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ABSTRACT I n f r og sar t or i us muscl e, af t er a t et anus at 20° C, dur i ng whi ch

an i mpul se- l i ke i ncr ease occur s i n t he r at e of ATP hydr ol ysi s, t he r at e of 02
consumpt i on ( Qo, ) r eaches a peak r el at i vel y qui ckl y and t hen decl i nes monoex-
ponent i al l y, wi t h a t i me const ant not dependent on t he t et anus dur at i on ( T =

2 . 6 mi n i n Rana pi pi ens and 2 . 1 mi n i n Rana t empor ar i a) . To a good appr oxi -

mat i on, t hese ki net i cs ar e t hose of a f i r st - or der i mpul se r esponse, and t he

scheme of r eact i ons t hat coupl e 02 consumpt i on t o ext r ami t ochondr i al ATP
hydr ol ysi s t hus behaves as a f i r st - or der syst em. I t i s f i r st deduced and t hen

demonst r at ed di r ect l y t hat whi l e Qo, ( t ) i s monoexponent i al , i t changes i n
par al l el wi t h t he l evel s of cr eat i ne and phosphor yl cr eat i ne, wi t h pr opor t i onal i t y

const ant s ±1/ Tp, wher e p i s t he P/ 02 r at i o i n vi vo . Fr om t hi s, i t i s f ur t her

deduced t hat t he mi t ochondr i al cr eat i ne ki nase ( CK) r eact i on i s pseudo- f i r st

or der i n vi vo . The r el at i onshi p bet ween [ cr eat i ne] and Qo, pr edi ct ed by pub-
l i shed model s of t he cont r ol of r espi r at i on i s mar kedl y di f f er ent f r om t hat
act ual l y obser ved . As shown her e, t he f i r st - or der ki net i cs of Qo, ar e consi st ent

wi t h t he hypot hesi s t hat r espi r at i on i s r at e- l i mi t ed by t he mi t ochondr i al CK

r eact i on ; t hi s has as a cor ol l ar y t he " cr eat i ne shut t l e" hypot hesi s .

I NTRODUCTI ON

D. K. Hi l l r epor t ed i n 1940 t hat oxygen consumpt i on by a f r og muscl e af t er a

t et anus at 0 ° C had a pr ovocat i vel y si mpl e t i me cour se . The r at e of 02 consump-

t i on ( Q0, ) can be cal cul at ed as t he t i me der i vat i ve of Hi l l ' s r ecor ds . I t r eached a

peak r el at i vel y qui ckl y, and i t s subsequent f al l was wel l f i t by a si ngl e exponent i al ,

whose t i me const ant was essent i al l y t he same ( T = 9 mi n) f or al l t et ani of 2- 20 s

dur at i on . Hi l l ' s met hod, i n whi ch muscl e 02 upt ake was measur ed as an ext r emel y

smal l change i n t he vol ume of an 02- f i l l ed chamber , was open t o a number of

cr i t i ci sms . However , usi ng an i ndependent met hod, we r ecent l y f ound ( Mahl er

et al . , 1985) t he t i me cour se of Qo2 i n an exci sed f r og muscl e af t er a t et anus at
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20° C t o have t he same f or m ( al bei t f our t i mes f ast er ) as t hat r epor t ed by Hi l l
f or 0 ° C ( Fi gs . 2 and 4 bel ow) .

Si nce Hi l l ' s wor k, many aspect s of t he basi c nat ur e of t i ssue r espi r at i on and i t s
cont r ol have become appar ent . The f r ee ener gy f or al l cel l f unct i on and mai n-
t enance appear s t o be pr ovi ded by t he hydr ol ysi s of ATP, and t he ul t i mat e
sour ce of al most al l ATP pr oduced i n muscl e i s oxi dat i ve met abol i sm. The

ATPase

ADP + Pi
v v

el ect r on
t r anspor t

chai n

C02 + H2O

i nner ' t t r ansl ocasi ej

ATP

	

0 2

	

ADP + Pi

~NADH + H+

FI GURE 1 .

	

Si mpl i f i ed schemat i c di agr am of t he r eact i ons by whi ch oxygen con-
sumpt i on i s coupl ed t o ext r ami t ochondr i al ATP hydr ol ysi s i n muscl e. Dashed l i nes
i ndi cat e di f f usi on .

coupl i ng bet ween t hese t wo f undament al pr ocesses, wher eby a change i n t he
r at e of ATPhydr ol ysi s l eads t o a change i n t he r at e of oxi dat i ve phosphor yl at i on,
i s accompl i shed by a scheme of r eact i ons whose i dent i t y seems wel l est abl i shed,
but whose quant i t at i ve behavi or and cont r ol mechani sms ar e st i l l cont r over si al
af t er decades of st udy ( Chance et al . , 1962 ; Owen and Wi l son, 1974 ; Saks et al . ,
1974, 1978 ; Davi s and Lumeng, 1975 ; Wi l son et al . , 1977b ; Ni shi ki et al . , 1978 ;
Wi l l i amson, 1979 ; Hansf or d, 1980 ; Gr oen et al . , 1982 ; Jacobus et al . , 1982) . A
somewhat si mpl i f i ed, schemat i c descr i pt i on of t hese r eact i ons i s shown i n Fi g . 1 .
Acer t ai n f r act i on of t he ADPpr oduced by ATP hydr ol ysi s i s r ephosphor yl at ed
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vi a cr eat i ne ki nase ( CK) ; t he r est of t he ADP can pr esumabl y di f f use t o t he
mi t ochondr i a . ADP i s t r anspor t ed i nt o t he mi t ochondr i al mat r i x, and ATP i s
t r anspor t ed out , by t he adeni ne nucl eot i de t r ansl ocase of t he i nner membr ane,
and a car r i er al so exi st s f or i nor gani c phosphat e ( Pi ) . Wi t hi n t he mat r i x, t he r at e
of oxi dat i ve phosphor yl at i on i s some f unct i on of t he concent r at i ons of ADP, Pi ,
ATP, 02, and subst r at e ; t he l at t er t er m i s i nt er pr et ed br oadl y t o i ncl ude t he
r edox l evel s of t he component s of t he el ect r on t r anspor t chai n . Si nce CK i s al so
pr esent i n t he i nt er membr ane space of t he mi t ochondr i on, a cer t ai n f r act i on of
t he ATP l eavi ng t he mat r i x wi l l be used wi t hi n t he mi t ochondr i on t o pr oduce
phosphor yl cr eat i ne ( PC) ; t he r est wi l l pr esumabl y di f f use t o t he ATPases .

At t empt s t o char act er i ze t hi s coupl i ng quant i t at i vel y have deal t al most ent i r el y
wi t h t he pr oper t i es of i t s i ndi vi dual component s, usual l y st udi ed i n i sol at ed
mi t ochondr i a . Thi s appr oach i s i ndi spensabl e, but f or a f ul l under st andi ng, i t
needs t o be compl ement ed by obser vat i ons made on i nt act muscl e . An i mpor t ant
t est of t he val i di t y and r el evance of i n vi t r o r esul t s, t aken as a whol e, i s t hat t hey
must account f or i n vi vo behavi or . One way t o quant i f y such behavi or i s t o
anal yze t he i nt act coupl i ng pr ocess as a syst em whose i nput i s t he r at e of ATP
hydr ol ysi s and whose out put i s t he Qos ( Mahl er , 1978) . Abr i ef t et anus i n a f r og
muscl e at 20° C i s accompani ed by an i mpul se- l i ke i ncr ease i n i t s r at e of ATP
hydr ol ysi s ( Mahl er , 1979 ; Mahl er et al . , 1985) , and i t s subsequent t i me cour se
of Qos ( Fi gs . 2 and 4) , except f or t he r el at i vel y shor t del ay i n r eachi ng a peak,
has t he same f or m as t he i mpul se r esponse of a si mpl e f i r st - or der syst em. The
coupl i ng pr ocess bei ng consi der ed t hus behaves as i f i t wer e r at e- l i mi t ed by a
si ngl e st ep t hat f ol l ows an appar ent f i r st - or der r at e l aw. Mor eover , t hi s behavi or
i s not pecul i ar t o f r og muscl e ; f i r st - or der ki net i cs of Q0Y, whi l e per haps not
quant i f i ed as pr eci sel y, have been r epor t ed f or a wi de var i et y of skel et al and
car di ac muscl es ( cf . Di scussi on) . I t i s sur pr i si ng t hat t he br anchi ng, l oopi ng
scheme of r eact i ons shown i n Fi g. I shoul d show l i near , l et al one f i r st - or der ,
behavi or , but t hi s appear s never t o have been addr essed i n t he l i t er at ur e on
cont r ol of r espi r at i on .

Apossi bl e cl ue t o t he under l yi ng mechani sm i s t he f act t hat t he ATP cont ent
of a muscl e st ays essent i al l y const ant , not onl y dur i ng cont r act i on ( demonst r at ed
f or amphi bi an [ Car l son, 1963 ; Mommaer t s, 1969 ; Gi l ber t et al . , 1971 ; Homsher
et al . , 1975 ; Dawson et al . , 1977] , avi an [ Ar ese et al . , 1965] , and mammal i an
muscl e [ Edwar ds et al . , 1972 ; Gower and Kr et zschmar , 1976 ; Cr ow and Kush-
mer i ck, 1982] ) , but al so dur i ng r ecover y ( Dawson et al . , 1977 ; Ar ese et al . , 1965 ;
Edwar ds et al . , 1972 ; Pi i per and Spi l l er , 1970 ; Kushmer i ck and Paul , 1976) .
Gi ven t hi s f act , i t can be deduced t hat when Qos( t ) i s monoexponent i al , i t must
be changi ng i n par al l el wi t h t he t i ssue cont ent s of PC and cr eat i ne, as st at ed i n
Eq . 1 :

OQos( t )

	

A{ PC) ( t ) _

	

0{ cr eat i ne} ( t ) .

Her e I PCI and I cr eat i neI denot e t he l evel s' of PC and cr eat i ne ; OQos( t ) , 0{ PC} ( t ) ,

' The t er mi nol ogy and not at i on of Hohor st et al . ( 1962) ar e used, i n whi ch t he t i ssue l evel of

subst ance A, denot ed { AI , desi gnat es t he t ot al cont ent of A per uni t wei ght . The symbol [ Al i s

r eser ved f or t he act ual concent r at i on of A known t o be f r ee i n sol ut i on wi t hi n t he t i ssue or

r el evant compar t ment .
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and Al cr eat i nel ( t ) ar e t he changes i n QOY , { PCI , and ( cr eat i nel f r om t hei r basal

val ues, at t i me t , T i s t he t i me const ant of t he Qo4 , and p i s t he P/ 02 r at i o f or

oxi dat i ve met abol i sm, whi ch has an expect ed val ue of - 6 . 3 mol / mol ( Mahl er ,

1979 ; Cr ow and Kushmer i ck, 1982) . Af or mal der i vat i on of Eq . 1 i s gi ven i n t he

Appendi x, but i t s essence i s t he f ol l owi ng . The absence of measur abl e change i n

( ATP} dur i ng r ecover y i mpl i es t hat t he pr oduct i on of ATPby oxi dat i ve met ab-

ol i sm must be f ol l owed al most i nst ant aneousl y by i t s vi r t ual l y st oi chi omet r i c

dephosphor yl at i on vi a CK. Pr esumabl y, t hi s occur s wi t hi n t he mi t ochondr i on

( Jacobus and Lehni nger , 1973 ; Fi g . 1) , and PC can t hus be t hought of as t he
end pr oduct of oxi dat i ve phosphor yl at i on . I f supr abasal oxi dat i ve met abol i sm i s
phosphor yl at i ng cr eat i ne wi t h a monoexponent i al t i me cour se, i t must be doi ng
so at a r at e pr opor t i onal t o Al cr eat i nel . The f i r st goal of t he wor k descr i bed i n
t hi s paper was t o pr ovi de a r i gor ous t est of t hi s pr edi ct i on i n t he f r og sar t or i us

muscl e .
For a wi de r ange of changes i n AQos and AI PCI , t he r el at i onshi p bet ween

t hem was i n f act wel l descr i bed by t he pr opor t i onal i t y pr edi ct ed i n Eq . 1 . Thi s

r el at i onshi p was t hen used t o t est a wi del y accept ed model f or cont r ol of

r espi r at i on i n muscl e, f i r st pr oposed by Chance et al . ( 1962) , whi ch post ul at es

( see Fi g . 1) cont i nuous near - equi l i br i umof CKand a f i r st - or der Mi chael i s- Ment en

dependence of Qo, on cyt opl asmi c [ ADP] , i n a wel l - st i r r ed cyt opl asm. Fi nal l y,

because t he r el at i onshi p bet ween A[ PC] and AQos pr edi ct ed by t hi s model

di f f er ed dr ast i cal l y f r om t he one act ual l y obser ved, t he l at t er was used t o

f or mul at e t he al t er nat i ve hypot hesi s t hat r espi r at i on i s r at e- l i mi t ed by t he mi t o-

chondr i al CK r eact i on ; t hi s has as a cor ol l ar y t he cont r over si al " cr eat i ne shut t l e"

hypot hesi s ( Jacobus and I ngwal l , 1980 ; Br aut bar and Bessman, 1985) .

