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The values reported in the literature for the extramitochondrial A T P / A D P  ratio in resting rat-liver 
mitochondria (State 4) vary widely. The conditions required for an accurate determination of this parameter 
were therefore investigated. (1) In experiments with rat-liver mitochondria incubated under State-4 condi- 
tions, it was found that the extramitochondrial A T P / A D P  ratio, as calculated from the values measured in 
neutralised perchloric acid extracts, was lower than that estimated from the concentrations of creatine and 
creatine phosphate, using the metabolite indicator method. The discrepancy is due to hydrolysis of ATP 
occurring in the presence of perchloric acid. (2) Conditions are described for minimising ATP hydrolysis in 
the presence of perchioric acid, and include the use of low concentrations of perchloric acid, short times of 
exposure to the acid before neutralisation, low temperatures and the presence of excess EDTA. Under these 
conditions, the values obtained for the extramitochondrial A T P / A D P  ratio agreed with those calculated by 
the metabolite indicator method, provided ratios do not exceed the value of 100. (3) In cases where the 
extramitochondrial A T P / A D P  does exceed 100, phenol /ch loroform/ i soamyl  alcohol must be used to 
quench the reactions, as described by Slater et al. (Slater, E.C., Rosing, J.  and Mol, A. (1973) Bioehim. 
Biophys. Acta 292, 534-553). With this method, the extramitochondrial A T P / A D P  ratio was found to have 
a value of more than 1000 in rat-liver mitochondria incubated with succinate + rotenone in the resting state 
(pH 7.0; T =  37°C), in agreement with Slater et al. 

Introduction 

Adenine nucleotides play a central role in inter- 
mediary metabolism, acting as the link between 
energy yielding and energy consuming reactions in 
the cell. The close coupling between oxygen up- 
take and synthesis of ATP was recognised in early 
studies in the 1930's (for a review see Ref. 1). 

Abbreviations: EGTA, ethylene glycol bis(fl-aminoethyl ether)- 
N,N,N',N'-tetraacetic acid; Mops, 4-morpholinepropane- 
sulphonic acid. 
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Although an impressive number of papers has 
appeared in the literature since then, no consensus 
of opinion has been reached on the cardinal ques- 
tion of how mitochondrial respiration is con- 
trolled. For instance, opinions differ with regard 
to the question of whether respiration is controlled 
by the extramitochondrial A T P / A D P  ratio or by 
the phosphorylation potential, defined as A T P /  
A D P - P i  [2]. 

Mos t  e x p e r i m e n t s  on the con t ro l  of  
mitochondrial respiration have been carried out 
with isolated mitochondria. In these experiments, 
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reactions are usually terminated by addition of 
acid [3,4], followed by centrifugation to remove 
denatured protein, and neutralisation. Subse- 
quently, ATP, ADP and AMP can be measured 
enzymically in the neutralised, protein-free ex- 
tracts. Slater et al. [5] and Brawand and Walter [6] 
have pointed out that, when the concentration of 
ATP is high relative to that of ADP, the value of 
the A T P / A D P  ratio might by underestimated if 
perchloric acid is used to terminate reactions, due 
to the known instability of ATP under acid condi- 
tions [7,8]. Therefore, Slater et al. [5] recom- 
mended the use of an organic solvent mixture, 
whereas Brawand and Walter [6] suggested low 
perchloric acid concentrations. Nevertheless, per- 
chloric acid is still almost universally used as a 
quenching reagent in studies on mitochondrial 
oxidative phosphorylation (see Table I). Since an 
accurate estimation of the extramitochondrial 
A T P / A D P  ratio is of great importance in such 
studies, we have re-examined the conditions re- 
quired for an accurate estimation of this parame- 
ter. 

Materials and Methods  

Isolation of mitochondria. Rat-liver mitochondria 
were isolated from male Wistar rats (200-250 g) 
by the method of Hogeboom [9], as described by 
Myers and Slater [10], using 250 mM manni tol /5  
mM Tris-HC1/0.5 mM EGTA as the isolation 
medium (final pH 7.4). The final pellet was sus- 
pended in 3-4  ml 250 mM mannitol and kept on 
ice until use. 

