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SⅥ皿m紺y   

Theoxygen（OJbindingpropertie80fbovine Hemoglobin（Hb）were   

ex血ed and compared with th08e Of hu皿an Hb．Bovine Hb had   

htri皿8icdlyloweroxygen御地anbunanⅡb，an止血e軸waき   

lowered ftqtherwithinqea8ing concentration80fchlorideion（Cl・）乱nd   

2，3・dipho8phoglycerate（DPG）．TheiduenceofCl・on昂owa8greater   

bovineHbthaninhumanHbatthephy8iologicalconcentration80fCl、乱nd   

DPGandat37℃．DmaxWa8reducedathighCl．concentration8，Wherea8it   

Wa8批七1ee蝕ctedbyDPG．Aninαea8einCl●conce血訂atione血ancedthe   

Bohre蝕ct，themagn址udeofwhichreachedamaxinu皿atO．1MCl’and   

20℃．Thi8COnCentrationwa8nearbTequaltothatatthehighe8t81qpeofthe   

logBov8．log【Cl・】plot，andva8equaltothephy8iologicalCl‾concentration   

（0．1M）inbovineblood．meinflnenceofCl－ontheBohre蝕ctinbovineIIb   

Wa88idartothatinhum江nⅡb，Zndwa8independentoftemper血e．On   

theotherhfLnd，intheオb8enCeOfCl・，bovineⅡbwa88en畠itivetoI）PG．An   

increa8einI）PGconcedratione血ancedtheBohre鮎ct，Whichreacheda   

maxinumat3mMDPGBLnd20℃．TtLi8COnCentrationwa8nearbTequalto   

thatatthehighe8t81qpeofthelogBov8．logDPG］plot．Tbeinfluenceof   

DPGontheBdhLe鮎ctinbovineHbwa88idartothatinhunanHb．At   

lowI）PGconcentration8，theinfhence ofDPGontheBdhre蝕ctbecame   

自mdlwithincrea8ingtemperature，Wherea8athighDPGconcentration8，   

theDPGe蝕ctwa8in8en烏itivetotemperaturechange8．A七thephy8iohgical   



DPG concentration of O．5皿M，increa8e8in bothCl‾concentration and   

temperature心皿j皿i8hedtheDPGe蝕ct．Atthephy8iologicalconcentration8   

0fCl－andDPG，theBohre蝕ctwa8－0．36at37℃．The8ere8ult8indicate   

thatCl－and．temperaturearei皿pOrtantdetermhant80fO2affinityandthe   

magn址udeoftheBohr8hiftofbovineIIb．Intheca8e OfhunanHb，the   

iduenceofI）PGontheBohre蝕cti8greaterthanthatofCl‾．a皿dat37℃，   

inthepre8enCeOfthephy8iologicalconcentrationofDPG，theinfluenceof   

Cl－ontheBohre蝕cti8abdli8hed．  

The△lIvalueofbovineHb，Whichwa8mea8uredatthephy8idogical   

COnCentration8 0f Cl‾ and DPG to be approximately－5．8kc山／md，i8   

markedlylowerthanthat ofhuman Hも（approxinately－8，1kcd／mdl）．   

Lew・temperature 8en8itivity contribute8 tO O2 unloadingin cooled   

peripheralti88ue8．Atthephy8idogicalconcentrationofDPG，thee蝕ctof   

Cl●on昂0血bo血eHb如37℃i8m即ke勒揖由鮮血m他出i止血Ⅶ皿anHも．   

Thi8re8ult8 8eem七Oindicate thatthe Clr e蝕ct on 薫oin bovineⅡb   

CO血畑山tes totheudoad血gofO2fromfrbwithmarkedinfhence ofCl．   

duringtheCr8hiftinbovineredbloodcell．   



Abbre扇a也on8  

02，0Ⅹygen   

Hb，bemo由obin   

OEC，0Ⅹygenequ揖briumcurve   

S：fractionalsaturationofHbwithO2   

月⊃2（∂，paれialpressureofO2   

1％0，PartialpressureofO2at50％02Satura七ion   

DPG，2，3・diphosphoglycerate   

AH，OVeral1heatofoxygenation   

KT，KRandL，MWCparameters   

Cl一，（九lorideion  

Tri8，tris（hydroxymethyl）aminomethane   

L，1engthoflight・Pathofsamplecell   

d．c．，direc七Current   

Cj，absorbancesignalatagivenm2   

Cd，C。，ab80rbanCe Signalofthefu11y oxygenated sampleandthefu11y   

deoxygenatedsample，reSPeCtively   

HEPES，2・hydroxyethylpiperazine・N’・2・ethaneSulfonicacid   

MES，2・mOrPholinoethanesul鈷micacid   

Met・Hb，methemoglobin   

Kl，Ⅹ2，K8，Ⅹ4，Adairconstan七島   



nmax，highestslopeofHiuplot   

【EfEI，COnCentrationofallosterice飽ctors  

Bohrcoe凪cient，Slopeoflog属ovs．pHplot（dlog蕎0／dpH）   

R，ga8COnStant   

T, absolute temperature 

AHl，AH2，AH3，AH4，0Verallheatofoxygenationatindividualstep  

払，も，転鈷，鳥，fractionalpopulationindifEbrentoxygenationstagesofHb（Hb，   

Hb（02），Hb（02）2，Hb（02）3，Hb（02）J   

AS，arteri0・VenOuSdi蝕renceinO28aturation   
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1．   Introd11Ction   

