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SUMMARY 

I. The pathway of glutamate oxidation in isolated rat-liver mitochondria in the 
presence of phosphate and phosphate acceptor has been studied. 

2. In freshly prepared mitochondria, in experiments extending over 6-40 min at 
25 ~, an average of 9 ° % of the glutamate oxidized was converted to aspartate and 
io % to ammonia, independent of the initial concentration of glutamate. Most of the 
ammonia was formed during the first IO min. 

3. When malonate is present as well as glutamate, the transamination pathway 
is suppressed and the formation of ammonia is stimulated. 

4. Ageing of mitochondria leads to inhibition of the transamination pathway 
and stimulation of the deamination of glutamate. In aged mitochondria the con- 
tribution of the deamination pathway increases as the initial concentration of 
glutamate is lowered. 

5. Uncoupling agents inhibit the transamination pathway of glutamate oxid- 
ation. This inhibition is localized in the reactions leading from malate to aspartate. 

6. Uncoupling agents stimulate the deamination of glutamate. This is correlated 
with an increase in the oxidation level of NADP. 

INTRODUCTION 

Glutamate is rapidly oxidized by mitochondria from a variety of tissues. In 
196o-1961, a number of investigators 1-5 showed that it is oxidized not only via 
glutamate dehydrogenase, but also by a transamination pathway, first described by 
M/]TLLER AND LEUTHARDT 6, in which glutamate is converted to aspartate. In muscle 
mitochondria, which contain little or no glutamate dehydrogenase, the transamination 
pathway is obligatory (see ref. 7). The mechanism of glutamate oxidation in isolated 
liver mitochondria, which do contain an active glutamate dehydrogenase, has been 
the subject of some controversy. According to BORSTa,L the contribution of the 
transamination pathway to glutamate disappearance in isolated rat-liver mito- 
chondria is 9 ° %. Other investigatorsX, 8-1° have found lower values, ranging from 
8o % to 18-2o %. HIRD AND MARGINSON 1° measured ammonia production from 

* Formerly: Laboratory. of Physiological Chemistry. Postal address: Plantage Muidergracht 
12, Amsterdam, The Netherlands. 
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glutamate in rat-liver mitochondria and calculated that  at a substrate concentration 
of IO raM, 2I-27 % of the glutamate utilized was converted to ammonia; this con- 
version was increased at lower substrate concentrations and amounted to 63-85 °o 
at o.125 M glutamate. QUAGLIARIELLO el al. n and TAGER AND DE HAAN 12 have shown 
that  the small amount of ammonia that  is formed from glutamate is produced mainly 
in the first few minutes of the incubation. As PAPA, PALMIERI ANI) QUAGLIARIELLO 13 

have stressed, the contribution of the deamination pathway will therefore tend to be 
higher if short incubation times are used. However, this does not explain the dif- 
ferences in experimental results obtained in different laboratories where similar 
incubation times have been used. 

In view of these discrepancies, we have re-examined this problem, and our 
results are presented in this paper. The importance of the structural integrity of the 
mitochondiia in determining the pathway of glutamate oxidation is stressed and the 
effect of uncouplers and of substrate concentration is shown. Some of the results have 
been presented in a preliminary forml2,1*, 15. In the accompanying papersl6,17, the 
control of glutamate dehydrogenase activity during glutamate oxidation, and tile 
problem of citrulline synthesis in rat-liver mitochondria are discussed. 

METHODS 

Preparation of mitochondria 
Rat-liver mitochondria were prepared by the method of HOGEBOOM 18 exactly as 

described by MYERS a.','D SLATER 19. 

Aged mitochondria 
Mitochondria were aged by incubating the mitochondrial suspension (in o.25 M 

sucrose) at room temperature (about 20 ° ) for various periods with occasional shaking. 
When an aged preparation was used in a reaction, the zero-time control was prepared 
with a preparation aged for the same length of time. This was done to prevent errors 
due to changes in the content of certain metabolites during ageing of the mitochondria. 
In particular, the free ammonia content rose during ageing. 

Sonicated mitochondria 
Mitoehondria were subjected to ultrasonic vibrations for two periods of I nlin in 

a M.S.E. sonic disintegrator with an output of 20 kHz. The mitochondrial suspension 
was kept cold during the treatment.  

