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SUMMARY 

I. A uucleoside diphosphate kinase (EC 2.7.4.6) has been isolated from liver 
mitochondria that  is rather specific for ATP as phosphate donor. It  catalyses an 
ADP-ATP exchange reaction. 

2. The isolated enzyme is inhibited by ADP in concentrations higher than I mM. 
The reaction is stimulated by both ferri- and ferrocytochrome c, but the inhibition by 
high ADP concentrations is not relieved. 

3. The isolated enzyme is insensitive to 2,4-dinitrophenol and oligomycin. I t  
appears to become sensitive to  2,4-dinitrophenol but  not to oligomycin on addition 
of freshly prepared digitonin particles. The inhibition is due to the formation of ADP, 
catalysed by the adenosine triphosphatase in the digitonin particles. 

4. The oligomycin-sensitive ADP-ATP exchange activity in the mitochondria 
is not affected by extraction of the nucleoside diphosphate kinase. 

5- The isolated enzyme has no effect either on the P/O ratio or on the ATP- 
driven nicotinamide nucleotide transhydrogenase of submitochondrial particles. 

6. A role of this enzyme in oxidative phosphorylation seems improbable. 

INTRODUCTION 

The ADP-ATP exchange reaction has been extensively studied in intact mito- 
chondria 1-5, digitonin particles e-l° and sonic particles n. In intact mitochondria this 
reaction is inhibited under carefully defined conditions 4 by uncouplers and inhibitors 
of oxidative phosphorylation. I t  is, therefore, widely believed that  the ADP-ATP 
exchange reaction represents the last step in the phosphorylation mechanism, 

X ~ P + A D P ~ - X  + ATP 

WADKINS AND LEHNINGER 6,s have isolated from liver mitochondria and from 
digitonin particles an easily extracted enzyme that  catalyses an ADP-ATP exchange 
reaction. The isolated enzyme is completely insensitive to uncouplers or inhibitors of 
oxidative phosphorylation 6, but  can be rendered sensitive to dinitrophenol on in- 
cubation with digitonin particles 1~. WADKINS AND LEHNINGER 8 were also able to show 

Abbreviations: PPO, 2,5-diphenyloxazole; POPOP, 1,4-bis(5-phenyloxazolyl-2)-benzene. 
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that  mitochondria from which the enzyme was extracted could reincorporate the 
enzyme with a concomitant rise in the P/O ratio with fl-hydroxybutyrate, succinate 
or ascorbate as substrate. They concluded that  the enzyme acts as a coupling factor, 
especially at the third site of phosphorylation. 

More direct evidence for a role of the enzyme in oxidative phosphorylation came 
from the observation that  the inhibition of the exchange reaction by  high concentra- 
tions of ADP could be specifically relieved by addition of ferrocytochrome c. The 
effect of ferrocytochrome c was abolished by oligomycin and potentiated by 2,4- 
dinitrophenol1.~, 14. 

RACKER and co-workers 15 have isolated from beef-heart mitochondria a coupling 
factor (F1) that  is required in submitochondrial particles for respiratory-chain 
phosphorylation and for all reactions associated with oxidative phosphorylation that  
involve a transphosphorylation step with ATP. F 1 also catalyses the hydrolysis of 
ATP and other nucleoside triphosphates, and this reaction is inhibited by ADP. 
However, F 1 does not catalyse an ADP-ATP exchange le, 1~. Moreover, ZALKIN, PULL- 
MAN AND RACKER 17 found no dinitrophenol-sensitive ADP-ATP exchange activity in 
submitochondrial particles from beef heart that  catalysed an ATP-PI exchange. They 
concluded that  the exchange observed in submitochondrial particles is mainly due to 
adenylate kinase and othel heat-stable enzymes that form [14C~ATP from [14CIADP. 

The purpose of this paper is to examine the relationship between the enzyme 
described by WADKINS and co-workers and the ADP-ATP exchange activity in 
intact mitochondria and digitonin particles. 

