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The subccllular distribution of ATP, ADP. creatine phosphate and crcatine was studied in normoxic control, isoprcnalinc-stimu- 
lated and potassium-arrested guinea-pig hearts as well as during i~hcmia and after rcpcrfusion. The, mitochondrial crcatinc 
phosphate /ercat inc  ratio was closely correlated to the oxidative activity of the hearls. This was interpreted as an indication of a 
close coupling of mitochondrial crcatine kinasc to oxidative phosphorylation. To further investigate the functional coupling of 
mit~g:hondrial ereatine kinase to oxidative phosphorylation, rat or guinea-pig heart mitochondria wcrc isolated and the mass 
action ratio of creatinc kinasc determined at active or inhibited oxidative phosphorylation or in the pre~ence of hiah phosphate, 
conditions which arc known to change the functional state of  the mitochondrial enzyme. At active oxidative phosphc,rylation lhc 
mass action ratio was one-third of the equilibrium value whereas at inhibited oxidative phosphorylation (N,, oligomycin. 
carboxyatractyloside) or in the presence of high phosphate, the mass action ratio reached equilibrium values. These findings 
show that oxidative phosphor~iation is essential for the regulation of the functional state of mitochondrial crcatinc kinase. The 
functional coupling of the mitochnndrial creatinc kinase and oxidative phosphorylation indicated from the correlation of 
mitochondrial ercatine phosphatc/crcat in~ ratios with the oxidative activity of the heart in situ as ~ell as from tt-=c devialion of 
the mass action ratio of the mitochondrial enzyme from creatinc kinase equilibrium at active twidalivc phosphorylation in 
isolated mitochondria is in accordance with the proposed operation of a crcatinc shuttle in heart tissue. 

I n t r o d u c t i o n  

T h e  mi tochondr ia l  and  ex t rami tochondr ia l  c rea t ine  
sys tems  are  the  cons t i t uen t s  o f  the  ' e rea t ine  shuttle" 
(for a recen t  review see  [!]) in hea r t  and  skeletal  
muscle .  The  c rea t ine  k inase  shu t t l e  not  only channe l s  
mi tochondr ia l  A T P  g e n e r a t e d  by oxidat ive p h o s p h o -  
rylation to the  myofibri ls  for musc le  cont rac t ion  but  
rises the  cytosolic phosphory la t ion  potent ia l  above the  
level m e a s u r e d  in non  exci table t issues ,  e.g., the  liver 
[2], and  the re fo re  e n h a n c e s  energy  yield o f  A T P  hydro-  
lysis for musc le  work.  

T h e  p r e s u m p t i o n  for effective channe l l ing  o f  mi to-  
chondr ia l  A T P  towards  c rea t ine  p h o s p h a t e  (CP) for- 
ma t ion  at  the  mi tochondr ia l  site is a funct ional  cou-  
pl ing o f  mi tochondr ia l  c rea t ine  kinase  (CK)  located at 
the  ou ts ide  of  the  inne r  mi tochondr ia l  m e m b r a n e  to 
mi tochondr ia l  A T P  product ion .  Several g roups  have 
d e m o n s t r a t e d  tha t  mi toehondr ia l  C K  is funct ional ly  
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coupled  to mi tochondr ia l  aden ine  nuc leo t ide  t ranslo-  
case [3-5]  o r  oxidative phosphory la t ion  [6-8]  whe rea s  
o the r s  pos tu la te  c o m p a r t m e n t a t i o n  o f  aden ine  nu-  
c leot idcs  be tween  mi tochondr ia ,  i n t e r m e m b r a n e  and  
cytosolic space  [9]. The  g roup  of  Wal l imann  [ 10] showed  
that  it is an  oc tamer ic  form of  mi tochochondr ia I  CK 
which associa tes  with the  inner  mi tochondr ia l  mem-  
b rane  whe rea s  a Oimer is prevalent  in solution.  As  a 
c o n s e q u e n c e  of  the  tunct ional  coupl ing  of  mi tochon-  
drial CK with oxidative phosphoq, ' la t ion,  Ihe mass  ac- 
tion ratio o f  mi tochondr ia l  CK should  bc shif ted away 
f rom t h e r m o d y n a m i c  equi l ibr ium towards  CP synthes is  
[4]. 

Only  few expe r imen t s  have re la ted the  s ta tus  o f  
mi toehondr ia l  CK to di f ferent  funct ional  s ta tes  in the  
intact  hear t ,  like Bittl et al. [ l l ] ,  who  corre la ted  the  
associa ted  mi toehondr ia l  CK with hear t  funct ion in 
mi tochondr i a  isolated f rom normoxlc ,  isehemic and  
rcoxygena ted  hearts .  