Reaction conditions 
Unless otherwise stated, the standard reaction mixture (I ml) used in the 

experiments contained 15 mM KC1, 5 mM MgC12, 2 mM EDTA, 50 mM Tris-HC1 
buffer, O.l-O.5 mM ADP, 20-30 mM potassium phosphate buffer, 20-30 mM glucose, 
15o Cori units (5/~moles substrate per rain) hexokinase (EC 2.7.1.1) and 25 mM 
sucrose (derived from the mitochondrial suspension). The final pH was 7-5. The 
reaction temperature was 25° unless otherwise stated. The reaction was carried out 
in Warburg flasks (gas volume, 6-7 ml) in most experiments. 0 2 uptake was measured 
with differential manometers with a small capillary. The reaction was started by the 
addition of mitochondria. 

The reaction was stopped by the addition of o.I ml 35 % HC104, except when 
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NAD(P)H was to be measured. After removal of the protein by centrifugation, 
HCIO~ was removed in the cold as KCIO 4 (see ref. 16). 

For the measurement of NAD(P)H, the reaction was stopped by the addition 
of 0.5 ml I M KOH in ethanol. Neutralization of the extract was carried out as de- 
scribed in the accompanying paper TM. 

Analytical procedures 
Glutamate was determined in early experiments with glutamate decarboxylase 

(EC 4.1.1.15) by the method of GALE 2°. Later, the more accurate spectrophotometric 
method of BERNT AND BERGMEYER 21 using glutamate dehydrogenase (EC 1.4.1.3) 
was employed. 

Malate was determined with malate dehydrogenase (EC I.I.1.37) according to 
HOHORST 22. 

Ammonia was determined with glutamate dehydrogenase (ammonia-flee) by a 
modification of the method of KIRSTEN, GEREZ AND KIRSTEN 23. Tile reaction mixture 
( I . 25 - I . 45  ml) contained 8o-I2O mM Tris-HC1 buffer (pH 7.5), 15 mM c¢-oxoglutarate, 
80/xM NADH (free of ammonia;  see below), ammonia-free glutamate dehydrogenase 
(0.3 rag) and a sample of the neutralized HC10 4 extract (containing not more than IiO 
nmoles NH3). The reaction was started by the addition of either enzyme or sample. 
The reaction was completed in 20-30 rain. No precautions were taken to exclude 
diffusion from the air into the reaction mixture, but it was found that  no further 
decrease in absorbance occurred after 2o-3o rain. Furthermore, the results presented 
later in Table I I  indicate that  added ammonia is recovered almost quantitatively. The 
small amount of ammonia found in the zero-time control was probably derived from 
the hexokinase preparation used. 

~-Oxoglutarate was determined with glutamate dehydrogenase as described by 
SLATER AND HOLTON 24. 

Aspartate was determined with malate dehydrogenase and aspartate trans- 
aminase (EC 2.6.1.1) by the method of PFLEIDERER, GROBER AND WIELAND 25. 

Protein was determined by the biuret method as described by CLELAND AND 
SLATER 26. 

NAD(P) + and NAD(P)H were determined by the methods of KLINGENBERC 27 
as modified by VAN DAM 2s. 

Source of enzymes 
Hexokinase was prepared fromyeast  by the method of DARROW AND COLOWICK 29, 

omitting the final crystallization step. 
Aspartate transaminase was prepared by the method of BORST AND PEETERS a° 

as modified by TAGER AND SLATER al. 
The sources of the other enzymes were : glutamate decarboxylase, Sigma Chemi- 

cal Co.; glutamate dehydrogenase, malate dehydrogenase, alcohol dehydrogenase 
(EC I . I . I . I ) ,  glucose-6-phosphate dehydrogenase (EC 1.1.1.49 ) and lactate dehydro- 
genase (EC i. i . i .27),  Boehringer und Soehne, Mannheim. 

Special reagents 
The sources of the special reagents were: ADP, ATP, oxaloacetate, NAD +, Tris 

and L-malate, Sigma Chemical Co. ; glutamate and aspartate, British Drug Houses; 
NADH, Mycofarm, Delft; dicoumarol, Amsterdamsche Chinine Fabriek. 
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Ammonia-free N A D H  was prepared by  a method suggested by Dr. W. C. 
H(?LSMANlX'. 5 ° mg N A D H  in a minimum volume of IO mM Tris-HC1 (pH 7.5) were 
introduced onto a DEAE-cellulose column (diameter I cm, and height 8 cm), pre- 
viously equilibrated with the same buffer. The column was then washed with lO-15 ml 
of the buffer. The N A D H  was eluted from the column with i % K2HP04. 

