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SUMMARY 

x. The oxidation of glutamate by rat-liver mitochondria in the presence of di- 
nitrophenol and absence of added phosphate acceptor has been studied. 

~. When the concentration of added inorganic phosphate was 5o/~M or lower, 
the oxidation declined rapidly after about Io-I5 min. Respiration could be restored 
by adding inorganic phosphate. 

3. In the absence of added phosphate, the inorganic phosphate initially present 
in the mitochondrial suspension disappeared slowly and at an almost constant rate. 
The P:O ratio was o.ol. o.oi5. 

4- In the absence of added phosphate, the oxidation of glutamate was further 
inhibited by AMP, but not by ADP. AMP had no effect in the presence of a sufficiently 
high concentration of added phosphate, and the inhibition by AMP could be relieved 
by the subsequent addition of phosphate. 

5. It is concluded that, in addition to the reaction of inorganic phosphate with 
endogenous ADP, catalysed by the substrate-linked phosphorylation reaction, and 
the hydrolysis of the ATP formed by the dinitrophenol-induced ATPase, there is a 
side reaction which slowly leads to the disappearance of inorganic phosphate. 

INTRODUCTION 

TEPLY t and Jt~DAtia first demonstrated the stimulation by inorganic phosphate of 
the rate of oxidation of glutamate by isolated mitochondria, in the presence of ADP 
and dinitrophenol. This w~,s confirmed by BORST AND SLAT~-Ra, 4 and explained by 
the discovery that glutamate is not oxidized by ndtochondria primarily by way of 
glutamate dehydrogena.se, but by way of transamination with oxaloacetate, followed 
by oxidation of the ~-ketoglutarate formed to oxaloacetate6, ~ (see also refs. 7--9)- Thus 
the oxidation of ,,-ketoglutarate to succinate, which includes the dinitrophenol- 
insensitive a, ~0 substrate-linked phosphorylation, is normally involved in the oxidation 
of glutamate, in those mitochor.~tia which contain glutamate dehydrogenase, such 
as rat-liver mitochondria, a slower alternative pathway for the oxidation of glutamate 
is open when the oxidation of ~,-ketoglutarate to oxaloacetate is inhibited in such 
a way that =-ketoglutarate does not accumulate. This is the case when malonate 
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is used as inhibito#. When, however, the oxidation of a-ketoglutarate to succinate 
is inhibited, e.g. by iemoval of phosphate, the alternative pathway is also slowed 
down owing to inhibition of the glutamate dehydrogenase by a-ketoglutarate 4. 

BORST AND SLATER 4 showed that rat-liver mitochondria as normally prepared 
contain appreciable amounts of inorganic phosphate, and that maximum stimulation 
by added phosphate could only be obtained after removal of this endogenous phos- 
phate, preferably by a pre-incubation with substrate and phosphate acceptor. The 
concentration of endogenous phosphate is sufficient for a considerable respiration in 
the presence of dinitrophenol, and since in the presence of this uncoupler any ATP 
formed by the substrate-linked phosphorylation step in a-ketoglutarate oxidation 
would be expected rapidly to be hydrolysed by the dinitrophenol-induced ATPase 11, 
it would be anticipated that a steady-state concentration of phosphate would be 
maintained by the two reactions 

ADP + Pt ~ ATP + H20 (oxidative phosphorylation) (I) 

ATP + H~O (dinitrophenal) ~- ADP + Pl (dinitrophenol-induced ATPase) (2) 

AZZONE AND ERNSTER 12 have recently shown, however, that the rate of respi- 
ration in the presence of dinitrophenol, and absence of added phosphate acceptor, 
is not maintained, but that there is a rapid decline after 15 min at 3 o°. Similar 
results were obtained with low concentrations (up to o.I raM) of added phosphate. 
A constant and high rate of 0 2 uptake was found with added phosphate between 
o.I and 5 mM. 

