@CML•C•@pMT7PSI•^2•^3•@was•@digested•@with•@Pvu•@II•@and

Xba•@1•C•@and•@the•@lysozyme•@gene•@fragment•@was•@ligated•@directly•@into•@an•@expression•@vector•C

pSCREEN•|lb•i•{•j•@•iNovagen•j•C•@which•@had•@been•@digested•@with•@Eco•@RV•@and•@Xba•@1•@•iFigure•@IB•j•D•@The

map•@ofthe•@expression•@plasmid•@thus•@obtained•C•@pHK7Clvff•D•C•@is•@shown•@in•@Figure•@2•D

‘¦•fƒÃ•è•ç•EƒÎƒ¿•«ƒÊr‰¾•h•E™è•fƒÃƒÖ•Á‰¾ƒÎƒÈMZ

The•@expression•@plasmid•@pHK7CML•@was•@transformed•@into•@competent•@BL21•iDE3•j•^pLysS•@cells•C•@and

the•@protein•@was•@expressed•@as•@inclusion•@bodies•@•iFigure•@3•j•D•@The•@expression•@level•@of•@the•@protein•@was

40•|50•@mg•^L•@of•@culture•@as•@estimated•@by•@SDS•|PAGE•D•@The•@protein•@expressed•@as•@inclusion•@bodies•@was

solubilized•@in•@6M•@guanidine•@hydrochloride•@solution•@and•@purified•@by•@gel•@filtration•@using•@Sephacryl

S•|200•D•@Denatured•@recombinant•@canine•@milk•@lysozyme•@with•@more•@than•@900•^o•@purity•@was•@obtained•C

and•@this•@sample•@was•@used•@for•@refolding•@•isee•@below•j•D

RƒÕ•V•çƒÎ9ƒÕƒÃco•V•I‰¾—bC”§

My•@previous•@study•@has•@shown•@that•@the•@use•@of•@a•@refolding•@system•@that•@utilizes•@E•@coli•@thioredoxin•@is

very•@effective•@in•@completing•@the•@refolding•@of•@denatured•@and•@disulfide•|reduced•@human•@lysozyme•@•ib•D

This•@refolding•@system•@was•@therefore•@also•@used•@in•@the•@present•@study•@in•@the•@refolding•@of•@the

recombinant•@CML•C•@with•@the•@following•@modification•G•@1•@mM•@CaC12•@was•@added•@to•@the•@refolding

reaction•@mixture•D•@Because•@CML•@is•@a•@calcium•|binding•@protein•C•@calcium•@ions•@are•@expected•@to

promote•@the•@refolding•D•@ln•@fact•C•@when•@CaC12•@was•@present•C•@a•@significant•@decrease•@in•@the•@turbidity•@of

the•@refolding•@mixture•@of•@CML•@was•@observed•@as•@compared•@with•@the•@refolding•@mixture•@prepared•@in•@the

absence•@of•@calcium•@ions•D

•@•@•@•@•@•@•@•@Figure•@4•@shows•@the•@refolding•@process•@of•@CML•@as•@monitored•@by•@the•@lysozyme•@activity•@as•@a

function•@of•@the•@refoiding•@time•D•@Recombinant•@CML•@fully•@refolded•@at•@100•@hours•@after•@the•@refolding

started•D•@The•@refolding•@of•@recombinant•@CML•@was•@found•@to•@be•@faster•@than•@that•@of•@the•@human

lysozyme•@previously•@studied•@•ib•D

Characterization•@ofrefotded•@recombinant•@Cl•g6•mL

I•@measured•@the•@b•@acteriolytic•@lys•@ozyme•@activity•C•@far•@•i210•|250•@mm•j•@and•@near•@•i250•|310•@rm•j•@UV•@CD

spectra•C•@and•@400•|MHz•@i•@H•@NMR•@spectra•@of•@refolded•@recombinant•@CML•D•@The•@thermal•@transition•@of

the•@protein•@measured•@by•@D•@S•@C•@was•@also•@investigated•D

•@•@•@•@•@•@•@Figure•@S•@shows•@the•@b•@acteriolytic•@activities•@of•@various•@lysozymes•@including•@refolded•@CML

assayed•@in•@50•@mM•@sodium•@phosphate•@buffer•@•ipH•@6•D2•j•D•@The•@b•@acteriolytic•@activity•@of•@recombinant

CML•C•@which•@was•@found•@to•@be•@the•@s•@ame•@as•@the•@activity•@of•@authentic•@CML•C•@was•@two•|fold•@lower•@than•@the

activity•@of•@hen•@egg•@white•@lysozyme•D

•@•@•@•@•@•@•@Figure•@6•@shows•@the•@CD•@spectra•@of•@recombinant•@apoˆê•@and•@holo•|CMZL•@measured•@in•@a•@50•@mM

sodium•@acetate•@b•@uffer•@•iPH•@4•D5•j•@containing•@1•@mM•@EDTA•@or•@1•@mM•@CaC12•C•@respectively•D•@B•@oth•@the

spectra•@of•@recombinant•@apeˆê•@and•@holo•|CML•@in•@the•@region•@from•@210•@to•@250•@mm•@and•@250•@to•@310•@nm•@are

very•@similar•@to•@the•@spectra•@of•@the•@authentic•@CML•@studied•@previously•@•i10•j•C•@suggesting•@that

recombinant•@CML•@has•@folded•@into•@the•@s•@ame•@secondary•@and•@tertiary•@structures•@as•@the•@authentic

lysozyme•D•@The•@native•@stmctures•@of•@recombinant•@lysozyme•@in•@the•@apoˆê•@and•@holo•|states•@were•@also

characterized•@by•@i•@H•@NMR•@spectra•@•iFigure•@8A•@and•@B•j•D•@Both•@the•@apoˆê•@and•@holo•|state•@spectra•@show

characteristic•@chemical•|shift•@dispersions•C•@including•@upfield•@shifts•@of•@aliphatic•@protons•@between•@O•@and

•|1•@ppm•C•@for•@a•@globular•@protein•@having•@the•@folded•@native•@stmcture•D

•@•@•@•@•@•@•@DSC•@meas•@urements•@of•@the•@thermal•@unfolding•@of•@recombinant•@CML•@were•@carried•@out•@in•@50

mM•@sodium•@acetate•@buffer•@•ipH•@4•D5•j•@contaming•@I•@O•@mM•@C•@aC12•D•@Under•@the•@condition•C•@ct•|lactalbumin

and•@EML•@are•@known•@to•@show•@a•@single•@heat•@absorption•@pe•@ak•@caused•@by•@a•@cooperative•@trans•@ition•@frem

the•@native•@to•@the•@thermal•@ly•@unfolding•@state•@•i8•C•@9•C•@18•C•@19•j•D•@Figure•@7A•@shows•@a•@D•@S•@C•@curve•@of•@the
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thermal•@transition•@of•@recombinant•@CML•D•@The•@results•@indicate•@that•@the•@unfolding•@transition•@of

recombinant•@CML•@occurs•@around•@680•@C•@in•@a•@highly•@cooperative•@manner•C•@which•@is•@characteristic•@of•@a

folded•@globular•@protein•D•@However•C•@unlike•@ct•|lactalbumin•@and•@EML•C•@CML•@shows•@the•@second•@heat

absorpdon•@peak•@centered•@at•@90•B@C•C•@indicatŒŒg•@that•@there•@is•@a•@stable•@unfolding•@intermediate•@in•@the

thermal•@transition•@•isee•@below•j•D

The•VƒÖ‰¾globule•@state•@of•i•FM‰³

The•@molten•@globule•@state•@of•@CML•@is•@stably•@populated•@at•@pH•@2•D0•@in•@the•@ab•@sence•@of•@denaturants•@and•@at

an•@intermediate•@concentration•@•iˆê2•@M•j•@of•@a•@denaturant•C•@guanidine•@hydrochloride•C•@at•@neutral•@pH•D

Figure•@8C•@shows•@a•@i•@H•@NMR•@spectrum•@of•@recombinant•@CML•@in•@the•@molten•@globule•@state•@at•@pH•@2•D0•C

and•@it•@is•@compared•@with•@the•@native•@spectra•@•iFigure•@8•@A•@and•@B•j•@and•@the•@spectmm•@in•@the•@fully•@unfolde•@d

state•@at•@6•@M•@guanidine•@hydrochloride•@•iFigure•@8D•j•D•@As•@previously•@observed•@in•@ct•|lactalbumin•@and

EML•C•@the•@specmm•@in•@the•@molten•@globule•@state•@is•@more•@similar•@to•@the•@spectrum•@in•@the•@unirolded•@state•C

and•@the•@characteristic•@chemical•@shift•@dispersion•@is•@mostly•@disappeared•D•@The•@spectral•@width•@is

broader•@than•@the•@spectra•@in•@the•@native•@and•@the•@fully•@unfolded•@states•C•@and•@this•@is•@also•@a•@characteristic•@of

the•@molten•@globule•@state•@•i8•C•@20•C•@21•j•C•@However•C•@it•@should•@also•@be•@noted•@that•@sma11•@resonance•@peaks

are•@still•@present•@in•@the•@upfield•@region‹uom•@O•@to•|l•@pPm•C•@which•@arise‹uom•@ring•|current•@shifts•@of

aliphatic•@protons•@and•@are•@due•@to•@specific•@packing•@interactions•@of•@the•@aliphatic•@side•@chains•@around•@an

aromatic•@ring•D•@Whether•@these•@tmg•@current•@s•@hifts•@are•@due•@to•@the•@specifiic•@interactions•@in•@the•@molten

globule•@state•@or•@the•@incomplete•@unfoldng•@of•@the•@native•@state•C•@has•@not•@yet•@been•@determined•D

•@•@•@•@•@•@•@ln•@order•@to•@investigate•@the•@stability•@of•@the•@molten•@globule•@state•C•@the•@thermal•@transition•@of

recombinant•@CML•@in•@the•@apo•@state•@at•@pH•@4•D5•@was•@investigated•@by•@the•@D•@SC•@measurement•@•iFigure•@7B•j•D

Under•@the•@condition•C•@EML•@is•@known•@to•@show•@two•@heat•@absorption•@peaks•C•@one•@caused•@by•@unfolding

from•@the•@native•@to•@the•@molten•@globule•@state•@and•@the•@other•@caused•@by•@unfolding•@from•@the•@molten

17

globule•@to•@the•@thermally•@u‡ufolded•@state•i8•C9•j•D•@This•@behavior•@has•@also•@been•@observed•@in•@the•@DSC

curve•@of•@CML•iFigure•@7B•j•C•@but•@the•@second•@transition•@of•@the•@protein•@occurs•@at•@a•@much•@higher

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@temperatUre•@than•@the•@correspondng•@transition•@of•@EML•i70•@C•j•i9•j•Gthe•@tWo•@peaks•@of•@CML•@are•@located

•@•@•@•@•@•@•@•@•@‚Þat•@45•@and•@90•@C•iFigure•@7B•j•D•@The•@results•@indicate•@that•@the•@molten•@globule•@state•@of•@CML•@is•@much

more•@stable•D•@Comparison•@of•@the•@DSC•@curves•@in•@the•@holo•@and•@apo•@states•@of•@CML•@also•@illdicates•@that

the•@extraordinary•@stability•@of•@the•@mo•@lten•@globUle•@state•@of•@this•@protein•@has•@led•@to•@the•@appearance•@of•@the

second•@heat•@absorption•@peak•@ill•@the•@holo•|proteill•@observed•@above•iFigure•@7A•j•D

Discussion

The•@purpose•@of•@this•@CHAPTER•@is•@to•@build•@up•@an•@expression•@system•@of•@CML•@in•@E•@coli•@and•@to

characterize•@the•@expressed•@protein•D•@B•@ecaus•@e•@the•@cDNA•@sequence•@of•@the•@protein•@has•@not•@yet•@been

determinea•@1•@have•@designed•@and•@comstructed•@a•@synthetic•@gene•@b•@ased•@on•@the•@reported•@amino•@acid

sequence•@•i6•j•D•@The•@protein•D•@which•@was•@overexpressed•@from•@the•@synthetic•@gene•@in•@E•D•@coli•C•@formed

ins•@oluble•@inclusion•@b•@odies•C•@but•@it•@was•@efficiently•@refo•@lded•@through•@the•@use•@of•@the•@E•@coli•@thioredoxin

refolding•@system•@developed•@by•@Koshiba•@et•@al•D•@•iD•D•@•flhe•@refolded•@recombinant•@protein•@showed•@the

salne•@enZymatic•@activity•@in•@the•@lysis•@ofƒ‹ticrococcus•@lysodeiktt•fcus•@cells•@as•@the•@authendc•@lysoZyme

•iFigure•@5•j•C•@suggesthlg•@that•@the•@proteŒŒcorrectly•@fbIded•@into•@the•I1adve•@and•@active•@co‡uformation•D

•@•@•@•@•@•@•@The•@results•@of•@the•@CD•C•@the•@i•@H•@NMR•@spectra•C•@and•@the•@D•@S•@C•@measurements•@•iFigure•@6•C•@7•@and

8•j•@showed•@that•@the•@recomb•@inant•@CML•@refolded•@from•@the•@inclus•@ion•@b•@odies•@have•@the•@correct•@native

struc‰Á•mre•D•@It•@also•@has•@secolldary•@and•@tertialy•@stmctures•C•@as•@indicated•@by•@the•@CD•@spectra•C•@very•@similar

to•@the•@spectra•@of•@the•@authentic•@protein•@in•@both•@the•@farˆê•@and•@near•|UV•@regions•D•@The•@typical•@excess•@heat

capacity•@curve•@of•@the•@thermal•@unfolding•@of•@recombinant•@CML•@suggests•@that•@the•@unfolding•@transition

of•@this•@recombinant•@lysozyme•@occurs•@highly•@cooperatively•@although•@it•@shows•@the•@two•@different

thermal•@transitions•@•iFigure•@7•j•D•@The•@cooperative•@thermal•@transition•@is•@characteristic•@of•@a•@globular

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@18
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P•C•Bt•BŒŒh•AŒŒ9•E•E•Þ•Etertiay•EŒŒ•EŽM•EŒŒ•o•En•Edv•E•Et•Et•E•i18•E22•|24•j•E

•@•@•@•@•@•@•@The•@iH•@NMR•Ap•B•AŠÃa•@at•@pH•@2•D0•Eh•Ew•o•E‹È•E•EpecŠÃ•El•@fe•EŒŒ•cfth•Em•Elt•En•@91•EbŽMe•@state

’ù•Cv•Cry•Aimilãèt•Eth•E•Ee•@f•EŽMd•@inƒ¿ˆêlact•Elbumin•@•End•@EML•iFig‰Â•E8•j•ETh•EŒŒe•umal•@unfolding

•Aurv•C•A•@m•CŒä•Cd•@byŒŒ•EDSC•C•@h•Ew•Ev•E‚¿•Eh•Ew•@th•E‹È•E‡u•EldŒŒ9•Ef•@th•Em•Elt•En•@gl•EbŽMe•@state•@occãès

ar•BŽMd•@90•D•@C•C•C•B•o•At•@it•@is•@rem’wbly•@m•E•Ee•Et•Ebl•EŒŒ—ã•Em•Elt•En•@gl•EbŽM•E•Et•Et•E•Ef•@EML•Ewhi•Eh

•Ah•Bw•C•@the•@u‹È1•ong’ù•EŽMd•@70•D•@C•i9•j•D•@Th•E•Ec•E•EP•E•Eativ•Eheat•Eb•E•Eƒ³“ù•En‹u•EmŒŒ•Em•E1ten•@gl•EbŽM•E

•A1•A•B•Aug9•C•CtS•Eth•E‹È•Em•Elt•En•@gl•EbŽM•E•Et•Et•E•Ef•Ethi•Ep•E•Bäwis•@st•Ebilized•Eat•Eleast•Ein•EP•E•ut•Eby•@n•Edve•|like

•CpecŽ“•A•@int•E•Eacd•En•Eas•@sug9•E•Et•Ed•@in•@EML•ETh–š•Ee•E•Eec•Embin•Ent•@CML•@i•Eau•Ee‹Qm•Edel•@p•uotem

f•B•Celu•Aid•BŒŒ9•o•Em•ElecUlar•@mech•Eni•Em•Eby•@w‡q•Eh•@th•Em•Elt•En•@g1•EbŽM•E•Et•Et•Ei•E•Et•Ebilized•@•End

deternlil‹ung•@its•@role•@hl•@protehl•@fold‡q9•E

•@•@•@•@•@•@•@My•@prelimi™è•E‰Ády•@has•C•@h•Ew•Ev•Er•C•@al•ch•E•gmŒŒ•EtŒŒ•Eth•Ermal•Et•Ebility•Ef•@th•E

recombinant•@protein•@is•@signŒ³‹ucantly•@lower•@than•@that•@of•@authentic•@CML•Gthe•@meltlng•@temperat‚µres•@ln

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Þ3•DO•EM•E9U•Enidin•EhyŒŒ•E•Ehl•Edd•EŒŒth•Ep•Ee•Eence•Ef•@10mM•@C•ECl•Eƒ³H•@45•jãè•E30•E2•@and•@32•E4•@C•@f•E•Eth•E

recombinant•@and•@authentic•@proteins•C•@respectively•iKoshiba•@8•faƒ€•C•@unpublished•@data•j•D•@Automated

N•|te‡unal•@aŒŒno•@acid•ifive•@residues•jsequencing•@showed•@that•@the•@recombinant•@CM•FL•@expressed•@in•@E

oo•hpossesses•@an•@extra•@methiolline•@residue•@at•@the•@N•|temina1•idata•@not•@shown•j•D•@This•@was•@made•@clear

because•@the•@methioŒŒ1e•@aminopeptidase•@does•@not•@remove•@the•@N•|terminal•@methionine•@residue•@when

the•@mature•@sequence•@begins•@with•@lysine•C•@which•@does•@not•@occur•@with•@the•@sequence•@of•@the•@CML•i25•j•E

It•@is•@very•@likely•@that•@the•@decrease•@ill•@the•@themal•@stability•@of•@the•@recombinant•@protein•@compared•@with

•@Ule•@authendc•@protein•@arises•@‹u•Žm•@the•@presence•@of•@the•@extra•@methionhle•@residue•@at•@the•@proteln

N•|temimƒ†s•D•@MineƒÆ•çƒ¿1•D•i26•jhave•@reported•@that•@the•@presence•@of•@the•@extra•@methionhle•@residue•@at•@the

N•|terminus‡qrecombinant•@hen•@eg9•|white•@lysozyme•@bdngs•@about•@a•@decreased•@refblding•@yield•@and•@a

decreases•@solubility•@in•@comparison•@With•@the•@authentic•@protein•i27•j•D•@Recently•C•@IshikawaƒÆ•fal•E•i28•j

and•@Chaudhuri•@et•@al•D•i29•jhave•@also•@shown•@that•@the•@extraneous•@N•|temŒŒal•@methionine•@residue•@in

19

recombinantƒ¿ˆêlactalbumin•@destabilizes•@the•@protein•@through•@an•@entropic•@effect•@and•@that•@the•@en“ùopic

destabilization•@arises‹uom•@an•@increase•@in•@the•@confbmational•@entropy•@of•@the•@recombinant•@protein•@in

the•@unfolded•@state•D

•@•@•@•@•@•@•@ln•@conclusion•C•@the•@expression•@system•@of•@the•@synthetic•@gene•@that•@encodes•@CML•@should

enablc•@us•@to•@extend•@the•@biophysical•@and•@stmctural•@studies•@of•@this•@protein•@and•@its•@molten•@globule•@state•D

The•@high•@level•@of•@recombinant•@CM•FL•@expression‹uom•@the•@expression•@plasmid•ipHK7CML•jwill

ˆ¹cilitate•@the•@puriflcation•@of•@large•@amounts•@of•@mutant•@proteins•@reqŒŒed•@fbr•@such•@studies•D•@As

mentioned•@above•C•@however•C•@the•@recombinant•@protein•@possesses•@an•@extra•@N•|terminal•@methionine

residue•@that•@affects•@the•@protein•@stability•@Therefore•C•@it•@may•@still•@be•@necessary•@to•@modifY•@thi•@s

expression•@system•@if•@complete•@removal•@of•@the•@extra•@methiotme•@residue•@is•@required•D
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apo•B•@and•@holo•|CML•C•@respectively•D
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Abstract