RESULTS 

Pathway of glutamate oxidation in fresh rat-liver mitoehondria 
In  Table I, the results of a series of 42 experiments are shown in which the 

stoicheiometry of glutamate oxidation by rat-liver mitochondria  in State 3 (ref. 32) 
in the absence of malonate was measured. These experiments were carried out at 25 o, 
and the reaction time was 6-40 rain. In  agreement with the results of BORS1 3,7, it wa~ 
found that  9 ° % of the glutamate tha t  disappears under these conditions is recovered 
as aspartate. Table I shows tha t  the remaining io  O/~o is converted to ammonia.  Very 
little ~-oxoglutarate accumulates (see also BORSTT). 

T A B L E  [ 

STOICHEIOMETRY OF GLUTAMATE OXIDATION IN FRESH RAT-LIVER MITOCI~ONDRIA 

E x p e r i m e n t a l  condi t ions  descr ibed under  METHODS. Reac t ion  mi x t u r e  con ta ined  the s t a n d a r d  
componen ts  plus 5-1o mM glu tan la te ,  2. 3 8.2 mg mi tochondr ia l  pro te in  and (where pres'.,nt) 
2o mM malonate .  Reac t ion  t ime,  6-4o rain. 

Malonate absent Malonate present 

~atoms or nmoles/mi~¢ Number of natoms or nmoles/min Number of 
per mg protein measurements per rag protein measurements 

Mean Range Mean Range 

- - J  O 94.0 33.8 14o.6 42 32.5 17.6-48.3 16 
- - J  G l u t a m a t e  30.2 io .8 -  53.0 42 17.1 7.3-27.2 15 
A Aspa r t a t e  27. 3 IO.O- 44.9 41 i . i  o - 3.2 16 
A NH a 3.2 0.7- 6.5 37 16.5 9.8-22.8 t 3 
A ~-Oxog lu ta ra t e  i . i  o - 3.2 15 I. 5 0. 7-  2.8 0 

Table I also shows the stoicheiometry of glutamate oxidation in the presence of 
malonate. The transamination pa thway  is suppressed (@ refs. I, 2, 5, 7, lO-12) and 
concomitantly,  the deamination of glutamate is great ly stimulated. As COeE~HAVER 
AND LARDY aa and BORST 7 found, very little ~-oxoglutarate accumulates in the presence 
of malonate. 

The time course of g lutamate  oxidation is shown in Fig. I. During the first IO 
min of the reaction, a small amount  of ammonia  was formed. In  this experiment, as in 
most  others carried out by  us under these experimental conditions, we could detect 
no further increase after IO min in the ammonia  found. In the experiments of 
QUAGLIARIELLO et al. n, ammonia  production continued for longer than IO rain, 
part icularly when the reaction was carried out at 3 °o instead of 25 ° . 

The possibility was considered that  the deamination reaction takes place to 
furnish intermediates of the t ransaminat ion pa thway  and that,  as soon as a certain 
s teady-state  level of the intermediates is reached, the deamination stops. However, ilo 
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lag in aspartate formation, corresponding to the decline in deamination and extending 
over IO rain, could be detected in this experiment (Fig. i; see also refs. 13, 16). It is 
possible to detect a very short lag in aspartate formation when the first 2 min of the 
reaction are studied, but as shown in the following paper 16, this lag lasts for a few 
seconds only, after which the rate of formation of aspartate is perfectly linear. 
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Fig.  i .  T i m e  course of glutamate oxidation in rat-liver mitochondria. Experimental conditions as in  
METHODS. Reaction mixture contained the standard components plus 8 m M  g l u t a m a t e  a n d  4.6 m g  
n l i t o c h o n d r i a l  protein. 

Fig .  2. Effect of ageing of rat-liver n l i t o c h o n d r i a  on  the pathway of glutamate o x i d a t i o n .  E x -  
p e r i n l e n t a l  conditions as described u n d e r  METHODS. R e a c t i o n  m i x t u r e  contained the standard 
components plus 9.3 m M  g l u t a m a t e ,  4.4 m g  nlitochondrial protein and (where present) 0.45 mM 
NAD+.  R e a c t i o n  t e m p v r a t u r e ,  25". R e a c t i o n  t im~,  3 ° rain.  O ,  w i t h o u t  N A D + ;  0 ,  w i t h  N A D  +. 