Theoxygen（02）bindingpropertyofhemoglobin（Hb）ischaracterizedby   

POSition and8igmoidalshape ofthe oxygen equilibrium curve（OEC，02   

satura七ion（劇vs．partialpres8ureOfO2（B）．Thepositionisexpressedbythe   

Partialpre8SureOfO2at50％Hb8aturationwithO2（Bo）．MammalianHbs   

Canbebroadlydividedintotwogroups：lowandhigb．02afanityHbs．The   

Hbsofruminantanimals，SuChasbovine，gOatandsheep，haveintrinsicauy   

lowO2a亀山tyandarein8enSitiveto2，3・dipho8Pho由ycerate（DPG）（Bunn，   

1971；Perut2；andImai，1980）．Theredbloodcellsoftheseanimalshavevery   

lowconcentration80fI）PG．Incontrast，theHbsofothermammalian白PeCie良，   

SuChashuman，hor8eanddog，haveintrinsicauyhigh02affinityandhigh  

Sen8itivitytoI）PG（Bunn， 

1980）．TheredbloodcellsoftheseanimalshavehighconcentrationsofDPG．  

TheO2bindingtoHbisgeneral1yanexothermicproce畠S：adecrea8ein   

temperatureincreasesO2afanity；andtheincreasedO2a伍nitysuppresses   

O2releasefromHbinperipheraltissue8．Therefore，temPeratureisacritical   

determinantofO2tranSPOrtbyHb．The tempera七ure8en＄itivityofHbis   

expresseda畠the overanheatofoxygenation，△H，indudingtheintrinsic   

heatofO2bindingtothehemes（exothermicprocess）andthehea七SOfallthe   

PrOCeSSeS aSSOCiated to oxygenation，namely heats of pro七On and amion   

releasewhichareofendothermicprocess．The△HvalueoflmmanHbhas  
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been reported to varyfrom －9 to －14 under phy8iologicalconditions   

（Rossi・FanelhetaI，1964）．Recently；aneXCePtionanylow△Hvalueswere   

払undinarcticruminan七aminals，SuChasreindeerandmu8kox：their△H   

valuesareapproximatelyl／30fthatofhumanHb（Brixetd，1989・a；Condo   

etaI，1988；I）iPriscoandGiardina，2000）．Thephysiologicalsignificanceof   

thischaracteristiclow8en8itivitytotemperaturehasbeeninterpretedfrom   

theanimal’8adaptationtolowhabi七at七emperature，i．e．，thelowsensitivity   

totemperature can allowfor the supply ofan adequate amount ofO2七o   

cooledperipheralti鍋ueS（suclla白嶽inandleg8，WhichmaybelO℃cooler   

thanlungs）（BrixetaI，1989－a，1989・b；GiardinaetaI，1989）．  

DomeB七icated ruminant8，SuCh as bovine，Pig，and deer，al80have   

relativelylow△Hvalues（approximately2／30ftha七ofhuma正）（ClerbalⅨet   

aI，1993；Giardina etal，1990；Wi肋rdandHill，1986）．Therefore，these   

ruminant animals are known to be cold・re畠istan七．Inve8tigations払rthe   

CharacteristicO2bindingpropertiesofbovineHbhaveindicatedtha七thelow   

O2a組nityofbovineHbisnotonlyanin七rinsicpropertybutalsoaresultof   

thein且uenceofallos七erice飽ctors（Bunn．1971，1980；PerutZ et威，1993；   

PerutzandImai，1980）．ThemolecularbasisofthelowO2affinityofbovine   

HbwasexplainedbyPerut21andImai（1980），Whopointedoutthatcompared  

withhumanHb，bovineHbhasthesameXRValue，butalowETValue（i．e．，   

theintrinsiclow O2affimity ofthe T8tate）and a highL value（i，e．，   

stabihzationoftheTs七ate），Where馳，KTandLaretheMWCparameter  
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（Monodefβん1965）．  

Recently；ithasbeensuggestedthatthechloride（Cl．）shiftwhichi8the   

movementofCl’fromtheplasmaintoredbloodce皿shasimportantroleto   

modulateO2deliveryfromHb（WbstenandPrange，2003）．Ⅰ七wasalsoshown   

thatthebindingofextraCl・tobovineHbco血ributedtolowering△H（I）e   

Rosa如∂ム2004）．  

FromtheviewpointofthephysiologicalsigmificanceofO2tran畠POrt，the   

alkaline Bohr e蝕ctis alsoimportant to fhcilitate O2 release atthe   

peripheraltis8ueS．Inbovineadul七Hb，themagnitudeofthealkalineBohr   

e飴ctintheabsenceoforganicphosphate8is」）．53（SmithetaL，1979），and   

theBohre飽ctisenhancedbytheadditionofCl・andDPG（Frontice11ietBl，   

1984；MartaetaI，1998；PerutzetB），1993）．Furthermore，ClementietaL   

（1996）8howedthattherei8nOdi鮎renceinthelogl％ovs．pHplotbetween   

thepresenceandabsenceofDPGatphy8iologicalCl●concentration（0．1M）．  

Tbdate，muChattentionhasbeen駄）Cu．SedonthestruCturalbasisforthe   

low sensitivity to temperature ofbovine Hb（Baudin・Creuz etal，2002；   

FronticellietaL，1995；MartaetaI，1998；Perut2；etaI，1993；DeRosaetaI，   

2004），Wherea白thecombinede飴c七sof七empera七ureandallosterice蝕ctors   

onthealkaline Bohr e蝕cthave received relatively址ttle a七tention．Iti＄   

importanttoexaminetheinfluenceofawiderangeoftemperature＄Onthe   

Bohre蝕ct．There駄）re，inthi自白tud訊theO2afRnity；COOPerativityandthe   

alkalineBohre飽ctofbovine andhumanHb＄Wereinvestigatedin detail  
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0VerthetemperaturerangeOf20to37℃，withhcusontheinnuenceof  

individualallo8terice蝕ctorsandthecombinedeffbctofthee蝕ctor8and  

temperature，andresult”ereCOmParedwithhumanHb・  
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2．   Material8andMethod8  

