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The　unfolding　effects　of　urea　on　the　myoglobin－imidazole　complex　have　b㏄n　studied　using　cyclic

voltammetry　and　visible　absorption　spectroscopy。Since　about70％of　the　protein　of　myoglobin　is

in　an　alpha　helix，changes　in　both　cathod孟c　and　anodic　peak　potendalsラpeak　cun℃nts，diffusion

c㏄fficient，Imd　UV－VIS　spectra　are　expected　when　myoglobin　unfolds　due　to　urea，Interestingly，

with　increasing　concentration　ofurea　the　visible　Soret　band　of　myoglobin　d㏄reases　Imd　bothξmodic

and　cathodic　cuπents　d㏄rease，　Using　these　criteria　the　eff㏄tive　concentration　of　myoglobin

decreasedby125％in3M，213％in6M，and30．8％in8Maqueousureasolution．

　　　　　　　　　　　1　州TRODUCTION

　　　Myoglobin，the　oxygen　storage　protein　found　in

mamm田ian　muscles，has　a　slngle　polypeptide　chain

of　l53amino　acids．lt　is　a　compact　mol㏄ule　with

the　overall　dimensions　of4。5x3．5x2．5nm　l・2）．

About70％of　the　mo1㏄ular　chain　of　myoglobin　is

folded　into　eight　alpha　helices。　Polar　groups　cover

the　mo1㏄ule’s　surface　while　the　interior　is　almost

entirely　composed　of　nonpolar　groups　which　lead　to

thehighlygl・bularstructure・fmy・91・bin3）、

　　　The　prosthetic　group　of　myoglobin，as　well　as　of

hemoglobin，is　the　very　stable　iron－porphyrin

coordination　compound，or　beme．The　heme　is　held

inap㏄ketintheproteinstructureonlyby
coordination　of　the　heme　iron　to　an　imidazole

nitrogen　on　a　histidine　residue。The　physiologically

active　oxidation　state　of　the　heme　iron　is十2．The

sixth　coordination　site　in　myoglobin　in　this　oxidation

stateiseithervacantoroccupiedbyoxygen．Inthe

十3heme　iron　oxidation　state　this　sixth　coordination

site　is　occupkxl　by　water．ln　both　myoglobin3）and
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produces　conformationa1（》hanges　in　the　protein

structure。　　The　interaction　betw㏄n　the　heme

prosthetic　group　and　the　protein　structure　results　in

a　stable　complex　which　binds　reversibly　to　oxygen

without　oxidation　ofthe　iron　for　both　molecules3，4）。

　　　　　There　have　b㏄n　extensive　studies　to　probe

the　conformational　changes　of　myoglobin　that　are

ass㏄iated　with　both　its　el㏄tron　transfer　and　its

ligξmd　binding　reactions．Transient　kinetic　methods

have　b㏄n　used　to　elucidate　the　mechanisms　of　ligImd

binding　and　dissociation　including　circular　dichroism

㎝dNMR5），nashph・t（）lysis6・7），st・PPed－n・w

spectr・sc・py8・9），nu・rescence　lifetimeslO），

m・lecul肛dynamicssimulati・nsll）andcyclic

v・1惚mmetUl2）．H・wever，them㏄h㎝ismbywhich

solution　resident　oxygen　actually　arrives　at　the　heme

lron　for　binding　in　my〔）globin　remains　to　be

elucidated　as　does　the　reverse　case　for　complete

dissociation．

　　　　　The　stmcture　of　native　myoglobin　is　more

resistImt　to　unfolding　than　is　the　form　with　the　heme

iron　removed，apomyoglobin。The　presence　of　the

heme　unit　in　myoglobin　stabilizes　the　protein

stnlcture，At　neutral　pH，apomyoglobin　is　therefore

less　stable　with　an　alpha　helical　content　reduced　to

about55％　from　its70％　value　for　the　native

stmcture　as　measured　by　circular　dichroism5）
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However，the　compactness　of　native　myoglobin　and