METHODS

OQop ( t ) was measur ed by t he met hod descr i bed i n t he pr ecedi ng paper ( Mahl er et al . ,
1985) , accor di ng t o t he comput at i onal al gor i t hm

OQop( t )
=

~D

	

9'D[ APO, ( t ) ] ( W)
( t ) .

' H( j w)

Al l measur ement s wer e made at 20° C. For t et ani of 3. 2- 10 S, Pop ( t ) at t he muscl e sur f ace
was sampl ed ever y 6 s . I f t he Pop f el l t o zer o, AQop( t ) coul d st i l l be cal cul at ed f or t i mes up

t o t hi s poi nt . Wi t h Eq . 2, when Pop( t ) does not r et ur n t o appr oxi mat el y t o i t s i ni t i al val ue,

l ar ge comput at i onal er r or s occur ( Br i gham, 1974) , and t hi s was cer t ai nl y t he case when

Pop( t ) r eached zer o ( OPop = - 500 mmHg; Fi g . 3) . To pr event such er r or s, an ar t i f i ci al

t i me cour se was appended t o t he measur ed Pop( t ) , whi ch gr adual l y l ed i t back t o i t s

st ar t i ng val ue . Measur ed val ues of <20 mmHg wer e di scar ded t o ensur e t hat Qop( t )
r emai ned i ndependent of Pop( t ) ( D. K. Hi l l , 1948) . The appended t i me cour se was hel d
const ant f or 5- 20 poi nt s at t he l owest accept abl e measur ed val ue of Pop , and t hen i ncr eased
l i near l y t o r each t he st ar t i ng val ue af t er anot her 10- 30 poi nt s . The number of poi nt s i n
t he ent i r e t i me cour se was usual l y 64, but was occasi onal l y 32 . To det er mi ne t he ef f ect of
t hi s pr ocedur e on t he cal cul at ed 4Qop( t ) , i t was used i n t he case of a shor t er t et anus, af t er
whi ch Pop( t ) had r et ur ned t o i t s st ar t i ng val ue . The Pop r ecor d was i nt er r upt ed at a cer t ai n
poi nt and an ar t i f i ci al t i me cour se, const r uct ed as j ust descr i bed, was subst i t ut ed f or t he
r emai ni ng measur ed val ues . AQop( t ) was cal cul at ed f r om t hi s hybr i d r ecor d and, f or t he

t i mes pr i or t o t he i nt er r upt i on, was f ound t o di f f er negl i gi bl y f r omt he val ues cal cul at ed
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f r om t he f ul l Po, r ecor d, except at t he one or t wo poi nt s j ust bef or e t he i nt er r upt i on, at
whi ch l ar ger - t han- nor mal osci l l at i ons wer e evi dent . Accor di ngl y, t he f i nal t wo val ues wer e
di scar ded f r om each t i me cour se of AQo, cal cul at ed f r oman i ncompl et e r ecor d of Po , ( t ) .

For t he measur ement of changes i n t he l evel s of muscl e met abol i t es dur i ng cont r act i on
and r ecover y, r api d f r eezi ng of pai r s of muscl es was done by t he met hod of Homsher et
al . ( 1975) . Al l exper i ment s wer e done at 20° C, and one muscl e of each pai r was t et ani zed
i somet r i cal l y wi t h j ust - supr amaxi mal st i mul i of 0 . 6 ms dur at i on and 70/ s f r equency . The
cont r al at er al muscl e ser ved as a cont r ol . The pr epar at i on of muscl e ext r act s, and t he
measur ement of t hei r cont ent s of cr eat i ne and PC and, i n some cases, ATP and ADP,
was done by t he met hods of Homsher et al . ( 1972) . I n l at er exper i ment s, t he det er mi nat i on
of t he cont ent s of ATP, ADP, and AMP i n t he ext r act s was done usi ng hi gh- pr essur e
l i qui d chr omat ogr aphy, as descr i bed by Dubyak and Scar pa ( 1983) .

For t he measur ement of t he t i me cour se of change i n t he l evel s of t i ssue met abol i t es
af t er a t et anus of 0 . 5 s i n t he sar t or i us of Rana t empor ar i a, gr oups of pai r ed muscl es wer e
f r ozen at 0 . 4, 60, 110, 150, and 240 s and 20 mi n af t er t he cessat i on of st i mul at i on . For
t he measur ement of t he l evel s of t i ssue met abol i t es at t i me t p- k af t er a t et anus, wher e t a, k
was def i ned as t he t i me at whi ch OQo, ( t ) r eached i t s maxi mum, t p , k was det er mi ned f r om
t he mean r esponse of AQo, ( t ) , whi ch was based on at l east ni ne exper i ment s f or each
t et anus dur at i on . For t et ani of 0 . 2- 1 . 0 s, AQo, ( t ) was measur ed at 24- s i nt er val s, and f or
t et ani of 3 . 2- 10 s, i t was measur ed at 6- s i nt er val s . For t et ani of 0 . 2, 0 . 5, 1, 3 . 2, 5, and
10 s, r espect i vel y, ta, k was f ound t o be 96, 72, 48, 36, 24, and 24 s af t er t he begi nni ng
of st i mul at i on . For t et ani of 3 . 2- 10 s, gr oups of pai r ed muscl es wer e f r ozen at t he
appr opr i at e t pe' k . For t et ani of 0 . 2- 1 . 0 s, t 1{ PC) ( t e, , k) was cal cul at ed f r om t he val ues of
A{ PC) o r epor t ed by Mahl er ( 1979) , measur ed 0 . 4 s af t er t he end of st i mul at i on . Two
cor r ect i ons wer e made t o t hese val ues . The f i r st was t he amount of PC pr oduced vi a
oxi dat i ve met abol i sm bet ween t he t i me of measur ement and ta, k, cal cul at ed as p . f oPw,

AQo , ( t ) dt , wher e p i s t he P/ 0 2 r at i o f or oxi dat i ve met abol i sm, whi ch was assumed t o be
6 . 3 mol / mol . The second was t he amount of post cont r act i l e supr abasal PC ut i l i zat i on ( see
Mahl er et al . , 1985) , whi ch was assumed t o be 0 . 24, umol / g, t he cost of cal ci um pumpi ng
cal cul at ed f r omt he dat a of Soml yo et al . ( 1982) . I f t he l at t er cor r ect i on wer e omi t t ed or
doubl ed, i t woul d not af f ect t he concl usi ons dr awn f r om t hi s set of exper i ment s ( see Fi g .
5 bel ow) .

To check f or t he exi st ence of mi t ochondr i al CK i n t he f r og sar t or i us, a modi f i cat i on of
t he met hod of Hal l and DeLuca ( 1976) was used . Muscl es wer e f r ozen, powder ed, and
suspended i n 10 mM Tr i s- HCl , pH 7 . 2, suppl ement ed wi t h 1 mM di t hi ot hr ei t ol . To
sol ubi l i ze mi t ochondr i al CK, t he det er gent NP- 40 was added t o a f i nal concent r at i on of
1 %, and t he suspensi on was i ncubat ed f or 30 mi n . Ther eaf t er , t he pr ocedur e of Hal l and
DeLuca ( 1976) was f ol l owed. The exi st ence of t he mi t ochondr i al i sozyme of CK was
conf i r med by t he pr esence, af t er el ect r ophor esi s and f l uor escence scanni ng, of a smal l
peak cl oser t o t he cat hode t han t hat of t he MMi sozyme ( Hal l and DeLuca, 1976 ; Hal l et
al . , 1977) , whi ch account ed f or <1 %of t he t ot al CK act i vi t y of t he muscl e ( ^- 4, 000 I U/ g
at 23° C, pH 6 . 6) .

RESULTS

Test s of Eq . 1

The pr opor t i onal i t y bet ween AQo, ( t ) and AI PC} ( t ) pr edi ct ed by Eq. 1 was t est ed
by measur i ng bot h var i abl es under i dent i cal or equi val ent condi t i ons, accor di ng
t o t wo pr ot ocol s . I n t he f i r st , measur ement s wer e made af t er a t et anus of 0 . 5 s
i n t he sar t or i us of R. t empor ar i a ( Fi g . 2, A and B) . Usi ng r = 2 . 12 mi n ( Fi g. 2A)
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and p = 6. 3 umol / Amol , t he pr edi ct ed pr opor t i onal i t y const ant , - 11r p, was
- 0 . 0748 Amol 02/ mi n . Pmol PC. Af t er nor mal i zat i on by t ot al cr eat i ne ( CT)
cont ent ( Car l son et al . , 1967) , t he obser ved l i ne of best f i t r el at i ng AQos( t ) t o
AI PC} ( t ) had an i nt er cept not si gni f i cant l y di f f er ent f r om zer o [ ( - 1 . 19 ± 2. 42)
x 10 - 4] , a cor r el at i on coef f i ci ent of - 0 . 993, and a sl ope of - 0 . 0777 ± 0. 0055 .
I f t he l i ne was const r ai ned t o pass t hr ough t he or i gi n, i t s sl ope was - 0 . 0755 . No
si gni f i cant changes wer e obser ved i n { ATP} or { ADP} .

0
E
v: I -

vr t i
U

4

- 1 . 2

- 2 . 4

L}
B

FI GURE 2 .

	

Si mul t aneous t i me cour ses of AQo4 ( A) and AI PC) ( B) i n t he sar t or i us
of R. t empor ar i a af t er an i somet r i c t et anus of 0. 5 s at 20° C. Er r or bar s i ndi cat e ±
SE. The cont i nuous cur ve i n A i s t he best - f i t t i ng monoexponent i al ( r = 2. 12 mi n) .

Despi t e t he good over al l agr eement bet ween pr edi ct i on and obser vat i on, t hi s
t est of Eq . 1 was handi capped by t he r el at i vel y l ar ge var i abi l i t y i n t he val ues of
A{ PC} . For exampl e, AI PC} ( t ) ( Fi g . 2B) was not ver y wel l appr oxi mat ed by i t s
best - f i t t i ng exponent i al ( r = 2 . 2 mi n) , but t her e wer e no st at i st i cal l y si gni f i cant
di f f er ences bet ween t he measur ed val ues and t hose of best f i t . Thi s var i abi l i t y
was pr obabl y due l ar gel y t o t he f act t hat measur ed changes i n { PC} / ( CT} , t he
l ar gest of whi ch was - 0 . 0655 ± 0 . 0044 ( n = 11) , wer e r at her smal l r el at i ve t o
i t s r est i ng val ue, 0 . 793 ± 0. 004 ( n = 52) .