Here•@I•@show•@that•@an•@unfblded•@intermediate•@of•@canine•@milk•@lysozyme•@is•@extraordinarily•@stable

compared•@with•@that•@of•@the•@other•@members•@of•@the•@lysozymeˆêƒ¿ˆê1actalbumin•@superfamily•C•@which•@has

been•@studied•@previously•D•@The•@stability•@of•@the•@intermediate•@of•@this•@protein•@was•@investigated•@using

calorimetry•C•@CD•@spectroscopy•C•@and•@NMR•@spectroscop•t•`and•@the•@results•@were•@interpreted•@in•@tems•@of

the•@structure•@revealed•@by•@X•|ray•@crystallography•@at•@a•@resolution•@of•@1•D85•@A•@to•@an•@R•|factor•@of•@l•@7•D8•“•D

Based•@on•@the•@results•@of•@the“ùlermal‚µmf•i•jlding•C•@this•@protein•@unfblds•@in•@two•@clear•@cooperative•@stages•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@and•@the•@melting•@temperature•@from•@the•@intermediate•@to•@the•@unfblded•@states•@is•@about•@20•@C•@higher•@than

that•@of•@equine•@milk•@Iysozyme•D•@Furthermore•C•@the•@iH•@NMR•@spectra•@of•@canine•@milk•@lysozyme•@at•@60•B•@C•C

essentially•@l•@OO•“of•@which•@exists•@in•@the•@intermediate•C•@showed•@that•@small•@resonance•@peaks•@that•@arise

˜]mring•|current•@shif‡es•@of•@aliphatic•@protons•@are•@still•@present•@in•@the•@upfield•@region•@f•pom•@O•@to•|1•@ppm•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚ÞThe•@protein•@at•@this•@temperature•@•i60•@C•j•@and•@pH•@4•D5•@has•@been•@fbund•@to•@bind

1•|anilino•|naphthalene•|8•Bsulphonate•iANS•jwith•@enhancement•@of•@the•@fluorescence•@intensity•@compared

with•@that•@of•@native•@amd•@the‡oally•@umfolded•@states•D•@I•@interpret•@that•@the•@extraordinarily•@stable

intermediate•@is•@a•@molten•@globule•@state•C•@and•@the•@extraordinary•@stabilization•@of•@the•@molten•@globule•@state

comes•@from•@stronger•@protection•@around•@the•@C•|and•@D•|helix•@of•@the•@aromatic•@cluster•@region•@due•@to•@the

residue•@of•@His•|21•D•@The•@conclusion•@helps•@to•@explain•@how•@the•@molten•@globule•@state•@acquires•@its

structure•@and•@stability•D
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Introduction

T•B•@unders‰¾d•@th•C•@p•C•Bt•Cin•@f•Elding•@mechanism•C•@the•@c•Encept•Ef•Ef•Elding•@int•Emediate•Esuch‚¨a

molten•@globule•@state•C•@is•@extremely•@important•D•@The•@molten•@globule•@state•@has•@been•@thought•@to•@be•@an

equilibrium•@and•@kinetic•@intermediate•@between•@the•@native•@and•@unfolded•@states•@of•@a•@number•@of•@globular

P•C•Bt•Cins•i1ˆê‚Ì•D•@F•E•Es•Em•Etim•E•CŒŒ•Em•Elt•En•@gl•EbŽM•E•E‡Š•Ef•Ep•E•Et•Ein•@has•@been•@assumed•@to•@be•@a

compact•@intermediate•@that•@possesses•@a•@stable•@secondary•@structure•@without•@native•@tertiary•@contacts•C•@and

ƒ¿ˆêla•Atalbumin•C•Ayt•B•A‡q•Eme•E•C•Ep•Emy•Egl•Ebi‹rd•Eev•E•Eal•Eth•E•Ep•E•Et•Ein•Ehav•E•E‹u•En•@been•@utilized‚¨a

usefu1•@modei•@protein•@for•@studying•@the•@folding•@mechanisms•@•i4ˆêˆê11•j•D•@However•C•@with•@the•@extensive

progress•@in•@studying•@the•@molten•@globule•@state•C•@new•@evidence•@has•@been•@accumulated•@that•@shows

•Cpeci•‰•Et•EŒíint•E•Eacti•Ens•E•En‹Qive•|lik•Et•EP•E1•Egy•EwiŒŒin•@th•Em•Elt•En•@gl•Ebul•E•Etat•E•Ef•Eu•Eh•@p•uoteins

asƒ¿•D1•B•A—ãumin•i12•|19•j•C•Ep•Emy•E91•Ebin•i20•|23•jand•Equin•Emilk•@ly•E•EZym•E•iEML•j•i24•u28•j•E

•@•@•@•@•@•@•@•@Canine•@milk•@lysozyme•@•iCML•j•@belongs•@to•@the•@family•@of•@calcium•|binding•@lysozymes•@•i29•j•C

and•@its•@physicochemical•@properties•@are•@known•@to•@be•@rather•@different•@from•@those•@of•@conventional•C

non•’alcium•|binding•@lysozymes•D•@ln•@particular•C•@notable•@difference•@has•@been•@observed•@in•@their

unfolding•@profiles•@•i30•j•D•@A•@stable•@equilibrium•@intermediate•@has•@been•@shown•@to•@accumulate•@during

the•@guanidine•@hydrochloride•|induced•@unfolding•@of•@CML•C•@although•@conventional•@lysozymes•@usually

unfo•@ld•@in•@a•@cooperative•@two•|state•@mamer•@without•@the•@accumulation•@of•@an•@intermediate•D•@Thus•C•@the

unfolding•@behaviors•@of•@this•@protein•@and•@E•IvflL•@are•@rather•@similar•@to•@those•@of•@ct•|lactalbumin•C•@which•@has

been•@shown•@to•@exhibit•@a•@well•@characterized•@molten•@globule•@state•@in•@its•@equilibrium•@unfolding•@•i4•C•@7•C•@9•j•D

•@•@•@•@•@•@•@•@Recently•C•@the•@expression•@systern•@for•@CML•@has•@been•@estab•@lished•@in•@Escherichia•@coli•@•iE•D•@coli•j•C

and•@1•@have•@found•@that•@the•@intermediate•@of•@this•@protein•@shows•@extraordinary•@stabilization•@•i31•j•D•@ln•@this

CHAPTER•C•@1•@show•@that•@CML•@is•@an•@exceilent•@model•@for•@elucidating•@the•@molecular•@mechanisms•@by

•@which•@the•@intermediate•@is•@stabilized•D•@ln•@order•@to•@investigate•@the•@stability•@of•@the•@intermediate•@of•@Crvfi•D•C•C

•@its•@unfolding•@behavior•@was•@studied•@by•@differential•@scaming•@calorimetry•@•iDSC•j•C•@UV•|CD•@spectroscopy•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@34

and•@NMR•@spectroscopy•C•@and•@the•@results•@were•@interpreted•@in•@terms•@of•@the•@structure•@revealed•@by•@X•|ray

crystallography•D•@Moreover•C•@the•@1•|anilino•|naphthalene•|8•|sulphonate•@•iANS•j•@binding•@experiment•@was

also•@performed•@for•@the•@purpose•@of•@detecting•@the•@formation•@of•@the•@loose•@hydrophobic•@core•@and

investigating•@the•@hydrophobic•@surface•@accessible•@to•@solvent•@of•@the•@intermediate•@of•@this•@protein•D•@The

X•|ray•@crystal•@structure•@of•@this•@protein•@was•@determined•@by•@a•@molecular•@replacement•@method•@and

refined•@at•@a•@resolution•@of•@1•D85•@A•@to•@an•@R•|factor•@of•@17•D8•@O•^o•@•ifree•@R•|factor•@•••@21•D5•@O•^o•j•D

•@•@•@•@•@•@•@From•@the•@result•@of•@ANS•|binding•@experiment•C•@it•@appears•@that•@the•@intermediate•@has•@been

found•@to•@bind•@ANS•@with•@enhancement•@of•@the•@fluorescent•@intensiry•@compared•@with•@that•@of•@the•@native

and•@the•@thermal•@unfolded•@states•D•@1•@interpret•@that•@the•@extraordinarily•@stable•@intermediate•@of•@this

protein•@is•@a•@moiten•@globule•@state•C•@and•@the•@extraordinarily•@stabilization•@come•@from•@its•@specific•@packing

interactions•@in•@the•@ct•|domain•D•@ln•@support•@of•@this•@interpretation•C•@the•@i•@H•@NMR•@spectra•@show•@that•@the

ring•|current•@effect•@is•@certainly•@present•@in•@the•@intermediate•@of•@CML•D•@The•@re•@levance•@of•@the•@present

results•@to•@the•@physicochemical•@properties•@of•@CML•@and•@the•@structural•@origins•@of•@the•@stability•@of•@the

molten•@globule•@state•@will•@be•@discussed•D

Materials•@and•@Methods

Materials

According•@to•@the•@procedures•@of•@Koshiba•@et•@al•@•i1999•j•C•@expression•@and•@purification•@of•@CML•@was

carried•@out•@using•@the•@expression•@system•@in•@E•D•@coli•@•i31•j•D•@EML•@has•@been•@prepared•@previously•@•i32•j•D

All•@other•@reagents•@were•@of•@biochemical•@research•@grade•D

Preparation•@of•@apoˆê•@and•@hoto•|proteins

Apoˆê•@and•@holo•|proteins•@were•@prepared•@as•@described•@previously•@•i31•C•@33•j•D
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•@•@•@•@•@•@•@•@•@•@•@1

Dijferentiat•@scanning•@calorimetry•@•iZDSC•j

Differential•@scanning•@calorimetry•@•iDSC•j•@measurements•@of•@CIVflL•@were•@carried•@out•@with•@an•@MC•|2

microcalorimeter•@•iMicroCal•C•@lnc•D•C•@Northampton•C•@MA•C•@USA•j•@at•@a•@scan•@rate•@of•@1•D0•@K•^min•D•@Sample

solutions•@for•@DSC•@measurements•@between•@pH•@4•D0•@and•@4•D5•@were•@prepared•@by•@dissolving•@the•@lysozymes

in•@50•@mM•@sodium•@acetate•@buffer•C•@and•@solutions•@between•@pH•@2•D5•@and•@4•D0•@were•@prepared•@using•@50•@mM

glycine•@hydrochloride•D•@The•@lysozyme•@concentrations•@used•@were•@1•D2•|1•D8•@mg•^mL•D•@The•@pH•@of•@the

sample•@solution•@was•@confirmed•@before•@and•@after•@each•@measurement•D•@Calorimetric•@enthalpies•@•izV•jr•Cal•j

were•@obtained•@using•@Origin•@computer•@software•@•iMicrocal•C•@lnc•D•j•D

MeasurementS•oof•@cz•jspectra

CD•@spectra•@of•@CML•@and•@EML•@were•@measured•@with•@a•@Jasco•@J•|500•@spectropolarimeter•iTokyo•C•@Japan•j•D

The•@protein•@concentrations•@were•@O•D5•@mg•^mL•@fbr•@all•@measurements•D•@Far•|and•@near•|UV•@CD•@spectra

were•@measured•@using•@a•@cell•@with•@O•D1•|and•@l•@cm•@optical•@path•@lengths•C•@respectively•C•@at•@pH•@4•D5•@and•@three

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Þ•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@different•@temperatUres•i9•@C•C63•@C•@and•@98•@C•j•D

Measure•V38‰æ–Ê‚ñ•`s•|binding

Fluorescence•@spectra•@of•@50•@s•DLM•@ANS•@in•@the•@absence•@and•@presence•@of•@25•@pM•@apo•|CML•@were•@collected

using•@a•@Hitachi•@spectrofluorimeter•@650•|40•@•iTokyo•C•@Japan•j•C•@equipped•@with•@a•@thermostatically

controiled•@cell•|holder•@to•@keep•@the•@temperature•D•@ANS•@fluorescence•@was•@measured•@using•@an

excitation•@wavelength•@of•@380•@nm•D•@The•@emission•@spectmm•@was•@recorded•@over•@the•@range•@of•@400•@to

640•@nm•D•@An•@ANS•@stock•@solution•@was•@prepared•@in•@methanol•C•@and•@the•@concentrations•@of•@the•@ANS

stock•@solutions•@were•@determined•@using•@an•@extinction•@coefficient•@of•@8•D0•@•~•@103•@M•fi•@cm•fi•@at•@372•@nm•@in

methanol•@•i49•j•D•@Fluorescence•@measurements•@were•@curried•@out•@using•@a•@cell•@with•@a•@1•|cm•@optical•@path

length•@at•@pH•@4•D5•@and•@three•@different•@temperatures•@•i90•@C•C•@63e•@C•@and•@980•@C•j•D

36

One•|dimen‰¾al•@iHNMR•@spe‰¾

one•|dimensional•@iH•@NMR•@spectra•@were•@obtained•@on•@a•@JEOL•@ct•|400•@spectrometer•@operated•@at•@400

MHz•@and•@several•@temperatures•@•i30•C•@40•C•@50•C•@60•C•@65•C•@and•@70e•@C•j•D•@The•@sample•@solution•@for•@the•@i•@H

NMR•@measurement•@was•@prepared•@by•@dissolving•@lyophilized•@lysozyme•@•iof•@apo•|type•j•@in•@D20•C•@and•@the

pH•@was•@adj•@usted•@with•@small•@quantities•@of•@NaOD•@or•@DCI•@solution•@to•@pH•@4•D5•D•@ln•@all•@experiments•C•@the

sweep•@width•@was•@15•D0•@ppm•C•@and•@the•@digital•@resolution•@was•@O•D36•@Hz•^point•D•@The•@water•@signal•@was

suppressed•@by•@a•@DANTE•@pulse•|sequence•@•i34•j•D

Crysta•V”@•ç•f0ƒÎ•C•@data•@cotlectio•V•C•@and•EstrUC‰¾e•@refi•Ve•Vlent

A•@dithaction•|quality•@crystal•@of•@apo•|CrvflL•@was•@obtained•@by•@vapor•@diffusion•@of•@hanging•@drops•@using

O•D1•@M•@tri•|sodium•@citrate•@buffer•@•ipH•@5•D6•j•@containing•@10•@mg•^mL•@protein•C•@O•D2•@M•@ammonium•@acetate•C

30•@O•^o•@•iw•^v•j•@PEG•|4000•C•@and•@1•@mM•@EDTA•D•@After•@7•|10•@days•C•@a•@crystal•@with•@the•@size•@of•@O•D8•@•~•@O•D2•@•~•@O•D2

mm3•@was•@obtained•D•@The•@space•@group•@of•@the•@crystal•@was•@P6•@i•@22•@with•@cell•@dimensions•@a•••@b•@•••@68•D6•@A•C

c•••@107•D1•@A•D•@There•@is•@one•@monomeric•@mo•@lecule•@in•@an•@asymmetric•@unit•D•@The•@X•|ray•@diffraction•@data

of•@the•@apo•|CINtfiL•@crystals•@were•@collected•@from•@a•@single•@crystal•@at•@room•@temperature•@using•@a•@Fuj•@i

imaging•@plate•@detector•@with•@a•@Rjgaku•@IPR•|4080•@imaging•@scanner•@and•@a•@Weissenberg•@camera•@for

macromolecular•@crystallography•@•i35•j•@on•@B•@L•|18B•@at•@the•@Photon•@Factory•C•@KEK•C•@Japan•D•@lntegrated

intensities•@were•@obtained•@with•@DENZO•@•i36•j•@and•@were•@reduced•@using•@a•@CCP4•@package•@•i37•j•D•@The

initial•@model•@of•@the•@apo•|type•@CrvflL•@was•@obtained•@by•@molecular•@replacement•@using•@the•@program

AMoRe•@•i38•j•D•@A•@search•@model•@was•@constructed•@from•@the•@atomic•@coordinates•@of•@EIVflL•@•i39•j•D•@The

structural•@refinements•@were•@performed•@using•@the•@program•@X•|PLOR•@•i40•j•D

Es‰¾lation•@of•Votein•@concen•Vƒ¿•«ƒÎ

The•@protein•@concentrations•@were•@estimated•@spectrophotometrically•@using•@the•@following•@extinction
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coefficients•@at•@280•@nm•F•@EiOiei•@•C•D•••@23•D2•@for•@CIVII•D•@•i30•j•@and•@EiOi•gi•@•C•D•••@23•D5•@for•@EPvflL•@•i41•j•D

Resu“¤ts

Diifferentia•f•ç‰¾áo9•@cat•E–|8–­ƒÏ50‚°C”§

In•@order•@to•@determine•@the•@thermodynamic•@parameters•@of•@thermal•@unfoiding•C•@DSC•@measurements•@of

the•@CML•@were•@carried•@out•@at•@acidic•@pHs•@between•@2•D7•@and•@4•D5•@in•@the•@absence•@ofcalcium•@ions•D•@Figure

1•@shows•@that•@the•@temperature•@dependence•@of•@the•@partial•@heat•@capacity•@of•@CIVfiL•@in•@acidic•@solutions

without•@calcium•@ions•D•@Under•@these•@conditions•C•@CML•@is•@in•@apo•|type•D•@ln•@this•@pH•@region•C•@the

unfolding•@of•@CML•@is•@reversible•C•@and•@the•@protein•@exhibits•@a•@cooperative•@therrnal•@unfolding•@with•@two

•Eemark•Ebly•@p•E•Eitiv•Eheat•Eb•E•E‚äti•En•@p•EdS•C•@as•EP•Eevi•Eu•Ely•Eep•E•v•Ed•@in•@EML•i25•E2‚Ì•Elt•@i•Eindicating

that•@the•@first•@peak•@represents•@the•@unfolding•@transition•@from•@the•@native•@state•@to•@an•@unfolded

intermediate•C•@and•@the•@second•@peak•@represents•@the•@unfolding•@transition•@from•@the•@intermediate•@to•@the

thermally•@unfolded•@state•D•@The•@melting•@temperatures•@•iT•D•j•C•@at•@which•@both•@heat•@absorption•@peaks

reach•@their•@maximum•C•@decreases•@at•@lower•@pH•@values•@in•@almost•@the•@same•@manner•D

•@•@•@•@•@•@•@The•@temperature•@dependence•@of•@the•@partial•@heat•@capacity•@of•@CINtfiL•@in•@50•@mM•@sodium•@acetate

buffer•@in•@the•@absence•@•iapo•|type•j•@and•@presence•@•iholo•|type•j•@of•@10•@mM•@CaC12•@at•@pH•@4•D5•@is•@shown•@in

Figure•@2•D•@in•@this•@pH•C•@the•@thermal•@stability•@and•@enthalpy•@of•@unfolding•@of•@Cmu•@are•@insensitive•@to

variations•@in•@ionic•@strength•@•isodium•@acetate•@buffer•G•@from•@10•@to•@100•@mM•j•@•idata•@not•@shown•j•D•@The

temperature•@dependence•@of•@the•@fractional•@population•@of•@apo•|CIVfiL•@at•@pH•@4•D5•C•@which•@was•@estimated

from•@F•@igure•@2•C•@is•@shown•@in•@Figure•@3•D•@From•@this•@figure•C•@we•@can•@easily•@see•@that•@the•@intermediate•@is

extraordinarily•@stable•C•@and•@essentially•@100•@O•^o•@of•@the•@protein•@is•@in•@this•@state•@at•@600•@C•C•@compared•@with

70•@O•^o•@of•@EML•@•i26•j•D•@Under•@the•@presence•@of•@10•@mM•@CaC12•@conditions•C•@ct•|lactalbumin•@and•@EML•@are

known•@to•@show•@a•@single•@heat•@absorption•@peak•@caused•@by•@a•@cooperative•@transition•@from•@the•@native•@to

the•@thermally•@unfolded•@states•@•i25•C•@42•|45•j•D•@However•C•@unlike•@ct•|lactalbumin•@and•@EML•C•@CML•@shows