METHODS AND MATERIALS 

Mitochondria were prepared from beef liver following essentially the procedure 
for beef heart described by CRANE, GLENN AND GREEN 18, using 0.25 M sucrose-i mM 
EDTA as isolation medium. The mitochondrial pellet was suspended in the isolation 
medium (to a concentration of about 30 mg protein per ml) and stored overnight at o ° 
with continuous stirring. The isolation of the enzyme was carried out at o °. The suspen- 
sion was centrifuged for 30 min at 12000 × g, and the cloudy supernatant dialysed 
several times against I mM phosphate buffer (pH 7.4). After adiustment of the pH 
to 7.4, inactive protein was removed by centrifugation at 12 ooo × g. From the super- 
natant  the protein precipitating between 25 g (NH4)~S04 and 65 g (NH4)2SO 4 per 
IOO ml was collected and dissolved in I mM phosphate buffer (pH 7.4). This solution 
was brought on a DEAE-cellulose column previously equilibrated with I mM phos- 
phate buffer (pH 7.4). The protein (11.3 g) eluted with 50 mM phosphate buffer (pH 
7.4) had a specific activity of 1.6 t~moles/min per mg and was concentrated by re- 
peating the precipitation procedure with (NH4) 2SO4. The precipitate was dissolved in 
I mM phosphate buffer (pH 6.0) and dialysed several times against the same buffer. 
After centrifugation the solution was brought on a CM-cellulose column equilibrated 
with I mM phosphate buffer (pH 6.0). The protein was eluted with a logarithmic 
gradient 1° from I to 50 mM phosphate buffer (pH 6.0). The active fractions, containing 
3.9 g protein, were pooled. They had a specific activity of 3.2 ~moles/min per mg and 
were concentrated by  repeating the (NH4)2SO 4 precipitation procedure. The preci- 
pitate was dissolved in 50 mM phosphate buffer (pH 7.4) and dialysed several times 
against the same buffer. The solution was then brought on a hydroxyapati te  column, 
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equilibrated with 5o mM phosphate buffer (pH 7.4), and the protein was eluted with 
a steep, linear gradient 19 from 50 to 500 mM phosphate buffer (pH 7.4). The active 
fraction contained 20 mg of protein with a specific activity of 44.4 /~moles/min 
per rag. 

The enzyme was also prepared from rat-liver mitochondria, prepared according 
to MYERS AND SLATER 20, usually omitting the chromatography on CM-cellulose. 

Digitonin particles from rat-liver mitochondria were prepared according to 
DEVLIN AND LEHNINGER ~1. Mitochondria from beef heart were prepared as described 
by CRANE, GLENN AND GREEN 18 and submitochondrial particles ( 'A' particles) ac- 
cording to FESSENDEN AND RACKER 22. Protein was determined according to the 
biuret method of GORNALL, BARDAWlLL AND DAVID 23, as described by  CLELAND AND 

SLATER 24. Oxygen uptake was measured in differential manometers and phosphoryla- 
tion was measured as described by  SLATER 2~. 

The ADP-A TP  exchange activi ty of the isolated enzyme was measured in a 
medium containing 30 mM Tris-HC1 buffer (pH 7.4), 5.5 mM MgC12, 0.5 mM EDTA, 
and [8-14CIADP (10o000-130000 disintegrations/rain) and ATP as indicated in a final 
volume of i ml. In  the recombination experiments the reaction medium contained 
30 mM Tris-HC1 buffer (pH 7.4), 1.5 mM MgC12, 0.5 mM EDTA and 25 mM sucrose. 
Mitochondrial A D P - A T P  exchange activi ty was measured as described by  GUILLORY 
AND SLATER 4. The nucleotides were separated on a Dowex i formate column. ADP was 
eluted with 4 M HCOOH and ATP with 0.25 M HC1. The recovery of the nucleotides 
from the column was 95-1oo % of that  applied. The concentration of the nucleotides 
in the eluates was determined spectrophotometrically at 260 m~ using a molar 
extinction coefficient of 15.2. IO s (ref. 4). Samples were dried under an infrared lamp in 
glass counting vials and dissolved in 0.2 ml methanol, o.I ml I M hyamine in methanol 
and 9-7 ml toluene, containing 4 g PPO and 50 mg POPOP per 1. The vials were 
counted to a constant rate in a Nuclear Chicago Mark I liquid scintillation counter. 
The initial rate of the exchange reaction was calculated from the formula given by 
DUFFIELD AND CALVIN 26. 