apomyoglobin　is　indisttnguishable　as　judged　by

intrinsicvisc・sitymeasurements13）．Theseresults

indicate　that　the　structure　of　apomyoglobin　is　not

substantially　unfolded　compared　with　the　native

my・gl・binst皿cture7）』

　　　Urea　is　widely　used　as　a　powerful　denaturing

agent　for　probing　the　r（〕bustness　of　protein　structure

in　aqueous　solution．　Globular　proteins，including

myoglobin，usua皿y　undergo　loss　oftertiary　structural

石eaturesinthepresence・fureal）andthese

transitions　飢e　usually　completed　at　urea

concentrationsbetw㏄n6Mand8M，exceptfor
unusu田lys槍blepr・teins14）．

　　　In　the　work　presented　here，cyclic　voltammetry

and　visible　absorption　spectroscopy　are　used　to　study

the　changes　that　occur　when　solutions　of　the

myoglobin－imidazole　complex　are　subjected　to

increasing　concentrations　of　urea。　The　complex

betw㏄n　oxidized　myoglobin　and　imidazole　has　b㏄n

chosen　for　this　study　b㏄ause　reduction　of　the　heme

iron　k蛾ds　to　diss㏄iation　of　the　imidazole　ligand，

This　affords　a　means　of　studying　the　eff㏄ts　of　urea

induced　changes　in　the　stmcture　of　myoglobin　upon

the　proper匠es　of　the　ligand　dissociation　reactton

using　simple　cyclic　voltammetric　measurements。

　Changes　in　pea』k　cun’ents　and　potentials　fbr　both

　rcductive　and　oxidative　electron　transfer　reaction　s，

　diffusion　coef行cients，and　visible　absorption　spectra

　are　describ鉗．

　　　　The　ultimate　aim　of　this　work　is　to　better

understand　the　mechanism　that　descτibes　the

dissociation　of　oxygen　from　its　heme　iron

coordination　site　and　then　its　release　from　the　fabric

of　the　myoglobin　mole（lule　so　that　it　is　available　for

reaction　in　the　temlinal　sしep　of　mammalian

respiration．

　　　　　　　　　　　2　EXPER皿ENTAL

　　　Horse　skelet田myoglobin　was　obtained　from

Sigma　Chemical　Company。Myoglobin　solutions

were　prepared　by　dissolving　lyophihzed　solid　in

tris（hydτoxymethyl）aminomethane／cacodylic　acid

buf免r，pH　7。O　and　then　行ltering　these　solutions

through　a30，000mo1㏄ular　weight　filter（YM30．

Amicon　Div、，Grace　and　Co．）just　before　each

experiment．This　buffer（ionic　strength　O，l　M）was

chosen　to　minimize　ion　binding　ofbuffer　components
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to　the　protein　such　as　occurs　between　phosphate　and

my・91・binl5・16）．Thetris（hydr・xymethyl）amin・一

methane（Tτizma　Base，Reagent　gradc，Sigma）was

used　as　received　whereas　the　cacodylic　acid

（hydroxydimethylarsine　oxide，98％　pure）　was

rec可stallized　twice　from　2－propanoL　　Nitrogen

（grade4．5from　Airco，Inc．）w呂s　passed　over　hot

coPPer　tumings，550。C，in　a　Sargent－Welch　fumace

to　remove　oxygen，bubbled　through　water　to

minimize　sample　evIlporation　and　then　bubbled

through　the　sample　solution　to　remove　oxygen．Tin－

doped　indium　oxide　deposited　on　glass（Donnelly

Corp。）was　used　as　the　working　electrode　in　each

experiment．恥chel㏄trωewasc1㎝edl7）by

sonicating　for5－min　in　Alconox　detergent　solution，

in　ethanol　and　twice　in　distiUed　water，The　reference

electrodewasAg1AgC1（1。OMKC1）andaplatinum
w孟re　was　used　as　the　auxiliary　electrode、

　　　AII　water　used　was　purified　with　a　Mmi　RO－

4／Milli　Q　system（Milli　Corp．）which　on　delivery

exhibited　a　Tesistivi覧y　of　l8　MΩ・cm．　The

myoglobin　concentration　was　determined
spectrophotometrically　from　the　absorbξmce　of

solutions　of　the　oxidized　and　reduced　myoglobin　at

434nm　using　a　Hewlett　Pac㎞d　HP8452diode　array

spectrophotometer　illterfaced　to　an　IBM　PC
c。mputer．Thedifferencem・1飢abs・甲tivityl8）at