Incubation conditions. Except for the experiment 
of Table II, mitochondria (0.5-0.8 mg protein/ml)  
were incubated in a standard reaction medium 
containing the following components: 100 mM 
KC1, 50 mM Tris-HC1, 10 mM succinate, 1 mM 
malate, 10 mM potassium phosphate, 1 mM 
EGTA, 10 mM MgC12, 1 /~g rotenone/ml  and 
either 2 or 4 mM ATP. The final pH was 7.40. 
Further additions were as indicated in the legends 
to the figures and tables. 

Denaturation procedures. Two procedures were 
used to terminate reactions. In method A, reac- 
tions were stopped with perchloric acid in the 
following way. An 0.6 ml sample was taken from 
the incubation mixture and added to an Eppen- 
dorf tube (1.6 ml) which was kept in ice/water  

and contained 0.6 ml 7% (w/v) perchloric acid 
with or without 50 mM EDTA. After 60 s in 
ice/water,  samples were centrifuged in the cold 
(12000 × g, 60 s). An 0.9 ml sample of the super- 
natant was neutralised with cold 2 M K O H / 0 . 2  
M Mops to pH 6.8-7.2 and frozen immediately 
afterwards in liquid nitrogen. 

In method B, an 0.6 ml sample was taken from 
the reaction medium and added to a glass tube 
containing 2 ml phenol /chloroform/isoamyl  al- 
cohol (38 : 24 : 1, v / v / v )  plus 0.6 ml 50 mM EDTA 
(pH 7.4) with vigorous agitation in a Vortex mixer. 
Mixing was continued for 90 s, the tubes were put 
on ice and the phases were allowed to separate. 
Subsequently, a 1.0 ml sample was taken from the 
upper phase and centrifuged in a cooled Eppen- 
dorf centrifuge (12 000 × g, 90 s). An 0.8 ml aliquot 
was taken from the supernatant and frozen in 
liquid nitrogen. 

For the determination of intramitochondrial 
ATP and ADP, the silicone oil centrifugation tech- 
nique was used to separate mitochondria from the 
suspending medium. In order to decrease hydroly- 
sis of ATP to ADP in acid, the usual 14% (w/v) 
perchloric acid layer was replaced by a solution 
comprising 7% (w/v) perchloric acid/0.5 M man- 
ni tol /20 mM EDTA. The procedure used was 
exactly as described in detail for the extraction of 
mitochondrial carbamoyl phosphate [11]. In order 
to determine the extramitochondrial A T P / A D P  
ratios, the measured amounts of ATP and ADP in 
total extracts were corrected for the amounts found 
in the mitochondria after silicone oil centrifuga- 
tion. 

Metabolite determinations. ATP and ADP were 
measured spectrophotometrically or fluorimetri- 
cally according to standard procedures [3]. For the 
determination of ADP in samples obtained via the 
phenol /chloroform/ isoamyl  alcohol method, the 
amount of pyruvate kinase added had to be in- 
creased 2-3-fold due to the sluggishness of the 
assay in the presence of the organic solvents. 
Creatine and creatine phosphate were determined 
as described by Lawson and Veech [12]. 

Protein determination. Protein was determined 
as described by Cleland and Slater [13] using egg 
albumin as a standard. 

Enzymes and reagents. Creatine kinase was ob- 
tained from Sigma (St. Louis, MO, U.S.A.) as a 
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lyophi l i sed  powder .  Other  enzymes and nucleo- 
t ides were ob ta ined  from Boehringer  (Mannhe im,  
F .R.G. ) .  Al l  o ther  reagents  were of analyt ica l  
grade.  