To explain this rapid decline, AZZONE AND ERNSTER postulate that the a-keto- 
glutarate-linked substrate-level phosphorylation operates with "compartmentalized 
ADP" as phosphate acceptor, yielding ATP which is not cleaved directly by the 
dinitrophenol-induced ATPase. Some inorganic phosphate is thus removed from the 
medium by Eqn. I and is not returned by Eqn. 2. When the amount of inorganic: 
phosphate initially present in the reaction medium is less than that which is removed 
by Eqn. I, this phosphate accumulates as "compartmentalized ATP", and the respi- 
ration declines owing to lack of inorganic phosphate. 

In the present paper, we confirm by direct analysis, and by the stimulation of 
respiration brought about by the subsequent addition of phosphate after the decline 
has set in, that the decline is caused by the exhaustion of the inorganic phosphate. 
Our findings do not, however, support the view that the ATP formed by the substratc- 
linked phosphorylation is not accessible to the dinitrophenol-induced ATPase. 

METHODS 

Rat-liver mitochondria were isolated by the method of HOGEBOOM 13 exactly as 
described by MYERS AND SLATER 14. 

O, uptakes were measured with differential manometers with a narrow capillary 
and small reaction flasks (gas volume, 6-8 ml). The standard reaction mixture con- 
tained 5o mM KC1, 25 mM Tris-HCl buffer (pH 7-5), IO mM L-glutamate, 8 mM 
MgC1 v I2.5 pM cytochrome c, 75 mM sucrose (derived from the mitochondrial sus- 
pension), o.I mM 2,4-dinitrophenol, and other additions as indicated in a final volume 
(after addition of the mitochondria) of I ml. The centre well was provided with 2 N 
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KOH and a roll of filter paper. At zero time 0.3 rrd mitochondrial suspension was 
added and the flask attached to the manometer  which was placed in a bath at 25 °. 
The O3 uptakes given on the figures have not been corrected for the uptake during 
the temperature-equilibrium period. For calculation of the P: O ratios this was calcu- 
lated by extrapolation and added to the measured O3 uptakes. 

Mitochondrial protein was determined by the biuret method described by 
C L E L A N D  A N D  S L A T E R  15. 

Inorganic phosphate was determined on trichloroacetic acid (5 %) filtrates by 
LINDBERG AND ERNSTER'S ]s modification of the BERENBLUM AND CHAIN Iv method. 

ADP, AMP and Tris were obtained from Sigma Chemical Co., cytochrome c was 
prepared by the method of MARGOLIASH m, Amytal  was purchased from the Amster- 
dam Quinine Factory. Other chemicals were obtained from British Drug Houses. 

RESULTS 

Fig. I illustrates the decline of respiration which sets in after IO-i 5 min when gluta- 
mate is oxidized by rat-liver mitochondria in the absence of added phosphate ac- 
ceptor, in the presence of dinitrophenol and low concentrations of inorganic phos- 

150 i . . . .  +f*y43 

,,1.f.1 
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I I i, I ,,, I 0~) 10 20 30 40 50 
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Fig, I. Effect of Pi an oxidation of glutamate by rat-liver mitochondria in the presence of dinitro- 
phenol. Standard reaction mixture contained 4.I mg mitochondrial protein. Curve I, xo mM Pl 
initially present; curve 2, IOO pM Pl initially present; curve 3, 50 #M Pl initially present, Io mM Pl 

added at ~rrow; curve 4, initially no added PI, io mM Pl added at arrow. 

TABLE I 
D I S A P P E A R A N C E  OF I N O R G A N I C  P H O S P H A T E  D U R I N G  O X I D A T I O N  OF GLUTAMATE 

BY RAT-LIVER M I T O C H O N D R I A  I N  T H E  P R E S E N C E  OF D I N I T R O P H E N O L  

Same experiment as shown in Fig. x. 