I n or der t o t est Eq . 1 over a wi der r ange of val ues of AI PC) and AQos , a second
pr ot ocol was devi sed . Sar t or i i of R. pi pi ens wer e t et ani zed i somet r i cal l y f or up t o
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10 s . As wi t h shor t er t et ani , AQo, ( t ) coul d be det er mi ned by measur i ng t he t i me
cour se of Po, at t he cl osed, l ower sur f ace of t he muscl e whi l e t he Po, at i t s upper
sur f ace was hel d const ant , and numer i cal l y sol vi ng t he di f f usi on equat i on f or

AQo, ( t ) . For t et ani of 5 s or l onger , t he Po, at t he l ower sur f ace of t he muscl e
usual l y f el l t o zer o wi t hi n 2- 3 mi n, even when t he Po, at t he upper sur f ace
exceeded 700 mmHg ( Fi g . 3A) . Wi t h t he pr oper mat hemat i cal pr ecaut i ons,

Ev

600

450

300

150

C3 a

4

O L

0 2 4

r

	

t ( mi n)

24

16

0

h

A

B

FI GURE 3.

	

( A) Typi cal t i me cour se of change i n PO, at t he cent er of t he cl osed,
l ower sur f ace of t he sar t or i us of R. pi pi ens dur i ng and af t er an i somet r i c t et anus of
10 s at 20° C, begun at t = 0. The Po, at t he upper sur f ace was kept const ant at 701
mmHg . ( B) Ti me cour se of AQo, cal cul at ed f r omt he r ecor d i n A by t he di f f usi on
met hod .

however , i t was possi bl e t o cal cul at e AQo, ( t ) f or t he per i od dur i ng whi ch t he
muscl e was oxygenat ed, whi ch was al ways l ong enough t o al l ow Qos t o r each i t s
peak ( Fi g. 3B) . Mor eover , i n some cases i t was possi bl e t o obt ai n a r el at i vel y
compl et e t i me cour se of AQo, ( t ) af t er a t et anus of 5 or 10 s, and i t s f or m was
pr act i cal l y i dent i cal t o t hat af t er a t et anus of 0. 1- 1 . 0 s ( Fi g . 4) . I t s peak was
ear l i er and shar per , but i n most cases t he descendi ng l i mb was agai n adequat el y
descr i bed by a si ngl e exponent i al whose t i me const ant aver aged - 2 . 5 mi n.
Pr evi ousl y, i t was obser ved t hat f or t et ani of 0 . 2, 0. 5, and 1 . 0 s i n t hi s muscl e,
t he val ues of r t hat best f i t t he mean t i me cour se of Qo, wer e 2. 75 ( Fi g . 4A) ,
2. 76, and 2. 46 mi n, r espect i vel y ( Mahl er et al . , 1985) , and f or t he 35 i ndi vi dual
r ecor ds on whi ch t hose mean r esponses wer e based, t he r at e const ant I / T
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aver aged 0. 380 ± 0. 019 mi n' , whi ch cor r esponds t o a val ue of 2. 63 mi n f or r .
These r esul t s i ndi cat e t hat t he pr opor t i onal i t y bet ween 0( PCj and AQO, pr edi ct ed
by Eq . 1, whi ch was based on t he monoexponent i al ki net i cs of AQo, ( t ) , shoul d
al so be val i d dur i ng t he descendi ng phase of AQo, af t er a t et anus of up t o 10 s .

Ô

0

12

6

0

B

t ( mi n)

t ( mi n)

	

t ( mi n)

FI GURE 4.

	

( A) Mean t i me cour se of

	

Qo, i n t he sar t or i us of R. pi pi ens af t er a
t et anus of 0. 2 s at 20° C, wi t h t he best - f i t t i ng monoexponent i al t hr ough t he descend-
i ng l i mb . Er r or bar s desi gnat e t SE. ( B and C) I ndi vi dual r ecor ds of t he t i me cour se
of AQo, i n t he sar t or i us of R. pi pi ens af t er t et ani of 5 and 10 s at 20° C, wi t h best -
f i t t i ng monoexponent i al s .

A 10- s t et anus pr esent ed a sever e chal l enge t o t he cont r act i l e and met abol i c
capabi l i t y of t he muscl e . Tensi on f el l t o 42 ± 2%( n = 17) of i t s i ni t i al maxi mum.
AQo4( t ) , measur ed at 6- s i nt er val s, had a peak val ue, r eached 24 s af t er t he
begi nni ng of st i mul at i on, of 0. 831 ± 0. 047 ( n = 8) umol 02/ mi n . g, whi ch i s
near l y 30 t i mes t he r est i ng QO, ( 0 . 0294 ± 0. 0015 ( n = 11J j Amol / mi n- g) . Gi ven
r = 2. 6 mi n and p = 6. 3 j mol / Eumol , Eq . 1 pr edi ct ed t hat { PQ( t ) woul d
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si mul t aneousl y have dr opped t o about hal f i t s r est i ng val ue . Accor di ngl y, r at her

t han t r acki ng 0{ PCl and AQo, dur i ng a si ngl e met abol i c epi sode, I deci ded t o

compar e t hemat t he t i mes when AQo, af t er a t et anus was at i t s peak, f or a r ange

of t et anus dur at i ons up t o 10 s. These t i mes wer e denot ed t peak-
For t et ani of 3 . 2- 10 s, t he val ues of OQO, ( t p, ak) wer e par t i cul ar l y t r ust wor t hy,

si nce t hey wer e vi r t ual l y i ndependent of t he val ue used f or t he di f f usi on coef f i -
ci ent f or 02 ( D) or of t he conf i gur at i on used t o appr oxi mat e t he t i ssue boundar y .
I n gener al , t he t i me cour se of Pos measur ed at t he cent er of t he l ower sur f ace
of t he muscl e i s det er mi ned by t wo pr ocesses : t he consumpt i on of 0 2 and i t s
di f f usi on t o t hat poi nt . However , dur i ng t he f i r st 30 s or so af t er a t et anus, t he
r at e at whi ch 0 2 di f f uses t o t hi s poi nt i s negl i gi bl e i n compar i son wi t h t he r at e
at whi ch i t i s bei ng consumed . The pr oof of t hi s i s t hat f or t hese t i mes, t he
cal cul at ed OQos( t ) i s essent i al l y unaf f ect ed by a f i vef ol d change i n D i n ei t her
di r ect i on, or by descr i bi ng t he t i ssue as a sheet or a hemi spher e r at her t han a
hemi - el l i pt i cal cyl i nder . Thus, as i s evi dent f r om Fi g . 3, t o an excel l ent appr oxi -
mat i on t he r at e of change i n t he measur ed Pos i s si mpl y pr opor t i onal t o OQos( t ) ,
wi t h t he pr opor t i onal i t y const ant bei ng I / a, wher e a denot es t he sol ubi l i t y of
02 i n t he t i ssue. Conver sel y, f or a pr eci se det er mi nat i on of OQos( t ) f r om

OPo , ( t ) at t hese ear l y t i mes, one needs onl y an accur at e val ue f or a, whi ch i s
gi ven i n t he pr ecedi ng paper ( Mahl er et al . , 1985) . I t was unmi st akabl e t hat

AQo, and 0{ PCl cl osel y mi r r or ed each ot her ( Fi g . 5) , and i t was agai n i mpossi bl e

t o di st i ngui sh st at i st i cal l y bet ween t he measur ed val ues and t hose pr edi ct ed by
Eq . 1 . The pr edi ct ed pr opor t i onal i t y const ant was - 0 . 0611 Amol 02 / mi n - j . mol
PC; af t er nor mal i zat i on by { CT) , t he best - f i t t i ng l i ne r el at i ng AQO, ( t peak) t o
A( PCI ( t peak) had an i nt er cept of ( - 1 . 07 ± 1 . 12) x 10 - s , a sl ope of - 0 . 0682 ±
0 . 0054, and a cor r ect i on coef f i ci ent of - 0 . 988 . I f t he l i ne was const r ai ned t o
pass t hr ough t he or i gi n, t he best - f i t t i ng sl ope was - 0 . 0637 . A( ATPI and 0( ADPI
wer e r at her var i abl e, but wer e never si gni f i cant l y di f f er ent f r om zer o ( Tabl e 1) .

Because t he coupl i ng of t he r ever se CK r eact i on t o t he hydr ol ysi s of ATP and
t hat of t he f or war d CK r eact i on t o t he oxi dat i ve pr oduct i on of ATP ar e evi dent l y
bot h pr act i cal l y st oi chi omet r i c ( see Di scussi on) , t he aggr egat e of al l t hese r eac-
t i ons can, t o an excel l ent appr oxi mat i on, be r epr esent ed si mpl y by

PC - - cr eat i ne + Pi .

	

( 3)

Nor mal l y, t he net pr oduct i on and consumpt i on of P; by ot her r eact i ons i s
negl i gi bl e i n compar i son, and Al P; l cl osel y mat ches Ol cr eat i nel ( Homsher et al . ,

1975 ; Kushmer i ck and Paul , 1976) . Thus, t he r el at i onshi p

shoul d al so be val i d whi l e AQo, ( t ) i s monoexponent i al .

AQOY( t ) =
p

ol pi l

	

( 4)

Use of Eq . 1 t o Test Model s f or Cont r ol of Respi r at i on

I n 1962, Chance et al . pr oposed a model f or t he cont r ol of r espi r at i on i n muscl e,
whi ch post ul at ed ( a) t hat CK i s cont i nuousl y near equi l i br i um, and ( 6) t hat t he

Qo, i s det er mi ned by cyt opl asmi c [ ADP] , accor di ng t o a f i r st - or der Mi chael i s-
Ment en r el at i onshi p . I n addi t i on, i t was t aci t l y assumed ( c) t hat t he cyt opl asm i s
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TABLE I

A

B

Tet anus dur at i on

Val ues ar e means ± SE. Number s i n par ent heses ar e degr ees of f r eedom.

0L

0 2 4 6 8 10
o r

	

t et anus dur at i on ( s)

FI GURE 5 .

	

( A) Peak val ues of AQo$ i n t he sar t or i us of R. pi pi ens af t er t et ani of
0. 2- 10 s at 20° C, pl ot t ed as a f unct i on of t he t et anus dur at i on . ( B) Si mul t aneous
val ues of AI PC} . Er r or bar s desi gnat e t SE.

wel l st i r r ed, and ( d) t hat [ ATP] + [ ADP] st ays const ant . Si nce t hen, a number
of i mpor t ant aspect s of t he cont r ol of r espi r at i on have become appar ent , but t he
assumpt i ons of t hi s model r emai n pl ausi bl e ( see Di scussi on) . However , as al so
di scussed bel ow, t he i n vi vo behavi or used t o t est t he model has been qui t e
l i mi t ed, and i t s success i n account i ng f or even t hi s behavi or i s quest i onabl e .
Because t he pseudo- f i r st - or der ki net i cs of AQos and t he equi val ent pr opor t i on-

Changes i n Level s of ATPand ADPi n t he Sar t or i us of R. pi pi ens af t er I somet r i c

Tet ani of 3. 2- 10 s at 20° C

AI ATPI / I CTI ( nmol / gmol )

	

1 . 4±1 . 3

	

0. 6±0 . 77

	

1. 4±1 . 6

( 18)

	

( 8)

	

( 9)
AI ADPI / I CTI ( nmol / Kmol )

	

0. 14±0. 29

	

0. 46±0. 22

	

0. 57±0. 50

( 18)

	

( 8)

	

( 9)
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al i t y bet ween AJPCJ or Ql cr eat i nel and QQos ar e cer t ai nl y among t he most
di st i nct i ve pr oper t i es of r espi r at i on i n i nt act muscl e, i t was of consi der abl e
i nt er est t o det er mi ne whet her t hey coul d be account ed f or by t hi s model . I t i s a
st r ai ght f or war d mat t er t o show t hat t he r el at i onshi p bet ween Ql cr eat i ne) and

QQos pr edi ct ed by t he model , whi ch i s val i d f or bot h st eady and non- st eady
st at es, has t he f or m

wher e C, and C2 ar e posi t i ve const ant s . Eq . 5 can be deduced as f ol l ows . Let t he
concent r at i ons of MgATP, MgADP, PC, and cr eat i ne be denot ed T, D, P, and
C, and l et Qo 2 be denot ed Q; l et t he subscr i pt 0 denot e t he basal val ue, and l et
t he pr ef i x Qdenot e t he change f r omt he basal val ue . The model post ul at es t hat

I n Eq . 6 . 1, Kc , c denot es t he equi l i br i um const ant f or CK. We wi l l denot e Kcx /
[ H' ] by K* , and assume f or conveni ence t hat [ H+] , and t hus K* , st ay const ant
( Dawson et al . , 1977 ; Meyer et al . , 1982) . However , i t appear s t hat pH changes
wi t hi n a r ange of even t 0 . 5 woul d not mat er i al l y af f ect t he concl usi ons dr awn
f r om t hi s anal ysi s . To expr ess AQas a f unct i on of QC, Eq . 6 . 2 i s used t o wr i t e
AQas a f unct i on of AD, and Eqs . 6 . 1 and 6. 3 ar e used t o wr i t e AD as a f unct i on
of QC. Fi r st not e t hat Eq . 6 . 2 i mpl i es t hat

Eq . 6. 1 can be r ewr i t t en as

C,_	 Ql cr eat i ne)

	

( 5)

Q° Y

_

C2 - Ql cr eat i nel '

DP/ TC = Kcu/ [ H+ ] ,

	

( 6 . 1)

Q= Qn. D/ ( K, , + D) ,

	

( 6 . 2)

T+D=To + Do .