PreparationofHb80lution  

Bovine adult blood8amPles were purchased fTOm Nippon Biological   

MaterialCenter，and human adult blood samples were obtainedfrom   

healthynonsmokingindividualbyvenipuncture．Theredbloodce11swer   

washedfourtimesbycentrifugationat3，000rpmfor15minwithiso七0血c   

8aline solution andlysedwithdi8tilled water．Stroma was removed by   

centrifugationat15，000rpmfor20min・Thered8uPernatantWaS8trippedof  

organicphosphateswitha54×2cmSephadexG・25columnequihbra七ed  

with0．05MTriBbuffbr，PH7・4・Al1preparativeprocedureswerecarriedout   

ato－5℃．  

0Ⅹygeneq頑】ibrhmcurvemea8Ⅵ∫ementanddataan叫y8i8  

0ⅩygenequilibriumdataaremeasuredwithanautOmaticoxygenation  

apparatusdevelopedbyImaiand協netani（1977）andImai（1981）・Figure1  

8howstheschematicdiagramoftheapparatus・Aspeciauydesignedcellis  

mounted onthe白amPle ce】lof a dualwavelengthBPeCtrOPho七ometer  

（Shimadzu modeltN・3000）．A compact magnetic stirreris affiⅩed・   

underneaththesampleceu・Theoxygenelectrodeisopera七edbyanoxygen   

meter．Thetemperatureofthesamplecellisre卯1atedbycirculatingwater   

fromawaterbathandismo血toredbyathermistorthermometer・Figure2is  
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aphotographoftheapparatus．  

The detailed structure of the sample cellis shownin Fig．3．   

Monochromaticlightis beamed througha pair ofmovable windows．The   

light・Pathleng七h，Whichi8indicatedbyLinthefigwe，is adjustedinthe   

rangeofOto16mmbychangingthedistancebetweenthetwowindow8，The   

appropriatevolumeofthe8amPledependsonL，andisl．5－2．Oml．A七L＝13   

mm，al．6mlvolumeof70pMHbsolutionisused．Thestirringbari8made   

from aglas＄・COVered wire．The oxyg・en electrode u8edis a Clark・tyPe O2   

electrode（YSImode15331）．  

The oxygen meteris composed oftwo par七島：a stabilized d．c．power   

supply and a high・Sen8i七ivity d．c．ampli鮎r．Constant voltage（0．8V）i8   

apphedto the oxygenelectrode．Theelectrode currentis convertedinto a   

VOltage8ignalasthepotentialdi飽rencealongare8i8tOrandi白amPlifiedby   

ad．c．amplifier（5325isolationamplifier；NFElectromicInstrumentS）．  

Theventilationsys七emdeliversair，rdtrogen，OrOXygentOthesample   

Ce11andmomitorsgasflowreturmingfromtheBamPlecell．Ⅰ七isanaBBembly   

ofthreethree・WayCOCks，three smal1gas・WaShingbottle畠，anda ga＄flow   

momitor．Each gasis humidified by pas8ing through waterin each   

gas・WaBhingbottle（capacity；25皿1）．Theappropriate且owrateis20－30ml   

min－1．Nitrogeninthecylindermustbeofhighpurity（morethan99．999％）．  

Tbobtaintheoxygenequilibriumcurve，m2andabsorbancevaluesare   

read from a set of points that are approximately picked from the  
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deoxygenationcurve，andoxygensaturationvalue畠areCalculated蝕omthe   

absorbancevalue8at575nmusingequation（1）．  

CノーCd  
G＝1・N）  （1）  

C。－Cd  

Here，CdandC。aretheabsorbanCeSignalsofthefunyoxygenated白amPle   

andthefu11ydeoxygenatedsample，reSPeCtivelylqistheabsorbanCeSignal   

atagivenm2．Nisthenumberofdataconected．CdValue（deoxygenated   

sample）isobtainedbyextrapola七ingthebo七tomportionof七hedeoxygenation   

curveintheabsorbanCeSignalvs．1t）2Plot（Fig．4）．Ontheotherhand，C。   

value（0Ⅹygenatedsample）isobtainedbyextrapolatingthetopportionofthe   

deoxygenationcurveintheabsorbanCeSignalv臥1／m2Plot．Inthegraphical   

extrapolation，thequadraticfunction，absorbanCeBignal＝Ax2＋Bx＋Cis   

fittedandthebest・fitCvalueisobtained．  

Hepesbu飽rsolutions（overthepHrangeOf6．8to8．1）andMesbu蝕r  

solutions（overthepHrangeOf5．9to6．4）wereusedhrOECmeasuremen七S・   

ThepHvaluewasmeasu代d肋eachairequilibratedoxygenatedsample，   

anditwasadjustedatthesametemperatureasthatfbrOECmeaslばement・   

Metvhemoglobin（Met・Hb）formedbyauto・0Ⅹida七ionwas reducedwithan  

enzymatic reducing syBtem aS de8Cribed by Hayashiet aL（1973）．The  

Met・Hb concentration at the end ofOEC measurement，aS described by   

EvelynandMalloy（1938），WaSle8Sthan5％ofthetotalHbconcentration・   

The concen七ration ofI）PG wa8 meaSured according to the enzyma七ic  
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procedureofEricsonandI）eVbrdier（1972）．  