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@38

the•@second•@heat•@absorption•@peak•@centered•@at•@850•@C•C•@indicating•@that•@there•@is•@a•@stable•@intermediate•@even

in•@the•@thermal•@unfolding•@in•@the•@presence•@of•@10•@mM•@CaC12•D•@Thus•C•@the•@comparison•@ofthe•@DSC•@curves

in•@the•@apo•E•E•@and•@holo•|types•@of•@CrvflL•@also•@indicates•@that•@the•@extraordinary•@stabilization•@of•@the

intermediate•@of•@this•@protein•@has•@led•@to•@the•@appearance•@of•@the•@second•@heat•@absorption•@peak•@in•@the

holo•|protein•@Qbserved•@above•@•iFigure•@2•j•D

Measurements•@of•@CD•@spectra

The•@farˆê•@•i215•|250•@nm•j•@and•@near•|UV•@•i250•|310•@nm•j•@CD•@spectra•@of•@apo•|CMI•D•@and•@apo•|EML•@at•@pH•@4•D5

and•@the•@temperature•@indicated•@by•@arrows•@•ii•|iii•j•@in•@Figure•@2•@are•@depicted•@in•@Figure•@4A•@and•@B•D•@The

far•|UV•@CD•@spectrum•@of•@apo•|CrvflL•@at•@630•@C•@still•@shows•@the•@presence•@of•@the•@secondary•@structure•C•@much

as•@in•@the•@native•@state•@•ii•j•G•@moreover•C•@the•@near•|UV•@CD•@spectrurn•@at•@this•@temperature•@shows•@the•@presence

of•@elements•@of•@tertiaryˆê•plike•@structure•@•iFigure•@4A•j•D•@ln•@Figure•@4B•C•@however•@for•@EML•C•@we•@can•@see•@that

CD•@intensity•@around•@220•@nm•@at•@63•B•@C•@is•@half•@as•@much•@asŒŒat•@of•@native•@state•ii•j•D•@Thus•C•@the

intermediate•@of•@EML•@has•@already•@started•@to•@disorder•@at•@this•@temperature•D•@Therefore•C•@it•@appears•@that

the•@intermediate•@of•@CML•@still•@possesses•@a•@partially•@native•|like•@structure•@and•@is•@highly•@populated•@at

elevated•@temperatures•@•i70•|100e•@C•j•@both•@in•@the•@absence•@and•@the•@presence•@of•@Ca2•f•@•iFigure•@2•C•@3•C•@and

4A•j•D

ŠŸ‰¾4•fƒÎ9

The•@fluorescent•@hydrophobic•@moiecule•C•@1•|anilino•|naphthalene•|8•|sulfonate•@•iANS•j•C•@is•@commonly•@used

as•@a•@probe•@of•@the•@hydrophobic•@suŒŒce•@exposed•@to•@solvent•i47•C48•j•D•@The•@fluorescence•@spectra•@of

apo•|CML•@at•@pH•@4•D5•@and•@the•@temperatures•@indicated•@by•@arrows•@•ii•|iii•j•@in•@Figure•@2•@are•@depicted•@in

Figure•@5•D

•@•@•@•@•@•@•@The•@fluorescence•@intensity•@of•@50•@pM•@ANS•@in•@the•@presence•@of•@25•@pM•@apo•|CML•@at•@630•@C•@is
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•p

•m•@•@•@•@•@•@•@L•E

greater•@than•@that•@of•@the•@temperatures•@at•@9•@and•@980•@C•D•@This•@is•@the•@characteristics•@of•@the•@moiten

gl•Bbul•C•C–Qwhi•Ah•Ehas•Eth•Ehyd•E•Eph•Ebic•@c•E•Ee•@exp•E•Eed•@t•clv•Ent•i19•E28•E48•E49•j•EThe•@f•fexible

nature•@of•@the•@molten•@globule•@state•@permits•@some•@internal•@non•|polar•@groups•@to•@become•@exposed•@to

solvent•C•@thus•@making•@the•@surface•@of•@this•@state•@more•@hydrophobic•@than•@that•@of•@the•@native•@or•@unfolded

•At•Bt•C•C•i48•C5•B•j•D•@Th•C•Cef•B•Ce•C•@th•E•Ee•Eult•EfANS•|binding•@m•Easu•Eem•Ent•@indi‡Š•EŒŒat•@the•@inte•umediate

of•@this•@protein•@has•@a•@characteristic•@of•@the•@molten•@globule•@state•D

One•|dimensionat•@iH•@NMR•@spectra

Figu•Ce6•Ah•Bw•Ath•C•oemŒPun‹›lding‹r•Eiti•En•E•Efap•EˆêC–P•Ewhi•Ehwerem•Enit•E•Eedwith•@1H‡o•E•E

Heating•@of•@the•@apo•|CML•@induced•@a•@major•@change•@in•@the•@NMR•@spectra•@between•@40•@to•@500•@C•G•@this

temperature•@was•@comparable•@to•@the•@temperature•@•i30•|550•@C•j•@at•@which•@DSC•@and•@CD•@spectra•@show•@their

first•@thermal•@transition•@•iFigure•@2•C•@3•@and•@4A•j•D•@The•@highly•@dispersed•@resonances•@in•@the•@chemical•@shifts

from•@O•@to•@ˆê1•@ppm•@corresponding•@to•@the•@native•@conformation•@show•@a•@decrease•@in•@intensity•@concurrent

wiäw•C•@d•B‡oŒÞ•Cld•Ah•Cmi•Aal•Chi‹u•i31•j•D•@Similar•Edec•Eea•Eing•Ein•Eint•En•Eity•Eand•Eh•Emi•Eal•Ehi‹u•Ehang•E•E

•A•A•B–tn•Ati•Bn•Bft•Cmp•E‰¾•Ehav•Ebeen•Eb•Eerv•Ed•@inƒ¿•Elactalbumin•Eand•EEML•EH•Ew•Ev•E‚çunlik•Ethe

iH•@NMR•@spectra•@of•@ct•|lactalbumin•@and•@EML•C•@which•@show•@no•@resonances•@from•@O•@to•@ˆê1•@ppm•@above•@600

C•i25•C28•C51‚Â3•j•Cth•E•Epectr•E•Ef•@ap•EˆêCML•Eh•Ew•Em•Ell•Ee•E•En•Ence•EP•EdS•Etill•@p•Ee•Eent•@in•@th•Eupfi•Eld

region•@from•@O•@to•@ˆê1•@ppm•@above•@600•@C•@•iFigure•@6•j•D•@Thus•C•@the•@structure•@of•@the•@intermediate•@of

apo•|CML•@is•@more•@order•@than•@that•@ofthe•@other•@members•@of•@the•@lysozyme•Epct•|lactalbumin•@superfamily•D

in•@Table•@2•D

•@•@•@•@•@•@•@Figure•@7•@shows•@the•@ribbon•@diagram•@of•@apo•|CML•D•@A•@deep•@cleft•@containing•@the•@active•@site

divides•@the•@CML•@molecule•@into•@a•@1arge•@domain•@•ict•|domain•j•@and•@a•@small•@domain•@•iS•|domain•j•C•@both•@of

which•@are•@similar•@to•@those•@previously•@reported•@for•@the•@lysozyme•|ct•|lactalbumin•@superfamily•@•i39•C

54•|59•j•D•@The•@ct•|domain•@comprises•@residues•@1•|42•@and•@86•|129•C•@and•@it•@is•@composed•@of•@four•@maj•@or•@ct

helices•@•iA•|helix•C•@5•|16•G•@B•|helix•C•@25•|36•G•@C•|helix•C•@88•|100•G•@D•|helix•C•@109•|113•j•@and•@two•@short•@helices

•i104•|107•G•@123•|126•j•D•@The•@B•|domain•@is•@composed•@of•@a•@series•@of•@loops•@and•@a•@small•@three•|stranded

antiparallel•@P•|pleated•@sheet•@•iSl•F•@43•|45•C•@S2•F•@51ˆêˆê55•C•@and•@S3•F•@58•|61•j•D

•@•@•@•@•@•@•@The•@overall•@structure•@of•@the•@determined•@apo•|CML•@is•@shown•@in•@Figure•@8•C•@together•@with•@those

of•@apo•|EML•@•i39•j•@and•@guinea•|pig•@ct•elactalbumin•@•iGPLA•j•@•i58•j•D•@The•@three•@proteins•@compared•@here

are•@very•@similar•@to•@each•@other•C•@reflecting•@their•@high•@similarity•@of•@their•@amino•@acid•@sequences•@•iFigure

9•j•D•@The•@root•@mean•@square•@deviations•@between•@Crvff•D•@and•@Emu•@and•@between•@CrvflL•@and•@GPLA•@for•@the

main•|chain•@C•D•@atoms•@were•@1•D294•@and•@1•D950•@A•C•@respectively•D•@Differences•@in•@main•|chain

conformation•@are•@observed•@in•@several•@distinct•@regions•@of•@these•@structures•C•@the•@largest•@of•@which•@being

in•@the•@regions•@between•@residues•@43•@to•@55•D•@There•@are•@also•@considerable•@differences•@in•@the•@regions

between•@residues•@64•@to•@75•D•@One•@of•@the•@features•@of•@the•@crystal•@structure•@of•@apo•|CML•@is•@that•@the•@loop

region•@of•@the•@P•|domain•@•iresidues•@43•@to•@55•j•@is•@much•@closer•@to•@the•@ct•|domain•@than•@in•@E•jvfiL•@and•@GPLA•D

Therefore•C•@according•@to•@the•@structure•@of•@native•@Cmu•C•@it•@is•@l•@ikely•@that•@the•@P•|domain•@structure•@of•@C•@ML

may•@be•@more•@stable•@than•@those•@of•@EML•@and•@GPLA•D

x•vray•@crystal•@struc‰¾e•@Of•@apo•|CML

Apo•|C•@ML•@was•@crystallized•@in•@space•@group•@of•@P6•@i•@22•C•@and•@the•@three•|dimensionai•@structure•@was

determined•@by•@a•@motecular•@replacement•@method•D•@The•@1•D85•@A•@structure•@was•@refined•@to•@an•@R•|factor•@of

17•D8•@O•^o•@•iRftc•C•@•••@21•D5•@O•^e•j•D•@The•@crystallographic•@parameters•@and•@refinement•@statistics•@are•@summarized

40

Discussion

The•@purpose•@of•@this•@CHAPTER•@is•@to•@elucidate•@the•@relationship•@between•@the•@struc‰Átre•@and•@the

thermodynamics•@of•@the•@intermediate•@of•@CML•C•@and•@compare•@the•@intermediate•@with•@those•@of•@the•@other

Members•@of•@the•@lysozyme•|ct•|lactalbumin•@superfamily•C•@which•@have•@been•@studied•@previously•D•@ln•@order

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@41
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“å“ï“åi“ï•w“ï—Ø ‚­Ž¯”i •u•D•§•§•E–úáÁ‰T‰T”R‘”“¨1•QŒd‰sYil•f1•Eˆê“ñ’’‡j‚²•ˆ•D•ˆ•C1—w•x•E•w•ˆ•_‡d •c”¥‰T‰T”M“å•A•f•••p

t•BfUlly•Aund•Cžgth•C•C‰¾•EnŒŒe•@c•Enf•E•Emati•Enal•Etability•Ef•Ep•E•Et•Ein•Eit•@is•@necessa•fy•@to•@elucidate

th•C•@th•Cm•Bdynami•A‹r•Cters•Efth•Eunf•Elding•Eäw•Em•Ed‹ri•E‹r•Ete•us•@fo•uŒŒeŠšlding

‰ª‚Ì•CŒèƒÅ•Cand•¢ƒ¿”T1•Efth•ECML•@and•@ErvflL•Et41•E5•D•@C•itr•En•Eiti•E–Ê•Emthe•@native•@stateto•@the

intermediate•G•@N•|1•@transition•j•@and•@66•D40•@C•@•itransition•@from•@the•@intermediate•@to•@the•@thermally•@unfoided

state•G•@1•|U•@transition•j•@were•@obtained•@according•@to•@the•@following•@equations•@using•@the•@data•@from•@the

DSC•@measurements•@in•@this•@study•@and•@Griko•@et•@al•D•@•i26•j•F

AH•ib••di•iTm•j•{–Ò•E•¢Cp‚ÌdT•C

A•CS•G•m‚Ì•••AAS•iTm•j•{–Ò•E•¢C•C‚Ìdln7•C

•¢•i•n•iT•j•••¢H‚ÌˆêƒÑ•¢s‚Ì•C

•i1•j

•i2•j

•i3•j

wh•C•Ce•@T•D•@i•AŒŒ•C•@m•Elting•@t•Emp•E‰Á•Ee•Eand•EAS•iTm•j•Equal•Et•E•¢H•iTm•j•^Tm•Elh•E•¢C•E‚Ìvalu•cfCML

and•@EML•@at•@these•@temperatures•@were•@obtained•@using•@the•@data•@ofKoshiba•@et•@al•D•@•i46•j•@and•@Griko•@et•@al•D

•i26•j•C•@respectively•D•@The•@parameters•@obtained•@are•@listed•@in•@Table•@1•D•@The•@AG•@value•@of•@the•@1•|U

transition•@for•@CML•@is•@2•D1•@kcaVmol•@more•@stable•@than•@that•@of•@Emu•@at•@66•D40•@C•C•@although•@the•@AG•@values

of•@the•@N•|1•@transition•@between•@two•@proteins•@are•@quite•@similar•@•iˆê•Z•D3•@kcaYmol•j•@to•@each•@other•@at•@41•D50•@C•D

It•@is•@indicatingŒŒa’ÛeŒŒemal•@stability•@ofŽRe•@intemediates•@between•@CML•@and•@EML•@is•@very

different•@in•@spite•@of•@the•@similarity•@of•@the•@N•|1•@transition•D•@ln•@the•@1•|U•@transition•@at•@66•D40•@C•C•@the•@AH

value•@for•@the•@unfolding•@of•@the•@intermediate•@of•@CML•@•i30•D9•@kcaVmol•j•@is•@larger•@than•@that•@of•@Emu•@•i29•D5

kcal•^mol•j•D•@ln•@addition•C•@the•@entropy•@term•@•iTAS•j•@in•@the•@unfo•@lding•@of•@the•@intermediate•@of•@CML•@•i28•D8

kcaYmol•j•@is•@smaller•@than•@that•@of•@EML•@•i29•D5•@kcal•^mol•j•D•@These•@evaluations•@indicate•@that•@both•@the

enthalpy•@and•@entropy•@terms•@seem•@to•@be•@the•@major•@terms•@for•@stabilization•@ofthe•@intermediate•@of•@CML•D

•@•@•@•@•@•@•@From•@the•@results•@of•@this•@study•C•@the•@intermediate•@of•@CML•@has•@been•@shown•@its•@extraordinary

stabilization•C•@and•@1•@propose•@that•@the•@intermediate•@is•@a•@molten•@globule•@state•D•@There•@are•@at•@least•@three

lines•@of•@strong•@evidence•@for•@the•@identification•@of•@the•@intermediate•@of•@CML•@as•@the•@molten•@globule•@state•D

First•C•@the•@intermediate•@of•@C•@ML•@is•@stab•@ly•@populated•@at•@pH•@2•D0•C•@and•@the•@i•@H•@NMR•@spectrum•@is•@more

similar•@to•@the•@spectrum•@in•@the•@unfolded•@state•@and•@the•@characteristic•@chemical•@shift•@dispersion•@has

mostly•@disappeared•@•i31•j•D•@The•@spectral•@width•@is•@broader•@than•@those•@in•@the•@native•@and•@the•@fully

unfolded•@states•C•@and•@these•@are•@characteristics•@of•@the•@molten•@globule•@state•@•i25•C•@53•C•@80•j•D•@Second•C•@CML

shows•@a•@three•|state•@unfolding•@transition•@in•@guanidine•@hydrochloride•@•i30•j•@with•@the•@unfolded

intermediate•@state•@very•@similar•@to•@the•@intermediate•@of•@the•@thermal•@unfolding•@•ithis•@study•j•C•@and•@these

intermediates•@are•@stmcturally•@very•@similar•@to•@the•@acid•@state•@•i31•j•D•@Such•@unfolding•@behavior•@and•@the

properties•@of•@the•@intermediate•@or•@the•@acid•@states•@are•@essentially•@identical•@to•@those•@observed•@previously

in•@ct•|lactalbumin•@and•@E•jvflL•@•i4•C•@7•C•@9•C•@26•C•@27•C•@60•C•@61•j•C•@for•@which•@the•@unfo•@lding•@intermediate•@state•@has

been•@vvell•@characterized•@and•@identified•@as•@the•@molten•@globule•@state•D•@F•@inally•C•@the•@results•@of•@the

ANS•|binding•@experiment•@presented•@in•@this•@study•@show•@that•@the•@hydrophobic•@fluorescence•@probe

•iANS•j•@has•@a•@different•@affmity•@to•@various•@conformations•@of•@ClvflL•@•iFigure•@5•j•D•@This•@probe•@is•@not

practicaily•@bound•@to•@fully•@unfolded•@proteins•@as•@well•@as•@to•@a•@number•@of•@native•@proteins•@•i48•j•D

Nevertheless•C•@the•@results•@of•@this•@study•@show•@a•@very•@good•@correlation•@of•@the•@highest•@protein•@affrinity•@to

ANS•@with•@the•@conformation•@of•@the•@intermediate•D•@This•@is•@a•@characteristic•@ofthe•@molten•@globule•@state•C

which•@has•@the•@hydrophobic•@core•@exposed•@to•@solvent•@•i19•C•@28•C•@48•C•@49•j•D

•@•@•@•@•@•@•@Recently•C•@with•@the•@extensive•@progress•@in•@the•@study•@of•@the•@molten•@globule•@state•C•@new

evidence•@has•@been•@accumulated•@that•@shows•@the•@presence•@of•@native•|like•@tertiary•@fold•@within•@the•@molten

globule•@state•@of•@ct•|lactalbumin•@•i12•|19•j•D•@Peng•@and•@Kim•@•i1994•j•@have•@shown•@that•@the•@helical•@domain

•ict•|domain•j•@of•@human•@ct•|lactalbumin•C•@in•@isotation•C•@forms•@a•@molten•@globule•@state•@with•@the•@same•@overall

teniary•@fo•@ld•@as•@that•@found•@in•@intact•@ct•|lactalbumin•@•i12•j•D•@The•@same•@group•@has•@also•@reported•@that•@the

ct•|heiical•@domain•@forms•@a•@helical•@structure•@with•@a•@native•|like•@tertiary•@fold•C•@while•@the•@P•|sheet•@domain

42 43

Žl
ŽlŽl

Žl•A“å•E
‰€•Þ

—ú•f—Ù
ˆé
“ï“«



s

‘Ë“å—Ø•§•§•Q“å“åéò1”Q“ï˜_’ß•FŠW‹`‹Ã”Õ–š“åŽ‡“Ç–ø–Öƒ[–ì——•ˆ•æ•f
•@•@•f

•fr•C•f ?‚P•Q•»•ˆ•E•wˆê“ñ•cƒŒŽ¯—H•J‹™‚²1“Z–|•f

is•@1argely•@unstructured•@•i14•j•D•@The•@studies•@indicate•@that•@the•@molten•@globule•@state•@of•@ct•|lactalbumin•@has

a•@native•|like•@overall•@fold•C•@even•@though•@it•@lacks•@the•@extensive•@fixed•@tertiary•@interactions•@that•@are

characteristic•@of•@native•@proteins•@•i12•C•@62•j•D

•@•@•@•@•@•@•@Fu‹È•Cm•B•Ce•C•@D•Bb•C•Bn•Eand•A•Bˆêw•E•Ek•Ers•@h•Ev•E•Eevea1•Ed•@th‹QEML•Eunlik•E•Ethe•ulysozymes•E

•Aan•Db•C•@tran•Af•Brm•Cd•@int•B•@the•@equilib•Eium•Em•E1t•En•@gl•Ebu1•E•Et•Et•E•i24•E25•E2Z•@28•jand•oat•@this•@state•@is

more•@similar•@to•@the•@native•@state•@than•@the•@equilibrium•@state•@of•@apo•|type•@ct•|lactalbumin•C•@which•@is

usual•Iy•@regarded•@as•@a•@•gclassical•h•@molten•@globule•@state•@•i62•C•@63•j•D•@Moreover•C•@it•@has•@been•@reported•@that

the•@molten•@globule•@state•@ofEML•@is•@stabilized•C•@at•@least•@in•@part•C•@by•@native•|like•@specific•@interactions•@and

is•@more•@stable•@than•@that•@of•@ct•|lactalbumin•@•i60•j•D•@The•@ct•|helices•@A•C•@B•C•@and•@D•@of•@ElvflL•@are•@especially

strongly•@protected•@in•@the•@molten•@globule•@state•@•i2•@7•C•@28•j•D

•@•@•@•@•@•@•@Thus•C•@the•@intermediate•@of•@CML•@can•@be•@identify•@as•@the•@molten•@globule•@state•C•@and•@it•@is

thought•@to•@be•@similar•@to•@the•@molten•@globule•@state•@of•@EML•C•@which•@has•@been•@distinguished•@from•@a