Nucleoside diphosphate kinase was measured in a medium containing 25 mM 
Tris-HC1 buffer (pH 7-4), 2 mM MgC12, 0.5 mM EDTA, 30 mM glucose, 2 mM NADP +, 
ADP and nucleoside tr iphosphate as indicated, 20 ~g hexokinase (EC 2.7.I.I), and 
IO/~g glucose-6-phosphate dehydrogenase (EC 1.1.1.49 ). The increase of the absorp- 
tion at 340 m~ was followed in a Zeiss PMQII  spectrophotometer. Corrections were 
made for the reaction of the nucleoside tr iphosphate with hexokinase by omitting 
ADP from the reaction mixture, and for adenylate kinase by  omitting the nucleoside 
triphosphate.  

The ATPase activi ty was measured as described by  MYERS AND SLATER 20. 
[8-14C3ADP was purchased from Calbiochem and purified before using on a 

Dowex I formate column, as described by GUILLORY AND SLATER 4. Nucleotides were 
obtained from Sigma Chemical Company and Boehringer und S6hne. DEAE-cellulose 
was obtained from Serva Entwicklungslabor, CM-cellulose from Sigma Chemical 
Company and hydroxyapat i te  from Calbiochem. Oligomycin was kindly provided 
by  the Upjohn Chemical Company, aurovertin by  Dr. H. A. LARDY and atractyloside 
by  Dr. V. SPRIO. Purified F z was a gift from Dr. R. H. VALLEJOS. Cytochrome c was 
prepared from horse heart  as described by  KEILIN AND HARTREE 27 and purified ac- 
cording to MARGOLIASH ~8. Hexokinase and glucose-6-phosphate dehydrogenase were 
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obtained from Boehringer und S6hne. All other chemicals used were from the British 
Drug Houses Ltd. 

RESULTS 

The ADP-A TP  exchange enzyme, isolated from calf-liver mitochondria, is 
readily purified to a high specific activity. The enzyme shows a typical protein ab- 
sorption spectrum with a maximum at 279 m~ and a minimum at 250 m~. The 
purified preparation contains neither adenylate kinase nor ATPase. From Table I it 
appears that  the enzyme is relatively specific towards ATP as phosphate donor. 
GTP and UTP can also serve, but only with about IO % and 6 % of the velocity of 
ATP, whereas CTP is inactive. In agreement with WADKINS AND LEHNINGER6, 7 the 
purified enzyme was found to be insensitive to o.I mM dinitrophenol or 2.5 ~g oligo- 
mycin per/~g enzyme. I t  was also insensitive to 0.5 ~g aurovertin per ~g enzyme, 
0.5 ~g atractyloside per ~g enzyme or o.I mM avidin, p-Chloromercuribenzoate 
(o.I raM) inhibited by  50 %. 

T A B L E  I 

SPECIFICITY OF THE A D P - A T P  EXCHANGE ENZYME FOR PHOSPHATE DONOR 

The ve loc i ty  of the  A D P - A T P  exchange ,  nucleoside  d i phospha t e  k inase  and  a d e n y l a t e  k inase  
were measu red  as descr ibed in  METHODS. The  concen t r a t ion  of A D P  was  o.9 mM and  of the  
nucleos ide  t r i p h o s p h a t e  2.8 mM; 3o p g  purif ied enzyme  was  used. E x c e p t  for the  m e a s u r e m e n t  of 
the  exchange  be tween  A D P  and  ATP, a reac t ion  t e m p e r a t u r e  of 22 o was  used. The l a t t e r  exchange  
was car r ied  ou t  a t  o ° w i t h  6 /~g  pur i f ied  enzyme  and  correc ted  to  22 ° b y  a p p l y i n g  a fac tor  (4.4) 
de t e rmined  in sepa ra te  exper imen t s .  

Phosphate donor Rate (l~moles/min per mg) 

ATP* 44.4 
GTP  4.2 
U T P  2.8 
CTP o. 5 
ADP**  o.09 

* A D P - A T P  exchange .  
** A d e n y l a t e  kinase.  

