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SUMMARY 

The PEP  synthesis in guinea-pig liver mitochondria in the presence of ~-keto- 
glutarate and Pt was greatly increased by addition of 2,4-dinitrophenol, pentachloro- 
phenol, dicumarol or the hexokinase-glucose-ATP system, but was hardly increased 
by exogenously added ATP. This result is in sharp contrast to those obtained with 
pigeon and chicken liver mitochondria. 

By using 14C-labeled substrates, it was revealed that  the ratio of the amounts 
of P E P  formed to those of a-ketoglutarate oxidized varied markedly according to 
the degree of stimulation of PEP  synthesis, and when the PEP  synthesis was maxi- 
mally stimulated, the ratio reached the value of nearly I.O. Under these conditions the 
oxidation of a-ketoglutarate was considerably stimulated by the addition of malate or 
fumarate and in turn, the metabolism of fumarate was greatly increased by  the ad- 
dition of ~-ketoglutarate. 

The nucleoside diphosphate kinase activity in guinea-pig liver mitochondria 
was found to be extremely low, while the activity in pigeon liver mitochondria was 
very high. Activities of GTP-AMP-phosphate  transferase were low in both mito- 
chondria. 

I t  was concluded that  in guinea-pig liver mitochondria guanine nucleotides 
involved in the substrate level phosphorylation are unable to interact easily with 
adenine nucleotides in the respiratory chain phosphorylation system because of the 
low level of nucleoside diphosphate kinase. I t  was also suggested that  the a-keto- 
glutarate oxidation in guinea pig liver might be supported to a considerable degree 
by coupling with the P E P  synthesis even under physiological conditions. 

INTRODUCTION 

The oxidation of a-ketoglutarate in mitochondria is unique for its requirement 
of guanine nucleotides 1-~, and the GTP produced at the a-ketoglutarate oxidation 
step may  be consumed to form GDP mainly by the following four enzymic reactions 
in liver mitochondria. 

Abbreviation: PEP, phosphopyruvate. 
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G T P  + A D P - +  G D P  + AT P  (I) 

Oxa loace ta te  + GTP--~ P E P  + G D P  + CO 2 (2) 

G T P  + A M P - +  G D P  + A D P  (3) 

F a t t y  acid + G T P  + CoA-+  f a t t y  acyl-CoA + G D P  + Pt (4) 

Reaction (I) is catalyzed by nucleoside diphosphate kinasO (EC 2.7.4.6). 
Reaction (2) depends upon the function of mitochondrial phosphopyruvate carboxylase 
(EC 4.1.1.32) which is distinguishable from the phosphopyruvate carboxylase 
in the soluble fraction of liver cells 5. Reaction (3) is catalyzed by a GTP-AMP-  
phosphate transferase which was revealed to be present in the inner compartment  of 
liver mitochondria 6. The reaction (4), when tested in vitro, is strongly inhibited by 
the addition of PI (refs. 7, 8). 

With respect to the reactions (I) and (2), there have been several reports in- 
dicating a special functional relationship between the PEP  formation and the sub- 
strate level phosphorylation in liver mitochondria from various animals. STANBVRY 
AND MUDGE 9 and MUDGE et al. 1° found that  the PEP  synthesis in rabbit liver mito- 
chondria in the presence of ~-ketoglutarate and Pl was greatly stimulated by 2,4- 
dinitrophenol and the relationship between the rate of P E P  formation and the dinitro- 
phenol concentration was polyphasic. Similar stimulation by dinitrophenol of the 
P E P  synthesis was also observed with rat  liver mitochondria by SCHELLENBERG 11 
and by SCHOLTE AND TAGER 12 and with guinea-pig liver mitochondria by NORDLtE 
AND LARDY 13. On the other hand, it was proposed by AZZONE AND ERNSTER 14 that  
the ATP formed in the substrate level phosphorylation is compartmentalized from 
the ATP originating from respiratory chain phosphorylation on the basis of their 
observations of dinitrophenol-stimulated a-ketoglutarate oxidation in rat  liver mito- 
chondria but in the presence of only trace amounts of Pl; this idea of ATP-specific 
conipartmentation was adopted by NORDLIE AND LARDY is to explain their findings 
on the dinitrophenol-stimulated PEP  synthesis in guinea-pig liver mitochondria. 

The view of AZZONE AND ERNSTER,  however, was questioned by CHARLES et al. 15, 
SCHOLTE AND TAGER 12 and by, CHAPPELL AND GREVILLE 16. SCHOLTE AND TAGER 12 

also pointed out that  with rat liver mitochondria the ratio of the amounts of P E P  
formed to the amounts of ~-ketoglutarate oxidized was about o.I, indicating that  only 
about I in IO of the GTP molecules reacted according to reaction (2). Moreover, re- 
cently GEVERS 1~ presented evidence that  in intact pigeon liver mitochondria the 
nucleotides are able freely to interact and there is no particular correlation between 
the substrate level phosphorylation and the PEP synthesis. Thus the concept of the so- 
called compartmentation of the substrate level phosphorylation is now very confusing. 

In the present paper we wish to report the results of our investigations made 
with guinea-pig liver mitochondria which aimed to clarify in more detail the nature of 
the functional relationship between the PEP  synthesis and the substrate level phos- 
phorylation and to reveal the role of PEP carboxylase in the regulation of earboxylic 
acid metabolism in guinea-pig liver mitochondria. The results of some experiments 
made with liver mitochondria from other animals will also be included in this paper. 

MATERIALS AND METHODS 

Preparation of mitochoudria 
Guinea-pig liver mitoehondria, as well as those from rat and rabbit, were 

prepared essentially by the method of SCHNEIDER AND HOGEBOOM is. The liver was 
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homogenized in o.25 M sucrose containing o.oi M Tris-HC1 buffer (pH 7.2) and o. 5 mM 
EDTA with a teflon homogenizer, followed by a Io-min centrifugation at 600 X g. 
The resulting supernatant fraction was centrifuged for IO rain at 5000 × g and the 
precipitates obtained were washed once with the same solution, but by centrifuging 
at 8000 × g for IO rain. The precipitates were suspended in the same isolation medium 
to give a protein concentration of approximately 1. 5 mg as nitrogen per ml. ProteiI~ 
amounts were determined by abiuret method, employing the calibration curve stand- 
ardized according to the Kjeldahl method. Pigeon and chicken liver mitochondria 
were prepared according to the procedures described by GEVERS 17, except that the 
isolation medium was the same as used for guinea pig. 