Theexperimentallyobtainedoxygenequihbriumdatawereanalyzedby   

thecurve丘ttingmethoddescribedbyImai（1981），tOe8timatethefourAdair   

constants（軋i＝1－4，equation（2））．  

∬1p＋3∬1だ2〆＋3∬l∬2方3が＋∬l∬2∬3∬4〆  
ぶ＝   

（2）  

1＋4∬1ク＋6glだ2〆＋4∬1だ2∬3p3＋glgユ忍3方4〆   

UsingAdairconstan七s，OECwasgenerated．ThesigmoidshapeofOECi邑  

expressedbyHilrBCOefficient（Dmax）a占thehighestslopeofHillplot（log  

［SV（1・飼］vs．logPplot）（Hi11，1910），andenable呂1argequan七itie畠OfO2tObe   

unloadingintissueuponsmalldecrea白eSinP  

Thelog薫0VS．log【EffIplotwasde8Cribedby丘ttingexperimentaldata  

totheWymanequation（W料man，1964），Where陀瑚istheconcentrationof  

allo8teric e鮎ctors，and the slope ofthelog昂o v8．log［Eff）plot was   

calcdated．  

ThemagnitudeoftheBohre飽ctwascalculatedfromtheslopeofthe  

logBovs．pHplot（dloglio／dpH，theBohrcoe伍cient）inthepHrangeOf7・2   

to7．6．  

The△Hvaluewa烏Calculatedfromtheslopeofthevan，tHoffplot（log   

liovB．1／Tplot）（Wyman，1964），thatis，  

（3）  

Here，Risthegascon8tantandTisthe absol血etemperature・The△H  
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Ⅴalues obtained were corrected丑）r the heat of O2SOlubili2；ationト3．O   

kcal／mol）．  
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3．   R88血址8andDi8eⅦ88ion  

E蝕ctofdlo8terice蝕ctor80nO2affimity  

Figure5Ashowsthechangeinlo官用oandnmaxofbovineⅡbinducedby   

increasing Cl－ concentration at 20℃ and 37℃．Theincrea8eSin Cl・   

COnCentrationand temperature decreased the O2a瓜nity；and the total   

Cl－・inducedchangesinlog昂ovalueswereO．56andO．42a七20℃and37℃，   

respectivelylThej毛0ValueofstrippedHb（intheabsenceofbothCl－and   

DPG，log昂ovs．log【EfE）＝－∞）wass；1ightlyhighercomparedwithprevious   

study（logl％0＝0．62torr；DeRoBaetaI，2004）．Asjudgedfromtheposi七ion   

oftheslopeoflogl％ov8．log［cl・］plot，thelog薫ovs．log［cl・］plotat37℃wa眉   

良1ightlyshi氏edrightwardalongthelog【cl］axiscomparedwiththatat20℃，   

indicatingthereductionofsensitivitytoCl‘withincrea8ingtempera七ure．  

Intheca8eOfDPG（Fig．5B），thetotaldlangeSinlo官用ovalue8Were   

O．52and O．32at20℃and37℃，reSPeCtivelylAmarkedreductionofthe   

sensitivitytoDPGwithincreasingtemperaturewasobserved．A七20℃，Cl－   

andDPGproducednearlyequalto七alchangesinlogl％ovalue．  

InthecaseofCl－，nmaXWaSdecrea8edwithincreasingCl－concentration   

andtemperature．Incontrast，theshapeofOECwasinvariantwithchang■e   

inDPGconcentration．  

Results8hownin Figures5A and5Bimplytha七the physiological   

concentrationofCl・isnotsufficient七O SaturateHbat37℃，there血re，Cl■  
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playsimportantroleintheregulationofO2tranSPOrtinvinOntheother  

hand，at37℃thephysiologicalconcentrationofDPG（0・5mM）is七00lowto  

regulateO2bindingofbovineHb・   

Figure6Ashowsthee飽ctofincreasingCl・concentrationonlog昂oand  

nmaxofbovineHbintheabsenceofDPG，inthepresenceofO・5mMDPG，  

andinthe presence of5mM DPG at pH7・4and20℃・Atlow Cl●  

concentrations，I）PG strongly reduced O2 afRnityIncreasein Cl’  

c。nCentrationled toanincreasein Ao．andthe higl1eSt fもo value was   

reachedatlMCl・．FurtherincreasesintheCl－concentrationratherreduced   

l％0andcauseddrasticdecrea8eSincooperativity；SuggeSting払rma七ionofHb   

dimersduetoextremelyhighsaltconcentration8・  

Figure6B8howsthee鮎ctofincreasingDPGconcentrationsatthe  

physiologicalconcentrationofCl・onlog昂0andnmaxvalue8・Thee鮎ctinthe  

absence of Cl－，Which was takenfrom Fig・5，isalsoillu8tratedfor  

comparison・InthephysiologicalconcentrationofCl・，thelog昂ovalueatthe  

highestDPGconcentrationwashigherthanthatattainedbyI）PGonlyIn  

thisconnection，DeRosaetaI（2004）havereportedthatinthephysiological  

concentrationofCl－，theincrea8einI）PGconcentrationenhancedlogBo，  

andthetotalchangeinlogBowasapproximatelyO・12higherthanthat  

obtainedbyI）PGonlylThesynergistice鮎ctsofCl－andDPGhaveexplained  

thischaracteri8ticphenomenon・ThisphenomenonwasnotedinbearHもas  

wen（ConetaetaL，1994）．Inthecaseofhumana血山Hb，SuChsynergistic  
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e飴ct was not observed，Whichis explainedbytheloss ofadditionalCl．   