•E•Alassical•Em•Blt•En•@gl•Ebul•E•Et•Et•E•D•@H•Ew•Ev•E•E•C•@the•@1H‡o•Epe‰¾m•EfCML•Eat•E60•B•@C•iFigu•Ee•@6•j•Eth•E

temperature•@at•@which•@100•@O•^o•@of•@the•@protein•@exists•@in•@the•@stable•@molten•@globule•@state•@•iFigure•@3•j•C•@has

shown•@interesting•@characteristics•@as•@compared•@with•@that•@of•@the•@other•@lysozyme•|ct•|lactalbumin

superfamily•D•@Small•@resonance•@peaks•@are•@still•@present•@in•@the•@upfield•@region•@from•@O•@to•@ˆê1•@ppm•D

These•@peaks•@arise•@from•@ring•|current•@shifts•@of•@methyl•@protons•@and•@are•@due•@to•@specific•@packing

interactions•@of•@the•@aliphatic•@side•@chains•@around•@the•@aromatic•@rings•G•@moreover•C•@this•@characteristics•@has

previously•@been•@observed•@in•@the•@acidic•@folding•@intermediate•@•ipH•@2•D0•j•@•i31•j•D•@Recentiy•C•@we•@have

sequentially•@assigned•@the•@chemical•@shifts•@of•@CML•@using•@isN•|labeled•@protein•@•iunpublished•@results•j•C

and•@these•@peaks•@appear•@to•@come•@from•@the•@methyl•@protons•@of•@Val•|98•@and•@PH•@of•@Met•|105•C•@as•@shown•@in

Figure•@6•D•@Therefore•C•@the•@NMR•@studies•@suggest•@that•@the•@extraordinary•@stabilization•@of•@the•@molten

globule•@state•@of•@CML•@is•@due•@to•@the•@specific•@packing•@interactions•@of•@C•|helix•@•iVal•|98•j•@and•@Met•|105

•@around•@the•@aromatic•@rings•D

44

•@•@•@•@•@•@•@However•C•@why•@can•@CML•@fold•@to•@the•@extraordinarily•@stable•@molten•@globule•@state•@as

compared•@with•@that•@of•@EML•H•@ln•@the•@following•C•@1•@address•@this•@question•@and•@show•@possible•@reasons

that•@interpret•@such•@difference•@in•@the•@molten•@globule•@stability•@between•@the•@proteins•D

The•@role•@ofHis•|21•@for•@the•@stabilization

The•@hydrophobic•@c•@luster•@of•@CML•@•iFigure•@10A•j•C•@which•@originates•@from•@the•@aromatic•@residues•@•iTyr•|23•C

Trp•|28•C•@ˆê63•C•@ˆê64•C•@ˆê108•C•@and•@ˆê111•j•@around•@Val•|98•@and•@Met•|105•C•@is•@compared•@with•@that•@of•@EINiilL•@•iFigure

10B•j•D•@ln•@the•@crystal•@structure•@of•@CIVflL•C•@His•|21•@is•@located•@at•@the•@turn•@region•@between•@the•@Aˆê•@and

B•|helices•C•@and•@is•@ciose•@to•@the•@C•|helix•G•@however•C•@this•@position•@in•@ErvflL•@is•@replaced•@by•@glycine•@•iFigure

9•j•C•@The•@distance•@between•@the•@Ned•@atom•@of•@His•|21•@and•@O•@atom•@•iC•|O•j•@of•@Val•|99•@is•@3•D13•@A•C•@and•@a

hydrogen•@bond•@is•@formed•@between•@these•@two•@atoms•C•@as•@shown•@in•@F•@igure•@11•D•@As•@a•@result•C•@the•@Aˆê•@and

B•|helix•@become•@much•@closer•@to•@the•@C•|helix•C•@and•@hydrophobicity•@around•@this•@region•@is•@increased•C

Thus•C•@the•@substitution•@of•@Gly•|21•@with•@His•|21•@can•@be•@suggested•@to•@have•@two•@effects•@on•@the

stabilization•@of•@the•@molten•@globule•@state•D•@First•C•@by•@forming•@a•@hydrogen•@bond•@between•@the•@side•@chain

of•@His•|21•@and•@the•@main•@chain•@of•@Val•|99•C•@the•@ct•|helices•@A•@and•@B•@are•@connected•@to•@the•@C•|helix•C•@and

these•@chains•@become•@less•@flexible•D•@Second•C•@the•@involvement•@of•@the•@His•|21•@residue•@on•@the

hydrophobic•@cluster•@makes•@the•@structure•@more•@stab•@le•C•@and•@the•@molten•@globule•@state•@of•@Crvfi•D•@i•@s•@further

stabi1ized•D•@lndeed•C•@substitutions•@of•@some•@residues•@in•@the•@ct•|domain•@of•@ctˆê•Elactalbumin•@with•@more

hydrophobic•@amino•@acids•@increase•@the•@stability•@of•@the•@molten•@globule•@state•@of•@ct•|lactalbumins•@•i16•C•@18•C

61•j

•Ü”Q‚è•CofD•|he•íl

Residue•@109•@is•@located•@in•@the•@N•@terminal•@of•@the•@D•|helix•G•@these•@residues•@are•@lysine•@and•@valine•@in•@EML

and•@CML•C•@respectively•@•iFigure•@9•C•@10A•@and•@B•j•D•@lt•@is•@well•@known•@that•@a•@protein•@is•@stabilized•@by•@an
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electrostatic•@interaction•@between•@a•@negatively•@charged•@side•@chain•@in•@a•@helical•@N•@terminal•@and•@a

positively•@charged•@side•@chain•@in•@a•@helical•@C•@terminal•@due•@to•@the•@ct•|helix•@dipole•@•i64ˆêˆê6D•D•@ln•@the•@case

•Bf•@Eæä•C•@th•C•Ce‡Š•Ce•Aidu•E•E•C•@whi•Ehãè•E1•Ecat•Ed•@inŒŒ•Eh•Eli•Eal•EN•Eand•EC•Et•Eminal•E•EfŒŒe•@D•Dhelix•Ea•ue

both•@lysine•@•iLys•|109•@and•@113•j•D•@From•@the•@results•@of•@the•@X•|ray•@structure•@of•@EML•Cthe•@distance

between•@the•@N•q•@atom•@of•@Lys•|109•@and•@the•@N•i•@atom•@of•@Lys•|113•@appears•@to•@be•@3•D08•@A•D•@The•@pK•C•@value

of•@lysine•@residue•@at•@250•@C•@is•@10•D5•@•i68•j•C•@so•@both•@lysine•@residues•@•iLys•|109•@and•@113•j•@are•@protonated

under•@this•@experimental•@condition•@•iacidic•@pH•G•@4•D5•j•@ofDSC•@•i26•j•C•@UV•|CD•@spectra•@•iFigure•@4B•j•@and•@iH

NMR•@spectra•@•i25•j•D•@Thus•C•@these•@two•@positively•@charged•@side•@chains•@are•@thought•@to•@destabilize•@the

D•|helix•@due•@to•@electrostatic•@repulsion•D•@However•C•@this•@helical•@N•|terminal•@residue•@of•@CINalL•@is•@valine•C

so•@that•@this•@ct•|helix•@dipole•@is•@thought•@to•@give•@more•@stability•@to•@the•@D•|helix•@compared•@thaii•@that•@in•@EML•D

In•@addition•C•@the•@distance•@between•@the•@CP•@of•@Val•|109•@and•@the•@N•e•@atom•@of•@Lys•|113•@is•@5•D58•@A•C•@which

might•@relieve•@the•@steric•@compression•@•iFigure•@10A•j•D

Di•Ffference•@ofamino•@acid•@sequences

Moreover•C•@1•@have•@previously•@noted•@the•@differences•@between•@CML•@and•@EML•@in•@their•@amino•@acid

sequences•@•iFigure•@9•j•C•@and•@these•@differences•@should•@be•@responsible•@for•@the•@differences•@in•@the•@stability

of•@the•@mo•@lten•@globule•@state•@•i16•C•@18•C•@61•C•@69ˆêˆê•E72•j•D•@CrvfiL•@has•@23•@amino•@acid•@substitutions•@in

comparison•@with•@EML•D•@Among•@these•@substitutions•C•@that•@at•@residue•@93•@seems•@to•@be•@important•@in

relation•@to•@difference•@in•@the•@stability•@of•@the•@molten•@globule•@state•@for•@the•@following•@reason•D•@Residue

93•@is•@located•@in•@the•@middle•@position•@of•@the•@C•|helix•@•iFigure•@10A•@and•@B•j•D•@Residue•@93•@is•@serine•@in

EML•C•@and•@alanine•@in•@CML•D•@A•@lanine•@is•@thought•@to•@be•@more•@favorable•@for•@forming•@an•@ct•|helix•@than

serine•@when•@the•@alanine•@residue•@is•@located•@in•@the•@centrai•@position•@of•@an•@ct•|helix•@•i73•j•D

•@•@•@•@•@•@•@Thus•C•@it•@seems•@likely•@that•@such•@substitutions•@•ifrom•@GEy•|21•@to•@His•|21•G•@from•@Lys•|109•@to

VaƒŒ109•Gfrom•@Se–m93•@to•@Ala•|93•jin•@the•@aromatic•@cluster•@around•@the•@C•Bhelix•@and•@D•|helix•@increase•@the

stability•@of•@the•@molten•@globule•@state•@of•@CML•D•@Therefore•C•@the•@molten•@globule•@state•@of•@CML•@is

probably•@strongly•@protected•@by•@the•@aromatic•@cluster•@around•@the•@C•|helix•@and•@D•|helix•@as•@compared•@with

EML•D•@This•@is•@one•@of•@the•@main•@reasons•@why•@CML•@has•@an•@extraordinarily•@stable•@molten•@globule•@state

as•@compared•@with•@other•@proteins•@in•@the•@•Iysozyme•|ctˆê•Elactalbumin•@superfamily•D

•@•@•@•@•@•@•@In•@conclusion•C•@the•@thermal•@unfolding•@equilibrium•@of•@CML•@is•@well•@represented•@by•@the

three•|state•@mechanism•@in•@which•@only•@the•@native•C•@the•@intermediate•C•@and•@unfolding•@states•@are•@populated•D

Both•@CD•@and•@NMR•@data•@indicate•@that•@the•@intermediate•@of•@this•@protein•@has•@secondary•@structure•@and

elements•@of•@teniary•@structure•D•@Moreover•C•@the•@results•@of•@ANS•|binding•@experiment•@show•@the•@highest

affinity•@of•@ANS•@to•@the•@intermediate•D•@From•@these•@results•C•@1•@interpret•@that•@the•@extraordinari•@ly•@stab•@ie

intermediate•@is•@a•@molten•@globule•@state•D•@The•@molten•@globule•@state•@of•@this•@protein•@is•@extraordinarily

stab•@le•@compared•@with•@those•@of•@the•@other•@members•@of•@the•@lysozyme•|ct•|lactalbumin•@superfarnily•C•@and

this•@stabilization•@comes•@from•@the•@stronger•@protection•@around•@the•@Cˆê•@and•@D•|helix•@of•@the•@aromatic

cluster•@region•D•@This•@molten•@globule•@state•@may•@be•@more•@appropriate•@to•@define•@as•@native•|like•@tertiary

folded•@state•D•@The•@structural•@and•@thermodynamically•@information•@will•@facilitate•@the•@study•@of•@protein

folding•D
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Figure•@11•D•@Partial•@structure•@of•@CML•@around•@the•@region•@of•@residue•@His•|21•D

indicates•@hydrogen•@bond•@•iFigure•@produced•@using•@MOLSCRIPT•@•i74•j•j•D

The•@broken•@l•@ine
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1•@studied•@the•@thermodynamics•@of•@unfolding•@transitions•@of•@a•@Ca2•fˆêbinding•@lysozyme•C•@canine•@milk

lysozyme•@•iCML•j•C•@obtained•@measurement•@by•@differential•@scanning•@calorimetry•C•@and•@compared•@the

findings•@with•@those•@for•@sequentially•@and•@stmcturally•@homologous•@proteins•C•@human•@ct•|lactalbumin

•ict•|hLA•j•@and•@equine•@milk•@lysozyme•@•iEML•j•D•@The•@results•@showed•@that•@CIVfiL•@and•@EML•@exhibit•@two

clear•@heat•@absorption•@peaks•@in•@the•@absence•@of•@Ca2•g•@ions•@•iapo•|form•j•C•@although•@the•@cooperative•@thermal

transition•@of•@ct•|hlLA•@is•@apparently•@absent•@in•@this•@form•D•@The•@first•@peak•@represents•@the•@unfo•@lding

transition•@from•@the•@native•@to•@the•@molten•@globule•@state•@•iN•|A•@transition•j•C•@and•@the•@second•@peak

represents•@that•@from•@the•@molten•@globule•@to•@the•@thermally•@unfo•@lded•@state•@•iA•|U•@transition•j•D•@lt•@is

suggesting•@that•@the•@molten•@globule•@state•@of•@CMI•D•@and•@ErvflL•@is•@a•@thermodynamic•@state•C•@whileŽ~at•@of

the•@ct•|hLA•@is•@thermodynamically•@indistinguishable•@from•@the•@unfolded•@state•D•@Moreover•C•@CML•@also

exhibits•@two•@clear•@heat•@absorption•@peaks•@in•@the•@presence•@of•@Ca2•f•@ions•@•iho•@lo•|form•j•C•@although•@ct•|hLA

and•@ErvflL•@show•@only•@a•@single•@heat•@absorption•@peak•@in•@the•@holo•|form•D•@lt•@is•@shown•@that•@extraordinary

stability•@of•@the•@molten•@globule•@state•@of•@CML•@led•@to•@the•@appearance•@of•@the•@second•@heat•@absorption•@peak

in•@the•@holo•|form•D•@The•@obtained•@thermodynamic•@parameters•@were•@discussed•@in•@light•@of•@the•@results•@of

CD•@spectroscopy•@and•@hydrogen•|exchange•@experiments•D•@1•@interpret•@that•@the•@extraordinary•@stability•@of

the•@molten•@globule•@state•@of•@ClvfiL•@is•@due•@to•@the•@native•|like•@packing•@interaction•@in•@the•@state•C•@and•@it

comes•@from•@the•@highly•@persistent•@structures•@existing•@not•@only•@within•@the•@ct•|domain•@but•@also•@within•@the

B•|domain•D•@The•@structural•@and•@thermodynamics•@differences•@between•@the•@molten•@globule•@state•@of

ct•|lactalbumins•@and•@that•@of•@Ca2•gˆêbinding•@lysozymes•@are•@further•@discussed•D
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Introduction

One•@of•@the•@major•@goals•@of•@structural•@biology•@is•@to•@understand•@the•@protein•@folding•@mechanism•C•@and

clarification•@of•@the•@concept•@of•@a•@folding•@interrnediate•C•@such•@as•@a•@molten•@globule•@state•C•@is•@an•@important

part•@of•@reaching•@that•@goal•@•i1•j•D•@The•@molten•@globule•@state•@has•@been•@thought•@to•@be•@an•@intermediate•@state

berween•@the•@native•@and•@unfolded•@states•@in•@many•@globular•@proteins•@•i2ˆêˆê6•j•D•@This•@state•@is•@characterized

by•ii•jth•Ep•Ee•Eence•Ef•@a•Eub•Eta•Eti•E1•Eec•End•Ery•E’w•E‰Á•Ee•G•iii•j•oe•@ab•Eence•Ein•Ela•Eg•EP•E•ut•E•Ef•E•Epecifi•E

tertiary•@structure•G•@•iiii•j•@a•@compact•@shape•G•@•iiv•j•@the•@formation•@of•@a•@hydrophobic•@core•@when•@the•@protein•@is

exposed•@to•@solvents•G•@and•@•iv•j•@the•@lack•@of•@rigid•@side•|chain•@packing•@interactions•@•i7•|10•j•D•@However•C

with•@the•@extensive•@progress•@in•@studying•@the•@molten•@globule•@state•C•@some•@of•@the•@new•@evidences•@have

been•@accumulated•@aboutŒŒe•@state•D•@There•@are•@a•ogreat•@variety•@of•@the•@fo•@lding•@intermediates•C•@which•@are

including•@almost•@fully•@unfolded•@state•@and•@native•|like•@conformation•@•i11•|19•j•D

•@•@•@•@•@•@•@Canine•@milk•@lysozyme•@•iCML•j•C•@which•@belongs•@to•@the•@family•@of•@Ca2•fˆêbinding•@lysozymes

•i20•|22•j•C•@and•@ct•|lactalbumin•@have•@a•@similar•@sequence•@and•@a•@very•@similar•@three•|dimensional•@srmcture

characterized•@by•@the•@presence•@of•@a•@deep•@cleft•@that•@divides•@the•@molecule•@into•@two•@domains•@•ithe•@ctˆê•@and

P•|domains•j•@•iFigure•@1•j•@•i23•|29•j•D•@Like•@ct•|lactalbumin•C•@CML•@and•@equine•@milk•@lysozyme•@•iEML•j

exhibit•@a•@stable•@molten•@globule•@state•@at•@equilibrium•@•i21•C•@22•C•@29•|31•C•@although•@most•@of•@the

conventional•@lysozymes•@usually•@unfold•@in•@a•@cooperative•@two•|state•@manner•@without•@the•@accumulation

of•@the•@molten•@globule•@state•D•@Despite•@the•@fact•@that•@the•@molten•@globule•@states•@of•@CIVfi•D•@and•@ErvflL•@are

structurally•@very•@similar•@to•@that•@of•@ct•|1actalbumin•C•@the•@molten•@globule•@states•@of•@CrvflL•@and•@ETvtt•@are

much•@more•@native•|like•@than•@that•@of•@ct•|lactalbumin•G•@they•@are•@thought•@to•@be•@stabilized•@by•@nonˆêˆêspecific

interactions•@and•@by•@specific•@side•|chain•@packing•@interactions•@•i29•C•@31•|33•C•@36•C•@37•j•D•@Thus•C•@although•@the

considerable•@attentions•@have•@been•@paid•@to•@the•@molten•@globule•@states•@of•@CML•C•@EML•C•@and

ct•|lactalbumins•@by•@using•@nuclear•@magnetic•@resonance•@•iNMR•j•@and•@circular•@dichroism•@•iCD•j

spectroscopies•C•@there•@are•@still•@lacking•@the•@enegetics•@information•@of•@the•@molten•@globules•D•@For

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@68

interpretation•@of•@the•@protein•@folding•@mechanism•C•@the•@thermodynamic•@characterization•@of•@the•@molten

globule•@state•@should•@provide•@critical•@information•D

•@•@•@•@•@•@•@In•@this•@CHAPTER•C•@1•@investigated•@the•@thermodynamics•@of•@unfolding•@transitions•@of•@CML•@by

differential•@scanning•@calorimetry•@•iDSC•j•@measurement•C•@and•@compared•@these•@values•@with•@those

obtained•@for•@homologous•@proteins•C•@human•@ct•|lactalbumin•@•ict•EˆêhLA•j•@and•@EML•D•@The•@results•@represent

that•@the•@molten•@globule•@state•@of•@CrvflL•@and•@ErvflL•@is•@a•@thermodynamic•@state•C•@while•@that•@of•@the•@ouhLA•@is

thermodynamically•@indistinguishable•@from•@the•@unfo•@lded•@state•D•@lt•@may•@be•@generally•@valid•@that•@the

native•|like•@packing•@interaction•@in•@the•@molten•@globule•@state•@induces•@a•@remarkably•@positive•@heat

absorption•@peak•@with•@thermal•@unfolding•D

Materials•@and•@Methods

Materials

Ail•@enzymes•@used•@for•@genetic•@engineering•@were•@purchased•@from•@Takara•@Shuzo•@•iKyoto•C•@Japan•j•@or

Toyobo•@•iOsaka•C•@Japan•j•D•@Oligonucleotide•@DNA•@primers•@were•@synthesized•@by•@Kurabo•@•iOsaka

Japan•j•D•@Human•@ct•|LA•@•ict•|hLA•j•@and•@equine•@milk•@lysozyme•@•iEINtflL•j•@have•@been•@prepared•@previous•@ly