Incubation conditions for PEP formation 
Reaction mixtures contained, in a final volume of 2.8 ml: 15/*moles of potas- 

sium phosphate (pH 7.2) labeled or unlabeled with a2p, 5/*moles of MgC12, 60/,moles 
of Tris-HC1 buffer (pH 7.2), 75/*moles of KC1, 300/*moles of sucrose, and appropriate 
amounts of intact liver mitochondria and other additions as indicated in respective 
tables and figures. Reactions were carried out aerobically in Warburg manometric 
flasks or in erlenmeyer flasks of approx. 30 ml capacity for 20 rain at 25 ° in a shaking 
water bath incubator, and terminated by adding 0.2 ml of 50 % trichloroacetic acid. 
When 14C-labeled substrates were employed, the 14C0 2 formed was trapped in 0.2 ml 
of 20 % KOH placed in the center well of the manometric flask. 

Assay of PEP 
When non-radioactive Pl was employed in the reaction, the PEP formed was 

assayed enzymatically by the method described by CZOK AND ECKERT TM. Each cuvette 
contained 0.68 ml of 0.2 M Tris-HC1 buffer (pH 7.6), o.Io ml of 2 M KC1, 0.04 ml of 
0.5 M MgSO4, 0.07 ml of o.oi M ADP, 0.06 ml of o.oi M NADH, o.I ml of IO mg/ml 
bovine serum albumin solution and an aliquot of the neutralized deproteinized re- 
action mixture in a final volume of 3.05 nal. Lactate dehydrogenase (EC 1.1.1.27) was 
added and the reaction was started by adding pyruvate kinase (EC 2.7.1.4o). An 
Hitachi recording spectrophotometer was used for the spectrophotometric measure- 
ments. 

When the reaction mixture contained 32p, the deproteinized supernatant fraction 
was treated twice with about IO ml of ethyl ether to extract trichloroacetic acid, then 
with about 30 mg of charcoal and filtered. The filtrate was diluted with water so as. 
to contain I to 2/*moles of phosphor scintillation per ml and the PI fraction in this 
solution was precipitated by the addition of a mixture of triethylamine-HC1, am- 
monium molybdate and perchloric acid as devised by SUGINO AND MIYOSHI 2°. P E P  
remaining in the supernatant fraction was cleaved to pyruvate and PI by the method 
of MUNTS AND HURWlTZ 21 and Pl formed was recovered after precipitation with tri- 
ethylamine-HC1, and assayed on the basis of radioactivity. The validity of this assay 
method was ascertained by the recovery test with 3zP-labeled PEP which was highly 
purified by column chromatography on Dowex I-X8 (cf. ref. 22). 

Assay of activities of nucleoside diphosphate kinase and G TP-A MP-phosphate transferase 
Activities of nucleoside diphosphate kinase (EC 2.7.4.6 ) were assayed spectro- 

photometrically according to the method of MOURAD AND PARKS 23, using crystalline 

Biochim. Biophys. Acta, 153 (1968) 733-748 



730 •. ISHIHARA, G. KIKUCHI 

yeas t  hexokinase  (EC 2.7.1.1 ) and  yeas t  glucose-6-phosphate  dehydrogenase  (EC 
1.1.1.49 ) (analyt ica l  reagent  grade),  in the  react ion systems descr ibed in legend to  
Fig. 3. Act iv i t ies  of G T P - A M P - p h o s p h a t e  t ransferase were assayed in a similar  way  
bu t  wi th  GTP and AMP as the  substra tes ,  assuming the cyclic opera t ion  of the  fol- 
lowing th ree  react ions :  

GTP + AMP-+ GDP + ADP 
GTP + ADP-+ GDP + ATP 
2ADP-+ ATP + AMP 

Deta i l s  of assay procedures  will appear  in appropr i a t e  places in the  RESULTS section. 

Assay of 14C0~ 
1 4 C 0  2 absorbed  in K O H  was conver ted  into BaC03 b y  prec ip i ta t ion  with  BaC12. 

Before add i t ion  of BaC12, IOO/zmoles of Na~CO 3 were added  as the  carrier.  Rad io -  
ac t i v i t y  of Ba14C03 was measured  by  a windowless gas flow counter  and  the observed  
counts  per  min were corrected for background  rad ia t ion  and self -absorpt ion to infini te 
thinness.  

Reagents 
ATP,  ADP,  N A D P  +, N A D H ,  GTP, a -ke toglu tar ic  acid, ol igomycin and yeas t  

hexokinase  (Type II) were ob ta ined  from Sigma Chem. Co., U.S.A. ; phosphopyruva te ,  
l ac ta te  dehydrogenase ,  p y r u v a t e  kinase, crys ta l l ine  yeas t  hexokinase  and yeas t  glu- 
cose-6-phosphate  dehydrogenase  (analyt ica l  reagent  grade),  from B6hringer  and  
S6hne, Wes t  G e r m a n y ;  bovine serum albumin,  from Armour  Pha rmaceu t i ca l  Co., 
U.S.A. At rac ty los ide  was the  gift  of Prof. T. Ajello, Univers i ty  of Palermo,  I t a ly .  
14C-labeled compounds  were ob ta ined  from Daiichi  Chem. Co., Tokyo,  and d i lu ted  b y  
respect ive  carr iers  so as to give a specific r ad ioac t iv i ty  of o .oi  mC/mmole  before use. 

RESULTS 

Effects of 2,4-dinitrophenol on the rates of PEP formation and oxygen uptake 
As shown in Fig. I,  the  ra te  of P E P  synthes is  in the  presence of e -ke tog lu t a r a t e  

and  PI was g rea t ly  increased b y  the add i t ion  of dini t rophenol ,  and  the re la t ionship  

T zc ~oo~ 

0 0 

cx 

"6 t_ ~.  E a  
: x "  6 

o_ E O.O : - ' " .  , ' '.'_'" . . . . .  , . .  , . 
5 1 0  0 ~ 

2, 4 -  D in i t ropheno[  ( M ) 

Fig. 1. Effects of addition of different concentrations of dinitrophenol on the rates of PEP syn- 
thesis and oxygen uptake. Reaction mixtures contained, in a final volume of 2.8 ml: io ttmoles of 
*t-ketoglutarate, 15 ttmoles of ~2P1 (as potassium phosphate buffer of pH 7.2), 2.6 mg (as nitrogen) 
of guinea-pig liver mitochondria, dinitrophenol at indicated concentrations, and other additions 
as described in METHODS. Reactions were carried out in Warburg manometric flasks for 20 min 
at 25 °. O, PEP; O, On uptake. 
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between the rates of the PEP  synthesis and dinitrophenol concentration was poly- 
phasic. These results are in good agreement with those reported by  STANBURY AND 
MUDGE 9 for rabbit  and by  NORDLIE AND LARDY 13 for guinea pig. As far as examined, 
the rate of oxygen uptake also changed in parallel with the change of rate of P E P  
synthesis. Within the range of dinitrophenol concentration below 0.I mM, the maxi- 
mum stimulation of both the PEP  synthesis and oxygen uptake was obtained at 
2.5" 10 -5 M of dinitrophenol. 