Results and Discuss ion 

Values r epor ted  in the l i tera ture  for the magni-  
tude  of  the ex t rami tochondr ia l  A T P / A D P  rat io  in 
i sola ted  rat- l iver  mi tochondr i a  incuba ted  under  
State-4 condi t ions  vary cons iderab ly  (Table  I). 
Mos t  groups  have used perchlor ic  acid as a 
quenching  agent  in concent ra t ions  ranging f rom 
0.15 to 0.95 M (Table  I). In  o rder  to avoid the 
poten t ia l  p rob l em of A T P  hydrolys is  to ADP,  
Slater  et al. [5] t e rmina ted  react ions  with the a id  of  
a p h e n o l / c h l o r o f o r m / i s o a m y l  alcohol  mixture.  
The  da ta  col lected in Tab le  I do  not  al low conclu-  
sions to be d rawn about  the super ior i ty  of  ei ther  
dena tu ra t i on  method ,  since values for the ex- 
t r ami tochondr ia l  A T P / A D P  ra t io  in State-4 
mi tochondr i a  were de te rmined  under  var ious  con- 
d i t ions  with differences in pH,  pMg, tempera ture ,  
resp i ra tory  subs t ra te  and  concent ra t ion  of phos-  
phate .  Fur the rmore ,  the accuracy  of the values for 
the A T P / A D P  ra t io  measured  with ei ther de- 
na tu ra t ion  me thod  was not  checked via an inde-  
penden t  method.  W e  therefore  dec ided  to compare  
the abi l i ty  of  the di f ferent  dena tu ra t ion  procedures  
to p rov ide  an accurate  es t imat ion  of  the ext rami-  
tochondr ia l  A T P / A D P  rat io  under  different  con- 
di t ions.  

A n  independen t  way of measur ing  the magni-  
tude  of  the ex t rami tochondr ia l  A T P / A D P  ra t io  is 
to use the metabol i t e  ind ica tor  method.  The crea- 
t ine kinase react ion was chosen for this purpose ;  
the appa ren t  equi l ibr ium cons tan t  of the react ion 
(Kapp) at 3 7 ° C  and  the dependence  of Kap p on 
the free Mg 2+ concen t ra t ion  have recent ly been 

documen ted  in detai l  by  Lawson and Veech [12]. 
Mi tochondr i a  were incuba ted  at 3 7 ° C  with an 
excess of  creat ine k inase  plus ei ther  2 m M  creat ine  
or  2 m M  creat ine  phosphate ,  thereby app roach ing  
equi l ib r ium from either side. In  order  to avoid  
large correct ions  for i n t r ami tochondr i a l  adenine  

nucleot ides ,  high concent ra t ions  of A T P  (4 m M )  
were chosen together  with low concent ra t ions  of 
m i toc hond r i a  (0.5 m g / m l ) .  U n d e r  these condi -  
tions, equi l ibr ium was reached from either side 
wi thin  10 min  (not  shown). 

In  the exper iment  of  Table  II ,  d i f ferent  rates of 
ox ida t i ve  p h o s p h o r y l a t i o n  were  i n d u c e d  in 
mi tochondr i a  oxidis ing succinate  (plus rotenone)  
by  add i t ion  of l imit ing amounts  of hexokinase  in 
the presence of glucose. A T P / A D P  rat ios  were 
de te rmined  after  t e rmina t ion  of  the react ions  ei ther  
with perchlor ic  acid  (method  A) or with the phe-  
n o l / c h l o r o f o r m / i s o a m y l  a lcohol  me thod  (me thod  
B), as descr ibed  in Mater ia l s  and  Methods .  Fur -  
thermore,  ex t rami tochondr ia l  A T P / A D P  rat ios  
were ca lcula ted  f rom the measured  c r e a t i n e /  
creat ine  phospha te  ratios.  The da ta  of Table  II  
s h o w  g o o d  a g r e e m e n t  b e t w e e n  the  ex -  

TABLE I 

VALUES FOR THE EXTRAMITOCHONDRIAL ATP/ADP RATIO IN STATE-4 MITOCHONDRIA 

Ref. Substrate [Pi ] o u t  pH [Mg 2 + ] tot [HCIO 4 ] [ATP/ADP] out 
(mM) (mM) (M) 

14 succinate 0.5 7.2 1.7 0.17 29 
5 succinate 5.0 7.7 0 0 a 1144 
5 succinate 5.0 7.4 0 0 a 631 