In a previous  s tudy with rat g a s t r o c n e m i u s  muscle  
we d e m o n s t r a t e d  an increase  in mi tochondr ia l  CP  and  
a dec rease  in mi tochondr ia l  c rea t ine  (Cr)  with increas-  
ing isotonic s t imula t ion  [12]. while inverse changes  
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~ccurred in cylosolic CP and Cr. This indicates a high 
rate of ( 'P  synthesis by mitoehondrial ( 'K operating 
under conditions of high respiratory activity. 

In this study we wanted to know whether the mitt> 
chondrial/eytosolic db, lributi~m of the crcatine kinasc 
reactants in thc intact heart reflects a higher activity of 
the creatinc shuttle under conditions of high oxidative 
activity, e.g., during adrencrgie stimulation or during 
repcrfusion. For this purpose isolated pcrfused guinea- 
pig hearts in differcn! functional states were freeze- 
clamped, freeze-dried and the mitochnndrial and 
cxtramitochondrial concentrations of ATP. AI)P, ( 'P  
and Cr delcrmincd after ffactkmation of the tissue in 
non-aqueous solvents [ 13]. 

Furthcrnlore, the mass action ratio of the ( 'K reac- 
tion as a parameter for the functional state of the 
mitochondrial cnzyntc was determined in the supcr- 
l latant of  s t lspcnsions  of  isolated mitoehondria during 
hypoxia, rct~xygcnation and under high-phosf>hate con- 
ccnt~ ations. 

Methods 

I.~ohm'd hcarl pc(/mion 
Guinea-pigs of ei ther sex with a body weight of 

21H)-3(lfl g, fed with a standard diet IAItmmin, Lage, 
FRG) and water ad libitum, were killed by a blow on 
the head, the thorax was opened, the pulmonal arteD' 
incised and the aorta cannulated. Thereafter,  the heart 
was disconnected from the vcnae cavac and the distal 
aorta was transferred with the lungs to the perfusion 
apparatus. There the heart was pcrfuscd retmgradcly 
(constant l]ow I(1 ml /m i n ) w i t h  carbogen (95c; 02/5% 
('11:)- gassed Krebs-Henselei t  bicarbonate buffer sup- 
plied with I11 mM glucose and a final Ca( ' l ,  concentra- 
tion of 1.8 mM [14]. 

The left vcntricular pressure v, as measured by in- 
sorting a Latex-balloon (ttSE, March, Germany) into 
the left ventricle via the left atrium and mitral valve. 
The Ndloon was filled with saline up to a prcload of 5 
111nlHg ~llld was eonFlected to a p res su re  transducer 
(t~cll and Howell 4-327-1, Pasadena. CA. USA). The 
signal was recorded continuously on a strip chart 
recorder ((iould Recorder 281111, (iould, ( ' lcveland, OH, 
USAJ, The coronary perfusion pressure was deter- 
mined by a second pressure transducer between the 
roller pump and the aortic cannula. Its signal was 
evenly recorded. The heart rate was taken from the left 
vcntricular pressure curve. In some of the experiments 
the IhJ, in the arterial and venous perfusate was meas- 
ured polamgraphically with Clarke type electrodes 
(Type 2(11111, Eschweiler, Kid,  Germanyl. In these ex- 
periments the pulmonal arteD' was cannulated and the 
flow was measured by means of a flow-meter (HSE, 
March. Germany). All hearts were paced via a graphite 

electrode placed on the right atrium (square pulses, 2 
ms dura t ion ,  l() V ampl i tude .  4 Hz frequency) .  

All experiments were started after an equilibration 
period of I h. KCI, atractylosidc and isoprcnalinc were 
infused into the aortic cannula with a flow of 0.1 
ml /min ,  the conccnt-ations given in the results section 
arc the clfluent perfusate concentrations. All measure- 
ments as well as the freeze-clamp were made under  
steady-state conditkms. 

lh'wnninution of mitochondrial and t:rtramitochondrial 
ttlt'ltlho[ilt" t 'otlt 't 'tllraliotls 