Pyruvate kinase activity of mitochondrial preparation 
In order to examine the possible contamination by  pyruvate  kinase, guinea-pig 

liver mitochondria were incubated with exogenously added PEP  and the amounts 
of P E P  disappearing were measured. The results are shown in Table I. Without MgC12 
added, the decrease in PEP  amount was negligible. The P E P  disappearance was not 
appreciably influenced by  the addition of dinitrophenol or ADP alone. This would 
show that  the values of P E P  presented in Fig. I actually reflect the rates of P E P  
synthesis. The P E P  disappearance, however, was significantly increased by the ad- 
dition of the hexokinase-glucose-ATP system, and in this reaction system a consider- 
able amount of pyruvate  accumulated. Probably the hexokinase system served to 
maintain a high level of ADP which would favor the pyruvate formation from PEP. 

Relationship between the oc-ketoglutarate oxidation and the PEP synthesis 
As already shown by previous investigators10,12,13, PEP  formation was greatly 

reduced when malonate was added to the system containing a-ketoglutarate alone 
as the substrate, but  the yield of P E P  was restored nearly completely when fumarate 
or malate was further added (Table II). When malate or fumarate was the sole sub- 
strate added, the yield of PEP  was negligibly small either in the presence or absence 
of dinitrophenol (cf. Table vii i ) .  

In order to obtain further information on the stoichiometric relationship be- 
tween the a-ketoglutarate oxidation and PEP  formation, we incubated EI-14CIglu- 

TABLE I 

DISAPPEARANCE OF EXOGENOUSLY ADDED P E P  DURING INCUBATION WITH GUINEA-PIG LIVER 
MITOCHONDRIA UNDER VARIOUS CONDITIONS 

Reaction mixtures  contained, in a final volume of 2.8 ml: 4 #moles of PEP,  5 #moles of MgC12, 
15 #moles  of non-radioactive potass ium phosphate  (pH 7.2), I . I  mg  (as nitrogen) of guinea-pig 
liver mitochondria,  6o/*moles of Tris-HCl buffer (pH 7.2), 75/*moles of KC1, 3oo/*moles of su- 
crose, and other  additions as indicated in the table. Reactions were carried out  for 2o rain at  
25 °. P E P  and pyruva te  were assayed enzymatical ly (see METHODS). 

Addition PEP disappearing Pyruvate found 
(~*moles/flask) (~*mole/flask) 

None o.26 
ADP, 5 / ,moles  o.53 
Dinitrophenol,  i-  lO -5 M 0.40 
Dinitrophenol,  2. 5. lO -5 M 0.26 
Dinitrophenol,  7.5" lO-5 iV£ o.66 
Hexokinase system* 1.14 o.81 

* I-Iexokinase sys tem was composed of o.i mg as protein of yeast  hexokinase (Type II), 
3o/ ,moles  of glucose and 5/*moles of ATP. 
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TABLE II  

EFFECT OF ADDITION OF OTHER CARBOXYLIC ACIDS ON P E P  SYNTHESIS IN THE PRESENCE OF 
~-KETOGLUTARATE AND DINITROPHENOL 

5/*moles of a-ketoglutarate, IO/,moles each of malonate, malate and fumarate, I5/*moles of 
32Pt (as potassium phosphate), and 1.2 mg (as nitrogen) of guinea-pig liver mitochondria were 
employed. All reaction mixtures contained 2. 5. io -5 M of dinitrophenol. Other additions and 
reaction conditions were similar to those for Fig. I. 

Substrate and addilion PEP formed 
(~*moles/rag N 
of protein/2o rain) 

~-Ketoglutarate 2.24 
0¢-Ketoglutarate plus malonate o.13 
~-Ketoglutarate plus malonate and fumarate 1.83 
~-Ketoglutarate plus malonate and malate 2.36 

TABLE I I I  

S T O I C H I O M E T R I C  R E L A T I O N S H I P  B E T W E E N  A M O U N T S  OF PEP  F O R M E D  A N D  A M O U N T S  OF 0~-KETO- 

G L U T A R A T E  M E T A B O L I Z E D  IN T H E  P R E S E N C E  OF M A L O N A T E ,  M A L A T E  A N D  D I F F E R E N T  C O N C E N -  

T R A T I O N S  OF D I N I T R O P H E N O L  

]Reaction mixtures for the measurement of 14CO2 formation contained io/*moles each of DL- [1-14(i]- 
glutamate,  malonate and malate, 15/*moles of non-radioactive potassium phosphate, dinitro- 
phenol of indicated concentrations, i . i  mg (as nitrogen) of guinea-pig liver mitochondria, and other 
components as described in METHODS. Reaction mixtures for the measurement of P E P  synthesis 
were of the similar composition as above, except tha t  unlabeled DL-glutamate and a2Pi were em- 
ployed. Both series of the reaction were carried out simultaneously in Warburg manometric flasks 
for 20 rain at  25 °. 