15 glutamate + malate 2.0 7.4 2.0 0.60 40-70 
16 succinate 5.0 7.4 5.0 0.95 100 
17 glutamate + malate 3.0 7.4 4.0 0.60(?) 180 
17 glutamate + malate 27.0 7.4 4.0 0.60(?) 220 
18 glutamate + malate 12.0 7.4 2.5 0.15 245 
19 glutamate + malate 1.5 7.4 0 0.52 300-520 
20 succinate 10.0 7.4 10.0 0.35 500 
21 succinate 5.0 7.2 11.0 0.40 150 

a Phenol/chloroform/isoamyl alcohol method used. 
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TABLE II 

MEASURED AND CALCULATED VALUES FOR THE EXTRAMITOCHONDRIAL ATP/ADP RATIO 

Rat-liver mitochondria (0.5 mg protein/ml) were incubated at 37 o C in a medium of the following composition: 200 mM mannitol, 50 
mM Tris-HCl, 4 mM ATP, 10 mM succinate, 1 mM malate, 5 mM MgC12, 10 mM potassium phosphate, 1 mM EGTA, 20 mM 
glucose, 50 U /ml  creatine kinase, 1 #g rotenone/ml and either 2 mM creatine or 2 mM creatine phosphate. The final pH was 7.00. 
Different amounts of hexokinase were used to obtain different rates of respiration. After 10 rain, reactions were terminated with 
perchloric acid (method A, EDTA present), or with the phenol/chloroform/isoamyl alcohol method (method B). ATP, ADP, creatine 
and creatine phosphate were determined subsequently. Data are presented as means iS .D.  for triplicate measurements. Ex- 
tramitochondrial (exmt.) ATP/ADP ratios were calculated from the total ATP/ADP ratios, using the silicone oil centrifugation 
technique to determine the intramitochondrial levels of ATP and ADP. Corrections were only significant in State 4. For instance in 
experiment I, the total measured ATP/ADP ratio under State 4 conditions was 1175. Intramitochondrial ATP and ADP amounted to 
13.6 and 1.45 nmol/mg protein, respectively; correction for these values resulted in an extramitochondrial ATP/ADP ratio of 1502 
under these conditions. The free Mg 2+ concentration under these conditions was calculated as described by Lawson and Veech [12] 
using the ion±sat±on constants and stability constants described in Ref. 12. At the calculated free Mg2 + concentration (0.64 mM), Kap p 
for creatine kinase is 150 [12]. This value was used to calculate the extramitochondrial ATP/ADP ratios from the measured creatine 
phosphate/creatine ratios. Abbreviations: Cr, creatine; Cr-P, creatine phosphate. 

Expt. Relative rate of Equilibrium Measured (ATP/ADP)exmt. Cr-P/Cr Calculated 

respiration approached method A method B (ATP/ADP)cxrm 
(% of maximum) from: 

I 17.5 a Cr 501+15 1502+90 9.2 +0.61 1380_+ 92 
Cr-P 472 + 27 1410_ 71 9.3 ± 0.71 1395 ± 107 

60 Cr 96± 3 94± 3 0.62±0.05 93± 8 
Cr-P 106± 2 103± 5 0.72±0.04 108_+ 6 

78 Cr 57± 4 58± 1 0.37±0.02 56± 3 
Cr-P 52± 3 53+ 4 0.34±0.02 51+ 3 

II 16 a Cr 526 + 37 1701 ± 78 11.9 ± 0.9 1785 ± 135 
Cr-P 501_+11 1580±69 10.8 ±0.4 1622± 60 

70 Cr 80± 2 83± 6 0.51±0.04 77_4 6 
Cr-P 75± 5 72± 3 0.50±0.05 75± 8 

a S t a t e  4. 

t r a m i t o c h o n d r i a l  A T P / A D P  r a t i o s  as  c a l c u l a t e d  

f r o m  the  c r e a t i n e / c r e a t i n e  p h o s p h a t e  r a t i o s  a n d  

as  m e a s u r e d  u s i n g  m e t h o d  B. T h i s  w as  t r ue  a t  e a c h  

r e s p i r a t o r y  ra te .  W h e n  p e r c h l o r i c  ac id  was  u s e d  as 

t he  q u e n c h i n g  agen t ,  g o o d  a g r e e m e n t  b e t w e e n  

c a l c u l a t e d  a n d  m e a s u r e d  va lues  was  o b s e r v e d  a t  

A T P / A D P  r a t i o s  of  less t h a n  100. H o w e v e r ,  sub -  

s t a n t i a l  d i s c r e p a n c i e s  we re  o b s e r v e d  b e t w e e n  

c a l c u l a t e d  a n d  m e a s u r e d  va lues  a t  h i g h  A T P / A D P  

ra t ios .  