•i36•C•@38•j•D•@All•@other•@reagents•@were•@of•@biochemical•@research•@grade•D

Site•|directed•@mutagenests•@of•@CML

PIasmid•@pHK7CML•C•@which•@contains•@T7•@transcription•@and•@translation•@signals•@and•@DNA•@encoding•@the

chemically•@synthesized•@canine•@milk•@lysozyme•@sequence•C•@was•@used•@as•@a•@starting•@material•@for

mutagenesis•@•i22•j•D•@To•@obtain•@the•@mutant•@CMLs•@•iH21G•C•@156L•C•@A93S•C•@and•@V•@I•@OgK•j•C•@His•|21•C•@Ile•|56•C

Ala•|93•C•@or•@Val•|109•@in•@CML•@were•@replaced•@by•@glycine•C•@leucine•C•@serine•C•@and•@lysine•C•@respectively•D

Site•|directed•@mutagenesis•@was•@performed•@as•@described•@previously•@•i39•j•D•@The•@mutations•@were

confirmed•@by•@DNA•@sequencing•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@69
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Overexpression•@of•@wild•@type•@and•@mutant•@CMLs•@in•@E•D•@coil•C•@as•@inclusion•@bodies•C•@and•@refolding

procedures•@using•@E•D•@coli•@thioredoxin•@were•@performed•@as•@described•@previously•@•i22•C•@39•j•D

Preparation•@ofapoˆê•@and•@holo•|proteins

Apo•E•E•@and•@holo•|proteins•@were•@prepared•@as•@described•@previously•@•i22•C•@29•j•D

D•o•Œ7ƒÃ•V‰Á1•@scanning•@catorimetry•@•iz•js•i‚è

Differential•@scanning•@calorimetry•@•iDSC•j•@measurements•@of•@CML•C•@ct•|hlLA•C•@and•@EIVfiL•@were•@carried•@out

with•@an•@MC•|2•@microcalorimeter•@•iMicroCal•C•@lnc•D•C•@Northampton•C•@MA•j•@at•@the•@scan•@rate•@of•@1•D0•@K•^min•D

Sample•@solutions•@for•@DSC•@measurements•@between•@pH•@6•D5•@and•@7•D0•@were•@prepared•@by•@dissolving•@the

proteins•@in•@50•@mM•@sodium•@cacodylate•@buffer•G•@solutions•@between•@pH•@4•D0•@and•@4•D5•@were•@prepared•@using

50•@mM•@sodium•@acetate•@buffer•G•@and•@between•@pH•@2•D0•@and•@4•D0•@were•@prepared•@using•@50•@mM•@glycine

hydrochloride•D•@The•@protein•@concentrations•@used•@were•@1•D2•|1•D8•@mg•^mL•D•@The•@pH•@of•@the•@sample

solution•@was•@confirmed•@before•@and•@after•@each•@measurement•D•@To•@expand•@the•@temperature•@range•C•@all

DSC•@measurements•@were•@performed•@under•@an•@excess•@pressure•@of•@1•@•D5•@atm•D

Circular•@dich•@roism•@•iCD•j•@spectra

The•@CD•@spectra•@of•@CML•C•@ct•|hLA•C•@and•@EML•@were•@measured•@on•@a•@Jasco•@J•|720•@spectropolarimeter

•iHitachi•C•@Tokyo•C•@Japan•j•D•@Farˆê•@and•@near•|UV•@CD•@spectra•@were•@measured•@using•@a•@cell•@with•@O•D1•@and•@1

cm•@optical•@path•@lengths•C•@respective•@ty•D•@The•@protein•@concentrations•@were•@O•D5•@mg•^mL•@for•@all

measurement•D
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Struc‰¾e•@analysts

The•@atomic•@coordinates•@of•@the•@proteins•@analyzed•@here•@were•@obtained‹uom•@the•@Protein•@Data•@Bank

•mCML•@•i29•j•C•@ct•|hLA•@•i26•j•C•@and•@EML•@•i40•j•n•D•@The•@hydrogen•@exchange•@rate•@data•@of•@Cmu•C•@ct•|hLA•C•@and

EML•@at•@pH•@2•D0•@•i5•@and•@250•@C•j•@were•@obtained•@from•@previously•@reports•@•i31•C•@32•C•@37•C•@41•j•D•@Molecular

graphics•@were•@produced•@using•@WebLab•@Vriewer•@•iMolecular•@Simulations•@Inc•D•j•@and•@MOLSCRIPT•@•i42•j•D

Es‰¾lation•@ofprotein•@concentration

The•@protein•@concentrations•@were•@estimated•@spectrophotometrically•@us•@ing•@the•@following•@extinction

coefficient•@at•@280•@nm•F•@EiO•^Oi•@•C•D•@•••@23•D2•@for•@wild•@type•@and•@its•@mutants•@of•@CML•@•i21•j•C•@EiO•^e•@i•@•C•D•@•••@i•@8•D4•@for

ct•|hLA•@•i43•j•C•@and•@EiO•^Oi•@•C•C•D•@•••@23•D5•@for•@EA•Cfi•D•@•i36•j•D

Results

CD•@spectra•@of•@CML•C•@a•|hLt4•C•@and•@EML

Figure•@2•@shows•@the•@CD•@spectra•@of•@CML•C•@ct•|hlLA•C•@and•@Ervfi•D•@in•@the•@native•@•iN•j•C•@the•@molten•@globule•@•iA•j•C

and•@the•@unfolded•@•iU•j•@states•C•@respectively•D•@The•@N•@state•@of•@all•@proteins•@shows•@characteristic•@CD•@bands

in•@the•@farˆê•@and•@near•|UV•@regions•C•@indicating•@the•@presence•@of•@the•@secondary•@as•@well•@as•@the•@specific

tertiary•@stmctures•D•@These•@characteristics•@of•@the•@native•@CD•@spectra•@are•@completely•@lost•@in•@6•@M

guanidine•@hydrochloride•C•@where•@all•@proteins•@are•@in•@the•@fully•@unfolded•@states•D

•@•@•@•@•@•@•@As•@shown•@in•@Figure•@2C•C•@the•@far•|UV•@CD•@spectrum•@of•@the•@molten•@globule•@state•@•ipH•@2•D0•@and

250•@C•j•@of•@ct•|hLA•@shows•@significant•@negative•@ellipticities•@and•@the•@appearance•@of•@the•@negative•@shoulder

at•@223•@nm•C•@while•@the•@near•|UV•@CD•@spectrum•@shows•@that•@all•@of•@the•@signals•@are•@lost•D•@This•@clearly

indicates•@that•@the•@molten•@globule•@state•@of•@ct•|hLA•@has•@a•@substantial•@secondary•@structure•@but•@lacks

extensive•@rigid•@packing•@interactions•@of•@the•@aromatic•@side•@chains•@•i7•C•@8•C•@44•j•D•@However•C•@CD•@spectra•@of

CML•@and•@EML•@at•@pH•@2•D0•@show•@enhancement•@of•@the•@positive•@Cotton•@effects•@around•@288•@nm•@and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@71
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tmhU

disappearance•@of•@the•@troughs•@observed•@in•@the•@native•@proteins•C•@indicating•@a•@conformational

rearrangement•@around•@the•@aromatic•@residues•@in•@the•@molten•@globule•@state•@•iFigure•@2A•@•••@B•j•D•@Further•C

the•@far•|UV•@CD•@spectra•@of•@the•@two•@proteins•@show•@enhancement•@of•@the•@negative•@ellipticity•@below•@227

‡o•Cindicating•@the•@p•Ee•Eence•Ef•@a•Eigr•Eifi•E‡pt•Eec•End•E•Ey•EmU•E‰Á•Ee•@inŽ~•Em•Elt•En•@gl•Ebul•E•Etat•E•EThu•E•E

the•@mo•@lten•@globule•@states•@of•@CML•@and•@E•jvflL•@are•@much•@more•@native•|like•@than•@that•@ofct•|hLA•D

Thermal•@unf•Btding•eƒ]CMZ•C•@a•|hLA•C•@andE”§•fŠh‰¾bsence•eƒ]ƒ¿2•{‰Á•ç

An•@impo‰¾t•@question•@regarding•@the•@molten•@globule•@state•@is•@whether•@it•@is•@a•@thermod•jmamlc•@state•D

To•@address•@this•@question•C•@DSC•@measurements•@of•@the•@CML•C•@ct•|hLA•C•@and•@E•jvflL•@were•@carried•@out•@at

acidic•@pH•@between•@2•D7•@and•@4•D5•@in•@the•@absence•@of•@Ca2•f•@ions•@•iapo•|form•j•D•@ln•@this•@pH•@region•C•@the

thermal•@unfolding•@of•@three•@proteins•@were•@reversible•D•@lt•@was•@confirmed•@by•@reheating•@the•@protein

solution•@in•@the•@calodmeter•@cell•@immediately•@a•Her•@cooling‹uom•@the•@first•@scan•D•@Repeated•@thermal

scans•@of•@the•@samples•@exhibited•@similar•@transitions•D•@As•@shown•@in•@Figure•@3•@A•@•itop•@of•@the•@Figure•j•C•@the

cooperative•@thermal•@trans•@ition•@is•@apparently•@absent•@in•@the•@molten•@globule•@state•@of•@ct•|hLA•C•@suggesting

that•@this•@state•@is•@thermodynamical•@ly•@indistinguishab•@le•@from•@the•@unfo•@lded•@state•D•@This•@could•@mean

that•@there•@are•@no•@energy•@barriers•@between•@the•@molten•@globule•@and•@unfolded•@states•C•@as•@previously

reported•@in•@bovine•@ct•|LA•@•i45•|47•j•D

•@•@•@•@•@•@•@However•C•@CrvfiL•@and•@EML•@exhibit•@a•@cooperative•@thermal•@unfolding•@wnh•@two•@remarkably

positive•@heat•@absorption•@peaks•@•iFigure•@3A•G•@middle•@and•@bottom•@of•@the•@Figure•j•D•@lt•@is•@indicating•@that

the•@first•@peak•@represents•@the•@unfblding•@transition‹uom•@the•@native•@to•@the•@molten•@globule•@state•C•@and•@the

second•@peak•@represents•@the•@unfoiding•@transition•@from•@the•@molten•@globule•@to•@the•@thermally•@unfolded

state•D•@Although•@similar•@behaviors•@have•@been•@observed•@in•@Cmu•@and•@ErvflL•C•@the•@transition•@from•@the

molten•@globule•@to•@the•@thermally•@unfolded•@state•@of•@CML•@occurred•@at•@a•@higher•@temperature•@and•@the

z•jLHA•Du•@was•@1arger•D•@A•@mong•@the•@caLA•@and•@lysozyme•@fam•@i•@ly•@of•@proteins•@studied•@thus•@far•@•i29•C•@34•C•@35•C
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45•|48•j•C•@CIVflL•@exhibits•@the•@most•@stable•@molten•@globule•@state•@with•@the•@1argest•@AHA•Du•D

Thermal•@unfolding•@of•@CML•C•@a•|hLt4•C•@and•@EML•@in•@thepresence•@of•@Ca2•f•@ions

The•@temperature•@dependence•@of•@the•@partial•@heat•@capacity•@of•@CML•C•@ct•|hLA•C•@and•@Emu•@in•@the•@presence

of•@10•@mM•@CaC•@12•@is•@shown•@in•@Figure•@3•@B•D•@The•@thermal•@unfolding•@of•@holo•|proteins•@was•@also•@reversible•D

Under•@this•@condition•C•@ct•|hLA•@and•@ErvfiL•@show•@a•@single•@heat•@absorption•@peak•@caused•@by•@a•@cooperative

transition•@from•@the•@native•@to•@the•@thermally•@unfolded•@state•@•iFigure•@3•@B•C•@top•@•••@middle•j•D•@ln•@the•@case•@of

C•nNtflL•C•@however•C•@two•@clear•@heat•@absorption•@peaks•@have•@been•@observed•@in•@the•@holo•|form•@•iFigure•@3•@B•C

bottom•j•D•@Therefore•C•@the•@comparison•@of•@the•@heat•@absorption•@peaks•@in•@the•@apoˆê•@and•@holo•|forms•@of

CbvflL•@also•@indicates•@that•@the•@extraordinary•@stability•@of•@the•@molten•@globule•@state•@of•@this•@protein•@leads•@to

the•@appearance•@ofthe•@second•@heat•@absorption•@peak•@even•@in•@the•@holo•|protein•D

Analysts•@ofthe•@excess•@heat•@capacityfunction•@of•@CML

To•@fully•@understand•@the•@stability•@of•@a•@protein•C•@it•@is•@necessary•@to•@elucidate•@the•@thermodynamic

parameters•@of•@the•@thermal•@unfo•@lding•D•@ln•@order•@to•@estimate•@the•@thermodynamic•@parameters•@such•@as

me•@lting•@temperature•@•iT•D•j•C•@enthaipy•@change•@•izthl•j•C•@entropy•@change•@•iAS•j•C•@or•@G•@ibbs•@free•@energy•@change

•iA•i7•j•@of•@a•@three•|state•@unfo•@lding•@protein•C•@the•@heat•@capacity•@changes•@of•@the•@protein•@in•@a•@thermodynamic

state•@must•@first•@be•@assumed•D

•@•@•@•@•@•@•@The•@partial•@molar•@heat•@capacity•@of•@a•@macromolecule•@under•@conformational•@equilibrium•C

Cp•Cobs•C•@is•@given•@by•@the•@following•@equation•@•i35•j•F

Cp•Cobs•@•••@CpN•@•{•@•o•qZ1LH•f2•„•@d•@•qAH•„2•pIR72•@•{•@•’lriACpi •i1•j

where•@CpN•@is•@the•@partial•@moiar•@heat•@capacity•@of•@the•@native•@state•D•@The•@f•@represents•@the•@popuiation•@of
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the•@molecules•@in•@the•@ith•@state•@excluding•@the•@native•@state•C•@and•@ACp•C•@is•@the•@relative•@heat•@capacity•@of•@the

ith•@state•@compared•@to•@that•@of•@the•@native•@state•D•@The•@second•@term•@on•@the•@right•|hand•@side•@of•@equation

•i1•j•@is•@represents•@the•@fluctuation•@of•@conformation•@of•@the•@macromolecule•@•i35•j•C•@and•@the•@third•@term

accounts•@for•@the•@heat•@capacities•@of•@conformers•@other•@than•@the•@native•@state•D

•@•@•@•@•@•@In•@this•@study•C•@the•@thermal•@unfolding•@profile•@is•@that•@of•@a•@three•|state•@reversible•@unfolding•@•iN•C

A•C•@and•@U•j•D•@Therefore•C•@equation•@•i1•j•@can•@be•@rewritten•@as•@follows•F

Cp•Cobs•@•••@CpN•@•{•@ifAZV7N•DA2•@•{fuAHN•Du2•@dˆê•@ifAAHN•DA•@•{fuzV7N•|u•j2•pIRd

•@•@•@•@•@•@•@•@•{fAACpN•|A•@•{fuACpN•|u•E•@•i2•@•j

•@•@•@•@•@•@The•@CpN•@and•@the•@ACpN•Du•@of•@E•mEL•@are•@temperature•|dependent•C•@and•@are•@represented•@as•@a•@linear

and•@a•@q‘Zdratic•@fUnction•@of•@temperatUre•C•@respectively•i35•C46•C49•C50•j•C•@as•@fbllows•F
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•••@23•D84•@•icaVmoVK2•j•C•@and•@bs•@•••@ˆêˆê•Z•D143•@•icallmol•^K3•j•@•i49•j•D•@Given•@that•@the•@heat•@capacities•@of

structurally•@similar•@proteins•@are•@similar•@•i35•C•@49•j•C•@1•@assume•@for•@the•@purpose•@of•@our•@study•@that•@the•@C•CN

and•@ACpN•Du•@of•@CML•@can•@be•@approximated•@as•@those•@of•@HEL•D•@The•@heat•@capacity•@change•@of•@each

conformational•@transition•@of•@CML•@is•@assumed•@as•F
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where•@the•@constant•@a•@represents•@the•@fraction•@of•@heat•@capacity•@change•@of•@the•@N•|A•@transition•@relative•@to

that•@ofthe•@N•EˆêU•@transition•C•@and•@is•@assumed•@to•@be•@independent•@of•@temperature•D

•@•@•@•@•@•@The•@enthalpy•@and•@entropy•@changes•C•@from•@the•@native•@to•@the•@molten•@globule•@state•@•otNHN•DA•i7•j•C

zNgN•DA•i7•j•p•@and•@from•@the•@molten•@globule•@to•@the•@thermal•@unfo•@lded•@state•@•oAHA•Du•i7•j•C•@ztsSA•Du•iT•j•p•C•@can•@be

wntten•@as•F
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where•@Tm•@i•@and•@T•D2•@are•@the•@transition•@temperatures•@of•@the•@N•|A•@and•@A•|U•@transitions•C•@respectively•D•@ln

actual•@analyses•@of•@the•@experimenta1•@data•@an•@instrumental•@ly•@introduced•@constant•@A•C•@due•@to•@the•@drift•@of

base•@lines•C•@etc•D•C•@is•@introduced•@as•@follows•F

Cp•Cobs•@•••@A•@•{•@CpN•@•{fAACpN•|A•@•{fuACpN•|u
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The•@quantitiesƒm‹Cand‚ñare•@expressed•@as•@fUnctions•@of•¢HN•DA•iTm•@l•j•C•¢HA•|u•iTm2•j•C•@Tml•C•@Tm2•Cƒ¿and

ACpN•Du•i7•j•D•@The•@constants•@A•gEIN•DA•iT•D•@i•j•C•@ZNHA•|u•iT•D2•j•C•@T•D•@i•C•@T•C•D2•C•@a•@and•@A•@were•@determ•@ined•@for•@each•@set
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least•|squares•@method•@for•@six•@data•@sets•@of•@wild•@type•@apo•|CIVflL•@under•@different•@pHs•@•iFigure•@4•j•D•@The

mean•@of•@the•@resulting•@value•@for•@a•@was•@O•D57•@with•@a•@standard•@deviation•@of•@O•D05•D•@Then•C•@the

thermodynamic•@parameters•@were•@recalculated•@with•@a•@fixed•@a•@of•@O•D57•C•@because•@the•@heat•@capacity

change•@is•@usually•@independent•@of•@pH•D•@This•@value•@of•@a•@was•@assumed•@for•@holoˆê•@and•@mutant•@CMLs•D

•@•@•@•@•@•@•@Table•@1•@summarizes•@the•@thermodynamic•@parameters•@of•@wild•@type•@CIVflL•@obtained•@by•@the

above•@methods•@with•@the•@fixed•@ct•@at•@several•@pHs•D•@The•@temperature•@dependence•@of•@AH•@N•DA•iTm•@i•j•@and

AH•@A•Du•iTm2•j•@is•@shown•@in•@F•@igure•@5•D•@The•@data•@of•@zNHN•|A•iT•D•@i•j•@and•@tNH•@A•Du•iT•C•D2•j•@are•@taken•@from•@Tab•@le•@1•D

These•@plots•@were•@well•@fitted•@to•@each•@enthalpy•@imction•@as•@follows•F
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zNHA•Du•iTm2•j•@•••@AHA•Du•iTo•j•@•{•@•i1•@•f•@a•jf7DTACpN•Du•i7•jdT

•i15•j

•i16•j

•@•@•@•@•@•@•@Table•@2•@shows•@the•@thermodynamic•@parameters•@of•@the•@wild•@type•C•@H21G•C•@156L•C•@A93S•C•@and