Fractkmation o] ht'art tissue ill non-aqueous solt'olls 
[131. From the freeze-clamped guinea-pig hearts, the 
left ventricular tissue was isolated under  liquid nitro- 
gen, ground, and lyophilised at -4(I°C. The tissue was 
mnicatcd in heptane/CCI a. density !.23 g /ml .  in 5-s 
intervals for 5 min under  continuous cooling in hep- 
t a n c / m l i d  CO2: the homogcnate was fraetionated by 
density gradient centrifugation in hep t ane /CCI  4, the 
densities ranging from i.29-1.38 g /ml .  Centrifugation 
(1651111 × g for 3 h) yielded 8 fractions each containing 
different proportions of mitoehondrial and cytosolie 
protein. In each fraction the specific activities of marker 
cn~ 'mcs for cytosol, phosphoglyecrale kinase and mito- 
chondria, citrate synthasc, respectively, as well as the 
contents of ATP. ADP, CP and Cr were determined by 
cnz3,matic analysis [15] and mitoehondrial and extra- 
mitoehondrial contents were obtained by extrapolation 
from the contents in the fractions to pure milochon- 
drial and extramitochondrial fractions. The contents 
were converted into concentrations using 1.0 t~ l /mg 
mitochondrml protein and 3.5 # l / r a g  extramitochon- 
drial protein as subcellular water spaces, respectively 
[U,,17]. 

The extrapolation as well ;is the methodological 
discussion are published in Ref. [13]. The fractionation 
of intact tissue using non-aqueous solvents originally 
developed lor liver has been successfully applied to 
isolated rat Langendorff heart [18,19] and isolated 
working guinea-pig heart  [211]. As in our paper, mito- 
chondrial A T P / A D P  ratios in heart  ranged from 2 to 4 
depending on experimental conditions (similar to val- 
ues tbund in heart mitochondria isolated in sucrose 
media [21]) and cytosolic ratios of free A T P / f r c e  ADP 
were in the range from 1[~,1-511{1, depending on work 
load or oxygen supply, demonstrat ing the validity of the 
method with regard to energy metabolism. 

Isolation and incubation of/wart mitochonaria 
Heart mitochondria from rats or guinea-pigs were 

isolated essentially according to Rcf. 22 ir~ a medium 
containing I).25 M sucrose, l0 mM Tris, 5 mr 4 KH 2 PO4, 
2(I mM KCL 11.2 mM EDTA (oH 7.2), using i .m2 
trypsin for 2 guinea-pig hearts or 3 rat hearts. Rat 
heart as well as guinea-pig heart mitochondria had 



respiratory control  ratios be tween  8 and 15 in the 
presence  of  2.5 mM glutamate  and 2 mM malatc in lhc 
absence of  magnesium. In the presence  of  5 mM Mg( ' l :  
the respiratory control  ratios were  ~ -8  indicating mod- 
era te  contaminat ion  with Mg2 + - A T P a s c  similar to 
prepara t ions  of  o the r s  [4.22]. Thc  rate of  respirat ion 
was in the range of  250 to 3(111 nmol O , / m i n  per  mg of  
mitochondria l  prote in  at 37°C. Phosphoglyccrate  ki- 
nase activity as marker  for cylosolic contaminat ion  ~as  
absent  from the mitochondria l  fraction. As tes ted in 
m i n e  representa t ive  exper iments ,  results regarding the 
mass action ratio of  creat ine  kinase were  the same with 
guinea-pig and rat heart  mi tochondria .  

About  I m g  mitochondria l  p r o t e i n / m l  was incu- 
ba ted  in the same medium as used for isolation in the 
presence  o f  5 mM MgCI_,. 1 m M  ATP and 10 mM Cr 
for 20 rain under  cont inuous  stirring. Hypoxic incuba- 
tions were  pe r fo rmed  in a c losed react ion chamber  
under  cont inuous  ni t rogen gassing. Oxygen concent ra-  
tion under  this condit ion was maximal V/,. Reoxygcna- 
tion with 21 r& oxygen was pe r fo rmed  after 2ll rain of  
hypoxia for 20 rain in an open  Er lenmcycr  flask. For  
each sample  II11) p l  o f  the suspension was centr i fuged 
and the superna tan t  depro te in i sed  in pcrchloric acid 
and neutral ised.  ATP,  ADP,  CP and Cr was de ter -  
mined  in the  mi tochondr ia  free superna tan t  using en- 
zymatic analysis [15] and the  mass  action ratio K~,~, o of  
creat ine  kinase calculatcd according to L a w ~ n  and 
Veech  [23]. 

K,,pp = [ A T P ] [ C r ] / [ A D P ] [ C P ] .  