bindingsites（DeRosaetaL，2004）．  

In且uenceofano8terice蝕ctor8COnCentrationonlog昂oandDmaxatthreepH   

vdⅦeさ  

Figure7Ashowsthee飽ctofincreasingCl－concentrationonlo宮原oand   

nm拡OfbovineandhumanHbsat20℃intheabsenceofDPGanda七three   

pHvalues（7．2，7．4and7．6）．Thelogl％ovs．log【Cllplotshiftedrightward   

withincreasingpH，andthe shape ofcurVeS atthethree pHvalueswas   

almostidentical．Theintrinsical1ylow O2a］阻mity ofbovine Hb compared   

withhumanHbisdearly8hown．  

Thee鮎ctofincrea8ingDPGconcentrationintheab8enCeOfCl’onlog   

Bo and nmaxunderthe8ame eXPerimentalconditions as tho8e払r Cl■is   

showninFig．7B．The cum shiftedrightwardwithincreasingpH．The   

Shapeofthethreecurveswasalmostidentical．  

Figwe7C showsthe e蝕ct ofincreasing Cl－concentrationinthe   

presenceofphysiologicalconcentrationofI）PGonlog昂0andnmaxunderthe   

same experimentalconditions a8Fig．7A．Inlow Cl－concentration，DPG   

enhancedlogBo．InbovineHb，increasingCl．concen七rationdecreasedthe   

DPGe飽ct，andatO，1MCl・，thelog薫ovaluewasnearlyequal七0thatofthe   

DPGfreemedium（Fig．7A）．ThisapparentdisappearanCeOftheDPGe鮎ct  

isinagreementwiththeresultsofapreviol柑8tudy（Clementietal，1996）．  
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ThereductionofnmaxathighCl‾concentrationswa眉ObservedinFig凱7Aand   

7C．IncontrasttoCl－，DPGhadlittlee鮎ctonthenmax（Fig．7B）．Usingthe   

resultsshowninFig．7，themagnitudeof七heBohrcoe伍cient（dlogBo／dpH）   

wasestimated．  

log昂0Ⅶ．log【E朗plotandB血e晩成  

Figures8Aand8B showtherelationshipbetweenthelog昂ovs．log   

【E畑plotsatpH7．4，andthemagnitudeoftheBohrcoe伍．dentofbovineand   

humanHbs．AsshowninFig．7，thelog薫ovs．log［EfE］plotsshowednearly   

thesame8igmoida18hape，itmaybeexpectedthatthemaximumdiffbrence   

inlog昂0（i．e．，thehighe8tBohrcoe凪cient）occurreda七thehigheB七Blopeof   

the curve．As expected，the datain the figure showedthatthe Cl’   

COnCen七ration that gave the highest8lope was nearbT equaltothe Cl－   

concentration at whichthe Bohr coe伍cientis maximized（Fig．8A）．   

Interestingly；at37℃，this Cl■concentration was nearly equalto the   

PhysiologicalCl－concenはation．  

InthecaseofDPG（Fig．8B），thehighestBohrcoe伍cientofbovineand   

humanHbswereal白00bservedatthehighe8tSlopeofthelog薫ov8．log   

DpG】plot．TheDPGconcentrationtha七gavethehighestBohrcoe凪cientat   

37℃（aboutlOmM）washigherthanthephysiological工）PGconcentrationof   

bovineblood（0．5血M）．Theslopeofthelog薫ov8．log睦ffIplotsofhuman   

HbwashigherthanthatofbovineⅡb．  
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InthepresenceofO．5mMDPG（Fig．8C），theBohrcoe伍cien七wasthe   

largestatlowCl－concentration，andwasstronglyreducedwithincrea8ing   

Cl－concentration．There払re，theBohrcoe臨cientvs．log【Cl・】plot（Fig．8C）   

wasdifEbrentfromthoseofdlangeinconcentrationofCl．orDPGalone（Figs．   

8A，8B）．  

AtthephysiologicalconcentrationofI）PG，1argedi飽rencesinthee飽ct   

ofCl・on．托owereobservedbetweenbovineandhumanHbs at37℃．The   

largee蝕ctofCl－onfもoinbovineHbatthephysiologicalconcentrationof   

DPGseemstobeimportan七hrO2unloading・inbovinevenousbloodwhere   

Cl・concentTa七ionisincreasedduetotheCl－shift．  

Ⅰ血enceoftemperattueonmagnitudeofBohre飴ct  

Figure9Ashow畠theinfluenceoftempera七ureonthemag血tudeofthe   

a址alineBohre飴ctofbovineandhumanHbsat払Ⅵ∫Cl‘concen七rationsin   

the ab畠enCe Of DPG．Increasein Cl－concentration enhancedthe Bohr   

coefRcientofbovineHb，☆出血rea血edamaximumatO．1MCl－and20℃．   

However，餌therincreasesinCl・concentrationratherdecreased払eBohr   

coe伍cient．1ゐry8imi1arre8ul七saredb8ervedonhumanHも．Theinfluenceof   

Cl・ontheBohre蝕ctisalso白ameinbovineandhumanHbs．Theseresults   

arein accordwiththeproposalofPerutZ etaI（1993）．The dlangein   

temperature hadlittle e飽ct onthe Cl－dependentBohr coe組cient・The   

temperatu∫einsensitivea址alineBohre鮎cthasbeenreportedinmu故0Ⅹ  
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（Brixetal，1989・a）andpigHbs（Sinetetal，1982）．  