	

( 6 . 3)

AQ= QQn, ax - AD/ [ ( KM + Do) + AD] .

K* = ( Do + QD) ( Po + AP) / ( To + QT) ( Co + QC) .

	

( 7 . 2)

Fr om Eq . 6 . 3, AT = - AD; si mi l ar l y, AP = - QC. Subst i t ut i ng t hese r el at i onshi ps
i nt o Eq . 7. 2 yi el ds

( 7 . 1) 2

K* = ( Do + QD) ( Po - QC) / ( To - QD) ( Co + QC) , ( 7 . 3)

2 To see t hi s, not e t hat

Qo = Q. . Do/ ( KM + Do) , ( 7 . 11)

so t hat

D Do
QQ=Q- Qo- QzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , ax G, -

+D KM+Do
( 7 . 12)

KM AD
= Qmax

KM
+ Do KM + D

But , f r omEq . 7. 11,

Qmax = Q� , ax - Qo = Q. . KM/ ( KM + Do) , ( 7 . 13)

and subst i t ut i ng t hi s i nt o Eq . 7. 12 yi el ds Eq . 7 . 1 .
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and by al gebr ai c mani pul at i ons i t f ol l ows t hat

_

	

( Do + K* To) OC

( Po + K* Co ) - ( 1 - K* ) AC '

	

( 7 . 4)

Subst i t ut i ng Eq . 7. 4 i nt o Eq . 7 . 1 yi el ds Eq . 5, wi t h

C

	

AQ~ax( Do + K* To)

1

_
-

KM( 1 - K* ) - K* ( Do + To) '

C

	

( KM+ Do) ( Po + K* Co)
2

__
KM( 1 - K* ) - K* ( Do + To)

As l ong as 0[ cr eat i ne] i s much smal l er t han C2 , t he pr edi ct ed r el at i onshi p
bet ween 0[ cr eat i ne] and AQ02 wi l l appr oxi mat e a pr opor t i onal i t y, wi t h sl ope C1 /

N
0

40

30

ON 20
1 1

10

10 20 30

A[ cr eat i ne ( mm)

( 8 . 2)

FI GURE 6. Rel at i onshi ps bet ween 0[ cr eat i ne] and Qo, / ( basal Qo, ) . The smoot h
cur ve i s t he r el at i onshi p pr edi ct ed by t he model of Chance et al . ( 1962) , wi t h
par amet er val ues chosen t o si mul at e t he f r og sar t or i us muscl e at 20° C, as descr i bed
i n t he t ext . The dat a ar e t hose of Fi g. 5, wi t h t he assumpt i on t hat [ X] = 1 . 5 ( X) ( see
t ext ) .

C2 . However , i t appear s t hat f or any pl ausi bl e set of par amet er val ues, Eq . 5
must be mar kedl y nonl i near over t he physi ol ogi cal r ange of 0[ cr eat i ne] . For
exampl e, as shown i n Fi g . 6, f or par amet er val ues chosen t o si mul at e t he f r og
sar t or i us at 20 ° C, t he pr edi ct ed r el at i onshi p di f f er s dr ast i cal l y f r om t hat act ual l y
obser ved . For t hi s case, t he basal val ues of [ ATP] , [ PC] , and [ cr eat i ne] wer e 7. 5,
37 . 5, and 12 mM, r espect i vel y . These wer e cal cul at ed f r om t ypi cal val ues of
{ ATP} , { PCI , and [ cr eat i nel ( 5, 25, and 8 Amol / g, r espect i vel y) , and f r om t he
assumpt i ons t hat f r ee i nt r acel l ul ar wat er account s f or t wo- t hi r ds of muscl e wei ght
and t hat t hese met abol i t es ar e not bound or compar t ment al i zed, so t hat [ X] ( mM)
= 1 . 5 [ Xl ( Amol / g) . K* was assumed t o be 1/ 166 at pH 7 ( Lawson and Veech,
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1979) , and model assumpt i on a ( Eq . 6 . 1) f or ced t he basal [ ADP] t o be 14 . 5 A. M.
Fr omassumpt i on b ( Eqs . 6 . 2 and 7 . 11) , i t f ol l ows2 t hat

KM/ Do = ( Qmax/ Qo) - 1 .

	

( 7 . 14)

As di scussed above, measur ement s showed t hat Qnax/ Qo was at l east 30, and i t
was assumed t o be 40 ; t hi s set KMat 0 . 564 mM. The accur acy of some of t hese
par amet er val ues, par t i cul ar l y KM and, t o a l esser ext ent , Do, K* , and Q" . X, can
be quest i oned . Mor e gener al l y, i t i s nat ur al t o ask whet her any pl ausi bl e set s of
par amet er val ues can be f ound f or whi ch t he pr edi ct ed cur ve i s consi st ent wi t h
obser vat i on . Wi t h r egar d t o t he f i r st quest i on, i t shoul d be kept i n mi nd t hat
onl y cer t ai n combi nat i ons of par amet er val ues ar e al l owed by t he model . For
exampl e, i f a l ower val ue of KM i s desi r ed, t hen accor di ng t o Eq . 7 . 14, Do or
Qna, , / Qo must al so be l ower ed . However , t he l at t er can be decr eased no mor e
t han - 25% wi t hout cont r adi ct i ng t he di r ect obser vat i ons descr i bed above, so i f
KM i s t o be gr eat l y decr eased, an appr oxi mat el y pr opor t i onal change must be
made i n Do . I t i s cer t ai nl y possi bl e t hat t he concent r at i on of ADP i n r est i ng
muscl e i s subst ant i al l y l ess t han 14 . 5 I LM; i t can cur r ent l y be di r ect l y measur ed
onl y wi t h ` P nucl ear magnet i c r esonance ( NMR) , and i t s val ue i s smal l er t han
t he pr esent measur ement er r or of t hi s met hod ( Meyer et al . , 1982 ; Mat t hews et
al . , 1982 ; Dubyak and Scar pa, 1983) . However , si nce t he val ues used her e f or
To , Po , and Co , t he r est i ng concent r at i ons of ATP, PC, and cr eat i ne, seeml i kel y
t o be qui t e accur at e, t hen accor di ng t o t he assumpt i on of near - equi l i br i um of CK
( Eq . 6 . 1) , Do can be decr eased subst ant i al l y onl y i f K* i s decr eased pr opor t i on-
at el y, t o a val ue much l ower t han t hat est i mat ed by Lawson and Veech ( 1979) .

Post poni ng concer ns about t he compat i bi l i t y of t he model assumpt i ons, i t
appear s t hat t he second quest i on posed above can be answer ed def i ni t i vel y . A
cl oser l ook at Eqs . 8 . 1 and 8 . 2 shows t hat t her e i s no pl ausi bl e set of par amet er
val ues per mi t t ed by t he model f or whi ch t he pr edi ct ed r el at i onshi p bet ween
d[ cr eat i ne] and OQo , can adequat el y f i t t he dat a shown i n Fi gs . 2 and 5 ; t he
di scr epancy bet ween pr edi ct i on and obser vat i on must al ways be si mi l ar t o t hat
shown i n Fi g . 6. The basi s f or t hese concl usi ons i s, f i r st , t hat t he const ant C2
appear i ng i n Eq . 5 can never be much l ar ger t han t he r est i ng concent r at i on of
PC, whi ch set s t he upper l i mi t f or 0[ cr eat i ne] . Thi s, i f 0[ cr eat i ne] changes
t hr ough any appr eci abl e f r act i on of i t s physi ol ogi cal r ange, t he condi t i on d[ cr ea-
t i ne] << C2 , whi ch i s necessar y f or l i near i t y of Eq . 5, wi l l not hol d . I n addi t i on, i t
can be shown t hat CI / C2, t he sl ope of t he l i near por t i on of Eq. 5, must al ways be
subst ant i al l y l ess t han t hat est abl i shed by t he dat a or by Eq . 1 .

The easi est way t o make t hese deduct i ons i s by subst i t ut i ng i nt o Eqs . 5 . 1 and
5 . 2 appr oxi mat i ons t hat wi l l be consi st ent wi t h any pl ausi bl e set of par amet er
val ues . These ar e

Do << KM, ( 9 . 1)

K* << 1, ( 9 . 2)

K* Co << Po, ( 9 . 3)

Do << To . ( 9 . 4)
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Eq . 9 . 1 f ol l ows f r om Eq . 7 . 14 and any pl ausi bl e val ue of Q� ax/ Qo . Eq . 9 . 2 wi l l
hol d f or any pl ausi bl e val ue of K* , and Eq . 9 . 3 f ol l ows f r om Eq . 9 . 2 and any
pl ausi bl e val ues of Co and Po . Eq . 9 . 4 f ol l ows di r ect l y f r om Eq . 9 . 3 when K* Co i s
wr i t t en as DoPo/ To . Subst i t ut i ng t hese i nequal i t i es i nt o Eq . 8 . 2 yi el ds

DI SCUSSI ON

Gener al Val i di t y of Eq . 1

KMPo
C2

_

^ KM - K* To .

	

( 10 . 1)

The t er m K* To = DOPO/ C0, and by Eq . 7 . 14, Do = KM/ ( AQmax/ Qo) . Maki ng t hese
subst i t ut i ons i n Eq . 10 . 1 al l ows t he t er ms KM t o be cancel l ed, and l eaves

_ ( AQmax/ Qo) l

	

( 10 . 2)C2

	

PO
C( A ' l ax/ Q0) - ( PO/ CO) , "

For t he par amet er val ues chosen above, t he t er m i n par ent heses i s 1 . 09, and i t
appear s t hat f or any pl ausi bl e par amet er val ues, i t can never be much gr eat er
t han 1 . An exact eval uat i on of Eq . 8 . 2 f or t he case at hand gi ves C2 = 1 . 12 Po ,
whi ch ver i f i es t hat t hi s appr oxi mat i on i s subst ant i al l y accur at e .

I n a si mi l ar f ashi on, usi ng t he exact expr essi on f ur ni shed by Eqs . 8 . 1 and 8 . 2
f or C, / C2 , t he sl ope of t he l i near por t i on of t he pr edi ct ed r el at i onshi p bet ween
0[ cr eat i ne] and OQo4 ( Eq . 5) , t oget her wi t h t he appr oxi mat i ons 9 . 1 and 9 . 3, i t
f ol l ows t hat

CI / C2 = QO( PO + Co) / POCO.