Phosphate added Phosphate f ou~  (?~M) Disappearance of Pt 

(tiM) At zeTo t im  After e7 rain (#M) 

O 80 15 65 
50 XZZ 29 93 

IOO I6I  64 97 
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p h a t e .  T h e  r e s p i r a t i o n  was  r e s t o r e d  b y  t i p p i n g  in  p h o s p h a t e  a f t e r  2 7 mi l l .  T h e  a n a l y s e s  

g i v e n  in  T a b l e  I s h o w  t h a t  in  t h e  a b s e n c e  o f  a d d e d  p h o s p h a t e  t h e  m i t o c h o n d r i a  

c o n t r i b u t e d  a b o u t  8o  tzM p h o s p h a t e  t o  t h e  m e d i u m  (2o t~moles/g  m i t o c h o n d r i a l  

p r o t e i n * ) .  W i t h  n o  a d d e d  p h o s p h a t e  o r  w i t h  50 t*M p h o s p h a t e ,  t h e  c o n c e n t r a t i o n  

T A B L E  I[  

COURSE OF O~ AND Pi UPTAKES DURING OXIDATION OF GLUTAMATE 
BY RAT-LIVeR MITOCHONDRIA IN THE PRESENCE OF DINITROPHENOL 

Standard reaction mixture.  Replicate flasks were s topped at  o, i6, 3o and 46 rain and the I'i 
contents determined on the trichloroacetic acid filtrates. 4.4 mg mitochondrial  protein. 

Time int~,al  
No added Pt  50 I~.'l,I added Pi  

AO (#atoms/ zl P (#moles) P: 0 dO (.uatoms) J P (lunoles) P: 0 

o - I6  rain 4.4 0.034 o.oo8 4.9 0.023 0.005 
I6-3o min 2.5 0.030 o.oi4 3.2 0.048 o.oi5 
30-46 rain 2.o o.o26 o.oI 3 2. 5 0.033 o.o~3 

i i i i I 

7C 
o8 

 6c_  ,47v6 +6 
° d 
~4C 
ol 

0 5 
3£ 

2C 

. . . .  J - ' ~ "~ ;T " - - " - - ;  , 2 ..3,4 
CO 5 10 15 20 25 

Time (rain) 

Pig. 2. The effect of AMP on the oxidation of 
glutamate  by  rat- l iver mitochondria in the 
presence of dinitrophenol,  with and without  
added phosphate.  Standard reaction mixture  
wi thout  glutamate  contained 3.7 mg mitochon- 
drial protein. Curves 1- 4, no glutamate;  curves 
5-8, IO mM glutamate ;  curves i and 5, no 
fur ther  addit ion;  curves 2 and 6, 0. 5 mM Pl; 
curves 3 and 7, 1.o mM AMP; curves 4 and 8, 
0.5 mM Pl + 1.o mM AMP. Curves I -  4 were 

practically identical;  the mean is given. 
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Fig. 3. Reversal  by  phosphate  of inhibition by 
AMP of oxidat ion of glutamate  by rat-liver 
mitochondria  in the  presence of dinitrophenol. 
Standard reaction mixture contained 5.3 mg 
mitochondrial  protein. Curves x- 4, 1o mM Pi 
initially present ;  curves 5-8, no Pi initially 
present, to  mM added at  arrow; curves i and 5, 
no fur ther  addit ion;  curves 2 and 6, t mM 
AMP; curves 3 and 7, 5 mM AMP; curves 4 
and 8, Io mM AMP. Curves I -  4 were practically 
identical and only 3 is shown. Curves 6-8 were 

pract ical ly identical and only 7 is shown. 

t 4 preparat ions of freshly prepared mitochondria were found to contain 4o-6I  (mean 4 6) 
pmoles  Prig protein.  This was reduced to  3-5 (mean 4) / ,moles Prig protein by  pre- t reatment  
with 2,4-dinitrophenol as described by Azzor~E AND ERNSTER tn (see also ref. 4). 
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declined to 15 I*M and 29 I~M, respectively, after 27 min. With 1oo/~M added phos- 
phate, however, where there was little decline of respiration, there was still 64 pM 
present at  the end of the experiment. These results indicate quite clearly that the 
decline of respiration is associated with the exhaustion of inorganic phosphate. Since 
the rate of 0 2 uptake in this system was the same in the presence of IO mM Pt*, 
or of 1o mM Pt + 5 mM ADP (see later) it is apparent that it is the concentration 
of phosphate rather than of phosphate acceptor which is rate-limiting. 