Theresultsobtained蝕omthe same e草perimentsper払rmedasthose   

above as afunction offive DPG concentrationsinthe absence ofCl・are   

illustratedin Fig．9B．In bovine fIb，the highest Bohr coe伍cien七was   

ob8erVed at 3 mM DPG and 20℃．In contrast to Cl’，atlow DPG   

concentration8（0．1r3mM），theDPGe鮎c七sweresigni＆cantlyreduced．with   

increasingtemperature，WhereasathighDPGconcentrations（10mM），the   

DPGe飽ctwasinsensitivetotempera七urechange8．TheinfluenceofDPGon   

theBohre飽ctinbovineHbisverysimi1artothatinhumanHb．Inboth   

bovineandhumanHbs，itisintere8tingtonotethattheinfluenceofCl－and   

DPGaloneon昂ore8emblestheinfluenceofCl－aloneontheBohre飽ct．  

Figure9C8howstheinfluenceoftemperatureontheBohcoe］阻cientat   

fourCl・concentrationsinthepresenceofphysiologicalconcentrationofI）PG．   

Inbovine Hb，thehighestBohrcoe伍cient atO．1M Cl－is similartothe   

hteraturevaluesreportedbyClementietaI（1996）．TheBohrcoe且cientwas   

progres8ivelydecreasedwithincreasingCl●concentrationandtemperature，   

anddrastical1ydimimishedat37℃（」）．36）．  

Bycomparingthee蝕ctoftemperatureontheBohrcoe組cientatthe  

physiologicalconcentrationofCl・，Whichis8howninFig．9A（×），itisevident  

that DPGinfluencesthe Bohr coe缶cient at20℃，Wherea8，its e飽ct   

drasticanydisappearsathightemperature（37℃）．Takentogether，these   

resultsconfirmthatCl・play8animportantroleinre訂11atingthe血＝加叩  
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functionofbovineHb．TheDPGe飽ctinhumanHbi6almostthesameas   

thatinbovineHbatlowtemperatures，WheTeaSthedi8aPPearanCeOfthe   

DPGefEbctathightemperaturesisnotashigha畠thatob8erVedinbovine   

Hb．  

Correlationbetween昂oandmagI止hldeofBohrefEbct  

TheBohrcoe組cientisusefu1払rco皿Paringinterspeciesdiffbrencein   

themagnitudeoftheBohrcoe組cient．However，itdoesnotdirectlyindicate   

the Bohr e飽ct・induced additionalamount ofO2releasedfrom Hb atthe   

peripheraltissuesandloadingtoHba七respira七oryorgan8・Theadditional   

amountofO2relea白edduetotheBohrshiftatO2release8i七edependsonno七   

onlythemagnitudeoftheBohr8hiftbutalsothepositionand8hapeofthe  

OECandtheO2PreSSureattheO2relea8eSite．Inthepreviousstudy；We   

estimatedthee蝕ctivenessoftheBohrsh允intermsofthechangeinSat   

O2PreSSurePerunitchangeinl毛0（d昂m2）／d昂J，andithasbeenpointed  

outthatthephysiological属00fhumanandhorseHbsisnearlyop七imi2＝edin   

ordertoreceivethemaximumbenefits蝕omtheBohrshiftatO2relea8eSite   

（ItohetaI，2001；Zhangetal，2003－a，b）．Inthi8reSPeCt，iti8alsoimportant   

toconsiderthemagnitudeoftheBohre飽ctinrelation七ofも0∴U壷血gthe   

datashowninFig．9，themagmitudeoftheBohrcoe亀cien七isplottedagainst   

log薫0（Fig．10）．Theresult8ShowedthattheinnuenceofO・1MCl－aloneand   

theco血binedinfluenceofthephysiologicalconcentrationofCl－andDPGon  
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theBohrcoe凪cientofbovineHbat37℃wasalmostthe畠a皿e，皿eaningthat   

Cl’isamajordeterminantofthemagmitudeoftheBohrcoe凪cien七and昂0．   

However，itisimportantto note that the relativelylow O2afRnity（the   

Physiological昂00fbovineHbis31．Otorr）i呂aChievedathightempera七ure8．   

Atphysiologicalconcentrations ofCl－andDPG，the decreaseinBowith   

decreasingtemperatureslightlyenhance8theBohrcoe伍．cient．Thismaybe   

duetothepresenceofO．5mMDPG．ThemagnitudeoftheBohrcoe伍cien七of   

bovine Hbis sigmi丘cantlylowerthanthatofhuman Hb atphy8iological   

concentrations of Cl－and DPG．Thein且uence ofDPGalone onthe Bohr   

COe伍cientofhumanHbat37℃isalmos七equaltocombinedin且uenceofthe   

Physiologicalconcentration80fCl－andI）PG．ThisclearlyindicatesthatDPG   

i8thedominante蝕cterofthemagmitudeoftheBohrcoefficientandfも0．  

Ⅵm’tHoぽpbta鳥七b∫eepⅡⅤ血e8  

Figurel18how8thevan’tHoffplotsofbovineHbatthreepI‡values．In   

theabsenceofbothCl・andDPG（Fig．11A），nOdifferenceisobservedamong   

theslopesofthethreeplo七satpH7．2，7．4and7．6．ThismeansthattheBohr  

coe瓜cienti8independentoftemperatureand△H（temperature畠enSitivity）  

isindependen七ofpH．The same trendis ob畠erVed atthe physiological   

concentrationsofCl・（Fig．11B）．   

AtthephysiologicalconcentrationofI）PG（Fig．11C），theslopeofthe  

plotatpH7．6i8higherthanthatatpH7．2．Thisindicate8thattheBohr  
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COe伍cientisdecreasedastemperatureisincreased，and△Hisincreasedat   

highpH value8．Almostthe same trendis observed atthe physiological   

COnCentrations ofCl‾andI）PG（Fig．11D）．The dj飽rencein△Hvalues   

betweenneutralpHandalkalinepHisattributedtothehea七geneTatedby   

Bohrprotonreleaseuponoxygenation（W吏man，1936）．  

Correlationbetweenthe△ⅡandpH  

For the same experimentalconditions asFig．10，△H ofbovine and   

lmmanHbs areillu8tratedas afunctionofpH（Fig．12）．The△Hvalue   

markedlydependsonpHandthepresenceofCl’andI）PG．InbovineHb，at   

thepresenceofO．1MCl‾andintheabsenceandpresenceofO．5mMDPG，   

the△Hvaluesarenearlyequal．Thelowestvalue80f－3．5kcal／mol（absolute   

value）are observedinthe pre8enCe OfO．5mM DPG a七pH6．8．Atthe   

physiologicalconcentrations ofCl．andI）PG and a七pH7．4，△Ⅱis－5．8   

kcal／mol，andissigni＆cantbTlowerthanthatofhumanHbト8．1kcaumol）．   

The △H value observedin this studyisingood agreement withthe   

previouslyrepor七edvalue（△H＝－9．6kcalhnol；ImaiandYbnetani，1975）．  

The dependence on pH of△H and graduald．ecrease of△H with   

increasing concentrations of Cl’and DPG are at七ributed to the heat   

generatedbytheoxygen・1inkedreleaseofBohr・PrOtOn胸man，1936），Cl－   

andDPG（BenesdletaL，1969）．  
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Heatofoxygenationatindividual8tep自Ofbovineandhum乱nHb8  