In agreement with GLAZE AND WADKINS TM the exchange enzyme was inhibited 
by  ADP in concentrations higher than I mM. Addition of cytochrome c in the presence 
of ascorbate caused a slight stimulation of the exchange reaction over the whole 
range of ADP concentrations tested (see Fig. I). However, in contrast to GLAZE AND 
WADKINS 13, the inhibition by  ADP was not relieved by  ferrocytochrome c, ana a 
similar stimulation was found with cytochrome c plus  ferricyanide, showing that  the 
effect is not specific for the reduced cytochrome. Similar results were obtained with 
GTP as phosphate donor (Fig. 2). The st imulatory effect of cytochrome c remained 
the same between IO and IOO/~M. Also in contrast to the results of GLAZE AND WAD- 
KINS 13, 2,4-dinitrophenol and oligomycin were found to have no effect on the stimula- 
tion of the exchange reaction by  cytochrome c (Table II). 

In the absence of added Mg 2+, the ADP-ATP exchange reaction in freshly 
prepared digitonin particles from rat-liver mitochondria is sensitive to 2,4-dinitro- 
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Fig. I. Effect  of f e r rocy tochrome c at  dif ferent  A D P  concentra t ions  on  the  a c t i v i t y  of the  so luble  
A D P - A T P  e x c h a n g e  e n z y m e .  The  reac t ion  m e d i u m  described in METHODS c o n t a i n e d  4.5 mM 
ATP, A D P  as ind ica ted  (25 600 counts /min) ,  IO m.M ascorbate  and  16 fig purif ied enzyme.  Reac-  
t ion  t ime,  5 rain. Temp. ,  IO °. Curve  I, cont ro l ;  Curve  2, plus i o  ffM cy toch rome  c. 

Fig. 2. Effect  of fe r rocy tochrome c at  dif ferent  A D P  c o n c e n t r a t i o n s  on  the  nuc leos ide  d iphosphate  
k inase  react ion.  The  reac t ion  m e d i u m  descr ibed in  METHODS con ta ined  3 mM GTP, A D P  as in- 
dicated,  8 mM ascorbate  and  4 ° f ig purif ied enzyme.  Temp.,  22 °. Curve  I, cont ro l ;  Curve  2, plus 
IO ffM c y t o c h r o m e  c. 

T A B L E  I I  

THE EFFI~CT OF 2,4-DINITROPHI~NOL AND OLIGOMYCIN ON TnIg STIMULATION OF THE SOLUBLE 
A D P - A T P  EXCHANGE ENZYME BY CYTOCHROME g 

I . I  mM [8-14C]ADP, 8.9 mM ATP, 4 mM a s c o r b a t e  and 3 fig purif ied enzyme  were inc luded  in the  
reac t ion  m i x t u r e  descr ibed under  METHODS. Temp. ,  25 °. R e a c t i o n  t ime,  7 min.  

A dditions A [8-1*C]A TP (#moles) 

None  o.99 
Cy toch rome  c (4 ° / zM)  1.16 
Cy toch rome  c (4 ° ffM) + 2 ,4-d in i t rophenol  (o.i  mM) 1.12 
Cy toch rome  c (4 ° ffM) + o l igomycin  (5 #g) 1.14 

phenol and oligomycin (Fig. 3). The total ADP-ATP exchange activity is greatly in- 
creased by the addition of Mg 2+, but the oligomycin-sensitive activity remains con- 
stant. The 2,4-dinitrophenol-sensitive activity, however, increases with increasing 
Mg 2+ concentration. When the soluble exchange enzyme (either in the crude extract 
or tile purified enzyme) is added to digitonin particles the activity of the soluble 
enzyme becomes partly inhibited by dinitrophenol (Fig. 4B), but not by oligomycin 
(Fig. 4A). 