Dinitrophenol PEP formed 14C02 formed PEp/14COe 02 uptake 
(M) (/*moles/mg (~*moles/rag (/*l/mg 

N/2o rain) N/2o min) N/2o rain) 

o o.12 o.41 0.29 9 
i .lO -5 0.86 1.33 0.65 41 
2. 5 • lO -5 2.16 2.22 0.97 71 
7.5" lO-5 0.85 1.62 0.53 51 

t a m a t e  w i t h  m i t o c h o n d r i a  in  t h e  p r e s e n c e  of m a l o n a t e  a n d  m a l a t e ,  a n d  m e a s u r e d  

t h e  a m o u n t s  of 1~C02 a n d  P E P  p r o d u c e d .  As  s h o w n  in T a b l e  III,  t h e  14C02 p r o d u c t i o n  

was  also g r e a t l y  i n c r e a s e d  b y  t h e  a d d i t i o n  of d i n i t r o p h e n o l ,  a n d  t h e  m a x i m u m  pro-  

d u c t i o n  of 14C0~ w as  a g a i n  o b t a i n e d  a t  2 . 5 . 1 0  -5 M d i n i t r o p h e n o l .  U n d e r  t h e s e  

c o n d i t i o n s  t h e  14CO2 f o r m a t i o n  i n c r e a s e d  m o r e  t h a n  f ive t imes ,  a n d  t h e  y ie ld  of P E P  

i n c r e a s e d  a b o u t  2o t i m e s  o v e r  t h e  c o n t r o l  v a l u e  w i t h o u t  d i n i t r o p h e n o l .  I t  is a lso  

n o t e w o r t h y  (Tab le  I I I )  t h a t  t h e  r a t i o  of t h e  a m o u n t s  of P E P  f o r m e d  to  t h e  a m o u n t s  

of 14CO2 e v o l v e d  v a r i e d  s i g n i f i c a n t l y  a c c o r d i n g  to  t h e  deg ree  of s t i m u l a t i o n  of P E P  

s y n t h e s i s ;  a t  2 . 5 . I 0 - 5  M d i n i t r o p h e n o l ,  t h e  r a t i o  was  f o u n d  to  be  n e a r l y  1.0, w h i l e  

t h e  v a l u e  o b t a i n e d  w i t h o u t  d i n i t r o p h e n o l  was  as low as 0.29. E s s e n t i a l l y  s i m i l a r  

r e l a t i o n s  were  a lso o b s e r v e d  w i t h  [I ,5-14C2]ci t rate  as  t h e  l a b e l e d  s u b s t r a t e  (Tab le  IV).  

T h e s e  r e s u l t s  sugges t  t h a t  w h e n  la rge  a m o u n t s  of G T P  were  p r o d u c e d  a l o n g  w i t h  t h e  

i n c r e a s e d  o x i d a t i o n  of ~ - k e t o g l u t a r a t e ,  t h e  G T P  t h u s  f o r m e d  is u t i l i z ed  a l m o s t  s to i -  
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TABLE IV 

S T O I C H I O M E T R I C  R E L A T I O N S H I P  B E T W E E N  P E P  S Y N T H E S I S  A N D  ~X-KETOGLUTARATI~ O X I D A T I O N  I N  

T H E  P R E S E N C E .  O F  C I T R A T E ,  M A L O N A T E ,  M A L A T E  A N D  D I N I T R O P H E N O L  

Reaction sys tems as well as the procedures of experiments  were similar to those for Table I I I ,  
except  t ha t  [i,5J4C2]citrate and unlabeled citrate were employed in place of [i-14CJglutamate 
and unlabeled glutamate,  respectively, and 2. 5" IO -5 M of dinitrophenol was added to all 
reaction systems. 

Reaction system PEP formed liC02formed PEPI14CO.,. 0 2 uptake 
(ffmoles/mg (ttmoles/mg (filling 
N/2o rain) N/2o rain) N/2o rain) 

[I,5-1ac2]Citrate plus malonate 0.05 
[I,5-14C2]Citrate plus malonate 

and malate 1.4o 

1.16 o.o 4 19 

1.53 o.91 56 

--~ ¢ cl 

"g 0 - 50 o.c 

o ~. 

~ E I 1 [ I I I I I I I I ~  0 
0.0l"~1~1~- 7"10- 6 5~16-~S~'~-S '5"16-5 1~-4 SxlO'4 10-3 0 

Pentachlorophenol (M) 

Fig. 2. Effects of addition of different concentrat ions of pentachlorophenol  on the rates of P E P  
synthesis  and oxygen uptake. Reaction mixtures  contained to / ,mo les  each of DL-~i-14C]glutamate, 
malonate  and malate, 15 #moles of  non-radioactive potass ium phosphate,  1,2 mg (as nitrogen) of 
guinea-pig liver mitochondria,  pentachlorophenoi  of indicated concentrat ions and other com- 
ponents  as described in METHODS. Other reaction conditions were similar to those for Fig. i. O,  
P E P ;  O,  02 uptake. 

chiometrically to form PEP;  the supply of oxaloacetate may also be increased as 
a consequence of respiratory stimulation by dinitrophenol. 

The stimulation of PEP  formation is not specific to dinitrophenol; similar 
patterns of stimulation could also be observed with other uncouplers such as penta- 
chlorophenol (Fig. 2) and dicumarol (Table V). The concentration of pentachloro- 
phenol which brought about the maximum stimulation of PEP synthesis was far 
lower than that observed for dinitrophenol, and this concentration of pentachloro- 
phenol had been shown to be sufficient for complete uncoupling of the oxidative 
phosphorylation 24. 

The P EP  synthesis was also stimulated by the addition of hexokinase-glucose- 
ATP system, confirming the observations of NORDLIE AND LARDY ls (Table VI). The 
values of P EP  found in the reaction systems with the hexokinase system were some- 
what lower than those obtained in the reaction systems with dinitrophenol. This is 
probably due to the fact that the hexokinase system also stimulated the conversion 
of the once formed PEP into pyruvate through the pyruvate kinase activity con- 
taminating the mitochondrial preparation as was discussed in the previous section 
(cf. Table I). The stimulation of PEP  synthesis by the hexokinase system was corn- 
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T A B L E  V 

STOICHIOMETRIC RELATIONSHIP BETWEEN P E P  SYNTHESIS AND ~-KETOGLUTARATE METABOLISM 
IN THE PRESENC]~ OF VARIOUS EFFECTORS OF RESPIRATORY STIMULATION 

Reac t ion  mix tu re s  con ta ined  Io / zmoles  each of DL-[I-14C~glutamate, m a l o n a t e  and  mala te ,  
I5 /*moles  of non- rad ioac t ive  po ta s s ium phosphate ,  ind ica ted  amoun t s  of uncouple rs  or hexo-  
k inase  sys tem,  app r op r i a t e  a m o u n t s  of gu inea-p ig  l iver  mi tochondr ia ,  and  o ther  add i t ions  as 
descr ibed in METHODS. 

Addition PEP formed 1~C02 formed PEp/14C02 
(#moles/mg (pmoles/mg 
N/2o rain) N/2o rain) 

None o.17 0.35 0.49 
Dini t rophenol ,  2. 5 • i o  -5 M 1.97 2.06 o.96 
Pentach lorophenol ,  5" IO-S M 1.16 1.16 i .oo 
Dicumarol ,  I .  IO -~ M t.8o 1.72 1.o8 
Hexok inase  sys tem* 1.13 1.12 I.OI 

* Hexok inase  sys t em employed  was the  same as descr ibed in Table  I. 