The△H values a七individualsteps（△Hl，△Ⅱ2，△H3，△H4）are   

CalculatedfromtheArrheniusplotofestimatedAdairconstants．As8hown   

inFig．13，the△HvaluesofbovineHbatthephysiologicalconcentra七ionsof   

Cl－andDPG are mimimalat the secondstep，WheTeaSthe△Hvalue of   

humanHbisminimalatthethirdstep．Theseresul七sareprobablydueto   

thereleaseofCl■frombovineHbatthesecondstepandthereleaseofDPG   

fromhumanHbatthethird8teP．  

Population of intermediate molecular species 

Thefractionalpopulation ofdi飽rent oxygenated specie8（Hb（＆），   

HbO2（h），Hb（02）2（h），Hb（02）a亀），Hb（02）4（餌）is calculated from the   

estimatedAdair con8tantS（Imai，1982），andtheres山t80btainedinthe   

absence andpresence ofphysiologicalconcen七rations ofCl’andI）PG are   

i11ustratedinFig．14．Minimalvaluesof色and鳥areobservedforbovineand   

humanHbs，re鱒peCtivelylThelow包valueofbovineHbinthepresenceofCl‾   

SeemStOindicate thattwo and七hree oxygenmolecule畠COmbinewithHb   

8imultaneou81ylInthecaseofhumanHb，I）PGhasadepressingef臨cton缶，   

anditseemstoimplythatinthepresenceofI）PG，threeand．鮎uroxygen   

moleculescombinewithHbsimultaneOuSlyl  

Phy8iological8igDificanceoflow△HonO2loadingandchloride8hiftonO2  
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Ⅷ山oa心皿gOfも0VheHb   

Figure15illustrates the theoretical OEC which clarifie＄ the   

physiologicalsigni＆canCeOfthelow△Hofbovine HbonO2deliveryto  

peripheraltissue8，Wherethetemperaturei8a8Sumed七obe5℃lowerthan  

that ofthelung8（37℃）．The OECin（a）（Bo＝31．O torr；Faber and   

Thornburg，1983）isthe8tandardOEC ofbovine bloodmea8uredunder  

physiologicalconcentrationofCl－andI）PGandatpH7．4and37℃・OECsin  

（b）（昂0＝24．5torr）and（c）（1io＝23．1torr），re8PeCtively；WereCalculatedfor   

bethoseofbovineHb（△H ＝－5．8kcal／mol，COld・re包i8tantHb）andhuman   

Hb（△H＝－8．1kcal／mol，nOnCOld－reSistan七Hb）underphysiologicalsoIvent   

c。nditi。nS and 32℃．The arrows（△免），△蝕）and △飽））indica七e   

arteri0・VenOuS Saturation diffbrence，Which expre88the amount Of O2  

deliveredtotheperipheralti8Sue8byOEC（a），（b，COld・reSi8tantHb）and（c，  

noncold・reSistantHb），reSPeCtivelyTheO2PreSSure（m2）ofarterial（108  

torr）andvenous（42torr）bloodsweretakenfromTayloretaI（1987）．When   

therewasnodecreaseintemperatureoftheperipheraltissues，theamount   

ofO2dehveredtothetissuesisgivenby△Sta）．Ontheotherhand，Whenthe  

temperaturewas5℃lower，bovineHb（△Sh，））coulddehverO2about6／50f  

thatdeliveredbyhumanHb（△飽））．Thisdi蝕rence seemsto showthe  

contributionoflowtemperaturesensitivityofHbonO2dehveryatcooled  

peripheraltissues．Onthecontrary；humanhavenoncold・reSistantHbs・A七  

bodytemperatureincreasedwithhardexemise，theseHbsseemtohavea  
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lowerO2a伍mitythancold・re8istantHb，andareadvantage払rO2release．  

Ithasbeenthoughtthattheroleofthechloride8hiftistoreplace七he   

lostnegativechargeoftheoutwardmovingHCO3・（Fig．16）．Onerecently   

discoveredroleofthechlorideshi氏isthatitmodulate白02loading／unloading   

fromHb．BriⅩetaI（1990）sugge8tedthatthelargein且uxofCl・dtwingthe   

ChlorideshftinbrownbearcontributestoO2unloadingviamodulationof   

Hb・02a組nitylInthisregard，thelarge Cl’e飴ctinbovine Hb compared   

Withthatinhuman Hb may be due七002unloading．In且血ng Cl、is   

COnSideredtobeanimportantCbntributortotheacid・basebalanceinblood   

andtoO2unloadinginbovineblood．  
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刑g．2．Thephotographoftheautomaticoxygenationapparatu8．  
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⑥ ④  