this　wavelength　is96，700M4cm一1、After　ob磁ning

the　spectrum　for　the　oxidized　sp㏄ies，　the

ferrimyoglobin　was　then　reduced　with　sodium

dithionite　and　the　concentration　of　myoglobin　was

calculated　from　these　spectTa．The　concentration　of

myoglobin　was　made　to　be　ca。80μM　and　a　weighed

amount　of　solid　imidazole　was　added　to　each　solution

to　make　a　myoglobin　to　imidazole　molar

　concentration　ratio　of　l　to10GO．This　insured　that

essentially　all　of　the　myoglobin　was　present　as　the

my・91・bin－imid鉱・1e（シ・mplex．ALucitecelll9）・f

　conventional　design　was　used　for　all　the　cyclic

　voltammet専　（CV）　experiments・　　The　solution

　volume　was　approximately5mL　and　provision　was

　made　for　purging　nitrogen　through　the　solution　to

　Temove　oxygen　as　melltioned　above。

　　　　Cyclic　voltammograms　were　ac硯uired　using　a

　computer　data　acquisition　system　that　has　b㏄n

descdbedearlier20）．Cyclicv・1訟mm・gramswere

　initially　ob面ned　on　oxygen　free　buffer　solutions　that

　contained　no　myoglobin，The　cyclic　voltammograms
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of　myoglobin－imidazole　coml）lex　solutions　were　then

acquired。Solid　urea　was　then　weighed　and　added　to

the5．O　mL　stirred　sample　s｛）1ution　so　tha隻the　urea

concentration　was3M。Cychc　voltammograms　of

thissolutioninthepresenceof3．OMureawerethen

obtained、　Similarly，cyclic　voltammograms　were

obtained　on　the　myoglobin－imidazole　complex

solutionsinthepresenceof6Mand8Murea．The
background　cyclic　voltammograms　obtained　on

solutions　containing　only　buffer　were　digitally

subtracted　from　the　cychc　voltammograms　obtained

on　solutions　of　the　myoglobin－i』1idazole　comp1¢x　in

the　presence　of　varying　amounts　of　urea、　The

vi　sible　　absorption　　sp㏄tra　　of　　each　　of　　these

myoglobin－imidazole　complex　solutions　were　taken

using　the　instnlment　described　above。　The　initial

myoglobin－imidazole　complex　solution　and　the

solutioncontaining8Mureawereeachreducedwith

sodium　dithionite　and　visible　absorption　sp㏄tra　were

ob函ned　as　before．

　　　　　　3RESULTS　AND　DISCUSSION

　　　　　The　overall　el㏄trode　reaction　m㏄hanism　that

describes　the　results　presented　in　this　paper　can　be

given　by　the　following　equationsl

Mb（III）H20十　lm＃Mb（III）lm　　（1）

Mb（Ill）lm十e－＃　Mb（ll）lm

Mb（II）ImロMb（II）十Im

（2）

（3）

where　Mb（III）H20is　the〔）xidized，metmyoglobin

state，lm　is　imidazole，Mb（XII）Im　is　the　myoglobin－

imidazolecomplex　and　Mb（II）is　reduced　myoglobin．

As　described　e飢lier　in　this　work，a　large　imidazole

to　myoglobin　mol肛ratio　is　used　so　that　the　reaction

shown　in　Eq。（1）is　driven張ar　to　the　right　and　it　is

the　myoglobin－imidazole　complex　that　undergoes

reductionαttheelectrodesurface、Uponreduction

thereduced　myoglobin－imidazolecomplex　dissociates

㎝dthatisthereactionofparticularinteresttothis

study．　　This　e1㏄trochemically　initiated　ligand

dissociationreactionisanalogoustothephysiological

case　in　which　oxygen　dissociates　when　required　by

respiration。

　　　　　Figure　l　shows　the　background　subtracted

cyclic　voltammograms　of　a　solution　cont溢ning78
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Fig．L　Background　subtracted　cyclic　voltammo－

　　　grams　of78μM　myoglobin－imidazole　complex

　　　in　the　presence　of　the　fonowing　concentrations　of

　　　urea　a）O　M，b）3M，c）6M　and　d）8M．

μM　myoglobin－imidazolec（）mplex　in　the　presence　of

OM，3M，6Mand8Muleaconcentration．Atthe

high　myoglobin　to　imidazole　molar　ratio　used　in

these　experiments　the　cyclic　voltammetry　is

essentiallyduetoonlythereactiongivenbyEq．2。

With　the　increasing　concentration　of　urea，there　is　a

decrease　in　both　cathodic　Imd　anodic　peak　cu皿ents

ξmd　this　will　be　〔1iscussed　furtheτbelow．　An

intriguing　asp㏄t　ofthe　cyclic　voltammetric　results　is

the　constancy　of　the　anodic　peak　potential　as　a

function　of　urea　concentration．This　suggests　that　as

theproteinisbeingdenaturedbyincreasingurea

concentration　the　oxidation　reaction　m㏄hanism　is

not　changing　although　the　concentration　of　the　native

myoglobin－imidazole　complex　is　d㏄rcasing．

　　　　　The　d㏄rease　in　the　visible　Soret　bImd　of

myoglobin－imidazole　complex　with　increasing

concentration　of　urea　is　shown　in　Figure2for　both

the　oxidized　Imd　reduced　f（lrms，Upon　reduction　the

myoglobin－imidazole　complex　dissociates　according

to　Eq、3，　It　i　s　interesting　that　there　is　a　substandal

difference　betw㏄n　the　abs（lrbance　ofthe　myoglobin－

imidazole　complex　when　the　urea　concentration　is

changedfrom6，0Mto8。OMwhiletheImalogous
electrochemical　response　is　not　affected　so　greatly．