VIOgK•@mutants•@of•@CrvilL•@and•@of•@ct•|hLA•@and•@EML•@in•@the•@absence•@of•@calcium•@ions•@at•@pH•@4•D5•D•@The

thermal•@stability•@of•@the•@mo•@lten•@globule•@state•@of•@all•@mutant•@lysozymes•@decreased•@relative•@to•@that•@of

wild•@type•@CML•D•@ln•@fact•C•@the•@thermal•@stability•@of•@the•@molten•@globule•@state•@of•@the•@H21G•@and•@V•@I•@OgK

mutants•@was•@about•@3•@or•@40•@C•@less•@stable•@than•@that•@of•@wild•@type•@CML•D•@Thus•C•@the•@data•@indicated•@that

the•@four•@mutated•@residues•@in•@CML•@played•@an•@important•@role•@in•@creating•@the•@extraordinary•@stability•@of

the•@molten•@globule•@state•D
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Despite•@the•@potential•@importance•@of•@this•@area•@of•@study•@and•@the•@considerable•@attention•@already•@received•C

few•@structural•@details•@of•@the•@molten•@globule•@state•@have•@been•@obtained•C•@even•@under•@equilibrium

conditions•C•@because•@the•@fiexibility•@of•@the•@state•@itself•@hampers•@the•@application•@of•@X•|ray

crystallographic•@studies•@•imolten•@globules•@have•@not•@been•@crystallized•@successfully•j•D•@Thanks•@to•@the

progress•@of•@the•@NMR•@measurement•C•@however•C•@we•@could•@have•@obtained•@a•@lot•@of•@evidences•@for

protected•@amide•@hydrogens•@and•@hence•@identified•@regions•@of•@persistent•@structure•@in•@helical•@regions•@of

several•@molten•@globules•@over•@recent•@years•@•i11•C•@16•C•@31•C•@32•C•@37•C•@41•C•@51•|56•j•D•@However•C•@there•@are•@sti•@l•@l

lacking•@the•@enegetics•@information•@of•@the•@molten•@globules•@•i1•@7•C•@35•C•@46•|48•j•@compared•@with•@those•@of•@the

structural•@details•@of•@CD•@and•@NMR•@methodo•@logies•D•@The•@purpose•@of•@this•@CHAPTER•@is•@to•@understand

the•@energetics•@of•@the•@molten•@globule•@state•@of•@three•@homologous•@proteins•@•iCrvllL•C•@ct•|hLA•C•@and•@EM•mL•j•@by

using•@calorimetry•C•@and•@to•@discuss•@the•@results•@of•@structural•@details•@obtained•@from•@CD•@spectroscopy•@and

hydrogen•|exchange•@experiments•D

Non•|native•Eand•Ena‰¾e•|tike•@packi•V9•@ofthe•V20•e‰¾8•fo•ÝƒÊ•fƒÃ‰¾•çƒÃ•ç

Given•@that•@the•@overall•@crystal•@structures•@of•@CIS•^flL•@•i29•j•C•@ct•|hLA•@•i26•j•C•@and•@EML•@•i40•j•@are•@very•@s•@imilar•C•@I

consider•@that•@the•@difference•@in•@the•@stability•@of•@the•@molten•@globule•@states•@among•@these•@proteins•@is•@not

due•@to•@a•@difference•@in•@overa11•@native•@stmcture•D•@The•@near•|UV•@CD•@spectrum•@of•@the•@molten•@globule

state•@•iA•|state•j•@of•@ct•|hLA•@shows•@an•@apparent•@loss•@of•@the•@signal•@relative•@to•@the•@native•@ct•|hLA•@•iFigure

2C•j•C•@suggesting•@disrupted•@side•|chain•@packing•@•i7•C•@44•j•D•@However•C•@the•@difference•@of•@the•@amplitude

between•@N•@and•@A•@spectra•@for•@C•jvflL•@and•@EML•@are•@very•@smal•@l•@relative•@to•@that•@for•@ct•|hLA•D•@The

near•|UV•@CD•@spectra•@of•@the•@molten•@globule•@states•@of•@CINiff•D•@and•@ErVfl•D•@indicate•@an•@intermediate•@level•@of

signal•@between•@the•@N•@and•@U•@spectra•C•@and•@the•@spectra•@are•@much•@more•@close•@to•@those•@of•@the•@N•@proteins

•iFigure•@2A•@•••@B•j•D•@ln•@spite•@of•@a•@disappearance•@of•@the•@positive•@Cotton•@effects•@around•@294•@nm•C•@the

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@77
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positive•@bands•@around•@288•@nm•@show•@sigriificant•@sigrials•@which•@is•@about•@65•@O•^o•@and•@73•@O•^o•@intensities•@of

native•@CML•@and•@EML•C•@respectively•D•@These•@results•@demonstrate•@the•@presence•@of•@packing•@of•@aromatic

side•|chains•@in•@the•@molten•@globule•@states•@of•@CrvflL•@and•@ErvflL•C•@while•@the•@absence•@of•@such•@native•|like

packing•@interactions•@in•@the•@molten•@globule•@state•@of•@ct•|hlLA•D•@A•@hydrophobic•@cluster•@involving•@three

tryptophanyl•@residues•@•iTrp•|28•C•@108•C•@and•@111•j•@seems•@to•@be•@more•@densely•@packed•@in•@the•@molten•@globule

states•@in•@C•@ML•@and•@ErVflL•@than•@in•@ct•|hLA•@•ithese•@three•@residues•@are•@Leu•|26•C•@Trp•|104•C•@and•@His•|107•@in

ct•|hLA•j•C•@and•@this•@may•@be•@responsible•@for•@the•@enhanced•@near•|UV•@CD•@band•@•i29•C•@31•C•@32•j•D

•@•@•@•@•@•@•@The•@thermodynamic•@analysis•@by•@using•@calorimetry•@•iDSC•j•@is•@well•@reflecting•@the•@results•@of

CD•@spectra•D•@The•@non•|cooperative•@thermal•@transition•@of•@the•@molten•@globule•@state•C•@such•@as•@in•@the•@case

of•@ct•|hLA•@•iFigure•@3•@A•G•@top•j•C•@may•@simp•@ly•@be•@interpreted•@in•@terms•@of•@a•@very•@small•@enthalpy•@change•C

because•@the•@enthalpy•@change•@of•@the•@protein•@unfblding•@primarily•@arises‹uom•@the•@disorder•@of•@the

specific•@side•|chain•@packing•@interaction•@•i57•j•D•@The•@cooperative•@thermal•@transition•@of•@the•@molten

globule•@state•@in•@the•@case•@of•@ClvflL•@and•@EM•@L•@•iFigure•@3•@A•G•@middle•@and•@bottom•j•@suggests•@the•@presence•@of

specific•@packing•@interactions•G•@in•@eontrast•C•@such•@interactions•@are•@thought•@to•@be•@minimal•@in•@the•@molten

globule•@state•@of•@ct•|hLA•D•@ln•@general•C•@typical•@values•@for•@the•@heat•@capacity•@change•@•iACp•j•@for•@the

reactions•@of•@the•@proteins•@show•@that•@thermal•@unfolding•@results•@in•@a•@large•@positive•@change•C•@which•@is

ascribed•@to•@the•@exposure•@of•@hydrophobic•@groups•@to•@the•@aqueous•@environment•@•i58•j•D•@The•@ACp•@values

of•@the•@A•|U•@transition•@of•@CML•@and•@EML•@were•@2•D9•@kJ•^mol•^K•@and•@2•D5•@kJ•^mol•^K•@at•@66•D40•@C•@and•@pH•@4•D5

•iFigure•@5•j•C•@respectively•C•@although•@that•@of•@the•@ct•|hLA•@was•@close•@to•@zero•D•@These•@results•@indicate•@that

the•@interactions•@stabilizing•@the•@molten•@globule•@state•@are•@more•@extensive•@and•@cooperative•@in•@CNflL•@and

EML•@than•@in•@ct•|hLA•D

Struc‰¾rat•@basiS•@ofthe•@coopera‰¾ƒÃ‰¾7•Vta•ftranstrions

Cooperative•@folding•C•@which•@is•@specific•@to•@globular•@proteins•C•@results•@from•@tight•@and•@unique•@packing•@of
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arnino•@acid•@residues•@in•@the•@native•@structure•@•i59•|61•j•D•@Therefore•C•@the•@thermal•@transition•@of•@the

•gclassical•h•@molten•@globule•@states•@is•@expected•@to•@be•@a•@weakly•@or•@non•|cooperative•@process•C•@since•@they

do•@not•@possess•@a•@unique•@tertiary•@structure•@•i6•|9•C•@44•j•D•@However•C•@my•@results•@show•@that•@the•@molten

globule•@states•@of•@C•pvflL•@and•@EML•@can•@be•@considered•@as•@the•@highly•@cooperative•@intermediate•C•@while•@that

ofthe•@ct•|hLA•@can•@be•@considered•@as•@the•@non•|cooperative•@intermediate•@•iFigure•@3•j•D•@ln•@order•@to•@explain

the•@cooperative•@thermal•@transitions•@of•@the•@molten•@globule•@states•@of•@CINxllL•C•@ct•|hLA•C•@and•@EML•C•@the

hydrogen•@exchange•@properties•@•iprotection•@factors•j•@of•@the•@A•|states•@were•@c•@ompared•@among•@these

proteins•@•iFigure•@6•j•D•@There•@are•@several•@important•@features•@of•@the•@am•@ide•@hydrogen•@exchange

protection•@exhibited•@in•@the•@ct•@and•@P•|domains•@of•@Cmu•C•@ct•|hLA•C•@and•@EML•D•@In•@the•@case•@of•@ct•|hLA•C•@the

protected•@protons•@were•@detected•@only•@within•@the•@ct•|domain•C•@and•@none•@of•@the•@amide•@protons•@within•@the

3•|domain•@were•@significantly•@protected•@from•@solvent•@exchange•@in•@the•@A•|state•@•i41•j•@•iFigure•@6•G•@top•j•D•@lt

is•@indicating•@that•@molten•@globule•@state•@of•@ct•|hLA•@has•@a•@bipartite•@structure•@with•@a•@disordered•@3•|domain

and•@an•@ct•|domain•@containing•@substantial•@secondary•@structure•@and•@a•@native•|like•@tertiary•@topology

•i13•|15•C•@41•j•D•@Therefore•C•@the•@cooperative•@thermal•@transition•@of•@ct•|hLA•@is•@apparently•@absent•@in•@this

state•@because•@of•@the•@compact•@but•@dynamic•@structure•@•ilow•@order•@stmcture•j•D

•@•@•@•@•@•@•@In•@contrast•C•@the•@number•@and•@magnitude•@of•@protected•@amide•@protons•@in•@the•@A•|state•@of•@CrvflL

•i64•@amide•@protons•j•@and•@EMI•D•@•i54•@amide•@pretons•j•@were•@much•@1arger•@than•@that•@of•@ct•|hLA•@•i34•@amide

protons•j•@•i31•C•@32•C•@37•j•D•@The•@protected•@protons•@of•@CIS•IflL•@and•@EIVflL•@in•@this•@state•@were•@observed•@not•@only

within•@the•@ct•|domain•@but•@also•@within•@the•@P•|domain•@•iFigure•@6•G•@middle•@•••@bottom•j•D•@lt•@is•@suggesting

that•@highly•@persistent•@structures•@exist•@in•@the•@ct•E•p•@and•@P•|domain•@of•@CML•@and•@EML•@in•@the•@A•|state•C•@and

especially•C•@the•@B•|domain•@of•@the•@two•@proteins•@are•@more•@ordered•@than•@that•@of•@ct•|hlLA•D•@Thus•C•@it•@can•@be

proposed•@that•@the•@cooperative•@thermal•@transitions•@of•@the•@molten•@globule•@states•C•@which•@have•@been

observed•@in•@CML•@and•@EML•C•@may•@come•@from•@a•@highly•@ordered•@structure•@of•@the•@P•|domain•@in•@the

A•|states•D•@This•@is•@one•@of•@the•@main•@reasons•@vvhy•@the•@cooperative•@thermal•@transitions•@are•@observed•@in
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the•@molten•@globule•@srate•@of•@CML•@and•@EIVfl•D•C•@and•@not•@in•@that•@of•@the•@ct•|hLA•D

‰¾ƒÕ’Ú•En•@Ofthe•@m•Elten•@globule•@state•@ofCML•@with•@EML

As•@discussed•@above•C•@it•@has•@been•@shown•@that•@CML•@and•@EML•@show•@the•@presence•@of•@native•|like•@tertiary

folding•@in•@the•@molten•@globule•@state•C•@which•C•@in•@these•@two•@proteins•C•@is•@a•@thermodynamic•@state•D•@The

molten•@globule•@state•@of•@CML•C•@in•@particular•C•@has•@been•@shown•@to•@be•@extraordinarily•@stable•@in

comparison•@with•@that•@of•@EML•G•@comparatively•C•@it•@was•@shown•@to•@be•@9•D0•@kJ•^mol•@more•@stable•@at•@pH•@4•D5

and•@66•D40•@C•@in•@the•@absence•@of•@Ca2•g•@ions•@•iTable•@3•j•D•@However•C•@what•@causes•@these•@differences•@in•@the

stability•@of•@the•@molten•@globule•@state•@between•@Cmu•@and•@EIVflL•H•@One•@way•@to•@investigate•@the

differences•@is•@to•@thoroughly•@compare•@the•@physicochemical•@properties•@of•@the•@molten•@globule•@state•@of

Crvfi•D•@and•@ErvfiL•D

•@•@•@•@•@•@•@In•@the•@crystal•@structure•@of•@CrvfiL•C•@shown•@in•@F•@igure•@7A•C•@His•|21•@is•@located•@at•@the•@turn•@region

between•@the•@Aˆê•@and•@Bˆê•@helices•@and•@is•@close•@to•@the•@C•|helix•@•ialso•@see•@Figure•@1•j•D•@The•@distance•@between

the•@Ne2•@atom•@of•@His•|21•@and•@the•@O•@atom•@•iC••O•j•@of•@Val•|99•@is•@3•D13•@A•C•@indicating•@the•@formation•@of•@a

hydrogen•@bond•@between•@these•@two•@atoms•@in•@the•@native•@structure•D•@As•@a•@result•C•@the•@Aˆê•@and•@Bˆê•@helices

become•@much•@closer•@to•@the•@Cˆê•@helix•C•@and•@hydrophobicity•@around•@this•@region•@is•@increased•D•@ln•@fact•C

hydrogen•@exchange•@rates•@in•@this•@region•@of•@CrVflL•@have•@exhibited•@uniforrn•@behavior•D•@Eleven•@aromatic

and•@aliphatic•@residues•@within•@this•@region•@•iArg•|10•C•@Lys•|11•C•@Leu•|12•C•@Lys•|13•C•@and•@Met•|15•@of•@the

A•|he•@lix•G•@Phe•|20•@and•@Tyr•|23•@of•@the•@A•|B•@•Ioop•G•@and•@Cys•|30•C•@Met•|31•C•@Ala•|32•C•@and•@Glu•|33•@of•@the

B•|helix•j•@exhibit•@very•@high•@protection•@factors•@•iP•@•r•@100•j•@in•@the•@A•|state•@•ipH•@2•D0•@and•@250•@C•j•D•@ln•@this

condition•C•@the•@most•@protected•@residues•@of•@the•@Aˆê•@and•@B•|helices•@are•@located•@in•@the•@interface•@of•@these

helices•@with•@the•@C•|helix•D•@This•@suggests•@that•@the•@topology•@of•@the•@Aˆê•E•C•@Bˆê•C•@and•@C•|helices•@in•@the•@A•|state

might•@be•@similar•@to•@that•@of•@the•@thermally•@induced•@molten•@globule•@state•@at•@pH•@4•C5•D•@However•C

protection•@factors•@of•@EML•@in•@this•@region•@were•@much•@lower•i10•ƒP‚­1•jthan•@those•@of•@CML•@in•@the
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Aˆêˆêstate•@•iF•@igure•@7B•j•D

•@•@•@•@•@•@•@Moreover•C•@residue•@109•@is•@lecated•@in•@the•@N•@terminal•@of•@the•@D•|helix•D•@This•@residue•@is•@valine

and•@lysine•@in•@CML•@and•@ErvflL•C•@respectively•@•iFigure•@8A•@and•@B•j•D•@The•@helix•@contact•@between•@the•@B•|

and•@D•|helices•@is•@revealed•@clearly•@in•@the•@hydrogen•@exchange•@data•@for•@the•@A•|state•@•ipH•@2•D0•@and•@250•@C•j

of•@CMI•D•@and•@EINtflL•D•@Seven•@aromatic•@and•@aliphatic•@residues•@around•@this•@region•@•iCys•|30•C•@Met•|31•C

Ala•|32•C•@and•@Glu•|33•@of•@the•@B•|helix•G•@Trp•|108•@ofthe•@C•|D•@loop•G•@Val•|109•@of•@the•@D•|helix•G•@and•@His•|114•@of

the•@loop•j•@exhibit•@the•@highest•@protection•@factors•@•iP•@•r•@100•j•@at•@pH•@2•D0•@and•@250•@C•@in•@CML•D•@The•@most

protected•@residues•@of•@the•@B•|helix•@are•@also•@located•@in•@the•@interface•@of•@this•@helix•@with•@the•@D•|helix•D

The•@Val•|109•@is•@particularly•@strongly•@immobilized•@in•@the•@A•|state•@•iP•@•••@330•j•C•@and•@seems•@to•@stabilize•@the

D•|helix•D•@However•C•@the•@residue•@at•@this•@site•@is•@lysine•@in•@ErvflL•C•@and•@such•@high•@protection•@is•@not

observed•@in•@the•@case•@of•@the•@A•|state•@of•@EML•D•@This•@may•@suggest•@that•@the•@hydrogen•@exchange•@kinetics

of•@Lys•|109•@occurs•@so•@rapidly•@that•@the•@protection•@factor•@cannot•@be•@determined•D•@This•@exchange•@of

Val•|109•@and•@Lys•|109•@must•@be•@a•@maj•@or•@reason•@for•@the•@destabilization•@of•@the•@D•|helix•@of•@ErvilL•D

•@•@•@•@•@•@•@The•@present•@results•@show•@that•@the•@amino•@acid•@replacements•@discussed•@above•@actually

decrease•@the•@stability•@of•@the•@molten•@globule•@state•@of•@CML•D•@ln•@particular•C•@the•@values•@for•@H21G•@and

VIOgK•@are•@considerably•@lower•C•@2•D0•@kJ•^mol•@and•@1•D8•@kJ•^mol•@lower•C•@respectively•C•@than•@those•@of•@the

wild•|type•@C•@rvflL•D•@The•@thermodynamic•@pararneters•@suggest•@that•@the•@G•@ly•|21•@ˆê•@H•@is•|21•@replacement

has•@two•@effects•@on•@the•@stabilization•@of•@the•@molten•@globule•@state•D•@First•C•@by•@forming•@a•@hydrogen•@bond

between•@the•@side•@chain•@of•@His•|21•@and•@the•@main•@chain•@of•@Val•|99•C•@the•@Aˆê•@and•@B•|helices•@are•@connected

to•@the•@C•|helix•C•@and•@these•@chains•@become•@less•@fiexible•D•@Therefore•C•@it•@can•@be•@estimated•@that•@the

replacement•@of•@a•@histidine•@residue•@by•@a•@glycine•@residue•@would•@destabilize•@the•@protein•@at•@most•@by•@2•DO

kJ•^mol•@in•@the•@AG•@of•@the•@A•|U•@transition•C•@and•@by•@7•D7•@kl•^mo•@l•@in•@the•@AH•@of•@the•@A•|U•@transition•D•@Second•C

the•@involvement•@of•@the•@His•|21•@residue•@on•@the•@hydrophobic•@cluster•@makes•@the•@srmcture•@more•@stable•C

and•@the•@molten•@globule•@state•@of•@CML•@is•@further•@stabilized•D•@ln•@the•@case•@of•@the•@V•@I•@OgK•@mutant•C•@these
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•g“F

two•@positively•@charged•@side•@chains•@•iLys•|109•@and•@ˆê1•@13•j•@are•@thought•@to•@destabilize•@the•@native•@structure

due•@to•@electrostatic•@repulsion•D•@Among•@the•@thermodynamic•@parameters•@for•@the•@A•|U•@transition•@of

ErVflL•@and•@the•@V•@I•@OgK•@mutant•C•@the•@maj•@or•@terms•@to•@destabilize•@the•@molten•@globule•@state•@are•@the•@entropy

terms•@•iTAAS•@•••@3•D0•@kJ•^mol•@for•@ErvflL•@and•@TAAS•@•••@5•D8•@kJ•^mol•@for•@V•@I•@OgK•j•@•iTable•@3•j•D•@The•@enthalpy

terrns•@seem•@to•@compensate•@only•@partly•@for•@the•@entropic•@destabilization•@of•@the•@EIVflL•@and•@V•@I•@OgK•D•@lt

appears•@that•@the•@destabilization•@of•@the•@D•|helix•@is•@caused•@by•@the•@increase•@of•@chain•@entropy•@in•@the

molten•@giobule•@state•C•@which•@increase•@is•@caused•@by•@the•@existence•@ofthe•@lysine•@residue•@at•@the•@N•@terminal

of•@the•@D•|helix•D•@This•@may•@indicate•@that•@the•@helical•@contact•@between•@the•@Bˆê•@and•@D•|helices•@of•@EML•@is

much•@weaker•@than•@that•@of•@CML•D

ConcRusion

I•@have•@shown•@that•@CML•@and•@EINtflL•@exhibit•@two•@c•@lear•@heat•@absorption•@peaks•@in•@the•@absence•@of•@Ca2•f•@ions