	

( 11)

Qo , t he basal QoY, can conf i dent l y be set at ^ - 33 nmol 02 / mi n . g ( Mahl er et al . ,
1985, Tabl e I I I ) . Usi ng t he val ues chosen above f or P0 and Co, t he r est i ng
concent r at i ons of PC and cr eat i ne, Eq . 11 pr edi ct s t hat C I / C2 = 5 . 4 nmol 02/

mi n . j mol cr eat i ne . Thi s i s <10%of t he obser ved pr opor t i onal i t y const ant ( Fi g .
6) , whi ch was 64 nmol 02/ mi n - pmol cr eat i ne . Mor eover , Eq. 11 shows t hat a
si mi l ar di scr epancy bet ween t he pr edi ct ed and obser ved sl opes must exi st f or
any pl ausi bl e set of par amet er val ues . Eqs. 10 . 2 and 11 emphasi ze t hat t he
r el at i onshi p bet ween 0[ cr eat i ne] and AQos pr edi ct ed by t he model i s pr i mar i l y
det er mi ned by t he r el at i vel y wel l - est abl i shed val ues of t he par amet er s Qo, Qmax/
Qo , Po , and Co, and i s l i t t l e i nf l uenced by t he val ues used f or To , Do , K* , and KM,

as l ong as t he condi t i ons st at ed i n Eqs . 9 . 2 and 9 . 4 ar e sat i sf i ed . Thi s i s not
sur pr i si ng when one consi der s t hat , because of t he r el at i onshi ps among t he
par amet er s est abl i shed by t he model assumpt i ons ( Eqs . 6 . 1 and 6 . 2) , once any

f our of K* , To , Do , Po, and Co and ei t her of KM or Q, nax/ Qo ar e chosen, t he

r emai ni ng t wo val ues ar e al so f i xed .

The pseudo- f i r st - or der ki net i cs of Qo s r epor t ed her e f or exci sed f r og muscl e
have been mor e or l ess appar ent i n pr evi ous st udi es wi t h t hi s pr epar at i on ( D. K.
Hi l l , 1940a ; Kushmer i ck and Paul , 1976) . I n t hose exper i ment s, 0 2 upt ake by
t he muscl e, r at her t han 02 consumpt i on per se, was measur ed . The di f f er ence

bet ween t he t wo i s t he change i n t he 02 cont ent of t he t i ssue, whi ch can be
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cal cul at ed vi a t he di f f usi on equat i on f or 0 2 , and i s r el at i vel y l ar ge at cer t ai n

t i mes ( Mahl er et al . , 1985) . The appl i cat i on of t hi s cor r ect i on by pr evi ous
wor ker s, whi l e appr oxi mat e, was evi dent l y subst ant i al l y cor r ect and r eveal ed t he
gener al f or m of t he t i me cour se of t he QoY af t er a t et anus ( D. K. Hi l l , 194 . 0a ;
Kushmer i ck and Paul , 1976) and i t s i ndependence of t et anus dur at i on over a
wi de r ange ( Hi l l , 1940a) .

I t i s al so appar ent f r om t he l i t er at ur e t hat t he pseudo- f i r st - or der ki net i cs of

QoY ar e not pecul i ar t o f r og muscl e . Pi i per et al . ( 1968) r epor t ed t hat i n t he i n
si t u dog gast r ocnemi us dur i ng a ser i es of br i ef cont r act i ons, whi ch si mul at ed a
st ep i ncr ease i n t he r at e of ATP hydr ol ysi s, t he r at e of 0 2 upt ake r ose t o st eady
st at e wi t h a t i me cour se t hat coul d be appr oxi mat ed by a si ngl e exponent i al ,
whose t i me const ant ( T = 24 s) di d not depend on t he st eady st at e QoY . I n t hi s
case, as wi t h al l pr epar at i ons i n whi ch 0 2 i s suppl i ed vi a t he ci r cul at i on, t he r at e
of 0 2 upt ake can be expect ed t o pr ovi de a good appr oxi mat i on t o t he QoY, si nce
t he di f f usi on di st ances f or 02 ar e shor t enough t hat changes i n t he 02 st or e of
t he muscl e ar e smal l r el at i ve t o t he amount s consumed . Cr ow and Kushmer i ck
( 1982) r epor t ed t hat af t er a si ngl e t et anus by an exci sed mouse sol eus or ext ensor
di gi t or um l ongus ( EDL) at 20 0 C, t he t i me cour se of i t s r at e of 0 2 upt ake f r om
a cl osed chamber was wel l descr i bed by a f i r st - or der model , wi t h - r = 0 . 6 mi n f or
t he sol eus and 2 . 3 mi n f or t he EDL . These measur ement s wer e not cor r ect ed
f or t he ef f ect of t he 0 2 - measur i ng syst em ( T = 0 . 25 mi n) or f or t he di f f usi onal
del ay bet ween 02 consumpt i on and upt ake . . However , because of t he smal l si ze
of t he muscl es ( =5 mg) , t he l at t er cor r ect i on can be expect ed t o be smal l r el at i ve
t o t hat f or t he exci sed f r og sar t or i us ( see Fi g. 8 of Mahl er et al . , 1985) , and t he
r esul t s of Cr ow and Kushmer i ck i mpl y t hat t he t i me cour se of QoY must al so have
been wel l appr oxi mat ed by a f i r st - or der r esponse . The t i me cour se of di hydr o-
ni cot i nami de adeni ne di nucl eot i de ( NADH) f l uor escence i n an exci sed r abbi t
papi l l ar y muscl e af t er a t wi t ch or a ser i es of t wi t ches at 23° C has a f or mvi r t ual l y
i dent i cal t o t hat r epor t ed her e f or t he t i me cour se of QoY i n t he f r og sar t or i us
af t er a t et anus ( Fi gs . 2 and 4) , al bei t 20- 25 t i mes f ast er , wi t h T = 6 . 7 s ( Chapman,
1972) . I t has been demonst r at ed i n bot h i sol at ed hear t mi t ochondr i a ( Chance et
al . , 1962) and i nt act skel et al muscl e t hat under condi t i ons of adequat e oxygen-
at i on, t he t i me cour se of change i n NADH f l uor escence gi ves an excel l ent
appr oxi mat i on t o t he t i me cour se of OQo, . For i nt act muscl e, t hi s f ol l ows f r om
separ at e compar i sons of t he t i me cour se of t he r at e of r ecover y heat pr oduct i on
t o t hose of NADH f l uor escence ( Godf r ai nd- De Becker , 1972) and Qo Y ( Hi l l ,
1940a, b ; Mahl er et al . , 1985) . Taken t oget her , t hese r esul t s i mpl y t hat t he Qo2
al so exhi bi t s pseudo- f i r st - or der ki net i cs i n r abbi t papi l l ar y muscl e, and i t i s
nat ur al t o specul at e t hat t hi s may be a gener al pr oper t y of al l ver t ebr at e skel et al
and car di ac muscl e .

Because t he pr opor t i onal i t y bet ween AI PCI or Ol cr eat i nel and OQo, st at ed i n
Eq . 1 f ol l ows di r ect l y f r om t he pseudo- f i r st - or der ki net i cs of AQo, and t he
const ancy of I ATP} , i t shoul d si mi l ar l y be a wi despr ead pr oper t y of skel et al and
car di ac muscl e . Fi g . 7 i l l ust r at es a conveni ent t est of t hi s pr edi ct i on, usi ng t he
pr esent dat a t oget her wi t h t hose f r om what appear t o be t he onl y ot her st udi es
i n whi ch OQo, ( t ) , T, and DI PCI ( t ) wer e al l measur ed : t hose of Pi i per et al . ( 1968)
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FI GURE 7.

	

Rel at i onshi ps bet ween A{ PC) and - r . AQo, i n t he exci sed f r og sar t or i us

at 20° C, s i n si t u dog gast r ocnemi us at 36° C ( Pi i per et al . , 1968) , and per f used cat

bi ceps at 30° C ( Kushmer i ck, M. , per sonal communi cat i on) . Fi l l ed symbol s denot e

st eady st at e val ues ; open symbol s i ndi cat e non- st eady st at e val ues. Er r or s bar s

desi gnat e ± SE. The dashed l i ne i s t hat pr edi ct ed by Eq . 12, wi t h p = 6 . 3 mol PC/

mol 02-

3 The val ues of OQo, used her e ar e 10- 15% hi gher t han t he measur ed val ues shown i n Fi gs . 2

and 5 . The muscl es used f or t he measur ement of AQos t ypi cal l y had sl i ght l y hi gher val ues of

( CT ) t han t he muscl es used f or measur ement of A{ PC) ( Mahl er et al . , 1985) . To cor r ect f or

t hi s, t he val ues of AQo, wer e f i r st nor mal i zed by { CT} and t hen mul t i pl i ed by t he mean val ues

of ; CT ) f or t he muscl es used t o measur e A{ PC} .
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wi t h t he i n si t u dog gast r ocnemi us, and Kushmer i ck and co- wor ker s wi t h t he

per f used cat bi ceps ( Kushmer i ck, M. , per sonal communi cat i on) . Eq . 1 can be

r ewr i t t en as

T . AQos( t ) =
p

AI PCI ( t ) . ( 12)

The val ue of - r can be expect ed t o var y wi del y, dependi ng on t he speci es, muscl e

t ype, t emper at ur e, and ot her f act or s . I n f act , i t was 2 . 1- 2 . 6 mi n i n t he f r og

sar t or i us at 20° C, onl y 24 s i n t he dog gast r ocnemi us at 36° C, and 6 . 2 mi n i n

t he cat bi ceps at 30° C. Si mi l ar l y, f or a gi ven AI PC} , AQos can be expect ed t o

var y wi del y f or di f f er ent muscl es . However , t he P/ 02 r at i o ( p) shoul d be qui t e
si mi l ar i n al l cases . Thus, Eq . 12 pr edi ct s t hat f or a gi ven DI PCI , r .

AQos shoul d
be essent i al l y const ant i n al l cases and, mor e pr eci sel y, t hat i t shoul d equal ( - 1/
p) AI PC} . When pl ot t ed i n t hi s way ( Fi g . 7) , t he dat a cl ust er encour agi ngl y ar ound
t he pr edi ct ed pr opor t i onal i t y . Mor eover , i n t hi s cont ext , a r ecent obser vat i on by
Jacobus and co- wor ker s ( Jacobus and Di f f l ey, 1983 ; Jacobus, 1985) has speci al
si gni f i cance : t hey showed t hat when i ncr eases i n [ cr eat i ne] i n t he medi umbat hi ng
i sol at ed r at hear t mi t ochondr i a wer e accompani ed by equal decr eases i n [ PC] , as
occur s i n vi vo, st eady st at e Qos changed i n par al l el wi t h [ cr eat i ne] over t he ent i r e
physi ol ogi cal r ange, j ust as occur s i n i nt act muscl e .