T A B L E  VI 

EFFECT OF ADDITION OF THE HEXOKINASE--GLUCOSE--ATP SYSTEM ON P E P  SYNTHESIS FROM 
~-KETOGLUTARATE 

E a c h  reac t ion  mix tu r e  conta ined  5/~moles of a -ke tog lu ta ra t e ,  15/*moles of r ad ioac t ive  p o t a s s i u m  
phosphate ,  1.2 mg  (as ni t rogen) of guinea-pig  l iver  mi tochondr ia ,  ind ica ted  add i t ions  and o ther  
componen ts  as descr ibed in METHODS. 

Addition PEP formed P, recovered 
(#moles/mg (pmoles/flask) 
N/2o rain) 

None o.o6 
Hexok inase  sys tem* 1.21 
t I exok ina se  systemplus at rac ty los ide ,  5" io  ~M o . i i  
Dini t rophenol ,  2.5" IO -5 M 2.02 
Hexok inase  sys t em plus diu i t rophenol  I. 19 
Hexok inase  s y s t e m p l u s  d in i t rophenol  and  a t r ac ty los ide  1.22 

14.o 
1.96 

14.4 
13.6 
IO.O 
13.8 

* Hexok inase  sys t em employed  was  the  same as descr ibed in Table  I. 

pletely abolished by  atractyloside, a specific inhibitor of translocation of adenine 
nucleotides across the mitochondrial membrane 25-27. Atractyloside, however, had no 
effect on the dinitrophenol-stimulated P E P  synthesis either in the presence or absence 
of the hexokinase system added. Also it should be noted in Table VI that  the amount 
of Pt recovered in the reaction system with the hexokinase system alone was as 
small as about 2/~moles, while I0/~moles of Pt were recovered in the reaction system 
which contained both the hexokinase system and dinitrophenol. These data clearly 
indicate that  our mitochondrial preparation performed an active oxidative phosphory- 
lation and this phosphorylation was effectively uncoupled by the concentration of 
dinitrophenol employed. 

In Table V are compared the effects of uncouplers and the hexokinase system 
on the reaction of PEP  synthesis in the presence of ~IA4C~glutamate, malonate and 
malate. Apparently the PEP/14CO~ ratios became close to 1.0 in all of the reaction 
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systems tested, provided that the respective reactions were carried out under con- 
ditions which maximally stimulated the PEP synthesis. 

Relationship between fumarate metabolism and PEP formation 
Guinea-pig liver mitochondria metabolized fumarate fairly well even in the 

presence of malonate, as can be seen from the 14C02 formation from [I,4-14C2]fumarate 
shown in Table V I I  With fumarate alone as the substrate, however, the yield of 
PEP  was very small and the value of PEp/14C02 ratio was only 0.22. The 14C0~ 
formation in this reaction system was considerably increased by the addition of 
dinitrophenol, but the yield of PEP  was not appreciably increased by dinitrophenol, 
and therefore the ratio of PEp/14C02 remained low. The addition of =-ketoglutarate 
alone also failed to increase the yield of PEP  in the reaction system wi*l~ fumarate 
plus malonate. The 14C02 formation in this reaction system was rather suppressed 
by the addition of =-ketoglutarate, probably because fumarate and =-ketoglutarate 
competed at a terminal oxidation step for the oxidation; in fact, the amounts of 
oxygen consumed were not much different in either system with or without added 
a-ketoglutarate. When both a-ketoglutarate and dinitrophenol were added to the 
system containing [I,4-14C~lfumarate and malonate, the production of both P EP  and 
14CO2 increased markedly, and the ratio of PEp/laC02 again approached 1.0. These 
observations would indicate that  the metabolism of 4-carbon dicarboxylic acids is 
highly dependent upon the amount of GTP available to the synthesis of P EP  under 
these reaction conditions. 

In turn, the 14C02 formation from [i,5-14C2]citrate in the presence of dinitro- 
phenol was considerably increased by the addition of fumarate (Expt. 2 in Table vii). 
The P EP  synthesis was also increased when fumarate was added to the reaction 
system containing citrate, malonate and dinitrophenol, and the PEp/14C02 ratio 

T A B L E  VII 

R E L A T I O N S H I P S  B E T W E E N  THE METABOLISM OF IX-KETOGLUTARATE AND FUMARATE AND THE P E P  
S Y N T H E S I S  

I n  Exp t .  I, lO # m o l e s  each of [I,4-14C2]fumarate a n d  a -ke tog lu ta ra te ,  15/~moles of non- rad ioac t ive  
p o t a s s i u m  p h o s p h a t e  and  1.2 m g  (as ni trogen) of guinea-pig  l iver mi tochondr i a  were used.  I n  
Exp t .  2, Ei,5-a4C2]citrate was  used  in place of [14C~fumarate. All reac t ion  s y s t e m s  con ta ined  also 
1o/*moles  of malona te .  

Expt. Reaction system PEP formed 14COzformed PEp/I4CO~ 0 2 uptake 
No. (l, moles/rag (l~moleslrag (tdlmg 

N/2o rain) N/eo rain) N/co rain) 

[I ,4-14Cz]Fumarate 
[I,4-14Cz] F u m a r a t e  plus dini t rophenol ,  

2. 5- lO .5 M 
EI,4-x4CzlFumarate plus ~-ke tog lu ta ra te  
[ i ,4-14Cz]Fumarate plus din i t rophenol  

and  ~-ke tog lu ta ra te  

[ I, 5-14C2] Ci t ra te  
E I, 5-14Cz ] Ci t ra te  plus din i t rophenol  
[I,5-1ac2] Ci t ra te  plus f u m a r a t e  
[ 1,5-14Cz] Ci t ra te  plus din i t rophenol  

and  f u m a r a t e  

o.13 o.6o o.22 23 

o.17 o.85 o.2o 28 
o.14 o.13 1.o8 22 

1-19 1.38 o.87 44 

- -  0.27 - -  io  
o.o5 o.89 o.o6 27 
o.o5 o.26 o.19 19 

1.o 7 1.31 0.82 51 

Biochim. Biopkys. Acta, 153 (1968) 733-748 



742 N. ISHIHARA, G. KIKUCHI 

increased to o.82. Apparently the metabolism of ~-ketoglutarate, too, is stimulated 
under conditions which allow an active PEP synthesis to proceed. 