•iapo•|form•j•C•@although•@the•@cooperative•@thermal•@transition•@of•@ct•|hLA•@is•@apparently•@absent•@in•@this•@form•D

Moreover•C•@CML•@also•@exhibits•@two•@clear•@heat•@absorption•@peaks•@in•@the•@presence•@of•@Ca2•g•@ions

•iholo•|form•j•C•@although•@ct•|hLA•@and•@ErvflL•@show•@only•@a•@single•@heat•@absorption•@peak•@in•@the•@holo•|forms•D

My•@data•@indicate•@that•@the•@molten•@globule•@state•@of•@CML•@is•@extraordinarily•@stable•@compared•@wnh•@those

of•@ct•|hLA•@and•@EML•C•@and•@that•@it•@is•@a•@thermodynamic•@state•D•@1•@interpret•@that•@the•@extraordinary•@stability

of•@the•@molten•@globule•@state•@of•@CML•@is•@due•@to•@the•@native•|like•@packing•@interaction•@in•@the•@molten

globule•@state•C•@and•@it•@comes•@from•@the•@highly•@persistent•@structures•@existing•@not•@only•@within•@the

ct•|domain•@but•@also•@within•@the•@P•|domain•D
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crystal•@structures•@of•@ct•|hLA•@•i26•j•C•@EML•@•i40•j•C•@and•@CML•@•i29•j•@with•@the•@CPK•@models•D•@The•@hydrogen
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Figu•@re•@7•D•@Partial•@structures•@of•@•iA•j•@CML•@and•@•iB•j•@EML•@around•@the•@region•@of•@the•@Aˆê•C•@Bˆê•C•@and

C•|helices•D•@The•@broken•@line•@indicates•@a•@hydrogen•@bond•D•@The•@structures•@are•@indicated•@by•@four•@colors

that•@represent•@the•@protection•@factors•@as•@P•@•r•@100•@•ired•j•C•@100•@•r•@P•@•r•@10•@•imagenta•j•C•@10•@•r•@P•@•r•@1•@•iyellow•j•C

and•@1•@•r•@P•@•igreen•j•D•@The•@figures•@were•@produced•@using•@MOLSCRIPT•@•i42•j•D
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Abstract

In•@order•@to•@demonstrate•@the•@conformational•@changes•@between•@the•@Ca2•f•@free•@•iapoˆê•j•@and•@binding•@•iholoˆê•j

forms•@of•@a•@Ca2•gˆêbinding•@protein•C•@the•@thermodynamic•@changes•@of•@canine•@milk•@lysozyme•@•iCML•j•@were

investigated•@using•@isothermal•@titration•@calorimetry•@and•@interpreted•@in•@terms•@of•@structural•@information

obtained‹u•Em•@nu•E1•Ear•Em•E9n•Eti•E•Ee•E•Enance•iNMR•j•EpecŠÃ•E•Ec•Epy•Ea•Ed•EXƒCay•Ery•Etall•B9•Caphy•D•@On•@the

basis•@of•@the•@results•@of•@calorimetry•C•@1•@determined•@that•@the•@Ca2•fˆêbinding•@reaction•@to•@CML•@was•@an

exothermic•@process•@and•@the•@enthalpic•@contribution•@for•@the•@reaction•@was•@1arger•@than•@that•@of•@the•@entropy•D

The•@negative•@heat•@capacity•@changes•@•iACp•@•F•@ˆêˆê•Z•D21•@kcaVmol•^K•j•@ofCML•@observed•@upon•@Ca2•fˆêbinding

suggesting•@a•@characteristic•@of•@a•@prominent•@hydrophobic•@effect•D•@The•@structure•@analysis•@using•@iH•|isN

HSQC•@spectra•@and•@X•|ray•@diffraction•@showed•@that•@two•@large•@conformational•@changes•@occurred•@during

the•@Ca2•fˆêbinding•D•@One•@was•@a•@local•@structurai•@shift•@in•@the•@vicinity•@of•@the•@Ca2•fˆêbinding•@site•C•@and•@the

other•@was•@observed•@in•@a•@hydrophobic•@core•@region•@that•@included•@Lys•|62•C•@Trp•|63•C•@and•@Trp•|64•C•@as•@if•@the

hydrophobic•@interaction•@increased•@around•@the•@cluster•D•@These•@conformational•@changes•@are•@consistent

with•@the•@thermodynamic•@data•@obtained•@by•@calorimetry•D•@This•@is•@the•@first•@example•@ofinvestigating•@the

Ca2•gˆêinduced•@conformational•@change•@of•@a•@Ca2•fˆêbinding•@protein•@by•@therrnodynamic•@study•C•@NMR

spectroscopy•C•@and•@X•|ray•@crystallography•D
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Introduction

The•@calcium•@ion•@is•@essential•@for•@living•@organisms•G•@it•@is•@used•@in•@cells•@as•@a•@sigrial•@transduction•@element•D

An•@increase•@in•@the•@cytoplasmic•@Ca2•f•@concentration•@leads•@to•@the•@binding•@ef•@Ca2•f•@by•@intracellular

regulatory•@proteins•C•@an•@event•@that•@initiates•@a•@wide•@variety•@of•@cellular•@processes•@•i1•|5•j•D•@The

Ca2•fˆêbinding•@reaction•@sometimes•@accompanies•@conformational•@changes•@of•@the•@protein•@between•@the

ca2•fˆêfree•@form•@•iapo•|form•j•@and•@the•@Ca2•fˆêbound•@form•@•iho•@lo•|form•j•C•@which•@are•@considered•@to•@be

responsible•@for•@biological•@functions•@such•@as•@signal•@transduction•@and•@the•@formation•@of•@macromolecular

complexes•@•i6•|8•j•D•@Therefore•C•@to•@elucidate•@the•@Calmodulin•@has•@been•@investigated•@as•@a•@potential

model•@protein•@in•@which•@conformational•@changes•@can•@be•@studied•@using•@nuclear•@magnetic•@resonance

•iNMR•j•@spectroscopy•@•i9•|15•j•D•@However•C•@there•@is•@a•@lack•@of•@information•@about•@the•@conformational

changes•@of•@proteins•@between•@the•@apoˆê•@and•@holo•|forms•@by•@X•|ray•@crystallography•D

•@•@•@•@•@•@•@My•@approach•@in•@this•@CHAPTER•@is•@to•@investigate•@the•@conformational•@changes•@of•@a

Ca2•fˆêbinding•@protein•@between•@the•@apoˆê•@and•@holo•|forms•@using•@stmctural•@•iX•|ray•@crystallography•@and

NMR•@spectroscopy•j•@and•@thermodynamic•@analysis•D•@For•@this•@purpose•C•@1•@chose•@canine•@milk•@lysozyme

•iCINifiL•j•@because•@we•@have•@found•@that•@this•@protein•@is•@one•@of•@a•@Ca2•fˆêbinding•@protein•@•i16•j•C•@and•@have

recently•@determ•@ined•@the•@structure•@of•@apo•|CrvflL•@by•@X•|ray•@crystal•@lography•@at•@a•@resolution•@of•@1•D85•@A•@to

an•@R•|factor•@of•@17•D8•@O•^o•@•i1•@b•D•@ln•@addition•C•@the•@results•@of•@the•@i•@H•@resonance•@assignments•@of•@ho•@lo•|CML

have•@been•@reported•@recently•@•i18•j•D

•@•@•@•@•@•@•@1•@noted•@that•@two•@1arge•@conformational•@changes•@occur•@during•@the•@Ca2•gˆêbinding•@of•@CML•D•@ln

order•@to•@demonstrate•@these•@conformational•@changes•@of•@CML•C•@1•@investigated•@the•@thermodynamic

changes•@of•@the•@protein•@using•@isotherrnal•@titration•@calorimetry•@•iITC•j•@and•@interpreted•@the•@findings•@in

t•Emls•Ef•Etru•EŒŒ•Eal•@inf•Erm•Eti•En•Ebt•Ein•Ed‹u•Em•@•fH•@NMR•@and•@X•|ray•Ery•Etall•E9•Eaphy•D•@Ca1•Erim•Et•Ei•E

study•@reveaied•@that•@the•@heat•@capacity•@changes•@•iACp•j•@of•@CML•C•@which•@are•@most•@closely•@related•@to•@the

structural•@changes•@of•@the•@molecule•@on•@ligand•|binding•C•@were•@large•@negative•@changes•C•@suggesting•@that

99

major•@conforrnational•@changes•@have•@occurred•@between•@the•@apoˆê•@and•@holo•|forms•@of•@this•@protein•E•@ln

support•@of•@this•@interpretation•C•@the•@crystal•@srmctures•@of•@apoˆê•@and•@holo•|CML•@show•@that•@the•@side•@chains

of•@Lys•|62•@and•@Trp•|63•@were•@rotated•@around•@the•@xl•@angle•@and•@x2•@angie•C•@respectively•C•@as•@if•@the

hydrophobic•@interaction•@increases•@around•@the•@cluster•C•@and•@the•@results•@were•@substantially•@consistent

with•@the•@lH•@NMR•EpecŠÃ•Einf•E•Emati•En•D•@Th•E•Ee•Eu1”PP•E•Evid•C•@val‘Zbi•C•@in•Aight•C•@ab•But•@the•@s‡q•AŒŒ•Cal

and•@thermodynamic•@evidence•@of•@Ca2•fˆêbinding•@protein•D

Materials•@and•@Methods

Materials

According•@to•@the•@procedures•@of•@Koshiba•@et•@al•@•i1999•j•C•@expression•@and•@purification•@of•@CML•@were

carried•@out•@using•@the•@expression•@system•@in•@E•D•@coli•@•i19•j•D•@Mutant•@human•@lysozyme•@in•@which•@Glu•|86

and•@Ala•|92•@were•@replaced•@wnh•@aspartic•@acid•@•iHLD86•^92•j•@was•@prepared•@previously•@•i20•j•D•@All•@other

reagents•@were•@of•@biochemical•@research•@grade•D

Preparation•@ofApoˆê•@and•@Holo•|proteins

Apoˆê•@and•@holo•|proteins•@were•@prepared•@as•@described•@previously•@•i20•j•D

Isothermal•@Titration•@Calorimetr•@y•@•iITC•j

1•@performed•@isothermal•@titration•@calorimetry•@•iITC•j•@to•@determine•@the•@enthalpy•@change•@upon•@the

binding•@of•@Ca2•g•@to•@the•@C•IvfiL•C•@HLD86•^92•C•@and•@organic•@chelator•@•iEDTA•j•@using•@a•@MicroCal•@OMEGA

titration•@calorimeter•@•i21•j•D•@Sample•@solutions•@for•@ITC•@measurements•@were•@prepared•@by•@dissolving

lyophilized•@apo•|lysozymes•@or•@EDTA•iCa2•{ˆê‹uee•jin•@50•@mM•@sodium•@acetate•@buffer•ipH•@55•jto•@make

O•C1•@mM•@solutions•C•@and•@each•@1•D6•@mL•@of•@this•@solution•@was•@injected•@into•@the•@cetl•@and•@titrated•@with•@5•@pL

portions•@of•@a•@5•@mM•@CaC•@12•@solution•@at•@several•@temperatures•D•@The•@calorimetric•@enthalpy•@•ittLH•j•C•@the
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binding•@constant•@•iKb•j•C•@and•@the•@number•@of•@bound•@Ca2•f•@ions•@•in•j•@were•@obtained•@by•@using•@the•@computer

program•@ORIGIN•@•iMicroCal•C•@lnc•D•C•@Nonhampton•C•@MA•j•D

Nuclear•@Magnetic•@Resonance•@•i7VMR•j•@Spectroscopy

NMR•@spectra•@were•@obtained•@on•@a•@JEOL•@ct•|500•@spectrometer•@•iJEOL•@Co•D•C•@Tokyo•C•@Japan•j•@operated•@at

500•@MHz•@and•@200•@C•D•@S•@pectral•@assignments•@were•@supplemented•@by•@temperature•@titration•@and

assigrtrnent•@results•@carried•@out•@at•@pH•@4•D5•@and•@300•@C•@for•@holo•|CML•@•i18•j•D•@Sample•@solutions•@for

multi•|dimensionat•@NMR•@were•@dissolved•@in•@100•^o•@D20•^H20•@to•@1•|1•D5•@rnM•C•@pH•@was•@adjusted•@to•@4•D5•@by

NaOH•@or•@HC•@I•D•@For•@the•@sample•@of•@Ca2•fˆêsaturated•@state•@•iholo•|CINtflL•j•C•@C•@aC12•@was•@added•@to•@10•@mM•D

Conventional•@iSN•|edited•@spectr4•@i•De•D•C•@HSQC•@•i22•j•C•@TOCSY•|HSQC•@and•@NOESY•|HSQC•@•i23•j•G•@were

acquired•D•@All•@tsN•|edited•@spectra•@were•@gradient•|enhanced•D•@The•@NOESY•@and•@TOCSY•@mixing•@times

for•@all•@measurements•@were•@set•@at•@200•@ms•@and•@80•@ms•C•@respectively•D•@Sweep•@widths•@of•@8000•@Hz•@were

used•Ef•E•Eth•E•@iH•Eand•Ef•@1800•EHz•Ef•E•Ethe•@15N•@dim•En•Ei•En•E•C•@wi•o—Re‰¾•E•E‹u•Equ•En•Ey•Cet•@at•@th•C•@w•Bt•C•C

resonance•D•@Data•@sets•@for•@isN•|edited•@TOCSY•@and•@NOESY•@experiments•@typically•@comprised•@512

•iiH•j•@•~•@128•@•iiH•j•@•~•@64•@•i•f5N•j•@of•@8•@scan•D•@Data•@sets•@for•@HSQC•@comprised•@1024•@•iiH•j•@•~•@128•@•iisN•j•@of•@8

scan•C•@with•@a•@sweep•@width•@of8000•@Hz•@for•@the•@iH•@and•@of2200•@Hz•@for•@the•@iSN•@dimensions•D•@AII•@proton

chemical•@shifts•@were•@referenced•@to•@the•@methyl•@resonance•@of•@4•C4•|dimethyl•|4•|silapentane•|1•|sulfonic

acid•@•iDSS•j•@used•@as•@an•@internal•@standard•D•@The•@isN•@chemical•@shift•@was•@indirectly•@referenced•@using•@the

following•@ratios•@ofthe•@zero•|point•@frequencies•F•@O•D101•@to•@iH•@•i24•j•D•@Data•@processing•@was•@performed•@on

a•@Silicon•@Graphics•@Indy•@Work•@station•@using•@the•@program•@packages•@NMRpipe•@•i25•j•@and•@XEASY•@•i26•j•D

C‚è7sta•h‚½61tion•EData•@Co•V8ction•C•@and•@Sti•Eucture•@Refin•@e•V•ºƒÎ•f‚°•vHolo•BC”§

The•@crystallization•@of•@holo•|CML•@was•@carried•@out•@by•@vapor•@diffusion•@of•@hanging•@drops•@using•@30•@mM

potassium•@phosphate•@buffer•@•ipH•@5•D8•j•@containing•@20•@mg•^mL•@protein•C•@2•D1•@M•@ammonium•@sulphate•C•@and
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1•D5•@mM•@CaC12•D•@After•@3•@weeks•C•@crystals•@with•@the•@size•@of•@O•D6•@•~•@O•D3•@•~•@O•D05•@mm3•@were•@obtained•@at•@180

C•C•@and•@the•@crystals•@were•@hemihedrally•@twinned•D•@The•@space•@group•@was•@P32•@with•@cell•@dimensions•@a•@••

b•@•••@31•D4•@A•C•@c•@•••@202•D5•@A•@and•@y•••@1200•D•@There•@are•@two•@monomeric•@molecules•@in•@an•@asymmetric•@unit•E

The•@X•|ray•@diffraction•@data•@of•@the•@holo•|CML•@crystal•@was•@collected•@from•@a•@single•@crystal•@at•@room

temperature•@using•@a•@Fuj•@i•@imaging•@plate•@detector•@with•@a•@Rigaku•@IPR•|4080•@imaging•@scanner•@and•@a

W•Eissenb•E•Eg•E‡p•E•Ea•@f•E•Ema•cm•E1ec‹È•E–Qll•E9r•Ephy•i2”T•En•@BL•|18B•@at•@th•EPh•Et•En•@Fact•Eƒ••C

KLEK•C•@Japan•D•@lntegrated•@intensities•@were•@obtained•@using•@Denzo•C•@and•@reduced•@using•@a•@Scalepack•@•i28•j•D

Twin•@was•@detected•@using•@program•@CNS•@•i29•j•D•@The•@twin•@operator•@was•@twoˆêˆêfold•@along•@a•g•@•ib•g•jˆêaxis

and•@the•@reflection•@related•@to•@•ih•C•@k•C•@b•@was•@•ih•{k•C•@ˆêk•C•@b•C•@which•@gives•@rise•@to•@a•@diffiraction•@pattern•@of

pseudo•@Laue•@symmetry•@of•@ˆêˆê31m•D•@The•@initial•@twin•@factor•@of•@O•D45•@indicated•@that•@the•@crystals•@are

nearly•@perfect•@hemihedral•@twining•D•@S•@ince•@the•@two•@molecules•@in•@an•@asymmetric•@unit•@were•@related

with•@a•@local•@two•|fbld•@axis•@p•omllel•@to•@the•@twin•@axis•i•Yor‚ª•j•C•@twimed•@data•@was•@directly•@used•@fbr

solving•@the•@stucture•@by•@a•@molecular•@replacement•@method•@•i30•j•D•@The•@initial•@model•@of•@the•@holo•|CML

was•@obtained•@using•@the•@program•@AMoRe•@•i31•j•C•@and•@a•@search•@model•@was•@constructed•@from•@the•@atomic

coordinates•@of•@apo•|CML•i17•j•D•@The•@s“ùu‰¾ral•@refinements•@were•@performed•@using•@the•@program•@CNS

by•@perfect•@twiming•@protocol•@•i30•j•D

Determination•@ofProtein•@Concentration

The•@protein•@concentrations•@were•@estimated•@spectrophotometrically•@us•@ing•@the•@following•@extinction

coeŒÞcients•@at•@280‡o•FElcml•“••23•D2•@for•@CML•i16•jand•@Ei•Cmi•“••25•D6•@for•@HLD86•^92•i32•j•D

Results

Isoth•@er•Vta•f1•ztrration•@Cƒ¿•v•Iorƒ[•V—ì8ƒJƒc•i•v•u1‚Ä‚Â‚°C•Fƒ‹•³‰³

Thermodynamic•@parameters•@for•@the•@binding•@of•@Ca2•f•@to•@CML•C•@EDTA•C•@and•@HLD86•^92•@were
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investigated•@by•@isothermal•@titration•@calorimetry•@•iITC•j•@using•@a•@MicroCal•@OMEGA•@calorimeter•@in•@50

mM•@acetate•@buffer•@at•@pH•@5•D5•@and•@several•@temperatures•D•@This•@condition•@was•@chosen•@for•@the•@fo•@l•@lowing

reasons•D•@At•@fust•C•@the•@pH•@of•@the•@solution•@is•@near•@to•@the•@pH•@conditions•@at•@which•@the•@tertiary•@structures

for•@these•@proteins•@were•@determined•@•i17•C•@33•j•D•@Second•C•@the•@intermolecular•@associations•@of•@lysozyme

are•@negligible•@below•@this•@pH•@•i34•j•D•@Finally•C•@the•@enthalpy•@change•@for•@ionization•@of•@acetic•@acid•@is•@so

small•@that•@the•@proton•@release•@for•@the•@binding•@reaction•@of•@Ca2•g•@can•@be•@omitted•@•i35•j•D

•@•@•@•@•@•@•@In•@Figure•@1•C•@the•@typical•@titration•@process•@of•@the•@CML•@at•@200•@C•@is•@shown•@with•@the•@similar

titration•@of•@EDTA•@and•@HLD86•^92•D•@The•@Ca2•fˆêbinding•@constants•@•iKb•j•C•@the•@numbers•@of•@bound•@Ca2•f

ions•@•in•j•C•@and•@enthalpy•@changes•@•iAH•j•@were•@obtained•@from•@the•@analysis•@of•@these•@curves•@by•@using•@the

calorimetric•@analysis•@program•@ORIGIN•@•iMicroCal•@lnc•D•j•C•@and•@the•@heat•@capacity•@changes•@•iAC•C•j•@of•@the