T h e  f ac to r s  r e s p o n s i b l e  fo r  t he  o b s e r v e d  u n d e r -  

e s t i m a t i o n  o f  the  A T P / A D P  r a t i o  we re  i nves t i -  

g a t e d  fu r the r .  F i r s t ,  we  s t u d i e d  t he  a c i d - c a t a l y s e d  

h y d r o l y s i s  o f  A T P  to  A D P  ( a n d  A M P )  as  a func -  

t i o n  o f  the  c o n c e n t r a t i o n  of  p e r c h l o r i c  ac id  a n d  

t he  t i m e  o f  i n c u b a t i o n  u n d e r  ac id  c o n d i t i o n s .  T h e  

s t a n d a r d  i n c u b a t i o n  m e d i u m  p lu s  2 m M  A T P  b u t  

w i t h o u t  m i t o c h o n d r i a  was  i n c u b a t e d  a t  25 o C. A t  

t h e  t i m e  i n t e r v a l s  i n d i c a t e d  in  Fig.  1, 0 .6 -ml  

a l i q u o t s  we re  t a k e n  a n d  a d d e d  to  d i f f e r e n t  c o n -  

c e n t r a t i o n s  o f  i ce -co ld  p e r c h l o r i c  ac id  w i t h  or  

w i t h o u t  E D T A  ( f ina l  c o n c e n t r a t i o n  a f t e r  a d d i t i o n  

o f  s a m p l e  25 m M ) .  I n c u b a t i o n s  we re  c o n t i n u e d  in  

a n  i c e / w a t e r  b a t h  for  d i f f e r e n t  pe r iods .  A f t e r  

neu t ra l±sa t±on  w i t h  K O H - M o p s  a n d  r e m o v a l  of  

K C I O  4 b y  c e n t r i f u g a t i o n  in  t he  cold ,  A T P  a n d  

A D P  were  m e a s u r e d  in  the  s u p e r n a t a n t .  T h e  re-  

su l t s  a re  d e p i c t e d  in  Fig. 1. 

D u e  to c o n t a m i n a t i o n  of  c o m m e r c i a l  A T P  w i t h  

A D P ,  a s u b s t a n t i a l  a m o u n t  of  A D P  was  r o u t i n e l y  

f o u n d  in  t he  r e a c t i o n  m i x t u r e .  N o  i n c r e a s e  in  A D P  

c o n c e n t r a t i o n  was  f o u n d  a t  n e u t r a l  p H  a t  2 5 ° C  

for  a t  l eas t  3 h. T h e  r e su l t s  of  Fig.  1 s h o w  t h a t  

c o n s i d e r a b l e  a m o u n t s  of  A D P  were  f o r m e d  as a 
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Fig. 1. Factors affecting the hydrolysis of ATP under acid 
conditions. A stock solution of ATP was prepared by dissolving 
the compound in water followed by neutralisation with solid 
Tris to pH 7.4. An aliquot of the stock solution of ATP (final 
concentration 2 mM) was added to the standard reaction 
medium described in Materials and Methods. At zero time, 
0.6-ml samples were taken and added to Eppendorf tubes 
containing 0.6 ml ice-cold perchloric acid in the following final 
concentrations: 0.35 M (O, ×) (A); 0.7 M (A, A) (B); 1.05 M 
(O, +) (C); and 1.40 M ( t  v) (D). The following symbols 
denote incubations with EDTA present (final concentration 25 
raM): O, zx, +, v. At the times indicated, tubes were removed 
from the ice/water bath and centrifuged in the cold for 60 s at 
12 000 x g. After immediate neutralisation of an 0.9 ml aliquot 
of the supernant with cold 2 M KOH/0.2 M Mops, samples 
were frozen in liquid nitrogen. ADP was measured fluorimetri- 
cally. Each value represents the mean of duplicate incubations 
and triplicate determinations. The ADP content of samples to 
which no acid was added is shown in panel A (O). 