Comparison of utilization of A TP for PEP synthesis by liver mitochondria from guinea 
pig, pigeon and chicken 

With guinea-pig liver mitochondria, the PEP  synthesis was very small when 
malate alone was the substrate; the yield of PEP  from malate was increased, though 
only slightly, by the addition of ATP, and the stimulation by ATP was completely 
abolished by atractyloside (Table VIII) .  ATP also slightly stimulated the P E P  syn- 
thesis from c~-ketoglutarate in the absence of dinitrophenol. Apparently ATP, either 

TABLE V I I I  

C O M P A R I S O N  OF P E P  S Y N T H E S I S  B Y  L I V E R  M I T O C H O N D R I A  F R O M  G U I N E A  PIG,  P I G E O N  A N D  C H I C K E N  

io #moles each of ~-ketoglutarate and malate, 15/,moles of non-radioactive potass ium phosphate ,  
5/~moles of ATP, 2. 5. io -5 M of dinitrophenol and 5" 1o-6 M of atractyloside were employed in 
these reactions. Amounts  of liver mitochondria  used were 1.2 mg, o.9 mg, and I mg (as nitrogen), 
respectively, for guinea pig, pigeon and chicken. Other  conditions were similar to those described 
in METHODS. 

Substrate and addition PEP formed (lzmoles/mg N/2o rain) 

Guinea pig Pigeon Chicken 

~-Ketoglutarate  o.o 5 o. 51 o. I I 
~-Ketoglutarate  plus dinitrophenol 2.24 0.30 0.06 
~-Ketoglutarate  plus ATP o.19 0.78 0.23 
Malate 0.23 2.26 1.36 
Malate plus dinitrophenol o.35 o. 12 0.06 
Malate plus ATP 0.4 3.60 1.23 
MMate plus ATP and atractyloside 0.21 1.91 1.45 
Malate plus ~-ketoglutarate and dinitrophenol 2.36 

exogenously added or endogenously generated by the respiratory chain phosphory- 
lation, is able to support the PEP  synthesis in intact guinea-pig liver mitochondria, 
but the efficiency of ATP utilization for the PEP  synthesis seems to be very low. In 
an independent experiment, we also examined the effect of addition of GTP on the 
PEP  synthesis from malate in the absence of dinitrophenol, but in no case could we 
observe the stimulation of PEP  synthesis by exogenously added GTP (5 t *moles per 
flask). I t  was shown by HELDT ~8 that  endogenous guanine nucleotides do not directly 
comnmnicate with extramitochondrial guanine nucleotides. 

In sharp contrast to the case of guinea pig mitochondria, it was demonstrated 
by GEVERS 17 that  pigeon liver mitochondria produced a large amount of P E P  from 
malate alone, and the exogenously added ATP significantly increased the yield of 
PEP  from malate. As shown in Table VI I I ,  we obtained results similar to those re- 
ported by GEVERS, i.e., with pigeon liver mitochondria, the yield of PEP  from 
~-ketoglutarate was far smaller than that  obtained with malate, and the yields of 
PEP  were markedly reduced when dinitrophenol was added, irrespective of whether 
0c-ketoglutarate or malate was the substrate. We also performed similar experiments 
with chicken liver mitochondria. As can be seen from Table VI I I ,  the features of the 
reaction with chicken liver mitochondria were essentially similar to those observed 
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for pigeon, although the activities in chicken were lower in general than in pigeon. 
I t  is apparent that  the interaction of ATP and GTP is not appreciably restricted in 
the matrix of pigeon and chicken liver mitochondria. 

Phosphopyruvate carboxylase activities in liver mitochondria from guinea pig, pigeon 
and rat 

The activities of phosphopyruvate carboxylase in liver mitochondria from guinea 
pig, pigeon and rat  were compared by using sonic extracts of respective mitochondrial 
preparations. Mitochondrial suspensions were diluted by addition of 5 times the volume 
of o.15 M KC1, and sonicated for 3 rain at IO kcyeles/sec, followed by 60 rain cen- 
trifugation at 105000 × g. Proteins in the supernatant fractions were precipitated 
with ammonium sulfate (80 % saturation), removed in 0.02 M Tris-HC1 buffer (pH 7.2) 
and dialyzed for 3 h against the same buffer with the buffer being renewed every hour. 
As shown in Table IX, the enzyme activity in pigeon liver mitochondria was very 
high. Guinea-pig liver mitochondria showed also quite a high activity, while the 
act ivi ty in rat  liver mitochondria was relatively low. 

T A B L E  I X  

PHOSPHOPYRUVATE CARBOXYLASE ACTIVITY IN SONIC EXTRACTS OF LIVER MITOCHONDRIA FROM 
PIGEON, GUINEA PIG AND RAT 

Reac t ion  m i x t u r e s  con ta ined  io  #moles  of oxa loace ta te ,  io  pmoles  of GTP, 12o pmoles  of Tris-HC1 
buffer (pH 7.2), 75/zmoles  of KC1, 200/*moles  of sucrose, 3 #moles  of reduced g lu ta th ione ,  
5 t *moles of MnC12 and  respec t ive  e x t r a c t s  in a final vo lume  of 2.8 ml. Amoun t s  of mi tochondr ia l  
e x t r a c t s  used were 0.27 mg, 0.96 mg  and 0.6 mg  (as ni trogen),  respect ively ,  for pigeon, gu inea  
pig and  rat .  Reac t ions  were carr ied  ou t  in t es t  tubes  a t  25 ° for IO rain. Amoun t s  of P E P  formed 
were assayed  enzymat icaUy.  

Species of PEP formed 
animals (ttmoles/mg 

N/zo rain) 

Pigeon 12. i 
Guinea  pig 4.6 
R a t  1. 4 

Nucleoside diphosphate kinase and GTP-AMP~hosphate transferase 
The activities of nucleoside diphosphate kinase and GTP-AMP-phosphate  trans- 

ferase in sonic extracts of liver mitochondria from guinea pig, pigeon, rat  and rabbit  
were compared. The extracts were dialyzed against o.05 M Tris-acetate buffer (pH 7.5) 
before being used. The nucleoside diphosphate kinase activities in these extracts were 
assayed spectrophotometrically by  following the increase in absorbance at 34 ° m~ 
due to the reduction of NADP in the reaction systems, as described in the legend 
to Fig. 3. The crystalline hexokinase preparation employed in these experiments ex- 
hibited a slight activity with GTP, too. Therefore, blank activities due to both adeny- 
late kinase in mitochondrial extracts and the hexokinase preparation were subtracted 
from the values obtained in the complete system with GTP and ADP. Blank values 
were similarly subtracted in the assay of GTP-AMP-phosphate  transferase activity. 