Ca2•fˆêbinding•@were•@estimated•@from•@the•@temperature•@dependence•@of•@the•@enthalpy•@changes•D•@The•@Gibbs

free•@energy•@changes•@•iAG•@•••@ˆêRTIn•gKb•j•@of•@Ca2•gˆêbinding•@were•@calculated•@from•@the•@binding•@constants•C

and•@the•@entropy•@changes•@•iTAS•@•••@ˆêAG•@•{•@zVil•j•@of•@the•@binding•@could•@also•@be•@estimated•D•@The•@results•@are

surnmarized•@in•@Table•@1•D

•@•@•@•@•@•@•@For•@the•@binding•@of•@Ca2•f•@to•@EDTA•@and•@HLD86•^92•C•@the•@binding•@constants•@were•@determined•@to

be•@O•D9•|2•~105•@M•œ1•@and•@2•B8•~105•@M•@1•C•@respectively•C•@at•@the•@temperature•@region‹uom•@20•@to•@40•B•@C•D•@The

conuibutions•@of•@AH•@for•@the•@binding•@of•@Ca2•f•@were•@unfavorable•@•i2•|3•@kcaVmol•j•D•@A•@large•@release•@of

entropy•@term•@•i9•|1•@1•@kcaVmol•@as•@TZNS•j•@was•@found•@to•@drive•@the•@Ca2•fˆêbinding•@to•@EDTA•@and•@HLD86•^92•@in

these•@conditions•C•@as•@reported•@previously•@•i36•|38•j•D•@From•@the•@temperature•@dependence•@of•@tV7•@shown

in•@Figure•@2•C•@the•@ACp•@of•@EDTA•@and•@HLD86•^92•@were•@estimated•@to•@be•@O•D05•@and•@O•@kcaVmol•^K•C

respectively•C•@by•@the•@least•|squares•@fitting•@method•D

•@•@•@•@•@•@•@In•@contrasg•@the•@thermodynamic•@parameters•@of•@CML•@showed•@different•@and•@interesting

behaviors•@compared•@with•@those•@of•@EDTA•@and•@HLD86•^92•D•@The•@binding•@constants•@of•@Ca2•g•@for•@CML

w•E•Ee2•|9•E10•eM•f1•@at•@th•Et•Emp•E•Eatu•Ee•Eegi•E–Ê•Em•@l•@l•@t•E24•EC•C•@whi•Eh•@w•E•Ee•Eli•ƒtly•@high•E•Eth•En•Eth•E•Ee
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of•@EDTA•@and•@HLD86•^92•iT•Ebl•E1•j•EM•E•Ee•Ev•E‚çthe•@c•Entributi•En•E”¨f•C•Eth•Eblndi•Bg•BfCa2•{was

favorable•@•iAH•@•••@ˆê5•D1•@•}•@1•D3•@kcal•^mol•j•@compared•@with•@those•@of•@the•@entropy•@terms•@•i3•D9•@•}•@1•C1•@kcal•^mol

as•@TA•gS•G•j•D•@Therefore•C•@the•@binding•@Ca2•f•@for•@CML•@is•@primarily•@driven•@by•@enthalpic•@contributions•D•@The

ACp•@values•@of•@CML•@were•@estimated•@to•@be•@ˆê•Z•C21•@kcal•^moUK•C•@suggesting•@a•@prominent•@hydrophobic

effect•@•i39•j•D•@Thus•C•@the•@results•@indicate•@that•@there•@is•@significant•@conformational•@change•@accompanying

Ca2•f@binding•@in•@the•@case•@of•@CML•C•@although•@no•@significant•@conformational•@change•@was•@seen•@in•@the

HLD86•^92•@•i33•j•D

iH•|isN•@HSeC•@Spectra•@of•@CML

Figure•@3A•@and•@B•@show•@the•@•fH•|15N•@HSQC•@spectra•@ofapoˆê•@and•@holo•|CML•@at•@pH•@4•D5•@and•@200•@C•D•@Due

to•@the•@solubility•@problem•@of•@the•@sample•C•@NMR•@measurements•@were•@carried•@out•@at•@pH•@4•D5•@•isolubility•@•„

lmM•j•@instead•@of•@pH•@5•D5•@•isolubility•@•q•@O•D6mM•j•D•@ln•@the•@apo•@and•@holo•|CML•C•@most•@peaks•@are

overlapped•@between•@two•@species•D•@This•@indicates•@that•@overall•@structure•@of•@apoˆê•@and•@holo•|CML•@are

quite•@similar•C•@although•@some•@spectral•@differences•@can•@be•@observed•@•isee•@Figure•@3•@C•@and•@D•j•D•@One•@of

the•@major•@differences•@between•@the•@iH•|isN•@HSQC•@spectra•@of•@apoˆê•@and•@holo•|CML•@is•@that•@the•@chemical

shift•@of•@indole•@amide•@protons•@•iTrp•|63•@and•@Trp•|64•j•@are•@slightly•@shifted•@to•@the•@upfield•@and•@the

downfield•@region•@respectively•C•@and•@indole•@amide•@proton•@of•@Trp•|108•@is•@largely•@shifted•@to•@the•@downfield

region‹uom•@10•D1•@to•@10•D4•@PPm•i0•D3•@PPm•jas•@a•@result•@of•@the•@addition•@of•@Ca2•{ions•D•@Moreover•C•@the

chemical•@shifts•@of•@main•|chain•@amide•@protons•@of•@Asp•|91•@and•@lle•|56•@were•@also•@shifted•@to•@the•@downfield

and•@upfield•@regions•C•@respectively•D•@Most•@of•@these•@residues•@are•@located•@near•@the•@Ca2•fˆêbinding•@site•@and

the•@hydrophobic•@cluster•@•iin•@the•@P•|domain•j•@consisted•@from•@Lys•|62•C•@Trp•|63•C•@and•@Trp•|64•C•@which•@has

been•@observed•@in•@the•@X•|ray•@crystal•@structure•@of•@apo•|CML•i17•j•D•@These•@shi‹us•@also•@lndicate•@that•@a

conformational•@change•@has•@mainly•@occurred•@in•@the•@Ca2•fˆêbinding•@site•@and•@B•|domain•@of•@CML•D•@Thus•C

the•@addition•@of•@Ca2•f•@ions•@for•@apo•|CML•@is•@not•@only•@restricted•@a•@significant•@conformational•@change•@in
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the•@Ca2•f•@binding•@site•@but•@is•@alse•@affected•@for•@the•@hydrophobic•@cluster•@consisted•@from•@Lys•|62•C•@Trp•|63•C

and•@Trp•|64•@in•@the•@P•|domain•D

x•|ray•@Crystat•@Struc‰¾e•@ofholo•|CML

The•@1•D9•@A•@structure•@of•@holo•|CML•@was•@determined•@by•@a•@molecular•@replacement•@method•@and•@was

refined•@to•@an•@R•|factor•@of•@15•D6•@O•^o•@•iRfree•@•••@25•D7•@e•^o•j•D•@The•@crystallographic•@parameters•@and•@refinement

statistics•@are•@summarized•@in•@Table•@2•D

•@•@•@•@•@•@•@Figure•@4•@shows•@the•@ribbon•@diagram•@of•@holo•|CML•@in•@complex•@with•@a•@Ca2•g•@ion•D•@A•@deep

cleft•@containing•@the•@active•@site•@divides•@the•@CML•@molecule•@into•@a•@1arge•@ct•|helix•@rich•@domain

•ict•|domain•j•@and•@a•@small•@B•|sheet•@rich•@domain•@•iB•|domain•j•C•@both•@of•@which•@are•@quite•@similar•@to•@the

domains•@previously•@reported•@for•@the•@apo•|CML•@•iI•@D•D•@The•@root•@mean•@square•@deviation•@•ir•Dm•Ds•Dd•D•j

between•@apoˆê•@and•@holo•|Cmu•@for•@the•@main•@chain•@Cct•@atoms•@was•@O•D879•@A•D

•@•@•@•@•@•@•@The•@local•@structures•@in•@the•@vicinity•@of•@the•@Ca2•fˆêbinding•@site•@of•@apoˆê•@and•@holo•|Cmu•@are

shown•@in•@Figure•@5•D•@The•@Ca2•gˆê•Ebinding•@site•@in•@the•@holo•|CML•@structure•@is•@essentially•@identical•@in

terms•@ef•@both•@conformation•@and•@ligand•@coodination•@to•@the•@binding•@site•@previously•@reported•@in•@the

various•@ct•|lactalbumins•@and•@Ca2•fˆêbinding•@lysozymes•@•i33•C•@40ˆêˆê43•j•D•@The•@Ca2•g•@ion•@is•@coordinated•@by•@a

constellation•@of•@seven•@oxygen•@groups•@that•@form•@a•@distorted•@pentagonal•@bipyramid•@•iholo•|form•j•D•@F•@ive

of•@the•@l•@igating•@groups•@are•@contributed•@by•@the•@main•@chain•@•iLys•|82•@and•@Asn•|87•j•@and•@side•@chains

•iAsp•|85•C•@ˆê90•C•@and•@ˆê91•j•D•@The•@remaining•@coordinating•@groups•@are•@supplied•@by•@two•@water•@molecules•D

All•@the•@Ca2•fˆêprotein•@ligand•@•iCa•|O•j•@distances•@are•@between•@2•D3•@and•@2•D7•@A•C•@corresponding•@to•@a•@tight

Ca2•fˆêbindi•Eg•@l•E•Ep•@in•@th•E•Etm•Etu•Ee•D•@H•Ew•Ev•E•E•C•@inŒŒ•E•E‰¾•Etu•Ee•Ef•@the•@ap•EˆêCML•C•@th•E•Eide•@ch•Eins•Ef

Asp•|85•@and•@ˆêˆê90•@are•@rotated•@around•@the•@x•@l•@angle•@toward•@the•@solvent•C•@as•@if•@to•@reduce•@the•@negative

charge•@repulsion•@in•@the•@Ca2•fˆêbinding•@site•D•@The•@water•@molecules•@occupied•@the•@same•@position•@as•@the

b•Eund•@Ca2•{•D•@Th•E•Ee•Eult•Ewas•Eimilar•Et•EŽR•Ep•Eevi•Eu•E•Eep•EnS•Ef•Eeve•Ea1•Ep•Eˆêf•E•Em•E•Ef•@Ca2•{ˆêbindi•Eg
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1ysozymes•@•i33•C•@38•C•@44•C•@45•j•C•@which•@is•@thought•@to•@relieve•@the•@destabilization•@of•@apo•|protein•E

Discussion

The•@Ca2•fˆêbinding•@reaction•@sometimes•@accompanies•@conformational•@changes•@of•@the•@protein•@between

the•@Ca2•gˆêfreeˆê•@•iapoˆê•j•@and•@Ca2•fˆêbound•|forms•@•iholo•|form•j•C•@which•@are•@considered•@to•@be•@responsible•@for

biological•@functions•@•i6•|8•j•D•@The•@purpose•@of•@this•@CHAPTER•@is•@to•@elucidate•@the•@relationship•@between

the•@stmcture•@and•@thermodynamics•@ofCa2•fˆêˆêinduced•@conformational•@changes•@ofa•@Ca2•fˆêbinding•@protein•D

For•@this•@purpose•C•@the•@thermodynamic•@change•@ofCML•@was•@investigated•@using•@ITC•@and•@interpreted•@in

t•E‡o•E•Ef•Eäw•EtU•Eal•@inf•E•Emati•En•Eb–Ên•Ed‹u•Em•@NMR•EpecŠÃ•E•Ec•Epy•Eand•EX•|ray•Ery•Etall•E9•Eaphy•D

•@•@•@•@•@•@•@•@The•@results•@of•@ITC•@measurement•@showed•@that•@the•@thermodynarnic•@change•@upon•@the•@binding

ofCa2•g•@to•@CrvflL•@showed•@different•@behaviors•@from•@those•@of•@binding•@to•@EDTA•@and•@HLD86•^92•D•@The

Ca2•gˆêbinding•@reaction•@to•@CML•@was•@an•@exothermic•@process•C•@and•@the•@enthalpic•@contribution•@for•@the

reaction•@was•@larger•@than•@that•@of•@the•@entropy•G•@the•@binding•@reaction•@to•@EDTA•@and•@HLD86•^92•@were

endothermic•@processes•C•@and•@the•@contributions•@were•@driven•@primarily•@by•@entropy•@terrns•@•iTable•@1•j•D

Previously•C•@Kuroki•@and•@co•|workers•@•i1992•j•@revealed•@that•@the•@binding•@of•@Ca2•f•@to•@EDTA•@and•@HLD86•^92

displayed•@similar•@thermodynamic•@behaviors•C•@and•@this•@similarity•@may•@indicate•@that•@the•@interaction

between•@Ca2•f•@and•@ligand•@residues•@does•@not•@depend•@on•@the•@kind•@of•@ligand•@•i37•j•D•@Kuroki•@et•@al•@also

found•@that•@the•@conformational•@change•@of•@HLD86•^92•@contributes•@little•@to•@the•@thermodynamics

parameters•@observed•@upon•@the•@binding•@of•@Ca2•g•@by•@the•@results•@of•@ITC•@and•@X•|ray•@crystallography•@•i33•C

37•C•@38•j•C•@Therefore•C•@the•@enthalpy•@term•@•iAH•g•j•@of•@CML•C•@EDTA•C•@and•@HLD86•^92•C•@shown•@in•@Table•@3•C

was•@obtained•@by•@subtracting•@the•@thermodynamic•@contribution•@of•@Ca2•fˆêbinding•@observed•@in•@EDTA•@as

the•@intrinsic•@contribution•@of•@Ca2•fˆêbinding•@alone•D•@The•@resulting•@value•@should•@correspond•@to•@the

contribution•@of•@the•@confbmlational•@change•@of•@the•@proteins’@on•@Ca2‡`binding•D•@The•¢H•–of•@CML

was•@a•@large•@negative•@value•@•iˆê8•D8•@kcaUmol•j•C•@although•@that•@of•@HLD86•^92•@was•@close•@to•@zero•@•iO•D6
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kcaVmol•j•D•@This•@indicates•@that•@there•|are•@significant•@conformational•@changes•@not•@only•@in•@the

Ca2•fˆêbinding•@site•@but•@also•@in•@the•@other•@region•@of•@CML•@accompanying•@Ca2•fˆêbinding•D•@The

thermodynamic•@changes•@•izlLH•@and•@ACp•j•@that•@occur•@when•@Ca2•f•@binds•@to•@other•@Ca2•fˆêbinding•@proteins

•i46•|53•j•@determined•@in•@previous•@studies•@are•@summarized•@in•@Table•@3•D•@All•@of•@these•@proteins•@show

large•@negative•@AII•@and•@ACp•@values•@as•@seen•@in•@those•@of•@CML•D•@ln•@most•@ligand•@binding•@processes•@result

in•@negative•@values•@for•@ACp•C•@which•@are•@accounted•@for•@by•@a•@decrease•@in•@exposed•@surface•C•@possibly•@due

to•@tightening•@of•@the•@holo•|structure•D•@My•@results•@following•@the•@ITC•@measurement•@of•@CML•@may

indicate•@that•@a•@substantial•@area•@of•@the•@hydrophobic•@groups•@are•@sequestrated•@from•@the•@surface•@to•@the

interior•@of•@the•@molecule•D

•@•@•@•@•@•@•@The•@structural•@analysis•@using•@i•@H•|iSN•@HSQC•@spectra•@and•@X•|ray•@dithaction•@supported•@the

thermodynamic•@data•@obtained•@by•@calorimetry•@well•D•@As•@shown•@in•@Figure•@3•@A•@and•@B•C•@the•@chemical

shift•@of•@indole•@amide•@proton•@•iTrp•|64•j•@and•@main•|chain•@amide•@protons•@of•@Asp•|91•@are•@largely•@shifted•@to

the•@downfield•@region•@from•@11•@to•@10•@ppm•@as•@a•@result•@of•@the•@addition•@of•@Ca2•f•@ions•D•@ln•@the•@aliphatic

region•C•@the•@chemicai•@shi‹uofƒÁH•iLys•|62•jis•@also•@shifted•@to•@the•@upfield•@region•@from•@O•@to•|1•@ppm•@as•@a

result•@of•@the•@addition•@of•@Ca2•f•@ions•@•idata•@not•@shown•j•D•@The•@residues•@of•@Lysˆê•E62•@and•@Trp•|64•@are•@located

in•@the•@P•|domain•@and•@exist•@on•@the•@opposite•@side•@of•@the•@Ca2•fˆêbinding•@site•@•iFigure•@4•j•D•@The•@NMR

studies•@suggest•@that•@the•@conformational•@change•@between•@apoˆê•@and•@holo•|CML•@has•@occurred•@not•@only•@in

the•@Ca2•fˆêbinding•@site•@but•@also•@around•@the•@region•@of•@Lys•|62•@and•@Trp•|64•D

•@•@•@•@•@•@•@In•@the•@crystal•@structure•@of•@apoˆê•@and•@holo•|CML•C•@Lys•|62•C•@Trp•|63•C•@Trp•|64•C•@and•@Val•|98•@form•@a

hydrophobic•@cluster•C•@as•@shown•@in•@Figure•@6A•@and•@B•D•@However•C•@the•@Ca2•f•@ion•@influences•@this

hydrophobic•@cluster•C•@and•@it•@induced•@a•@conforrnational•@change•@between•@the•@apoˆê•@and•@holo•|CML•@at•@this

region•D•@ln•@the•@structure•@of•@hoto•|CML•@•iFigure•@6B•j•C•@the•@side•@chains•@of•@Lys•|62•@and•@Trp•|63•@were

rotated•@around•@the•@•jC•@l•@angle•@•i1000•j•@and•@‚è•i2•@angle•@•i1200•j•C•@respective•my•C•@as•@if•@the•@hydrophobic

interaction•@increases•@around•@the•@cluster•D•@The•@value•@of•@the•@accessible•@surface•@area•@•iASA•j•@of
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holo•|CINtflL•@in•@the•@cluster•@was•@about•@218•@A2•C•@which•@is•@smaller•@than•@that•@of•@the•@apo•|CIVII•D•@•i252•@A2•j•D

The•@hydrophobic•@contacts•@caused•@by•@the•@Ca2•gˆêbinding•@reaction•@ofCML•@contribute•@about•@30•@A2•@to•@the

hydrophobic•@interaction•D•@Moreover•C•@the•@distance•@from•@the•@C5•@atom•@of•@Lys•|62•@to•@the•@CY•@atom•@of

Val•|98•@is•@11•D5•@A•@at•@holo•|CML•C•@although•@that•@ofthe•@apo•|CML•@is•@13•D7•@A•D•@We•@can•@see•@it•@like•@a•@•gburst

int•Ebl•Ess•Em•h•Et•@th•E•E‡q•E‰Á•Ee•Ef•@h•E1•EˆêCML•@a•Ed•@•E•E•@a•Eˆ¹d•cw•Ey•@bi•Ess•Bm•E‹Qth•C•A‰¾•A‰Á•Ce•Bf

apo•|CML•D•@These•@conformational•@changes•@are•@consistent•@with•@the•@thermodynamic•@results•@obtained

by•@ITC•@measurements•D•@Therefore•C•@1•@believe•@that•@the•@large•@negative•@ACp•@value•@of•@CML•C•@which•@is

accounted•@for•@by•@a•@decrease•@in•@the•@exposed•@surface•C•@is•@caused•@by•@the•@decrease•@ofthe•@exposed•@surface

area•i•¢•E4••4••30•@A2•jto•@the•@solvent•@and•@estimated•@to•@be•@abouƒg0•D21•@kcal•^moV•FK•D•@This•@is•@one•@of•@the

main•@reasons•@why•@the•@Ca2•fˆêbinding•@reaction•@to•@CrvilL•@is•@an•@exothermic•@process•@and•@why•@the•@ACp•@is•@a

negative•@value•D

•@•@•@•@•@•@•@This•@is•@the•@first•@example•@of•@a•@Ca2•gˆêbinding•@protein•@in•@which•@the•@Ca2•fˆêinduced

conformational•@change•@was•@thoroughly•@investigated•@by•@using•@therrnodynamic•@study•C•@NMR

spectroscopy•C•@and•@X•|ray•@crystallography•D•@1•@hope•@our•@structural•@and•@thermodynamic•@information•@will

facilitate•@the•@study•@ofthe•@ligand•|binding•@mechanism•D
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