Since dinitrophenol, but not oligomycin, induces an appreciable ATPase activity 
in digitonin particles, the effect of ATPase on the soluble enzyme was studied by 
adding F 1, the ATPase isolated from beef-heart mitochondria. It has been shown 
that F 1 does not catalyse an ADP-ATP exchange reaction 17. As is seen in Fig. fi, the 
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ADP-ATP exchange reaction was inhibited by the addition of F 1 and the inhibition 
was greater between 7 and 15 min (when the ADP concentration was between 1. 9 and 
2. 3 r a M )  than between o and 15 rain (when the ADP concentration increased from 1.2 
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Fig. 3. Effect  of added  Mg ~+ on  t he  inhib i t ion  of t he  A D P - A T P  exchange  reac t ion  b y  o l igomycin  
a n d  2 ,4-d in i t rophenol  in d ig i ton in  part icles.  T he  reac t ion  m e d i u m  was  as descr ibed in METHODS, 
excep t  for MgCI~ which  was  as indicated.  E xp t .  A: 1.2 m g  d ig i ton in  par t ic les ;  Curve  I, control ;  
Curve  2, plus 5 # g  ol igomycin.  E x p t .  B:  1.9 m g  d ig i ton in  par t ic les ;  Curve  i,  control ;  Curve  2, plus 
0. 5 m M  2,4-din i t rophenol .  Reac t ion  t ime,  5 min .  Temp. ,  25 °. 
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Fig. 4. Sens i t iv i ty  to o l igomycin  and  to 2 ,4-d in i t rophenol  of A D P - A T P  exchange  ac t i v i t y  of 
d ig i ton in  part icles ,  purif ied exchange  e n z y m e  and  of a comb ina t i on  of t h e  two. The  reac t ion  
m e d i u m  was  as descr ibed in METHODS, wi th  7.o m M  ATP,  2. i  mlV£ [8-14C]ADP, 12o/~g d ig i tonin  
part ic les ,  5 ° /zg A D P - A T P  e x c h a n g e  enzyme,  0. 5 m M  2,4-d in i t rophenol  a n d  5 /~g ol igomycin.  
A : The  shaded  a rea  r ep re sen t s  t h e  f rac t ion  of t h e  A D P - A T P  exchange  ac t iv i ty  t h a t  is sens i t ive  to 
o l igomycin.  B : The  shaded  a rea  r ep resen t s  t he  f rac t ion  of t he  A D P - A T P  exchange  ac t iv i ty  t h a t  is 
sens i t ive  to 2 ,4-dini t rophenol .  

Fig. 5. Effect  of A T P a s e  (F1) on t he  A D P - A T P  exchange  ac t iv i ty  of t he  soluble enzyme.  The  
reac t ion  m e d i u m  as descr ibed in METHODS con ta ined  7.3 m M  ATP,  1.2 m M  [8-1~C]ADP and  2o/~g 
purif ied enzyme.  Curve  i,  control .  Curve  2, plus 17o/zg  F 1. 

to 1. 9 mM). Similar results were obtained when glucose and hexokinase were used as 
an ATP-splitting system. Increasing amounts of hexokinase brought about an in- 
creasing inhibition of the ADP-ATP exchange reaction (Table 111). 

When rat-liver mitochondria are incubated for a short time in 0.3 M (NH4) 2S04 
at 0-2 °, much ADP-ATP exchange activity, insensitive to 2,4-dinitrophenol or oligo- 
mycin, is solubilized s. However, the oligomycin-sensitive ADP-ATP exchange 
remains completely in the mitochondria (Table IV). This is consistent with the finding 
of KEMP (unpublished) that extraction of rat-liver mitochondria with (NH4)2S04 had 
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T A B L E  I I I  

EFFECT OF GLUCOSE plus HEXOKINASE ON THE SOLUBLE A D P - A T P  EXCHANGE REACTION 

7.0 m M  A T P ,  I . I  m M  [8-14C]ADP, 2. 5 /zg p u r i f i e d  e n z y m e  a n d  3 ° m M  g l u c o s e  w e r e  i n c l u d e d  in  
t h e  r e a c t i o n  m e d i u m  d e s c r i b e d  in  METHODS. T e m p . ,  24 °. R e a c t i o n  t i m e ,  IO m i n .  