The results shown in Table II  indicate that the uptake of phosphate is not a rapid 
process confined to the initial stages of the reaction, but proceeds at an almost 
constant rate over 46 rain (cf. Fig. 4 of ref. 12). Furthermore, the P :O  ratio is of 
the order of O.Ol-O.O15, much lower than would be expected for the phosphorylation 
of ADP by the substrate-level phosphorylation of ~-ketoglutarate oxidation, viz. 
0.33**.  

The addition of i - i o  mM AMP (Figs. 2 and 3) in the absence of added phosphate 
was found further to inhibit the oxidation of glutamate, in other experiments, similar 
results were obtained in the presence of 0.05 mM added Pl. Concentrations of AMP 
lower than o.i mM had little effect (Fig. 4)- In the presence of o.5-1o mM PI,  added 
AMP had no effect (Figs. 2 and 3). The inhibitory effect of AMP in the absence of 
phosphate was correlated with an increased disappearance of Pt as shown in Table III .  

T A B L E  I I I  

T H E  E F F E C T  O F  AMP O N  T H E  U P T A K E  O F  P H O S P H A T E  B Y  R A T - L I V E R  M I T O C H O N D R I A  

O X I D I Z I N G  G L U T A M A T E  I N  T H E  P R E S E N C E  O F  D I N I T R O P H E N O L  A N D  O N  T H E  A P P E A R A N C E  O F  

P H O S P H A T E  I N  T H E  A B S E N C E  O F  S U B S T R A T E  

Standard reaction mixture except where glutamate was omit ted as shown. 3.7 mg  mitochondrial 
protein was used. 

Added glutamate AddedAMP Added P t Pefound(t~M) 
AP~ (mff) 

(raM) (raM) (raM) At zero time After z4 rain 

o o o 58 95 + 3 7  
o o 0.5 580 65 o 
o I o 75 131 + 5 6  
o I o.5 650 67o 

io o o 58 29 --29 
io o o.5 6oo 6Io 
Io I o 72 14 --57 

It should be noted that incubation of the mitochondria with dinitrophenol in the 
absence of substrate leads to the formation of extra Pl, presumably by hydrolysis of 
endogenous organic phosphate compounds. This liberation of Pt was increased by 
the addition of AMP. It was not affected by the addition of 6o mM succinate + 1.7 mlVl 
Amytal (not shown in Table I I I  (see AZZONE AND ERNSTER12)). 

Fig. 3 shows that the inhibition by AMP was completely relieved by the subse- 
quent addition of phosphate. 

* We did no t  observe the abrup t  decline of respiration after about  25 rain with Io mM phos- 
phate, reported by  AZZONE AND ERNSTER ls. 

** In  the absence of hydrolyt ic  side reactions, it would be expected tha t  x molecule of ATP 
would be synthesized for each turn  of the cycle represented by  the sum reactionS, 6 

g lu tamate  + 3 0  ~ aspartate + CO v 
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Fig. 5 shows tha t  ADP,  unlike AMP, did not  inhibi t  in the absence of Pl. On 
the  contrary ,  the  init ial  rate  was main ta ined ,  p robably  due to thc presence of small 
amoun t s  of Pl in the  A D P  used, since the la t ter  h a d  no effect in the  presence of 
added  Pi. Thus, the  concentra t ion of endogenous phosphate  acceptor  is not  a l imiting 
fac tor  for the oxidat ion of g lu tamate  in our exper iments .  
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Fig. 4. The effect of various concentrations of 
AMP on the oxidation of glutamate by rat-liver 
mitochondria, in the presence of dinitrophenol. 
Two experiments are shown: Curve I, 3-3 mg 
mitochondrial protein; curve 2, 3.5 mg mito- 
chondrial protein. Standard reaction mixture; 

reaction time, 30 rain. 
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Fig. 5. Effect of ADP on oxidation of glutamate by rat-liver mitochondria in the presence of 
dinitrophenol. Standard reaction mixture contained 4.7 mg mitochondrial protein. Curve I, no 
further addition; curve 2, 5 mM AMP; curve 3, 5 mM ADP; curve 4, ]o mM Pt; curve 5, 5 mM 