T A B I . E  I I  

E F F E C T  O F  A D D E D  A M M O N I A  ON TI~E D I ~ A M I N A T I O N  O F  G L U T A M A T E  

Experimental conditions described u n d e r  METHODS. Reaction mixture contained the s t a n d a r d  
conlponents plus lO m M  g l u t a m a t e ,  t h e  c o n c e n t r a t i o n s  of NH4C1 i n d i c a t e d ,  a n d  3.8 n lg  m i t o -  
c h o n d r i a l  p r o t e i n .  R e a c t i o n  t ime ,  20 min .  

NHtCI added N H  3 found (i, moles) A N H  3 
(llmoles) (ffmole) 

at  z e r o  a f t e r  2o 
time rain 

o 0.3 0.5 0.2 
o.2 o.5 o.7 o.2 
I.O 1.2 1.6 o. 4 
2.0 2.2 2. 5 o. 3 

Another possible explanation of the results is that the accumulation of ammonia 
inhibits further deamination of glutamate, but this is ruled out by the experiment 
reported in Table II, which shows that the amount of ammonia formed from glutamate 
is independent of an initial ammonia concentration of up to 2.2 mM. Similar results 
were obtained when the mitochondria were preincubated for 8 min with NH4C1, in 
order to overcome a possible permeability barrier, before adding glutamate. Further- 
more, as shown in the accompanying paper 17, removal of ammonia for eitrulline 
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synthesis  does not  lead to any fur ther  deamina t ion  of g lu tamate .  The factors control-  
ling the ac t iv i ty  of g lu t ama te  dehydrogenase  dur ing g lu t ama te  oxida t ion  are discussed 
fur ther  in the  following paper  x6. 

Ghttamate oxiYation in aged rat-liver mitochondria 
When  fresh ra t - l iver  mi tochondr ia  are d i s rup ted  by  ul t rasonic  v ib ra t ion  or by  

t r e a t m e n t  wi th  a de tergent ,  only ox ida t ive  deamina t ion  of g lu t ama te  takes  place (not 
shown), a l though t r ansamina t ion  can occur if oxa loace ta te  or one of i ts precursors  is 
added  as well as g lu t ama te  (see Fig. 7). These results  suggested tha t  the  p a t h w a y  of 
g lu t ama te  oxida t ion  m a y  be a function of the  s t ruc tura l  in tegr i ty  of the  mi tochondr ia .  
In  order  to examine  this further,  the  exper iment  of Fig. 2 was carr ied out. Mitochondr ia  
were aged by  leaving the p repara t ion  at  room t empera tu re  (2o ° ) with occasional  shaking. 
At  the  t imes ind ica ted  in Fig. 2, samples  of mi tochondr ia  were t aken  and the stoicheio- 
m e t r y  of g lu t ama te  ox ida t ionwas  de te rmined  in the absence and in the presenceof added  
NAD +. When  the react ion was s tudied  in the  absence of added  NAD +, ageing caused 
a g radua l  decline in oxygen uptake ,  a decline in g lu t ama te  d isappearance ,  a marked  
decline in a spa r t a t e  format ion  and a s t imula t ion  of ammonia  formation.  The addi t ion  
of NAD + to aged mi tochondr ia  res tored the 0,, up take ,  res tored or even enhanced 
g lu t ama te  ut i l izat ion,  had  no effect on a spa r t a t e  format ion  and marked ly  s t imula ted  
ammonia  formation.  In  fresh mi tochondr ia ,  added  NAD + had  very  l i t t le  effect on 
0., up t ake  or g lu t ama te  d isappearance ,  and  increased the amoun t  of ammonia  t ha t  
was found from 0.I to 0.2 /xmole. Fig. 2 also shows tha t  ageing brought  about  an 
increase in a -oxoglu ta ra te  accumulat ion ,  especial ly when NAD + was present.  