The  equil ibrium constant  was de t e rmined  in the same 
medium at the same pH using 2.5 units of  soluble 
bovine crea t ine  k i n a s e / m l  (B6hringer ,  Mannhe im.  
Germany)  essentially as descr ibed  above from the reac- 
tants  o f  the  creat ine  kinase to be 122 + 17. 

For  incubation at d i f ferent  phospha te  concentra-  
t ions guinea-pig hear t  mi tochondr ia  ~,cre used. They 
were incubated  in the presence  of  1 to 20 mM potas-  
sium phospha te  in the  isolation med ium for 211 rain and 
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then stinaulatcd ~*ith 5 mM MV( 1 ,. 1 mM ,",, IP  .rod Iit 
mM ( ' r  I~*r 5 rain. I)ctcrminalit~n ol the n!;t',., ,*utl~,l~ 
ralh~ ~t ( K x~.a ~, tl¢lcrtllincd a', abt~',c 

Materials 

A l l  ClIL~_TIICS anti c o e n / } . m c ' ,  ~ c r c  cilht:r I r o m  

B6hringcr  or  tr~,m Sigm,~ ( ' hcn0c  (Miinchcn,  (i~.-r- 
m.'m.v I, chemicals  ,~ c r c  t ~ m  Merck t I )a rmslad | ,  ( i~'l- 
m a n y )  a t td  ~,ll v,crc t,l highc,,I purity, a',ailablc. 

Results and Discussion 

Isolawd heart perfu~hm 
The  fldhtwing metabol ic  situation,, ~c rc  induced in 

Langendorf f  hear ts  lot  l ract ionat ion ,,tttdic~, (T~iblc IL 
I. Control  he:iris suppl ied ~.~ith Ill m M  gluco,,c. 2. 4(I 

mM KCI + ..,l.I} p.M atractyloside: arrc,,led heart,, ~hich 
use energy ~mly fl~r basal metabolism. The crcat ine 
shutt le cannot  opera te  duc Ill lack of  milt~.'hondrial 
ATP. since adenine  nucleotidc t ransport  is inhibited. 
This is ref lected in a v c ~  Io~ oxygen consumpli~m. 3. 
i .~prena l inc  5 p ,g / l :  adrcncrgic  st imulation incrca,,cs 
heart  work ( L V P P  × frequency ( + I I1 ' ;  i). lactate out-  
put more  than 2-fold and respiration b v 311¢.; . A high 
activity of  the "'creatinc shut t le"  is to bc expected.  4. 
30 min of  ischcmia: lack of  oxygen supply leads to a 
dramat ic  decrease  in oxidative phosphory, latitm (respi- 
ration) and work; the " 'creatine shuttle'" is not opera t -  
ing at inhibited oxidative phosphorylal ion.  5. 30 rain 
ischemia followed by 30 min of  rcperfusion:  aIlcr 30 
min of  reperfusion,  left ventricular function and ~x.~gcn 
consumpl ion  have been  re turned to control  ~aluc~,: 
t ransient  increased oxidative acti~ily with high lurnovcr 
of  the crcal inc  shuttle.  

(7~anges in the ~ttbcelhdnr ¢lth'lllll~' tlllch'~Hidc and ~'rea- 
tbte ~ysl~'m.~ in tlw houri i ,  ~ittt ¢ lahh's II and Ii l)  

In control  hcart~ the mitochondrial  A l P  Ic~¢1 a,~ 
v, cll a~, the A T P / A D P  ratio it, lhc Iowcrz fr~m ;dl 

TABLE I 

1~'l l l |( ' t l f l l l{d ptlr41111t'll'r~ l i n d  nll ' l~lt!~lh( ¥£d1('~ II1 t~o [ l l l l ' d  lq~'?ll l~l 'd l~[lttlC~1.[lll., h~'~lFl~ I I I  d l l tC rC t l l  t~t l l l f~ t t t l  sI(II, 

. = 7 -14  + S.E.:  I1 for ox~,'gen ¢orlMlrnpl ioiq  m e a s u r e m e n t s  in bfdCk~21s. [~l~r ,J t~¢~,Cllpllt~FI O| lll~l.J!x,lt~. ~ u . i l l t f f l ~  ".~.t' k t ' . t ~ | [ .  