Hexokinase (#g) z] ES-14C~A TP (#mole) 

o 0 .96  

3 0 .66  

6 0.47 

12 0.35 

T A B L E  I V  

EFFECT OF (NH4)aSO 4 EXTRACTION ON THE OLIGOMYCIN-SENSITIVE A D P - A T P  EXCHANGE REACTION 
IN RAT-LIVER MITOCHONDRIA 

R e a c t i o n  m e d i u m :  25 m M  T r i s - H C 1  ( p H  7-4), 1oo m M  sucrose ,  o.5 m M  E D T A ,  IO # M  c y t o c h r o m e  c, 
8.1 m M  A T P ,  i . i  m M  [8-14C]ADP in  a f ina l  v o l u m e  of i ml .  A p a r t  of t h e  m i t o c h o n d r i a l  p r e p a r a t i o n  
w a s  e x t r a c t e d  for  IO m i n  a t  o ° w i t h  o.3 M (NH4)zSO 4 (pH  7.4) a n d  r e s u s p e n d e d  in  o.25 M sucrose .  
I n  t h e  e x p e r i m e n t  w i t h  MgCI~ o.2 m g  m i t o c h o n d r i a l  p r o t e i n  w a s  p r e s e n t ;  in  t h e  o t h e r  e x p e r i m e n t s  
I . I  rag.  T h e  v a l u e s  g i v e n  a re  c a l c u l a t e d  for  t h e  o r i g i n a l  a m o u n t  of m i t o c h o n d r i a l  p r o t e i n  (46 mg) .  

Oligomycin MgCl 2 
(l~l) (raM) 

Total ADP-A TP exchange activity 
(#moles E8-1aC]A TP per rain) 

Mitochondria Extracted Supernatant 
mitochondria 

o IO 26. 4 18.2 7.6 

o o 2.8 2. 7 - -  

IO o o . I  o . I  - -  

T A B L E  V 

EFFECT OF THE SOLUBLE A D P - A T P  EXCHANGE ENZYME, F 1 AND OLIGOMYCIN ON THE P / O  RATIO 
OF ' A  s PARTICLES 

20 m M  p o t a s s i u m  p h o s p h a t e  ( pH  7.4), 5 m M  T r i s - s u l p h a t e  ( pH  7.4), 2 m M  M g S O  4, o. 5 m M  E D T A ,  
i m M  A D P ,  3o m M  glucose ,  2oo Cor i  u n i t s  h e x o l d n a s e ,  I m g  b o v i n e  s e r u m  a l b u m i n ,  2o m M  
s u c c i n a t e  a n d  1.5 m g  A p a r t i c l e s .  T e m p . ,  25 °. R e a c t i o n  t i m e ,  22 ra in .  I n  E x p t .  2 o.2 # g  o l i g o m y c i n  
w a s  a l so  p r e s e n t .  

Expt. Additions AO ~ hexose 
No. ( # a t o m s )  monophosphate 

(l~moles) 

P/O 

N o n e  i o . 7  o.3 ° o.o3 
E x c h a n g e  e n z y m e  (5 ° / ~ g )  i 1.4 o.22 o.o2 
F 1 (12o ~tg) lO.7 0-79 ° . ° 7  

N o n e  lO. 4 2.65 0.25 
E x c h a n g e  e n z y m e  (5 ° #g)  lO.7 2-17 o.21 
F 1 (12o /*g)  lO. 4 3.85 0.37 
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no effect on the P/O ratio. The respiratory rate was inhibited, but this was raised to 
the original value by  addition of cytochrome c. 

These results of KEMP are in contrast to those of WADKINS AND LEHNINGER s, 

who observed after ammonium sulphate extraction of the mitochondria a lowering 
of the P/O ratio, which was restored to its original value on subsequent addition of the 
ADP-ATP exchange enzyme. In our experiments, addition of the ADP-ATP ex- 
change enzyme to salt-extracted mitochondria did not affect the P/O ratio. Further- 
more, the soluble exchange enzyme, either that  present in the crude extract  or the 
purified preparation, had no effect on the P/O ratio (Table V) or on the ATP-PI  ex- 
change of A particles 22 under conditions in which F 1 and low concentrations of 
oligomycin are active. The ADP-ATP exchange enzyme also had no effect on the 
ATP-driven reduction of NADP + by NADH in the KEILIN AND HARTREE heart- 
muscle preparation. 