result  of acid  hydrolys is  of ATP,  the extent  being 
dependen t  upon  the t ime of incuba t ion  and the 
concen t ra t ion  of  perchlor ic  acid  used. The pres-  
ence of E D T A  inhib i ted  this process.  A M P  was 
also formed,  but  in much lower amounts  (results 
not  shown), in agreement  with Hutchings  et al. [8] 
who  repor ted  a 20-fold difference in the rate  coef- 
f icients for the hydrolys is  of  A T P  to A D P  and  that  
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of  A T P  to A M P .  The  da t a  of Fig.  1 show fur ther  
that,  depend ing  on the perchlor ic  acid concent ra-  
t ion used, subs tant ia l  amoun t s  of  A D P  were al- 
r eady  formed dur ing  the first short  per iod  of  acid 
t rea tment  (2-2 .5  min). 

W h e n  the exper iment  of Fig. 1 was modi f ied  by  
keeping the t empera tu re  of  the incuba t ion  mixture  
at  0 ° C ins tead of at 25 o C, the first r ap id  phase  of  
A T P  hydrolys is  was great ly suppressed  (not  
shown),  suggesting that  this p h e n o m e n o n  can at 
least  par t ia l ly  be a t t r ibu ted  to rap id  hydrolys is  of 
A T P  at the elevated t empera tu re  dur ing  the first 
few minutes  after  add i t i on  of  the sample  (at  25 ° C) 
to perchlor ic  acid (at 0 ° C ) .  This  exp lana t ion  is 
s t rengthened  further  by  the fact that  decreas ing 
the volume of  a d d e d  sample  relat ive to that  of  the 
cold  perchlor ic  acid  also led to a reduct ion  in the 
extent  of A D P  fo rma t ion  dur ing the first short  
t ime interval.  

In  the exper iment  of Fig. 2, hydrolys is  of A T P  
to A D P  under  acid  condi t ions  was s tudied in the 
presence of mi tochondr ia .  F o r  this purpose ,  rat-  
l iver mi tochondr i a  were incuba ted  for 5 min in the 
s t anda rd  react ion med ium together  with succinate  
(plus  ro tenone)  and  2 m M  ATP.  The  A D P  der ived  
f rom the A T P  solut ion (14.5/~M) was subs tan t ia l ly  
lowered af ter  the add i t i on  of  mi tochondr ia .  This  
p h e n o m e n o n  reflects the abi l i ty  of  respir ing 
mi tochondr i a  to phosphory la t e  A D P  against  high 
ex t rami tochondr ia l  phosphory la t i on  poten t ia l s  [5]. 
Indeed,  o l igomycin  abol ished the observed de- 
crease in the concen t ra t ion  of  A D P  (not  shown). 
As in the exper iment  of Fig. 1, 0.6-ml a l iquots  
were taken f rom the react ion vessel and  a d d e d  to 
0.6-ml ice-cold HC104 (0.35 M) with or wi thout  
E D T A .  Incuba t ions  were con t inued  in ice-water  
for  different  per iods  of  time. The  fol lowing ob-  
servat ions were made.  First ly,  when the acidif ied 
reac t ion  mixture  was kept  at 0 ° C  for increas ing 
per iods  of time, there  was a gradua l  increase in the 
amoun t  of  A D P  subsequent ly  found in the neu- 
tral ised,  prote in-f ree  extract .  Secondly,  E D T A  de- 
creased the rate  of  fo rmat ion  of  A D P  under  acid 
condi t ions .  Thirdly ,  when the samples  were 
cent r i fuged for 1 min after  ac id i f ica t ion  and im- 
media te ly  neutral ised,  the amoun t  of  A D P  in- 
c reased  upon  s torage of  the neutral ised,  pro te in-  
free extract  at 0 o C. The  effect of  s torage of neu- 
t ra l ised extracts  was less evident  in samples  kep t  in 
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Fig. 2. The effect of EDTA and time of exposure to acid on the 
hydrolysis of ATP in acidified reaction mixtures containing 
ATP and mitochondria. Rat-liver mitochondria (1.0 mg pro- 
tein/ml) were incubated in the standard reaction medium 
together with 2.0 mM ATP and 14.5 /tM ADP (derived from 
the ATP solution). After 8 min, 0.6-ml samples were taken and 
added to Eppendorf tubes (1.6 ml) kept in ice/water and 
containing 0.6 ml 7% (w/v) HCIO 4 (A-C). After 1, 30, 60, 120 
and 180 min, tubes were withdrawn and subjected to centrifu- 
gation (12000 × g, 60 s) in the cold. After neutralisation, sam- 
ples were frozen immediately in liquid nitrogen. ADP was 
determined in the neutralised perchloric acid extracts im- 
mediately after thawing in ice/water (A), or after being kept at 
0 o C for 4 h (B). In C, data are shown for samples neutralised 
and kept at 0 °C for 8 h either in the absence (zx), or in the 
presence (©) of 25 mM EDTA. In D, E and F, 25 mM EDTA 
was present in the acidification medium. Samples were kept in 
the acid medium for the times indicated and ADP was de- 
termined immediately after thawing (D), or after 4 h (E) or 8 h 
(F) at 0°C. Each point represents the mean of triplicate 
determinations. 