PP t lR  L V P P  ~ l i R  O ~ g c n  I ac~alc 
( m m l | g }  (rain I I (mmt tg . "mm)  ~l~moI rrlinP (~.mo~ nlm~ 

Control 63+ I11 183-,- 17 13302 + 2351l 5.5 ÷o,g tl.l~ - tt In 

KCI + atractyloside 1113 ± 211 - I.¢~ 2 'q ~J. 14 * ~ ~j7 

Isoprenahne 56 ± 23 271~ ~ 1'4 2'4 IKH} + ~5,.111~1 711 7 3 I!.~,~q ~ ILI I 
121 

Reperfusson 77+23 If~7~ 15 1221111_+21511 5 I - It- IL2(I- I~1 z, 
(4,t 
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~l t t .~hom/ t ia l  ~ot l~ i~ fd l t . t I~  ¢I#1~11¢d 1~ ,,# "111" tDI' .  ( f '  a . d  ¢ , m t , , , I . . d  i,+~#.., 'd q . m , .  ira: II, a~t~ 

,'t: 7 I I * N , I  

\ l l '  . \ l ) l '  ( I '  t r  A I P / A I ) P  ( ' P / ( < r  

C o n t r o l  Ill  rvl.il.J g l l l t i ~ u '  lit  5 • 2. ~l ~ X * I ..1 2 ~ " I :, 37  4 + ~,.N 2 4 w. l i f t  (I I~l ,t 11(14 

4111nM K (  1, 
~1| /2 M ;llT,It ' |%lti~ltk'  ~._~ It ' 1 I ,~ 7 * I 3 IL4 • _~ t 24 ":" * 1 .4  4 h *' II tj II 114 ¢ (){12 

i ~ p r c n . t l i n ¢  (5 ,li I : / I )  21 .2  * 2 ~  5 " * 1 "; 7 X  • I I lq .  ll * .1.4 .It i t  ~- 115 t i . 5 ]  # I1 I ~  

I s . h c m i , t  311 i l l i l i  I ~ s  • 2 .I t~ 0 • II ~ l) ' i  + II 7 ~,¢,.1 • ~ '~ 3 4 + (I 3 11114 + II . t l2 

R c p c r l u 4 i i l n  i l l  m i l l  ] q  I1 ,  ,~< ] I~ 4 + 1 4 14 II , _" ,t {'} i! ¢ I i  g . l i t  ~ I I t  (I,4N + 0 I l l  

ctmditi~)n,, c~l:lmincd, whereas the corrcsptmding cy- 
tosolic valuc~ are the highest. This is consistent ~'ith a 
high cncrgisation of the mitoehondrial mcmbrane,  since 
the distribution of A I P  and ADP ~,hould reflect tho 
mitochondrial membrane potential, i.e.. tkc difference 
between c'ytos(~lic and mitochontiri:ll A T P / A D P  ratios 
shtmld increase an the nlCflh~rl, n : ,~olentiai increases. 
With atractylosidc the increase in the miiochondrial 
ratio and the dccrea,,c in the cytosolic ratio reflect the 
inhibition of mitochondrial adenine nucleotidc translo- 
case. S,milar changes are obscla'ed during ischemia + 
repcrtusion: it has bccn sho~n that during hypoxia 
fatt~ acid mctabolitcs ate considerably increased com- 
pared to the control [ltJ]. Since it is known that long 
chain acyl CoA inhibit mitochondrial adenine nu- 
cleotide translocase [24] it is feasible that the changes 
in adenine nuclcotides also reflect an inhbition of 
adenine nucleotide transport; as suggested in an earlier 
~ork [29] this ~ould prevcnt a degradation of 1.3'tosolic 
ATP b) mitochondrial ATPasc undcr conditions of low 
milochondrial energy supply. Whereas. however, in 
that previous study a decrease in the mitochondrial 
A T P / A D P  ratio was obscrved after tJO min of is- 
chemia, the present study with only 311 rain showed an 
increase, as v, ould bc expected v, hcn only adenine 
nucleotidc transh~cation is inhibited. 

With isoprcnalinc the mittxhondrial  A T P / A D t  ra- 
tio is increased whereas the eytosolic ratio is not signif- 
icantly changed compared to the control despite the 
dramatic increase in cytosolic energy turnover (Table 

I). The higher mitochondrial A T P / A D P  ratio under  
this condition probably reflects a higher rate of mito- 
chondrial A ' IP  synthesis leading to a new steady state 
of the mit¢~hondrial ATP system 

The free cytosolic A T P / A D P  ratios calculated froi,,I 
the cyto~lic  C P / C r  ratios do not correspond to the 
total cyt(;solic ratios but rather  to the actual work 
output and the energy supply of the hcarl. Thus. it is 
highest in KCI-arrested heart~ with very low work 
output;  despite the inhibition of mitochondrial  ATP 
translx)rt, the ATP synthesis via glycolysis is sufficient 
so that the t 'yto~lic creatine kinases poise the free 
A T P / A D P  ratio at it very high level. With adrenergie 
stimulation the cyto.,~t)lic free A T P / A D P  ratio is not 
decreased compared to the control al though work out- 
put is more than doubled, since also ATP synthesis via 
oxidative ph,~sphorylation and glycolysis are stimu- 
lated. 