AMP + IO mM Pi ;  c u r v e  6, 5 mM ADP + xo mM El. 

DISCUSSION 

We have confirmed by  direct analysis  AZZONE AND ERNSTER'S 12 conclusion tha t  the 
decline in the ra te  of oxidat ion of g lu tamate  by rat- l iver  mi tochondr ia  in the  presence 
of dini t rophenol  and  low concentra t ions  of inorganic phosphate ,  and  absence of phos- 
pha te  acceptor,  is due  to the disappearance of phosphate .  The na ture  of the phosphate  
compound  formed remains  to be discussed. 

AZZONE AND ERNSTER suggest t ha t  it is the ATP synthesized by  the  substrate-  
l inked phosphoryla t ion.  According to their  explanat ion,  this ATP is made  in a com- 
p a r t m e n t  not  d i rec t ly  accessible to  the dini t rophenol- induced ATPase. In  our view, 
there  are two serious objections against  this explanat ion:  (a) The ra te  of depletion 
of inorganic phosphate  should equal  the  rate  of phosphoryla t ion  of A D P  by  the 
substrate-!eve! phosphoryla t ion  of =-ketoglutarate  oxidation.  The da t a  in Table I I I  
a n d  in Fig. 4 of Azzol~E AND ERNSTER show tha t  it  is m u c h  less. (b) If the  formation 
of " compar tmen ta l i zed  ATP"  leads to the  depletion of Pt, in the presence of l imiting 
am o u n t s  of Pt, it  would  be expected  to lead to the deplet ion of A D P  in the  presence 
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of adequate amounts of Pv Thus, one would expect to find the same decline of respi- 
ration at higher concentrations of P! as found at lower. This was not the case in 
either AzzoNE AND ERNSTER'S experiments or our own. 

In our opinion, the results are better explained by postulating a side reaction 
which slowly leads to the disappearance of phosphate. The phosphate which is present 
in the mitochondrial preparations or is liberated by incubation with dinitrophenol 
would be expected to be taken up by Eqn. I utilizing endogenous ADP, with a P :O 
ratio approaching o.33. Most of the Pt would be immediately liberated by the dinitro- 
phenol-induced ATPase (Eqn. 2). Some of the ATP can, however, react with a 
compound X by the slow reaction. 

A T P + X  > A D P +  X P  (3} 

which leads to the removal of Pt from the system. 
X could be a phosphate acceptor in the mitochondria or it could conceivably 

be Pt itself, inorganic pyrophosphate being formed by the reaction sequence 

z A D P + 2  Pl  ----> 2 A T P  + 2 H z O  

ATP -+. R - C O O H  + CoA ---> AMP + PPI  + R .CO,- ,CoA 

R.CO, ' , ,CoA + H 2 0  ----> R . C O O H  + CoA 

A M P + A T P  v 2 A D P  

(i) 

(4) 
(5) 
(6) 

Sum 2 Pl - -> P P I + H 2 0  

That endogenous fatty acids can be activated by ATP formed by oxidative phos- 
phorylation has been made probable by the work of Hi3LSMANN TM. CROSS et al f l  ° re- 
ported the formation of inorganic pyrophosphate during the oxidation of glutamate 
and other substrates by kidney or liver cyclophorase preparations in the presence of 
AMP and Pt. 