Model s f or t he Cont r ol of Respi r at i on

A number of quant i t at i ve hypot heses f or t he cont r ol of mi t ochondr i al r espi r at i on
have been advanced, i n whi ch t he cont r ol l i ng var i abl es i ncl ude t he concent r at i ons
of ATP, ADP, and P; i n t he sur r oundi ng medi um ( Wi l son et al . , 1977b ; Van der

Meer et al . , 1978 ; T. L . Hi l l , 1979 ; Wi l l i amson, 1979 ; Hansf or d, 1980 ; Jacobus
et al . , 1982) . However , onl y a f ew at t empt s have been made t o i ncor por at e i nt o
t hese model s t he ext r ami t ochondr i al ATPase and CK r eact i ons, whi ch ar e

i mpor t ant det er mi nant s of cyt opl asmi c [ ATP] , [ ADP] , and [ Pi ] i n muscl e ( Chance
et al . , 1962 ; I l l i ngwor t h et al . , 1975 ; Ni shi ki et al . , 1978) . Si nce t he model of
Chance et al . ( 1962) was pr oposed, many addi t i onal aspect s of t he cont r ol of
r espi r at i on i n muscl e have become appar ent , i ncl udi ng t he chemi osmot i c descr i p-
t i on of oxi dat i ve phosphor yl at i on ( Mi t chel l , 1966, 1976) , t he exi st ence of t he
adeni ne nucl eot i de t r ansl ocase of t he i nner mi t ochondr i al membr ane and a
number of f act or s cont r ol l i ng t he t r anspor t of ADP and ATP acr oss t hi s mem-
br ane ( Vi gnai s, 1976 ; Kl i ngenber g, 1976, 1980) , and t he exi st ence of t he

mi t ochondr i al i sozyme of CK ( Jacobs et al . , 1964) , whi ch i s bound t o t he out si de

of t he i nner membr ane ( Schol t e et al . , 1973) . Never t hel ess, at l east a pr i or i , t he

assumpt i ons of t he model of Chance et al . ( 1962) r emai n pl ausi bl e . The l ocat i on

of CK near t he pr i mar y cel l ul ar sour ce of ATP, as wel l as i t s bi ndi ng near al l
known ext r ami t ochondr i al ATPases ( f or r evi ew, see Saks et al . , 1978 ; see al so
Ber son, 1976 ; Woodhead and Lowey, 1983) , i s consi st ent wi t h t he assumpt i on
of cont i nuous near - equi l i br i um of CK. The assumpt i on t hat t he Qos i s det er mi ned
si mpl y by cyt opl asmi c [ ADP] , as post ul at ed i n Eq . 6 . 2, mi ght be consi der ed an
ext r eme over si mpl i f i cat i on, si nce one can expect t he Qo, t o be a compl i cat ed
f unct i on of t he concent r at i on of 0 2 i n t he mat r i x, t he r edox st at es of t he

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jg

p
/a

rtic
le

-p
d
f/8

6
/1

/1
3
5
/1

2
4
8
8
0
1
/1

3
5
.p

d
f b

y
 g

u
e
s
t o

n
 2

3
 A

u
g
u

s
t 2

0
2
2



152

	

THEJOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 86 - 1985

component s of t he el ect r on t r anspor t chai n, t he ext r ami t ochondr i al concent r a-
t i ons of ATP, ADP, and Pi , and t he membr ane pot ent i al and pHgr adi ent acr oss
t he mi t ochondr i al i nner membr ane ( Wi l son et al . , 1977x, b ; T. L. Hi l l , 1979 ;
Wi l l i amson, 1979 ; Hansf or d, 1980 ; Kl i ngenber g, 1980 ; Kushmer i ck, 1983) . On
t he ot her hand, many i nvest i gat or s have concl uded t hat oxi dat i ve phosphor yl a-
t i on i s r at e- l i mi t ed by t he del i ver y of ADP t o t he mat r i x by t he t r ansl ocase ( f or
r evi ew, see Hansf or d, 1980 ; see al so Bygr ave and Lehni nger , 1967 ; Duee and
Vi gnai s, 1969 ; Kemp et al . , 1969 ; Van der Meer et al . , 1978 ; and f or a r ecent
opposi ng vi ew, see Gr oen et al . , 1982) . The r at e of i nwar d ADP t r ansl ocat i on
exhi bi t s a f i r st - or der Mi chael i s- Ment en dependence on [ ADP] and i s compet i -
t i vel y i nhi bi t ed by ATP ( Souver i j n et al . , 1973 ; Vi gnai s, 1976 ; Kl i ngenber g,
1976) , but si nce cyt opl asmi c [ ATP] st ays essent i al l y const ant i n muscl e under
al most any condi t i ons, t he r at e of t r ansl ocat i on woul d be onl y i mpl i ci t l y depend-
ent on [ ATP] , vi a t he KMf or ADP. Thus, i t appear s t hat , at l east t o a good f i r st
appr oxi mat i on, Eq . 6. 2 i s consi st ent wi t h t he hypot hesi s t hat t he t r ansl ocase i s
r at e- l i mi t i ng f or oxi dat i ve phosphor yl at i on . I f t hat hypot hesi s i s val i d, t he model
of Chance et al . ( 1962) woul d appear t o be consi st ent wi t h t he r ecent quant i t at i ve
f or mul at i ons of Wi l l i amson and co- wor ker s ( I l l i ngwor t h et al . , 1975 ; Wi l l i amson,
1979) .

The onl y ot her at t empt t o model t he cont r ol of r espi r at i on i n i nt act muscl e
appear s t o have been t hat of Wi l son and co- wor ker s ( Wi l son et al . , 1977 ;
Er eci nska et al . , 1978 ; Ni shi ki et al . , 1978) , who al so assumed near - equi l i br i um
of CK, and gave t he f ol l owi ng expr essi on f or Qos :

_

	

bi [ cyt c 2+
]

Q02

	

b2 + bg ( [ NAD] / [ NADH] ) ( [ ATP] / [ ADP] [ P] ) s '

	

( 13)

wher e b, , b2, and by ar e const ant s .
The i n vi vo behavi or pr evi ousl y used t o t est t hese model s has been ext r emel y

l i mi t ed . Chance et al . ( 1962) showed t hat i n i sol at ed mi t ochondr i a, t he absor -
bance or f l uor escence of NADH or cyt ochr ome b cl osel y par al l el ed t he Qos and
had a KMf or ADPof - 50 AM. They al so det er mi ned t hat hal f - maxi mal changes
i n t he absor bance or f l uor escence of NADH or cyt ochr ome b i n t he i nt act f r og
sar t or i us occur r ed af t er f our t o si x t wi t ches and concl uded t hat each t wi t ch

caused an i ncr ease i n [ ADP] of ^- 10 j uM. They t hen cal cul at ed t he i ncr ease

pr edi ct ed by t hei r model , usi ng val ues of 1/ 19 f or K* and 35, UMf or t he r est i ng

concent r at i on of ADP ( Car l son and Si ger , 1959) , and ar r i ved at a f i gur e of 6
, M, whi ch was i n r ough agr eement wi t h t hei r est i mat e based on opt i cal mea-
sur ement s i n vi vo . However , bot h est i mat es ar e hi ghl y par amet er - dependent .
Usi ng t he mor e cur r ent val ue of 1/ 166 f or K* ( Lawsor i and Veech, 1979) , and
val ues of 37 . 5 mM, 12 mM, 7 . 5 mM, and 14 . 5 j M, r espect i vel y, f or t he r est i ng
concent r at i ons of PC, cr eat i ne, ATP, and ADP, af t er a t wi t ch i n whi ch 0. 5 mM
ATP i s spl i t , t he pr edi ct ed r i se i n [ ADP] i s onl y 0. 8 j uM. ' On t he ot her hand, t he

' Usi ng t he not at i on i nt r oduced above, t he amount s of ATP hydr ol yzed ( y) and r esynt hesi zed
by CK ( x) ar e r el at ed by

K* = ( Do +y - x) ( Po - x) l ( To - y + x) ( Co + x) , ( 14)
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val ue of KMused by Chance et al . ( 1962) , 50 AM, was measur ed i n t he absence
of ATP, a compet i t i ve i nhi bi t or of ADP t r ansl ocat i on . As di scussed bel ow, i n t he
pr esence of 7 . 5 mMATP, a l i kel y i n vi vo val ue, KMpr obabl y exceeds 100 AM.
The cor r espondi ng est i mat e of t he i ncr eases i n [ ADP] based on t he i n vi vo
opt i cal measur ement s t hus exceeds 20 AM, whi ch i s 25 t i mes l ar ger t han t hat
cal cul at ed f r om t he assumpt i on of near - equi l i br i um of CK. As f or t he model of
Wi l son and co- wor ker s, t he onl y i n vi vo behavi or successf ul l y pr edi ct ed appear s
t o have been a r ange of st eady st at e val ues of Qos i n t he r at hear t ( Ni shi ki et al . ,
1978) .

Use of Eq . 1 t o Test Model s f or t he Cont r ol of Respi r at i on

A maj or f i ndi ng of t he pr esent paper i s t hat t he r el at i onshi p bet ween AQo 4 and
AJPC} pr edi ct ed by t he model of Chance et al . ( 1962) i s not consi st ent wi t h t he
pr opor t i onal i t y bet ween t hese quant i t i es obser ved i n vi vo . Sever al aspect s of t hi s
t est deser ve comment . Fi r st , assumpt i on 6 . 2 i s based on st eady st at e measur e-
ment s ; however , t he t r ansi ent st at e ki net i cs of t he t r ansl ocase ( Pf af f et al . , 1969)
ar e evi dent l y r api d enough t hat onl y smal l er r or s ar e i nt r oduced by maki ng t hi s
assumpt i on dur i ng non- st eady st at es as wel l . For exampl e, t he i nt egr at ed f or m
of Eq . 6 . 2 ( Segel , 1976) pr ovi des an adequat e descr i pt i on of t he t i me cour se of
cyt ochr ome a absor bance i n i sol at ed mi t ochondr i a af t er t he addi t i on of ADP
( Chance and Wi l l i ams, 1956) ( Mahl er , M. , unpubl i shed dat a) . Second, i n t he
der i vat i on of Eq . 5, whi ch gi ves t he pr edi ct ed r el at i onshi p bet ween OQo, and
A[ cr eat i ne] , t he symbol s D and T desi gnat e t he concent r at i ons of MgADP and
MgATP, whi ch ar e t r ue subst r at es f or CK. However , ADP and ATP ar e
t r anspor t ed acr oss t he mi t ochondr i al i nner membr ane i n uncompl exed f or m
( Kl i ngenber g, 1976) . Thi s can be most easi l y account ed f or by l et t i ng KM
desi gnat e t he appar ent KMof t he t r ansl ocase f or MgADP r at her t han t he act ual
KM f or ADP. The t wo ar e r el at ed by t he f act or [ MgADP] / [ ADP] , whi ch can be
expect ed t o be pr act i cal l y const ant at - 3- 10, based on val ues of 1 . 3- 4 . 3 x 10 s
f or t he associ at i on const ant of MgADP ( Bl ai r , 1970 ; De Weer and Lowe, 1973 ;
Lawson and Veech, 1979) and 2 . 5 mMf or [ Mg" ] ( Wu et al . , 1981 ; cf . Gupt a et
al . , 1980, 1983, who est i mat e [ Mg" ] < 1 mM) . As f or t he expect ed val ue of t hi s
appar ent KM, si nce ATP compet es wi t h ADP f or t r ansl ocat i on, t he KMf or ADP
i s gi ven by Ks ( 1 + [ ATP] / KI ) . Val ues i n t he 1- 12- uMr ange have been r epor t ed
f or Ks ( Kemp et al . , 1969 ; Souver i j n et al . , 1973 ; Kl i ngenber g, 1976) . Dat a on
KI ar e spar se, but f or condi t i ons i n whi ch ATP was pr act i cal l y al l compl exed
wi t h Mg, Davi s and Lumeng ( 1975) r epor t ed an appar ent KI f or MgATP of
0 . 725 mMi n r at l i ver mi t ochondr i a . I n muscl e, wher e [ MgATP] appear s t o be
~7 . 5 mM, [ ATP] / KI = [ MgATP] / ( appar ent KI ) woul d be of t he or der of 10, and
t he appar ent KMof t he t r ansl ocase f or MgADP woul d be 30- 100 t i mes Ks .