contac t  with acid for 1 h or  longer.  Four th ly ,  the 
presence of  E D T A  in the neut ra l i sed  extracts  pre- 
vented the t ime-dependen t  increase in A D P  ob-  
served dur ing  s torage at 0 o C. 

C o n c l u s i o n s  

In studies on the regula t ion  of  oxidat ive  
phosphory la t i on  in rat- l iver  mi tochondr ia ,  quench- 

ing with perchlor ic  acid (0.15-0.95 M) is used 
a lmost  universal ly  to te rmina te  reactions.  Some 
authors  immedia te ly  centr i fuge the acidif ied sam- 
ple  and neutralise,  others  leave samples  in acid  for 
var ious  per iods  of time. The  la t ter  p rocedure  will 
lead to an underes t ima t ion  of the true A T P / A D P  
ratio,  especial ly when it is high, due  to the t ime-de-  
pendent ,  acid concen t r a t ion -dependen t  hydrolys is  
of  A T P  to A D P  (Figs. 1 and 2). However ,  al- 
though a short  acid t rea tment  fol lowed by rap id  
cent r i fugat ion  and neut ra l i sa t ion  is beneficial  as 
far  as ac id-ca ta lysed  hydrolys is  of A T P  is con- 
cerned,  care must  be  taken to avoid  other  ar tefacts:  
if the t ime of  exposure  to acid is too short,  there is 
incomple te  dena tu ra t ion  of kinases,  as stressed by  
Brawand  and Wal te r  [6]. Indeed,  adenyla te  k inase  
is known to be relat ively s table to acid t rea tment  
[22]. As a consequence  of  this phenomenon ,  A D P  
is p roduced  af ter  thawing of the samples  (Fig. 2). 
Brawand and Wal t e r  [6] suggested add i t ion  of 
peps in  to samples  af ter  acidif icat ion,  whereas 
Jacobus  et al. [21] suggested that  acidif ied samples  
should  be filtered. The results of Fig. 2 demon-  
s t ra te  that  an excess of E D T A  prevented  the oc- 
currence  of  this ar tefact  very efficiently.  

The  results of Table  II show that  even under  
condi t ions  of  min imal  hydrolys is  of A T P  (low 
perchlor ic  acid concentra t ions ,  short  per iods  of  
acid  t rea tment ,  all man ipu la t ions  in the cold, 
E D T A  present) ,  values ob ta ined  for the ext rami-  
tochondr ia l  A T P / A D P  ra t io  using perchlor ic  acid 
as quenching agent  are accurate  only if the rat ios 
do  not  exceed values of 100-200.  F o r  accurate  
measu remen t  of  higher  rat ios,  the p h e n o l /  
c h l o r o f o r m / i s o a m y l  alcohol  me thod  must  be used. 