It is even possible that X is a "compartmentalized ADP" as suggested by 
AZZONE AND ERNSTER I~. Thus, it is conceivable that most of the GTP formed by 
the reaction 

Succinyl-CoA + G D P  + Pt ~--- succinate + CoA + G T P  (7) 

reacts with ADP to form ATP accessible to the dinitrophenol-induced ATPase, but 
that some reacts more slowly with "compartmentalized ADP" to form "compart- 
mentalized ATP" not accessible to the ATPase. AZZONE AND ERNSTER la have reported 
that when 3~Pt (20-50 #M) was added to rat-liver mitochondria oxidizing glutamate 
"-,, the presence of dinitrophenol, 94 % of the sap was recovered as organic_ P, and 
that chromatographic assay revealed that over 95 % of the incorporated 32p was in 
the form of ATP. 

The exhaustion of Pt by AMP can be readily explained by the reaction sequence 

A D P  + Pl ~ A T P  + H~O 

• ATP + AMP---> 2 A D P  

(I) 
(6) 

Sum AMP + Pl -----> A D P  + HaO 
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In one respect, our results differ from those of AZZONE AND ERNSTER, who found 
a marked stimulation of the oxidation of glutamate by concentrations of AMP 
between o.oi mM and I mM. Above I mM AMP, lower rates of oxidation were ob- 
tained, but even with IO mM AMP the rate was still greater than in the absence of 
AMP. We found only a slight stimulation by low concentrations of AMP (see Fig. 4) 
even when low concentrations of PI (o.oy-o.o3 mM, see Table VI of AzzoNE AND 
ERNSTER) were also added, and a marked inhibition by higher concentrations of AMP. 
We are unable to explain this discrepancy. 

AZZONE AND ERNSTER give no explanation for their  finding that  IO mM AMP 
gave substantially lower rates of oxidation than I mM. They explain the stimulation 
by lower concentrations as "due to a cleaving of mitochondrial ATP, via the myo- 
kinase reaction, thus transferring ATP from one mitochondrial compartment to 
another, and thereby rendering it more accessible to hydrolytic breakdown". A large 
stimulation by AMP would indeed be more easily explained by AZZONE AND ERNSTER'S 
mechanism than by our own, but despite repeated at tempts we have been unable 
to find this stimulation. 

In conclusion, our results do not support the interpretation of the decline of 
the rate of oxidation of glutamate in terms of compartmentation of the ATP formed 
in the substrate-linked phosphorylation reaction, as proposed by AzzoxE AXD 
ERNS'~ER t2. Our results do not, of course, disprove the general concept of compart- 
mentation of mitochonclrial ATP, which has received experimental support by, for 
example, SIEKEVITZ 21 a n d  HEMKER 22. 

NOTE ADDED IN PROOF 

The experiments of CHAPPELL AND GREVILLE a have also provided important evidence 
that  the ATP formed in the substrate-linked phosphorylation can be hydrolysed by 
the dinitrophenol-induced ATPase. It  was shown that  ADP is necessary for maximal 
oxidation of glutamate in the presence of PI and dinitrophenol when oligomycin was 
also added, but not when oligomycin was absent. Since oligomycin inhibits the 
dinitrophenol-induced ATPase ~a, CHAPPELL AND GREVILLE concluded that  "in absence 
of oligomycin, dinitrophenol ensures a supply of ADP from the endogenous adenine 
nucleotide adequate for the needs of the succinyl coenzyme A synthetase". We have 
obtained similar results under the conditions of our experiments. Using our standard 
reaction mixture and 4.6 mg mitochondrial protein, the O~ uptake in 30 min was 
67 pl with no further additions, 93 t d with io mM Pl, 66 td with o.I mM ADP, glucose 
and hexokinase, and 98 ml with Pt, ADP, glucose and hexokinase. When IO pg oligo- 
mycin was also present, the 0 2 uptakes were 4 I, 48, 34 and 94/,1, respectively. Thus, 
in the presence of oligomycin and dinitrophenol, both P! and ADP are necessary 
for maximal o.-ddation. 
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