In the reaction with sonic extracts of guinea-pig liver mitochondria and with 
GTP and AMP as substrates, the absorbance at 340 m/~ increased soon after a short 
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lag period, and continued to increase linearly, as shown in Fig. 3. In contrast, when 
GTP and ADP were the substrates, the rate of increase of absorbance in the initial 
phase of the reaction was rather lower than those in the reaction system with ADP 
alone (probably GTP was inhibiting the adenylate kinase activity in the extracts), so 
that  a large lag period was observed before the absorbance increase above blank values 

i 
. 

( 3 . 4  " 4 . 0  

.c_  0.2 .0 "ft. g 

"~ 0.2 .,- .0 o 

o.1 .o E 

lo °  o.o 
Time (rain) 

Fig. 3. A p p a r e n t  act iv i t ies  of nucleoside d iphospha te  k inase  and  G T P - A M P - p h o s p h a t e  t ransferase  
in sonic ex t rac t s  of l iver mi tochondr ia  f rom guinea  pig and  pigeon. Assay  sy s t ems  for nucleoside 
d iphospha t e  k inase  act iv i t ies  conta ined ,  in a final v o l u m e  of 3.o ml :  3 #mo le s  of GTP,  o.25 ffmole 
of ADP, 3 ° p g  pro te in  of c rys ta l l ine  yea s t  hexokinase ,  17/*g prote in  of g lucose-6-phospha te  de- 
hydrogenase ,  60 pmo l e s  of glucose, o.6 pmole  of N A D P  +, 5 / , m o l e s  of MgC12, 3 ° / , m o l e s  of KC1, 
45 ° /*moles  of T r i s - ace t a t e  buffer  (pH 7-5), and  appropr ia te  a m o u n t s  of  mi tochondr ia l  ex t rac ts .  
Assay  sy s t ems  for G T P - A M P - p h o s p h a t e  t ransfe rase  were t he  same  as above  excep t  t h a t  0. 5 / ,mo le  
of A M P  was used ins tead  of ADP.  Reac t ions  were carried ou t  a t  20 ° in a cuve t t e  (light pa th ,  i cm) 
of t he  recording spec t ropho tomete r .  Values  of b l ank  act ivi t ies  were s u b t r a c t e d  f rom the  read ings  
in the  comple te  s y s t e m s  as descr ibed in text .  Solid l ines:  act ivi t ies  observed wi th  G T P  and  A D P ;  
b roken  lines:  act ivi t ies  observed  wi th  G T P  and  AMP. Q,  gu inea  pig; O ,  pigeon. 

became apparent (Fig. 3). Moreover, the rate of increase of absorbance in the sub- 
sequent period of experiment in this reaction system was very close to those observed 
in the reaction system with GTP and AMP. These results suggest that  the nucleoside 
diphosphate kinase activity in guinea-pig liver mitochondria is very low, if not nil, 
and the apparent activity observed in the reaction system with GTP and ADP may  
reflect instead the function of GTP-AMP-phosphate  transferase which results from 
the combined and cyclic operation of the following two reactions: 

2 ADP--> A T P  + A M P  

A M P  + G T P  --+ A D P  + G D P  

In contrast, the nucleoside diphosphate kinase activity in extracts of pigeon 
liver mitochondria was exceedingly high (Fig. 3). This is in agreement with the 
observation by GEVERS 1~. The activity of GTP-AMP-phosphate  transferase was very 
low in extracts from either pigeon or guinea pig (Fig. 3). The activity of GTP-AMP-  
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phosphate transferase in sonic extracts of rabbit liver mitochondria was even lower 
than that  of guinea pig, and in the reaction system with GTP and ADP, the rate of 
reduction of NADP was again found to be far lower than that in the reaction system 
with ADP alone, indicating that the nucleoside diphosphate kinase activity in rabbit 
liver mitochondria is extremely low. The extracts from rat, however, contained quite 
a high activity of nucleoside diphosphate kinase, while the activity of GTP-AMP- 
phosphate transferase was very low, similarly to those for guinea pig and other 
animals. The observed activities of these two enzymes in rat liver mitochondria are 
almost comparable to those reported by HELDT AND SCHWALBACH 6 when calculated 
on the protein basis of mitochondrial extracts. In Table X are compared the apparent 
activities of the two enzymes in respective mitochondrial extracts from the animals 
tested, although the activities observed in the reaction system with GTP and ADP 
may not always represent the actual activities of nucleoside diphosphate kinase. 

T A B L E  X 

C O M P A R I S O N  OF A P P A R E N T  A C T I V I T I E S  OF N U C L E O S I D E  D I P H O S P I t A T E  K I N A S E  A N D  G T P - A M P -  
P H O S P H A T E  T R A N S F E R A S E  I N  SONIC E X T R A C T S  OF L I V E R  M I T O C H O N D R I A  F R O M  V A R I O U S  A N I M A L S  

The  va lues  in the  table  were ca lcula ted  f rom t he  d a t a  p resen ted  in Fig. 3- 

Species of 
animals 

AA3aomv/O.Z mg N of protein[rain 

With GTP With GTP 
and A D P  and A M P  

Guinea  pig  0.065 0.05 
Pigeon 0.85 0.07 
R a b b i t  0.03 0.03 
R a t  o.28 o.09 

The nucleoside diphosphate kinase activities in the precipitates obtained after 
the centrifugation of sonicates of guinea pig mitochondria were also examined. In 
these experiments, oligomycin was also added to the reaction system with the aim 
of preventing the hydrolysis of ATP. The results obtained varied considerably from 
preparation to preparation, but the activities recovered in the precipitated insoluble 
fractions were always less than 2o % of those in the soluble fractions of mitochondria. 