The free cyto~llic A T P / A D P  ratio is lowest in 
ischemia where oxidative phosphorylation is inhibited 
by lack of oxygen supply and also ATP synthesis by 
glycolysis is inhibited because lactate accumulates fast 
at zero flow. It returns c lo~  to control values when 
flow and oxygenation are reestablished. 

On the other hand. the mitochondrial  creatine sys- 
tem closely reflects the oxidative activity of the hearts: 
CP as well as the C P / C r  ratio arc enhanced with 
i~)prcnalinc and after 30 min of relxrfusion, situations 
with high transient oxidative activity, whereas they are 
Iov, est ~i th atractyloside and during ischemia. The rise 

I - A B I . t i  I l l  

]:~tramtt¢~ h o m h t , d  ('ott(~'tltralt.n~ ~nim~d tJ ~,f 4 lP.  41)1 >. ( 1 '  . . d  t r tn t~.l,~t¢d l~'rtu~¢d I:uim'a-ptu hvart~ 

n - 7 - 1 4  +_ S . E . ;  f r e c  c y l o ~ o l i c  A T P / A D P  r a t i o n  v~cr¢ c a l c u l a t e d  f r o m  t h e  t ' ~ lo . , o l i c  c r c a t i n e  k i n a ~ e  r e a c t a n l ~  [23] .  

A T P  A D P  C P  ( ' r  A T P / A D P  U P / ( ' r  

t,Jtal f r e e  

C o n t r o l  I(I m M  g l u c o s e  N.2 + (t.t~ 1.2 -~ 0 I I Iq~ + 1.2 ~ 4  ~. l l ' ~  ~ .4  ~_ I ,~  3 q 3  ~ ~,1 2 ,0  +_ 0 , 2  
+ 40  m M  K ( ' I ;  

4 0  # M  a l r a c t y h ) s i d c  h 3  + I) '~l 2.1 * ().2 1 7 8  ± 1.4 7.V, ±. I l 3 .4  + 0 .5  4 ~ 3  ~ - 911 3 .0  ~ 0 . 6  

-~ i s o p r c m d i n ¢  (S  ~ g / l )  ? 3  + tI.N I.¢~ t 0. I 14.2 ~ 1.1 7 ,4  ~ i l S  , . n  ~ 1.6 ~ J 5  -~ 2 S  2.1 +_02 
I s c h c m i a  30  m i n  0 ,5  * (L~ 2.1 + 0 .2  4_0 _+ i! 5 1 2 ~  ~ 2 t 3.1 ~ 0 . 2  ~- '  ± h 0 . 4  ~ (; (M 

R e p c r f u s i ~ m  3 0  r a i n  5 0 7- (L4 1.1~ + 0 2  N.,ll * 1.3 4 .S  ± l ;  7 3 .5  ..*_ (14  271~ :.: 3 0  I .q  _+ (I 2 
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m ~ l o c l ~ n d r ~ a ,  mcuhc=h(m ~.onddton~ '~'c M t : l h ~  t~ 4 - % I k 12.." .,~ I ' l l  " 2 

in mitt~chondrial creatinc during i~hcmia  _-2 roper- 
fusion can be attributed to an inerea,,c in the perme- 
abil ity of mit~x'hondria h~r creatine during pha..,c~ ol 
oxygen dcficicncy [25]. The high mit~chondrial CP on 
reperfusion, on the o thc ,  hand,  reflects a higher rate of 
CP synthesis by mi tochom d CK coupled to o~idati~c 
phosphorylation [6-8, I ! ] acd not a permeability change 
due to transient hypoxia: This becomes apparent  frmn 
the low mitochondrial  CP contents  in control and ar- 
rested hearts  (Table 111. Further.  the inc rea~  in the 
mitochondrial  C P / C r  closely corresponds to oxidative 
activity of the heart  in this study as well as in earlier 
reports [1220] and is not related to damaging condi- 
tions for the heart.  However. it is not clear h,rw CP 
reaches the mitochondrial  matrix, since no translx~rt 
system for CP is known in the mitochond~ial mem- 
brane. As suggested in an earlier report 112]. it i, 

0 ~ 
! 