Fi nal l y, as di scussed and demonst r at ed above, gi ven an essent i al l y const ant val ue
of [ ATP] , t he f i r st - or der ki net i cs of OQos and t he pr opor t i onal i t y bet ween OQop
and 0[ cr eat i ne] expr essed i n Eq . I ar e l ogi cal l y equi val ent pr oper t i es . Because

whi ch l eads t o t he quadr at i c equat i on ax e + bx + c = 0, wi t h a = 1 - K* , b = K* ( y - Co - To)
- y - Po - Do , and c = y( Po + K* Co) . Usi ng t he par amet er val ues chosen above f or t he f r og
sar t or i us at 20° C, f or y = 0. 5 mM, x = 0. 4992 mM. I n gener al , x/ y = 0 . 998 .
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t he assumpt i on of near - equi l i br i um of CK ensur es t hat t he val ue of [ ATP]

pr edi ct ed by t he model st ays vi r t ual l y const ant , t he cur vi l i near r el at i onshi p

bet ween AQo , and 0[ cr eat i ne] pr edi ct ed by t he model i mpl i es t hat t he pr edi ct ed

ki net i cs of AQo, must be mar kedl y di f f er ent f r omt he pseudo- f i r st - or der behavi or

act ual l y obser ved . Thi s has i n f act been demonst r at ed expl i ci t l y ( Whi pp and

Mahl er , 1980) .

For t he r emai ni ng publ i shed model f or t he cont r ol of r espi r at i on i n muscl e,

t hat of Wi l son and col l abor at or s ( Wi l son et al . , 1977a ; Ni shi ki et al . , 1978) , t he

der i vat i on of exact expr essi ons f or t he pr edi ct ed t i me cour se of Qos f ol l owi ng a

st ep or pul se change i n t he r at e of ATP hydr ol ysi s i s pr obl emat i cal because of

t he compl ex and hi ghl y nonl i near nat ur e of t he descr i bi ng equat i ons . A numer -

i cal sol ut i on i s pr obabl y f easi bl e, but i t seems a pr i or i unl i kel y t hat t he r equi r ed

pseudo- f i r st - or der behavi or woul d r esul t . The pr edi ct ed r el at i onshi p bet ween

0[ cr eat i ne] and AQo, i s somewhat mor e t r act abl e, but al so appear s hi ghl y

nonl i near . I t seems f ai r t o concl ude t hat t he model i ng of t he cont r ol of r espi r at i on

i n muscl e i s st i l l i n a r udi ment ar y st age .

I t i s wor t h not i ng t hat because of t he appar ent pr opor t i onal i t y bet ween o( P; l

and AQo, ( Eq . 4) , t he f i r st - or der ki net i cs of AQo, woul d be account ed f or i f

r espi r at i on wer e r at e- l i mi t ed by Pi t r anspor t acr oss t he mi t ochondr i al i nner

membr ane and t hi s r at e wer e pr opor t i onal t o [ P; ] over t he physi ol ogi cal r ange .

However , st udi es wi t h i nt act mi t ochondr i a have shown t hat t hi s t r anspor t r at e

has a Mi chael i s- Ment en dependence on [ Pi ] , wi t h KM = 1 mM ( Chance and

Connel l y, 1957 ; Cot y and Peder sen, 1974) . Because t he nor mal pr opor t i onal i t y

bet ween 0[ P; ] and AQo, ext ends t o val ues of A[ P; ] of 15- 20 mM( Fi gs. 6 and 7) ,

t hi s pr opor t i onal i t y i s evi dent l y coi nci dent al , not causal . ( For addi t i onal evi dence,

see Chance et al . , 1982 . )

I n or der t o quant i f y t he cont r ol exer t ed by a gi ven r eact i on i n a met abol i c

pat hway on t he f l ux ( J) t hr ough t he pat hway, Kacser and Bur ns ( 1973) and

Hei nr i ch and Rapopor t ( 1974) devi sed t he concept of cont r ol st r engt h ( C) ,

def i ned as t he f r act i onal change i n f l ux i nduced by a gi ven f r act i onal change i n

t he concent r at i on of t he enzyme ( E) cat al yzi ng t he r eact i on under consi der at i on,

i . e . ,

C = aj . E
.

	

( 15)
aE j

Thi s met hodol ogy was used by Gr oen et al . ( 1982) t o anal yze t he cont r ol of

r espi r at i on i n i sol at ed mi t ochondr i a, but i t i s not par t i cul ar l y usef ul i n t he pr esent

cont ext . I t appl i es onl y t o st eady st at es ( Kacser and Bur ns, 1973) , f or whi ch case

some consi der at i on ( compar e Fi g . 1 above wi t h Fi g . 8 of Gr oen et al . ) shows t hat

t he ext r ami t ochondr i al ATPase r eact i on has cont r ol st r engt h 1 . 0, whi l e al l ot her

r eact i ons shoul d have cont r ol st r engt h zer o . Thi s si mpl y r est at es t he obvi ous f act

t hat dur i ng st eady st at es t he r at e of ATP pr oduct i on vi a oxi dat i ve met abol i sm

exact l y mat ches t he r at e of ATP ut i l i zat i on .

Rol e of Mi t ochondr i al Cr eat i ne Ki nase i n t he Cont r ol of Respi r at i on

PSEUDO- FI RST- ORDER KI NETI CS OF MI TOCHONDRI AL CK The obser ved

pr opor t i onal i t y bet ween o( PCj and AQos dur i ng r ecover y, t oget her wi t h t he
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const ancy of { ATP} , has an i nt er est i ng i mpl i cat i on, st at ed i n Eq . 16 . The f or war d

CK r eact i on, whi ch pr esumabl y occur s wi t hi n t he mi t ochondr i a ( Fi g . 1 ; Jacobus
and Lehni nger , 1973) , must be pseudo- f i r st or der i n Al cr eat i nel , wi t h r at e
const ant 1 / T :

AVCK = 1 Al cr eat i ne) _ - 1 DI PCI .
T

	

T
( 16)

I n t hi s equat i on, VCK denot es t he net ( f or war d) r at e of t he CK r eact i on, and AVCK

denot es t he change i n VCK f r om i t s basal val ue . To deduce Eq . 16, consi der f i r st
t he ar gument s summar i zed i n Eq . 17 .

supr abasal supr abasal
AVCK =

dt
AI PCI = r at e of ATP = r at e of ATP = pzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" AQo s .

	

( 17)
ut i l i zat i on pr oduct i on

Because ( ATP) st ays f i xed, t he supr abasal r at es of ATP pr oduct i on and ut i l i zat i on
must be cl osel y mat ched at al l t i mes . As st at ed i n t he r i ght most por t i on of Eq.
17, of t he pat hways f or supr abasal ATP pr oduct i on, al l but oxi dat i ve met abol i sm
can be i gnor ed . The r at e of ATP pr oduct i on by t he r ever se CK r eact i on ( Fi g . 1)
i s nor mal l y vi r t ual l y i dent i cal t o t he r at e of ATP hydr ol ysi s, as shown by t he
const ancy of ( ATPI dur i ng a t et anus ( see I nt r oduct i on) , but because supr abasal
ATP hydr ol ysi s dur i ng r ecover y appear s t o be negl i gi bl e by t he t i me AQo,
becomes monoexponent i al ( Mahl er et al . , 1985) , supr abasal ATP pr oduct i on vi a
ext r ami t ochondr i al CK i s pr esumabl y al so negl i gi bl e . Si mi l ar l y, t he f r act i on of
ATP pr oduct i on coupl ed t o l act at e pr oduct i on appear s t o be no mor e t han 5%
( Kushmer i ck and Paul , 1976) . As f or t he pat hways f or ATP ut i l i zat i on, as j ust
not ed, supr abasal hydr ol ysi s of ATP appear s t o be negl i gi bl e, and t he onl y ot her
quant i t at i vel y i mpor t ant si nk f or ATP i s t he f or war d CK r eact i on . As st at ed i n
t he l ef t - hand por t i on of Eq . 17, supr abasal ATP pr oduct i on dur i ng t he per i od
of i nt er est t hus r esul t s i n a vi r t ual l y st oi chi omet r i c i ncr ease i n I PCI . Eq . 17 shows
t hat dur i ng r ecover y, AQo, pr ovi des an i ndi r ect measur e of AvcK, and subst i t ut i ng
t he obser ved pr opor t i onal i t y bet ween AI PCI and AQo, ( Eq . 1) i nt o t he r i ght most
t er mof Eq . 17 yi el ds Eq . 16 .

TWO HYPOTHESES CONCERNI NG MI TOCHONDRI AL CK The obser vat i on
t hat t he f or war d CK r eact i on, whi ch wi l l be assumed t o occur i n t he mi t ochon-
dr i a, obeys a pseudo- f i r st - or der r at e l aw dur i ng r ecover y l eads t o t wo hypot heses,
one convent i onal and unenl i ght eni ng, t he ot her unconvent i onal but qui t e pr o-
vocat i ve . Not e f i r st t hat t he cl ose mat ch bet ween t he mi t ochondr i al CK r at e and
t he r at e of ATP pr oduct i on by oxi dat i ve met abol i sm ( Eq. 17) i s consi st ent wi t h
t he convent i onal assumpt i on t hat t he mi t ochondr i al CK r eact i on i s r at e- l i mi t ed
by oxi dat i ve met abol i sm. I t woul d t hen f ol l ow i mmedi at el y f r om t he f i r st - or der
ki net i cs of AQo, t hat AVCK must al so exhi bi t appar ent f i r st - or der ki net i cs ( Eq .
16) , and t hat AI PCI must change i n pr opor t i on t o AQo q ( Eq . 1) . Wi t h t hi s
hypot hesi s, however , one i s st i l l f aced wi t h t he t ask of account i ng f or t he f i r st -
or der ki net i cs of AQo, , whi ch, as di scussed above, appear s t o be a f or mi dabl e
one .

The cl ose mat ch bet ween AVCK and p- AQos suggest s an al t er nat i ve hypot hesi s :
t hat oxi dat i ve met abol i sm, r at her t han bei ng r at e- l i mi t i ng f or t he mi t ochondr i al
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CK r eact i on, i s r at e- l i mi t ed by i t . Thi s woul d neat l y expl ai n t he f i r st - or der
ki net i cs of muscl e AQo, , si nce t he mi t ochondr i al CK r eact i on i s obser ved t o be
pseudo- f i r st or der i n Al cr eat i ne) ( Eq . 16) . However , t hi s hypot hesi s has at l east
t wo i mmedi at e cor ol l ar i es t hat f l y i n t he f ace of convent i onal wi sdom. Fi r st , si nce
a met abol i c pat hway cannot be r at e- l i mi t ed by a near - equi l i br i um r eact i on
( Wi l son et al . , 1974) , i t i s i mpl i ed t hat , cont r ar y t o a wi del y made assumpt i on,

out er membr ane

i nner
membr ane

v
v

1

1

l

I

mi t ochondr i al

	

i

	

- - i

cr eat i ne

ATP ADP Pi

t r ansl ocase

ATP

	

0,

	

ADP + Pi

~NADH + H+)

el ect r on
t r anspor t

chai n

W
C02 + H2O

FI GURE 8 .