In  conclusion,  the var ia t ion  in the values re- 
po r t ed  in the l i tera ture  for the ex t rami tochondr ia l  
A T P / A D P  ra t io  in ra t - l iver  m i t o c h o n d r i a  
incuba ted  under  State-4 condi t ions ,  is due in par t  
to different  extents  of A T P  hydrolysis .  Indeed,  
values for the ex t rami tochondr ia l  A T P / A D P  rat io  
in State-4 mi tochondr i a  ob ta ined  by  Slater  et al. 
[5] and  by  ourselves (this paper ,  Table  II)  are  by  
far the highest  repor ted  in the l i terature.  

A c k n o w l e d g e m e n t s  

This s tudy was suppor t ed  by  a grant  f rom the 
Ne the r l ands  Organiza t ion  for the A d v a n c e m e n t  of  



Pure Research (Z.W.O.) under the auspices of the 
Netherlands Foundation for Chemical Research 
(S.O.N.). The authors wish to thank Arthur 
Verhoeven, Bert Groen, Fred Meijer and Peter 
Plomp for helpful discussions and Wendy van 
Noppen for her help in the preparation of the 
manuscript. 

References 

1 Boyer, P.D., Chance, B., Ernster, L., Mitchell, P., Racker, 
E. and Slater, E.C. (1977) Annu. Rev. Biochem. 46, 
955-1026 

2 Hansford, R.G. (1980) Curr. Top. Bioenerg. 10, 217-278 
3 Williamson, J.R. and Corkey, B.E. (1969) Methods En- 

zymol. 13,434-513 
4 Bergmeyer, H.U. (ed.) (1974) Methods in Enzymatic Analy- 

sis, 2nd English Ed., Verlag Chemie/Academic Press, 
Weinheim/New York 

5 Slater, E.C., Rosing, J. and Mol, A. (1973) Biochim. Bio- 
phys. Acta 292, 534-553 

6 Brawand, F. and Walter, P. (1974) Anal. Biochem. 62, 
485-498 

7 Liebecq, C. (1957) Arch. Int. Physiol. Biochim 65, 141-142 
8 Hutchings, G.J., Banks, B.E.C., Mruzek, M., Ridd, J.H. and 

Vernon, C.A. (1981) Biochemistry 20, 5809-5816 

119 

9 Hogeboom, G.H. (1962) Methods Enzymol. 1, 16-19 
10 Myers, D.K. and Slater, E.C. (1957) Biochem. J. 67, 558-572 
11 Wanders, R.J.A., Van Roermund, C., Lof, C. and Meijer, 

A.J. (1983) Anal. Biochem. 129, 80-87 
12 Lawson, J.W. and Veech, R.L. (1979) J. Biol. Chem. 254, 

6528-6537 
13 Cleland, K.W. and Slater, E.C. (1953) Biochem. J. 53, 

547-556 
14 Heldt, H.W., Klingenberg, M. and Milovancev, M. (1972) 

Eur. J. Biochem. 30, 434-440 
15 Davis, E.J. and Lumeng, L. (1975) J. Biol. Chem. 250, 

2275-2282 
16 Kiaster, U., Bohnensack, R. and Kunz, W. (1976) Biochim. 

Biophys. Acta 440, 391-402 
17 Davis, E.J. and Davis-Van Thienen, W.I.A. (1978) Biochem. 

Biophys. Res. Commun. 83, 1260-1266 
18 Brawand, F., Folly, G. and Walter, P. (1980) Biochim. 

Biophys. Acta 590, 285-289 
19 Holian, A. and Wilson, D.F. (1980) Biochemistry 19, 

4213-4221 
20 Wanders, R.J.A., Groen, A.K., Meijer, A.J. and Tager, J.M. 

(1981) FEBS Lett. 132, 201-206 
21 Jacobus, W.E., Moreadith, R.W. and Vandegaer, K.M. 

(1982) J. Biol. Chem. 257, 2397-2402 
22 Noda, L. (1973) in The enzymes (Boyer, P.D., ed.), Vol. 8, 

pp. 279-305, Academic Press, New York 