F ig .  2. D ~ p ~ l ~ l c n c u  o|  the ma~,', ac t i o n  ral~,o ol  cl,=.ntmc k m a ~ :  ~ n d  ¢~! 

r c . sp i t a t i on  in g u i n c a - p ~ g  ht-ar l  m i t ~ ' h o n d ~  t r ~ m  e x t e r n a l  p l ~ . , .  

p h a t e .  I n c u b a t i o n  c t m d m t m ~  ~ec mc lh (~ l~ ,  n = I l l -  15 ~ S . E  h , r  m a ~  

a c t i o n  r a t k ~  a n d  4 ~ S .E ,  f ( n  r c s p i r a t ~ m  r a t e s  K¢,~ =, 122 al  p i t  7 2 

|casibh: thai ( 'P  *,.~nthc,q,,cd b~, the mlt~.h~mdrl;d ( Ix 
at high latc*~ i', parliall) tran~,p,~rltd ~ the Jdtnl:~c 
nuclcotidc tran' ,h~~,c mt(~ the m:~lrlx du~. h~ Ch~, ul,~,< 
couphng o |  mfl<+h<mdrt;d crC;tl+l'l+ k~n;t.,~: v,+th thv 
tr~n,JtK'a,,.c. ,,into Ihi,, cdl|lUr <11'~| i l t ' t t l ) | ~  ~,lhcr 
molecule,, ~,llh cnc!g.~-rlch l~ho.-.ph;flc |~r , tb  hkt  p|l,,~- 
phoemdp~ruvalc 12nl 

Taken togclhcl,  the finding ~1 ( P  m the: m~t(+. 
chondria and the cto~- correlation i-~[v, ccra die m~h,- 
el~mdriai C P / C r  ratio and the oxidamc ~ct~lt'~ n,~ 
onb  in heart musctc as , , h ~ n  hcrc ~,ut : d ~  m sk¢lct;a! 
mu,,cle [12]. arc cl~nMMcrll wlth the c tcd t~c  ",huU~t" 
operating in the~c ti',',uc~ ~nd u~llh the ".U[.'~2¢,':,~n :;..~I 
mit~v,:hondr=al clcatine kin~,c i,, ch,,cl', o,ul=lcd l,, 
oxidat i,,c ph*r,ph¢~lat ion. 

, l ~  OCflOn r ~ t t o  ( t l  t l l l l¢~ / to t ldr l~I /  ~ t t z l f t t ; t  ~ , ~ l t ~ '  it7 

d l ] f c r e t l l  fb:tit IIOIZIII ~I¢f[1"~ ftl 1~,¢1]~1£'U ' Jlt'Ul( ; tI t l l~ h~.*HJ~!ct 

(t'l~s. I ut~d 2~ 
In ~rd,.:r lt~ ct~nltrm lhl'. h.~l'~lhu'-,is. !h,..' m,~,,', ,~cl~m 

ratio of mih~.'hondrial CK ~a ~, mc~,,urcd in i~lah:d 

heari mitochondria under condllion~ ol hy~x~.  ~nd 
reoxTgenation v, hich ,.hould ntrnul~l~, i~chvmla anJ  
- c ~ r f u , i o n .  qd lc ,  ~,f phvsioh~lu~d Ic!c~:tll~ m tht  
heart  The functl~m;d r~k-of  lhc ,~tc,~lmL. shul:k ~ 
plies that the mih~.'hondrlal (_K t~>~ratcs in the op~, .  
site direction as the cxtramitochondrial systems, i.e.. in 
the dirc~'t~m of CP ~ymhcq~. lhc ~herm,~hnam~c 
equilibrium of this reacti~m, h<x~c-~er, t~vor~ ATP ~'~r~- 
th¢~is 123] and it i~ generalls i~-Iicved lhat the c'~r~- 
mitochondri;d CK ¢:stab|lsh cqmlibrium c~cn dutm~ 
increased m u s i c  ~ork f27]. Wc compared the ma, ,  
action ratio ot CK cstabli,,hed ~r~rrn ~'~.~latcd mfl~- 
chondria ~i th  Ih¢ cgudibrium raoo. A di,,pl~'cmcnt , t  
the mas~, action ratio K~,~ tr(~m the equilibrium ra~i¢~ 
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indic=tics thal  an e n / y m c  is b.~ some  read.on no! in f r e e  