Fig．3．The8truCtureOfopticalcen．Theupperandlowerpart8are8ideand七opview8，  
respectively：1，mainpartofthece11；2，0Ⅹygenelectrode；3，mOVablewindow；4，  

inletandoutletofcirculatingwaterfromawaterbatb；5，inletandoutletof  

gases；6，thermi8tOrPrObe；7，0・ring；8，0－ring；9，Stirrerbar；10，hemoglobin  

SOlution；11，mOnOChromatichghtbeam．LiBlengthoflight－Path．PartBland3  

aremadeof18－88七ainlesssteel．  
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Fig．9．E飽ctoftemperatureonthemagmitudeofthealkalmeBohre鮎ctofbovineand  
lm聖anHbinO・1MHepe8bu肋㈲invariousconcentrationofCl・・（B）in  
varlOuSCOnCentrationofDPG．（C）invariou8Cl・concentra七ioninthepresenceof  
PhysiologicalconcentrationofDPG．  
（A）（◆）C卜free；（○）0．01MCl・；（×）0．1MCl・；（▽）0．3MCl・・  
取bovineHb）（◆）DPG・f陀e；（○）0．1mM DPG；（ロ）0．5mMDPG；（△）3mM  
DPG；（∇）10mMDPG．  
（B，lmmanHb）（◆）DPG－＆ee；（＋）0．05mMI）PG；（○）0．1mMI）PG；（□）5血M  
DPG；（∇）10mMDPG．  
（C）（□）Cl・・＆ee＋phy8．DPG］；（○）0．01MCl・＋phy8．DpG］；（●）0．1MCl●＋  
phyB．DpG］；（∇）0．3MCl・＋phys．DPG】．PhysiologicalDPGconcentration80f  
bovineandhumanbloodBareO．5mMand5mM，reSpeCtivelyl  
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1叩【ち。叩祀エ）】  

Fig．10．Relation8hipbetweenthemagnitudeofthea址alineBohre飴ctandlog劇oa七  
pH7．40fbovine andlmmanHb．Condition8：0．1MHepe8b11fEbr  
temperature（20，2530and37℃）intheab昌enCeOfbothCl．andDPG（8tripped，  
◆），inthepre8enCeOfO．1MCl・（×），inthepre8enCeOfphy8iologicalDPG  
concentration（ロ），andinthepresenceofphysiologicalconcentrationBOfCl－  
andDPG（●）．physiologicalDPGconcentration自OfbovineandhumanbloodB  
are O．5mM and5mM，re8PeC七ively Numberinthefigure represent8the  
temperature．Al1datawere七akenfromFig．9．  
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Fig．11．Ⅵ1n：tHoffplo七SOfthetemperaturedependenceoflogBovalue8払rbovineHb  
inO．1MHepe8bu蝕ratpH7．2（＋），7．4（▲）and7．6（●）．（A）intheab8enCeOf  
Cl・andDPG（strippedHb）．（B）inthepresenceofO．1MCl・．（C）inthepresence  
ofO．5mMDPG．（D）inthepre8enCeOfO．1MCl－amdO．5mMDPG．  
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Fig．12．Relationshipbetweenthe AHofbovineandlmmanHbsandpH・The AH  
valueBWereCalculated蝕omtheintegratedvan’tHoffequa七ionbyusing・the  
OECinO．1MHepe8bu飴randO．1MMe8bu臨汀intheabsenceofbothCl－  
andDPG（stripped，◆），inthepresenceofO．1MCl・（×），inthepresenceof  
phy8iologicalDPGconcentration（口），and．inthepre眉enCeOfphysiological  
COn？entrationsofCl・andI）PG（●）lPhy8iohgicalDPGconcentrationsof  
bovlneandhumanbloodBareO．5mMand5血M，re8PeCtivelylAHvalue＆are  
correctedfortheheatcontributionofO2in801ution（－3．Okcal／mol）．  
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0xy甘enation きtep．土  

Fig．13．E飽ctoftemperatureonAdaircon8tant8（K，i＝1－4；A）andheat80f  
oxygenationatindividual8tepS（B）ofbovineandhumanHb8・（刃○，△∴□  
and◇repre8entKl，K2，K3andK4，re8PeCtivelyこ（B）TheAHiValue邑Were  
calculatedfromtheArrhemiusplotofe8timatedAdairconBtant8．Dottedand  
sohdhne8rePre8emiinthepre8enCeOfO・1MCl－（×），andinthepre8enC？Of  
phy8iok）gicalconcentration8OfCl－andI）PG（●），re8PeCtive桓Phy8iologlCal  
DPG concentrationB Ofbovine and human blood8are O．5mM and5mM，  
respectively. 
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Fig．14．Fractionpopula七ion（B，i＝0－4）ofmoleculeBindi瓜rentoxygena七ionBtage8  
。fb。vineandlmmanHb8intheabsenceofbothCl・andI）PG（8tripped）（動in  
the presence of O・1M Cl・（B），andinthe pre8enCe Ofphy8iological  
c。nCentrationsofCl・andI）PG（C）．Phy8iologicalDPGconcentra七ion80fbovine  
andhumanbloodsareO．5mMand5mM，reSPeCtively・  
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Fig．15．Exampledata8howingamountofO2dehvered七0theti8SueSbyHbwith△H  
valueBOf－5．8and－8．1kcaVmolatperipheralti8Sue8at32and37℃．TheOEC  
datawithfも00f31torrand伽8ⅩOf2．80fad．ul七bovineblood．measuredunder  
Btandardcondition（FaberandThornburg，1983）waBu8edtogenera七eOEC  
withvariou8月ovalueB．02dehveredtotheti8SueSWaSeStimatedusingthe  
theoreticalOECwithBovalueof31．0（a，37℃），24．5（b，32℃）and23．1torr（c，  
32℃）．The arrow自，△Sa），△ぷb）andム島），rePreSentthe arterio－VenOu802  
日aturationdi飴rence，02deliveredtothe七i8Sue8，CalculateduBingtheOECof  
（a），仏）and（d，re8PeCtivelyO2PreSSure80fa加erialandvenousbloodBWere  
lO8and42torちre革peCtively（TayloretaI，1987）．  
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FiB16．The unloading ofoxygen and the tq）take ofproton8＆nd Cl’during the  
CirculAtionoftheredcenthoughtiB8ue8．  
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