	

Modi f i cat i on of Fi g. 1 consi st ent wi t h t he pr esent r esul t s, whi ch suggest
t hat r espi r at i on i n muscl e may be r at e- l i mi t ed by t he pr oduct i on of ADP vi a
mi t ochondr i al CK, and t hat f l uxes of ADP and ATP bet ween ext r ami t ochondr i al
ATPases and mi t ochondr i a ar e t her ef or e negl i gi bl e .

t he mi t ochondr i al CK r eact i on cannot be cont i nuousl y near equi l i br i um. Second,
i f t he i nt r ami t ochondr i al pr oduct i on of ADP vi a CK i s an obl i gat or y st ep i n t he
coupl i ng bet ween ATP hydr ol ysi s and oxi dat i ve phosphor yl at i on, i t f ol l ows t hat
t he di r ect f l ux of ADP f r omext r ami t ochondr i al ATPases t o t he t r ansl ocase must
be negl i gi bl e ( Fi g. 8) ; i n ot her wor ds, t hi s hypot hesi s f or t he cont r ol of r espi r at i on
has as a di r ect cor ol l ar y t he cont r over si al " cr eat i ne shut t l e" hypot hesi s ( f i r st
pr oposed by Ger l ach, 1967, and Ger cken and Schl et t e, 1968 ; f or r evi ews, see
Saks et al . , 1978 ; Jacobus and I ngwal l , 1980 ; Br aut bar and Bessman, 1985) , so
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cal l ed because i t post ul at es t hat essent i al l y al l t he hi gh- ener gy phosphat e and
phosphat e accept or t hat t r avel s bet ween cel l ul ar si t es of ATP pr oduct i on and
ut i l i zat i on i s i n t he f or mof PC and cr eat i ne r at her t han ATP and ADP. At l east
one aspect of t hi s l at t er pr edi ct i on appear s pl ausi bl e f r om f i r st pr i nci pl es . I f i t i s
assumed t hat t he CK r eact i on st ays near equi l i br i um i n a wel l - st i r r ed cyt opl asm,
i t can be cal cul at ed t hat i n t he f r og sar t or i us - 99 . 8% of t he ADP pr oduced by
ext r ami t ochondr i al ATPases i s r ephosphor yl at ed by CK. 4 For exampl e, f or an
ATP spl i t t i ng of 5 mM, t he cal cul at ed A[ ADP] woul d be onl y 9, uM, whi ch i s l ess
t han t he cal cul at ed r est i ng [ ADP] ( =15 gM) , and pr obabl y ver y much smal l er
t han t he appar ent Km of t he t r ansl ocase f or MgADP, whi ch i s l i kel y t o be of t he
or der of 100 WM i n vi vo ( see above) . Mor eover , because CK i s bound cl ose by
t hese ATPases ( f or r evi ew, see Saks et al . , 1978 ; see al so Ber son, 1976 ; Woodhead
and Lowey, 1983) , i t i s possi bl e t hat near t he act i ve si t es of t hi s CK t he
concent r at i on of ADP i s consi der abl y hi gher , and t hat of ATP consi der abl y

l ower , t han i n a wel l - st i r r ed medi um ( f or r evi ew, see Saks et al . , 1978 ; al so see
Yagi and Mase, 1965 ; Bessman et al . , 1980 ; Gr osse et al . , 1980 ; Spi t zer et al . ,
1981) , so t hat t he r ephosphor yl at i on of ADP at t hese si t es goes even f ur t her
t owar d compl et i on . Fi nal l y, t he di f f usi on coef f i ci ent f or ADP t hr ough t he
cyt opl asm i s appar ent l y appr eci abl y l ess t han t hat of cr eat i ne ( Yoshi zaki et al . ,
1982 ; Meyer et al . , 1984) , so t hat t he f l ux of ADP f r omATPases t o mi t ochondr i a
shoul d be l ess, r el at i ve t o t hat of cr eat i ne, t han t he f l ux cal cul at ed assumi ng a
wel l - st i r r ed medi um. Taken t oget her , t hese obser vat i ons suggest t hat t he di r ect
f l ux of ADP t o t he mi t ochondr i a may wel l be so smal l as t o have onl y a negl i gi bl e
ef f ect on t he Qo, as pr edi ct ed by t he hypot hesi s t hat r espi r at i on i n muscl e i s
r at e- l i mi t ed by t he mi t ochondr i al CK.

As f or t he pr edi ct i on t hat t he mi t ochondr i al CK r eact i on i s not cont i nuousl y
near equi l i br i um, s1 P NMR spi n t r ansf er measur ement s, whi ch yi el d uni di r ec-
t i onal r at es of phosphat e t r ansf er bet ween ATP and PC, have r ecent l y been
made i n i nt act skel et al muscl es and hear t s ( f or r evi ew, see Meyer et al . , 1982 ;
see al so Nunnal l y, 1980 ; Mat t hews et al . , 1981, 1982) and used t o t est t he
hypot hesi s t hat t he CK r eact i on i s near equi l i br i um. The si mpl est but l east
r eal i st i c way of anal yzi ng t hese r esul t s i s t o assume t hat t he t i ssue can be
consi der ed a wel l - st i r r ed sol ut i on . When t hi s i s done, some r esul t s ar e consi st ent
wi t h near - equi l i br i um of CK, but ot her s ar e not . I n ei t her case, t hese i nt er pr e-
t at i ons appear t o be hi ghl y model - dependent , and t hi s model i gnor es evi dence
f r omsever al l abor at or i es whi ch suggest s st r ongl y t hat t he concent r at i ons of ATP
and ADP at t he act i ve si t es of mi t ochondr i al CK may be mar kedl y di f f er ent ,
per haps 5- t o 10- f ol d, f r om t hose i n t he cyt opl asm ( Saks et al . , 1976, 1980 ; Yang
et al . , 1977 ; DeFur i a et al . , 1980 ; Er i ckson- Vi i t anen et al . , 1982 a, b ; Mor eadi t h
and Jacobus, 1982) . As di scussed above, t he concent r at i ons of ATP and ADP at
t he act i ve si t es of t he CK bound near ATPases may al so be appr eci abl y di f f er ent
f r omt he aver age concent r at i ons i n t he cyt opl asm. Evi dent l y, model s post ul at i ng
t wo ( Nunnal l y and Hol l i s, 1979 ; Nunnal l y, 1980) , t hr ee, or mor e CK si t es and
i ncor por at i ng t hei r spat i al r el at i onshi ps wi t h ATPases and t he t r ansl ocase ar e
needed . Unf or t unat el y, i t seems l i kel y t hat any gi ven set of whol e- muscl e or
whol e- cel l s1 P NMR spi n t r ansf er dat a mi ght be consi st ent wi t h sever al such
model s . On t he ot her hand, t hi s t echni que does appear t o be uni quel y sui t ed t o
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det er mi ni ng whet her CK i s near equi l i br i um dur i ng st eady and non- st eady st at es
i n i sol at ed mi t ochondr i a .

What I s Meant by a Cr eat i ne Shut t l e?

The t est i ng and di scussi on of t he cr eat i ne shut t l e hypot hesi s have been handi -
capped by t he l ack of a pr eci se st at ement of i t . I t i s gener al l y under st ood t o
post ul at e t hat essent i al l y al l t r anspor t of hi gh- ener gy phosphat e and phosphat e
accept or occur s vi a PC and cr eat i ne ; unf or t unat el y, t her e has been no accept ed
quant i f i cat i on of " essent i al l y al l , " and t hi s has caused conf usi on . For exampl e,
wi t h model s t hat assume t hat t he CK r eact i on st ays near equi l i br i um i n a wel l -
st i r r ed cyt opl asm, i f i t i s f ur t her assumed t hat t he equi l i br i um- r est or i ng r esponse
t o t he ut i l i zat i on or pr oduct i on of ATP occur s at t he CK si t es cont i guous t o t he
di st ur bi ng r eact i ons, t hen, as j ust di scussed, i t can be cal cul at ed t hat t he f r act i ons
of hi gh- ener gy phosphat e and phosphat e accept or f l ux occur r i ng vi a PC and
cr eat i ne ar e as gr eat as 0 . 998 . Si mi l ar concl usi ons wi t h r egar d t o sever al such
model s have been r eached by ot her s ( Gar f i nkel and Kohn, 1980 ; Wi l son et al . ,
1981) , who have consi der ed t hese model s consi st ent wi t h t he i dea of a cr eat i ne
shut t l e . However , di scussi on of t he shut t l e hypot hesi s by i t s pr oponent s shows
t hat a key el ement i n i t i s t he pr oposal t hat , out si de t he mat r i x, changes i n [ ATP]
and [ ADP] ar e l ar gel y r est r i ct ed t o mi cr oenvi r onment s near t he ATPases and
t r ansl ocase, because of t he j uxt aposi t i on of bound CK. An i mpor t ant anci l l ar y
hypot hesi s i s t hat changes i n t he r at es at whi ch ATP i s del i ver ed t o t he ATPases,

and ADP t o t he t r ansl ocase, ar e t r i gger ed by changes i n cyt opl asmi c [ PC] and
[ cr eat i ne] ( Ger cken and Schl et t e, 1968 ; Saks et al . , 1974, 1976, 1978, 1980 ;

Jacobus, 1980 ; Bessman and Gei ger , 1981 ; Mor eadi t h and Jacobus, 1982 ;

Jacobus and Di f f l ey, 1983) . I n t hi s cont ext , i t i s cl ear t hat no model post ul at i ng

a wel l - st i r r ed cyt opl asm can be consi st ent wi t h t he cr eat i ne shut t l e hypot hesi s .
I n or der f or t he di r ect f l ux of ADP f r om ATPases t o t he mi t ochondr i a t o

have a negl i gi bl e ef f ect on t he Qos , cr eat i ne must account f or no l ess t han
^- 99 . 95% of t he hi gh- ener gy phosphat e accept or f l ux t o t he mi t ochondr i a,
dependi ng on t he i n vi vo KM of t he t r ansl ocase f or ADP. Si nce i n vi vo t r anspor t
of ADP, ATP, cr eat i ne, and PC does not appear t o be r eadi l y measur abl e, much
l ess wi t h t he t hr ee- or f our - di gi t accur acy necessar y t o di st i ngui sh among t he
pr edi ct i ons of t hi s and ot her model s, f ut ur e di scussi on and exper i ment al t est s of
t he cr eat i ne shut t l e hypot hesi s coul d mor e pr of i t abl y f ocus not on phosphat e
t r anspor t per se, but on t he equi val ent pr obl em of quant i f yi ng t he ext ent t o
whi ch changes i n t he Qos ar e t r i gger ed, vi a mi t ochondr i al CK, by changes i n

cyt opl asmi c [ cr eat i ne] and [ PC] r at her t han by changes i n cyt opl asmi c [ ADP]

( and/ or [ P; ] ) . I n t hi s case, t he pr edi ct i ons of t he shut t l e hypot hesi s and of model s

post ul at i ng a wel l - st i r r ed cyt opl asm ar e mut ual l y excl usi ve : a " cr eat i ne t r i gger "

mechani sm i s pr edi ct ed i n t he f or mer case t o account f or al l of t he change i n

Qo s and, i n t he l at t er case, f or none of i t .

Fut ur e Di r ect i ons

For an i mpr oved under st andi ng of t he cont r ol of r espi r at i on i n muscl e, t he most

ur gent need woul d now appear t o be not new dat a, but t he est abl i shment of a

sat i sf act or y cont ext f or t he i nt er pr et at i on of past and f ut ur e exper i ment s by t he
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cr eat i on of r eal i st i c model s . They shoul d be space- dependent ( Meyer et al . ,

1984) , wi t h mul t i pl e si t es f or CK and var i abl e di st ances bet ween CK and t he
si nks and sour ces f or ATP, t o al l ow f or t he possi bi l i t y of physi cal j uxt aposi t i on
and f unct i onal coupl i ng as bi - enzyme compl exes . Unt i l st r onger evi dence i s
pr esent ed f or cont i nuous near - equi l i br i um of CK, i t s r api d- equi l i br i um r andom-
r eact i on mechani sm ( Wat t s, 1973 ; Saks et al . , 1975) shoul d be i ncor por at ed .
I deal l y, t hese model s woul d consi der t he f our coupl ed t r anspor t syst ems of t he
mi t ochondr i a) i nner membr ane ( T . L . Hi l l , 1979) , not j ust t hat of ADP and
ATP, and woul d descr i be non- st eady as wel l as st eady st at es . I t seems l i kel y t hat
onl y af t er t he pr edi ct i ons of such sophi st i cat ed model s become avai l abl e wi l l i t
be possi bl e t o el uci dat e t he mechani sms under l yi ng t he pseudo- f i r st - or der ki -
net i cs of AQo, and t he pr opor t i onal i t y bet ween Al cr eat i ne) or AI PC} and AQo, .

APPENDI X

Der i vat i on of Eq. 1

A f or mal der i vat i on of Eq . I f or t he case of t he i mpul se r esponse shown i n Fi gs . 2 and 4
i s t he f ol l owi ng . Let T denot e t he t i me at whi ch &Qo, ( t ) becomes monoexponent i al . Then
f or any t ? T,

OQ, , ( t ) - OQos( T~- ct - ~/ * .

	

( A1)

As di scussed i n t he t ext and st at ed i n Eq . 17,

or , r ear r angi ng,
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