DISCUSSION 

In agreement with WADKINS AND LEHNINGER 6,8 We have isolated from liver 
mitochondria an ADP-ATP exchange enzyme. I t  appears to be a nucleoside di- 
phosphate kinase, that  is rather specific for the adenine nucleotides. An enzyme with 
similar properties has been isolated from beef heart by VIGNAIS and co-workers29, z°. 
The heart  enzyme appears to be rather less specific and to have a lower specific activity 
than the liver enzyme. A coupling factor specific for Site II ,  CFII, isolated by  
BEYER sl,32 also has nucleoside diphosphate kinase as its most important  enzymic 
activity. Both the enzyme isolated by  VIGNAIS and co-workers 20, zo and our preparation 
are inhibited by  high ADP concentrations and stimulated by  cytochrome c. However, 
this stimulation was obtained at all concentrations of ADP, without relief of the in- 
hibition by  ADP as reported by  GLAZE AND WADKINS lz. The explanation of this 
discrepancy is not clear. 

One of the arguments brought forward by  WADKINS AND LEHNINGER TM in 
favour of a role of the ADP-ATP exchange enzyme in oxidative phosphorylation was 
the recombination of the soluble enzyme with digitonin particles, after-which the 
soluble enzyme becomes par t ly  sensitive to 2,4-dinitrophenol. However, in our 
opinion, inhibition of the exchange reaction by  2,4-dinitrophenol is not a reliable 
criterion for the participation of this reaction in oxidative phosphorylation. As can 
be seen from Fig. 3, the dinitrophenol-sensitive ADP-ATP exchange activity in 
digitonin particles increases with increasing ~Mg2+j, whereas the oligomycin-sensitive 
act ivi ty  remains constant. In the absence oi added Mg 2+ the act ivi ty is almost com- 
pletely sensitive to both oligomycin and dinitrophenol, strongly suggesting that ,  
under these conditions, the exchange activi ty is related to oxidative phosphorylation. 
On the addition of Mg z+, other enzymes insensitive to oligomycin, and therefore 
presumably not related to oxidative phosphorylation, but which catalyse an A D P -  
ATP exchange, are activated. The partial sensitivity, in the presence of Mg 2+, of this 
exchange act ivi ty to 2,4-dinitrophenol is probably due to ADP formed by the 2,4- 
dinitrophenol-induced ATPase. This will cause dilution of the radioactivity in the 
ADP. Moreover, the nucleoside diphosphate kinase, either originally present in the 
digitonin particles or added, is inhibited by  high concentrations of ADP. That  this is 
an adequate explanation of the sensitivity to dinitrophenol of the purified exchange 
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enzyme when added to the d ig i tonin  particles is supported by  the experiments  in 
which ATP was converted to ADP by  adding glucose plus hexokinase or F1, which 
are very  convenient  for this purpose, since they have no A D P - A T P  exchange ac t iv i ty  
under  these conditions.  The insens i t iv i ty  to ol igomycin of exchange enzyme added to 
d ig i tonin  particles shows tha t  the enzyme is not  re incorporated into the system of 
oxidat ive phosphorylat ion,  as supposed by  WADKINS AND LEHNINGER 13. 

When  the enzyme is extracted from rat- l iver  mi tochondr ia  with 0.3 M 
(NH4),S04 much exchange ac t iv i ty  is solubilized. If this exchange ac t iv i ty  represents 
the last step in oxidat ive phosphorylat ion,  one Would expect the oligomycin-sensit ive 
exchange in the mi tochondr ia  to be lowered, bu t  this was not  found. I t  mus t  be con- 
cluded tha t  the extracted enzyme act iv i ty  is not  derived from the oligomycin-sensit ive 
A D P - A T P  exchange. The results of KEMP (unpublished) are in agreement  with this 
finding. We could find no 'coupling factor '  ac t iv i ty  of the A D P - A T P  exchange 
enzyme when tested with sal t -extracted mi tochondr ia  (contrast  ref. 8) or with A 
particles under  condit ions in which other coupling factors are active. 

In  summary ,  the A D P - A T P  exchange enzyme of WADKINS AND LEHNINGER 
is a nucleoside diphosphate  kinase, tha t  can be easily extracted 33 from the mito-  
chondria  and  tha t  is ra ther  specific for the adenine nucleotides. A possible role of this 
enzyme in oxidat ive phosphorylat ion,  as suggested by  WADKINS AND LEHNINGER, 
is, in the l ight of our results, improbable.  
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