As　shown　in　Figure3the　cathodic　peak　currents

d㏄reaseinan㎝lylin㎝一fashionuponincreasing

theconcentrationofureafromOMto8M，No
significξmt　change　was　observed　in　the　peak　cathodic

or　anodic　potentials　except　for　the　negative　shift　in

the　cathodic　peak　potential　at　a　urea　concentradon　of

6M．This　result　is　reproducible　but　the　origin　of
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Fig，2。Absorption　spectra　for78μM　myoglobin－
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　　　c）6Mandd〉8M。

　0．10

＜
吐
）0．08
崔
の

ヒ
づ

∪0．06

老
＆

90．04’2

餐
り｛）．02

0．00

＼▲
　●鼠●

　　　　　　　　　　　　　　　　　　9　　　　　▲

　　　　　　　　　　　　　　　　　　　　　　　　　＼

■＼

2．0

1．0

0
0 2　　　　4　　　　6

　　1Ureal，Moiarity

8

＞

訂
曾

9
9
0

Fig．3．　The　dependence　of　cathodic　p鉱cun’ent

Imd　Soret　absorbance　maximum　for78　μM

myoglobin－imidazole　complex　where　■）is　peak

cathodic　current，　▲）　is　absorbance　of　oxidized

solution　and　●）　is　absorbance　of　dithionite　reduced

solution，

this　shift　is　not　presently　understood。There　cl㎝1y

is　a　decrease　in　the　anodic　peak　currents　for　the　two

higher　urea　concentrations　studied．The　reduction　in

both　the　visible　Soret　band　and　the　peak　cathodic　and

anodiccurrentsisevidelnceofdenatuhngofthe

myo910bin－imidazole　complex21）．The　magnitude　of

thepeakcathodiccurrentcanbedescribedbythe

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　393

Randles－Sevcik閃uati・n22）andthe曲sh・wnin

Figure　l　were　analyzed　using　this　relationship，

Using　a　diffusion　c㏄fficient　of1．1x10 6cm2／s20），

the　effective　concentration　of　myoglobin　was　found

tobereducedby13％in3M，21％in6M，and31
％in8Mureasolution．

　　　As　the　myoglobin　mo1㏄ules　unfold　the

population　of　the　denatured　mol㏄ules　increases　and

we　expect　an　increase　in　entropy　as　the　polypeptide

unfolds　leading　to　the　complete　exposure　of　the

heme，　During　the　process　of　unfolding　the

imidazole－heme　complex　fully　diss㏄iates　from　the

protein　of　the　myoglobin　mol㏄ule．lt　is　exp㏄ted

that　as　heme　gets　exposed　the　peak　currents　and　the

Soret　band　would　increase　due　to　increased

accesslbility　to　the　electrode　surface，However，the

peak　currents　d㏄fcase　with　increasing　urea

concentration。　　One　possible　explanation　for　this

observation　may　be　that　with　the　increasing

concentration　of　urea　the　solubility　of　myoglobin

decreases21）．Alth・ughn・pr㏄ipi惚ti・nwasevident

visually，this　could　pGssibly　explain　these　results。

Another　possible　expla】lation　is　that　in　its　denatured

state，the　redox　potential　of　the　fr㏄heme　is　shifted

negative　of　the　potenti証window　accessible　in　this

work　thereby　d㏄reasing　the　observed　peak　currents．．

　　　　　　The　results　presented　here　suggest　that　cyclic

voltammetry　can　be硫very　sensitive　probe　for

monitohng　the　process1）f　unfolding　of　myoglobin　as

a　function　of　urea　c（，ncentration．　It　would　be

valuable　to　determine　if　this　effect　cou正d　be　reliably

　used　　to　cha』racterize　　the　oxygen　binding　and

diss㏄iation　reactions　l）f　myoglobin　under　similar

conditions．　This　will　require　optlmization　of　the

heterogeneoロs　e1㏄tron　transfer　reaction　of

metmy・91・bin23）inthl3presenceandabsence・f

oxygen・
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