equi l ibr ium with it~ rcactanls .  Rcg~;d ing  mih ,chon-  
drial ( K ,  the  cauw,: is sugges ted  (o b¢' o~,dativc pho,,- 
phorylat i tm closely hv,:atcd b~ this c,:z,..w:, c rea t ing  a 
mic roenv i romcnt  with ci lncenlral lo! ' ,  t.! tile rcaclanl~ 
differenl  from lho~.c mca.surcd in i t  ,:~tram~t~,.'hon- 
drial med ium 14,tJ]. i.e.. high A ' IT  .r  J very low A D P  
concentra t ions .  As sh,w~'n in i g  ~ hc mass  act ion 
ratio of  m i h ~ h o n d r i &  CK i~ , I,+ oi,c third of  the  
equi l ibr ium fall~l in ,~ormoxic r~.:,'=:, "~,tri;i - imilar  t~ 
Ihc expe r imen t s  in [4i. ( in  the  ol;, : halid, the  mar,~, 
aclit~n rat io ol ( ' K  is c l l ~  hi iht. e, ui l ibrium value 
when  oxida t iw phosphor~' lat ion ~n inhibi ted,  e.g.. in 
hyl~xic mihvchtmdria,  with carb~,xy=;~r:=ctyloside, an  in- 
hibitor of  mi tochondr ia l  :, 'Jenine =lu leotide t ranslo-  
ca~,e, or with ol igomyein,  an inhibi tor  :'~_ mi tochondr ia l  
A T P  synlhasc.  Both inhibilors ~:.:vc ,~o influ,-nu: on 
~ l u b l e  CK (Fig. I). -I 'hcrcforc we -:elude that  cou- 
pling of mittv,:hondrial ( ' K  to oxid: ,  ,c  p~ ~spho~la l ion  
to!lowed by net CP  synthesis .  ¢'=~; ,sing thcrm¢~lynami¢ 
restrictions, is d e p e n d e n t  tm t:~ . ,~TP synthes is  and  
A T P / A D P  transptw! acm,,s  =h,. alit¢~'hondrial m e m -  
brane.  

In Ihc hear t ,  dur ing  hypoxi;' cel lular  p h o s p h a t e  is 
increased (t3'tosolic p h o s p h a t e  ' -  "s l rom 0.3 m M  _+ (I.3 
in control  hear l s  to 15 m M ±  -: ;-~ ischemic hear t s .  
respectively). High p h o s p h a t e  .s .~-,le to d is .~cia te  
mi tochondr ia l  C K  from the  i n n e r .  .~v,:hondrial m e m -  
brane  [28]. Con .~quen t ly  u n d e r  !,:=il p h o s p h a l e  the  
mi tochondr ia l  C K  is expec ted  t:, ~ave like a .,a~luble 
CK and  es tabl ish  t he rmodynamic  ~.~uilibrium. This  is 
conf i rmed in Fig. 2: mitochondri;~ " ,'-': i ncuba ted  with 
increasing phospha t e  coneentrat~ ds and  the  mass  ac- 
lion ralio d e t e r m i n e d  from Ihc , . .  P. A D P .  C P  and  Cr  
concentrations in the supcrna,ant.  Whereas.  at I (~  
concentrat ions  of  phosphate  (bch".= Y raM) mi tochon-  
drial CK is inhibited due  to : - . abition o f  oxidative 
phosphorylat ion ( lower  trace. ~'.g..:,. at a m a x i m u m  =~f 
oxidative phosphoq,,lation (at abor,t 5 mM P,) the mass 
action rati,~ is still signifi,:antl~ !.w.cr than  lhe  equilib- 
r ium value which is r , - ~ h c d  at p h o s p h a t e  concen t ra -  
t ions abo,,,c 15 m M  ..~,en CK is d issocia ted f rom the  
mi t~chondr ia l  " ,emb,  ane .  

S u m m a r i z i , g ,  Ihc m e a s u r e d  mass  act ion rat ios o f  

mitochondr ia i  C K  in i ~ l a t c d  mi tochondr ia  unde r  hy- 
poxic and  nortr~oxic condi l ions  conf i rm ou r  hypothes i s  
that  du r ing  h!gh rates  o f  oxidative phosphory la t ion  
mi tochondr ia l  ( ' K  is not  able  to es tabl ish t he rmody-  
namic  equ i i i b ' i um due  to its funct ional  coupl ing  to 
oxidative phospnoryla t ion .  T h i s  close coupl ing  leads  to 
a net to  synthes is  of  C P  at the  mi tochondr ia l  site. which 
is the  basis for the  opera t ion  o f  the  crea t inc  shut t le .  
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