DISCUSSION 

I t  is conceivable that the observed stimulation of the PEP formation by dinitro- 
phenol, pentachlorophenol, dicumarol and by the hexokinase system may be due 
mainly to the stimulation of the mitochondrial respiration by these uncouplers and 
the phosphate acceptor system which would give rise to the increased production of 
GTP and oxaloacetate from the substrates added. The results of the present investi- 
gation also suggest that  in guinea-pig liver mitochondria, nucleotides involved in 
the substrate level phosphorylation cannot easily interact with the adenine nucleotides 
of respiratory chain phosphorylation system and with exogenously added adenine 
nucleotides, while the GTP folmed at the step of a-ketoglutarate oxidation is freely 
accessible to the site of PEP  synthesis. This is in sharp contrast to the situations 
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in pigeon and chicken liver mitochondria where the nucleotides appeared to be able 
to interact freely and no particular correlation could be observed between the P E P  
synthesis and the substrate level phosphorylation. The differences observed between 
guinea-pig liver mitochondria and avian liver mitochondria seem to be due principally 
to the difference in the level of nucleoside diphosphate kinase rather than the so-called 
"compartmentat ion"  of nueleotides as proposed first by AZZONE AND ERNSTER 14, since 
it was revealed that  (I) the level of nucleoside diphosphate kinase in guinea-pig liver 
mitochondria was extremely low, while the level in pigeon liver mitochondria was 
very high, and (2) the phosphopyruvate carboxylase activity was quite high in mito- 
chondria from both pigeon and guinea pig liver. Note that  rat liver mitochondria 
contained high activities of nucleoside diphosphate kinase but showed relatively low 
activities of phosphopyruvate carboxylase. This satisfactorily accounts for the finding 
that  the PEP/~-ketoglutarate ratio obtained with rat liver mitochondria in the 
presence of dinitrophenol was only about o.I (ref. 12). With respect to rabbit, the 
situation seems to be very similar to that  for guinea pig; in fact, intimate functional 
relationships have been observed between the PEP  synthesis and c~-ketoglutarate 
oxidation in rabbit liver mitochondriag, 1°. In view of these circumstances, it seems 
plausible to assume that  the so-called "compartmentat ion"  of the substrate-linked 
phosphorylation in liver mitochondria may in reality be only functional than sub- 
stantial and that the difference in the apparent tightness of the so-called "compart-  
mentat ion" in liver mitochondria from various sources would reflect mainly, if not 
exclusively, the difference in the activity of mitochondrial nucleoside diphosphate 
kinase. 

P E P  seems to be able to move freely across the mitochondrial membrane,  for 
it was observed that  when mitoehondria were centrifuged off from the reaction mix- 
ture after 20 rain of incubation but without adding trichloroacetic acid, almost all 
of the P E P  formed was recovered in the supernatant fraction. 

The interaction of guanine and adenine nucleotides, however, is not wholly 
abolished in guinea-pig liver mitochondria; nucleotides are still able to interact, 
though only to a limited extent. I t  was shown by experiments with l~C-labeled sub- 
strates that  when the reaction mixtures did not contain dinitrophenol or other un- 
couplers or phosphate acceptor system, the absolute values of the yield of P E P  as 
well as the amounts of ~-ketoglutarate oxidized were very small, and under these 
conditions the molar ratios of PEP  formed/~-ketoglutarate oxidized were also low. 
This would indicate that  when yields of GTP are relatively small, considerable portions 
of these GTP may be consumed in other ways than the PEP  synthesis, most probably 
by reacting with adenine nucleotides through the function of nucleoside diphosphate 
kinase and GTP-AMP-phosphate  transferase. 

However, when the respiration was stimulated by addition of dinitrophenol or 
other uncouplers or the hexokinase system, it would give rise to a production of 
large amounts of GTP which would far exceed the capacity of the nucleotide inter- 
action and therefore practically all of the GTP formed would become available to 
the PEP  synthesis. If  this were the case, one could easily understand why the ratio 
of PEP  formed/~-ketoglutarate oxidized became almost I.O when dinitrophenol or 
other uncouplers were added to the reaction mixtures containing c~-ketoglutarate or 
its precursors. Consistent with this idea, it was observed that, in the presence of 
dinitrophenol or other uncouplers or the hexokinase system, the oxidation of ~-keto- 
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glutarate was considerably stimulated by  the addition of malate or fumarate which 
could serve to consume GTP to regenerate GDP, and in turn, the metabolism of 
fumarate was greatly increased by the addition of a-ketoglutarate. 

The observed intimate functional coupling between x-ketoglutarate oxidation 
and PEP  synthesis points to the possibility that  P E P  carboxylase may play a signif- 
icant role in the regulation of the citric acid cycle activity in guinea-pig liver mito- 
chondria and possibly in rabbit  liver mitochondria as well. I t  should be noted that  
the concentration of guanine nucleotides in liver mitochondria is far lower than that  
of adenine nucleotides2, 3 and hence the balance of concentrations of GDP and GTP 
may be significant in the smooth operation of the citric acid cycle. Moreover, the value 
of the PEP/a-ketoglutarate ratio was found to be nearly i.o even when the hexokinase 
system was employed for stimulating the respiration. This suggests the possibility 
that  even under physiological conditions in vivo the oxidation of a-ketoglutarate may 
be supported to a considerable degree by the coupling with the PEP  synthesis. In 
pigeon and chicken liver mitochondria, however, this type of functional coupling may 
have practically no meaning, and the physiological role of mitochondrial PEP  syn- 
thesis in avian livers may consist mainly in its contribution to gluconeogenesis in 
liver, as discussed by GEVERS 17. I t  is also expected that  the physiological significance 
of the functional coupling of PEP  synthesis and substrate level phosphorylation may 
be relatively small in rat  liver mitochondria. In guinea-pig liver mitochondria, PEP  
may  also play a role in draining energy from the site of substrate level phosphory- 
lation to extramitochondrial cytoplasmic space, since PEP appeared to be able to 
pass the mitochondrial membrane easily. 

In the dinitrophenol-stimulated PEP  synthesis, the relationship between the 
rate of PEP  synthesis and the dinitrophenol concentration was polyphasic. We also 
observed a similar polyphasic relationship with pentachlorophenol. The low rate of 
PEP  formation, at IO -4 M dinitrophenol, was interpreted by NORDLIE AND LARDY 13 
to coincide with the maintenance of the adenine nucleotide mainly in the form of 
ADP (due to the stimulation of ATPase activity by dinitrophenol) which acts as an 
acceptor for the Pl fixed in GTP, thus rendering it unavailable for PEP  formation. 
However, as shown in Figs. I and 2, the rate of oxygen uptake also changed, ap- 
parently in parallel with the change in the activity of PEP  synthesis. This is hardly 
explained by simply assuming the change in ADP level. In addition, the nucleoside 
diphosphate kinase activity in guinea-pig liver mitochondria was revealed to be ex- 
tremely low. Further investigations are required to explain the unique polyphasic 
relationships between the rates of oxygen uptake, PEP  synthesis and the concen- 
trations of uncouplers. 
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