The effect of  substrate concentration on the pathway of glutamate oxidation 
HIRD AND MARGINSON 1° have repor ted  tha t  when g lu t ama te  is oxidized by  ra t -  

l iver mi tochondr ia ,  the percentage of g lu t ama te  tha t  is ox ida t ive ly  deamina ted  is 
dependen t  on the concentra t ion  of the  subs t ra te ,  being higher at  low concentra t ions  of 
subst ra te .  As the  subs t ra te  concent ra t ion  was increased,  the  percentage  deamina t ion  
g radua l ly  decreased,  bu t  even when the ini t ia l  g lu t ama te  concentra t ion  was IO raM, 
appreciable  deamina t ion  still  occurred. We have not  been able to confirm this with 
freshly p repared  ra t - l iver  mi tochondr ia  under  our exper imenta l  condit ions (Fig. 3)- 

A low s t eady-s t a t e  concent ra t ion  of g lu t ama te  can be ma in ta ined  b y  using 

TABLE 111 

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

Experimental conditions described under METHODS. Reaction mixture contained the standard 
components plus 6. 7 mg (Expt. z), 4.2 mg (Expt. 2) or 6.o mg (Expt. 3) mitochondrial protein 
and either io mM glutamine or io mM L-proline (added as DL-proline). Reaction time, 2o rain. 
in Expts. I and 2, which were carried out in collaboration with Mr. H. F. TABAK, each value is the 
mean of 3 separate incubations. 

Expt. Substrate ,4 Gh~tamate A Aspartate ANH a 
(l~mole) (ttmoles) (/,moles) 

1 Glutamine 0.47 1.35 1.87 
~- Glutamine o.5I 0.92 1.67 
3 Proline o.43 I. 15 o.o2 
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glutamine and  proline as respiratory substrates.  Glu tamate  is formed from glutamine 

by the action of mitoehondrial  glutaminase (EC 3.5.1.2) and from proline by  oxidation. 
The results of experiments using these substrates  are presented in Table III .  In  the two 
experiments  with glutamine the g lutamate  concentrat ion could never  have exceeded 
the value for ANHa (1. 9 and 1. 7 raM, respectively). In  the experiment  with proline the 
g lu tamate  concentrat ion was measured during the course of the incubat ion and was 
found to be less than  0.5 mM at all times. Calculations based on the data  of Table I I I  
show tha t  the contr ibut ion of the deaminat ion  pa thway to the oxidation of g lu tamate  

O /  was 2 %, 12 °'/o and 2 ,,'o in Expts.  I, 2 and 3, respectivelv. 
We did obtain results somewhat similar to those of HIRD AND MARGINSON 1° 

when we used aged mitochondria  (Fig. 4). A possible reason for the difference between 
our results and those of HIRD ANn MARGINSON 1° with freshly prepared rat-l iver 
mitochondria  may  lie in the experimental  conditions. We performed our experiments 
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Fig. 3. Effect of substrate concentration on the pathway of glutamate oxidation in fresh rat-liver 
mitochondria. Experimental conditions described under METHODS. Reaction mixture contained the 
standard components plus 3.8 mg mitochondrial protein and the concentrations of glutamate in- 
dicated. Reaction time, 16 rain. 

Fig. 4. Effect of substrate concentration on the pathway of glutamate oxidation in aged rat liver 
mitoehondria. Experimental conditions described under METItODS. Mitochondria were aged at 
room tenlperature (about 20 °) for 90 rain. Reaction mixture contained the standard components 
plz~s 0.45 mM NAD +, 4.4 mg mitochondrial protein and the concentrations of glutamate indicated 
in the figure. Reaction temperature, 25 °. Reaction time, 28 rain. 

at 25 °, and the incubat ion  t ime was kept short in order to prevent  the substrate  being 
exhausted. HIRD AND MARGINSON 1° carried out their experiments at 38° for 40-45 min, 
and we have confirmed 12 tha t  the deaminat ion  pa thway is quan t i t a t ive ly  impor tan t  
under  these experimental  conditions. However, we have also shown t2 tha t  the 
mitochondria  lose their respiratory control under  these conditions. We believe that  the 
loss of s t ructural  in tegr i ty  tha t  this implies is responsible for the enhanced con- 
t r ibut ion  of the deaminat ion  pa thway to g lu tamate  oxidation. 

Effect of uncouplers on the pathway of glutamate oxidation 
As reported earlier 15,35, the addit ion of uncouplers such as 2,4-dinitrophenol or 

dicoumarol to a system in which glutamate  is being oxidized by rat-l iver mitochondria  
in the presence of phosphate and phosphate acceptor brings about  an inhibi t ion of 
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aspartate formation and a stimulation of the deamination of glutamate. The magnitude 
of these effects depends on the concentration of uncoupler. This is shown in Fig. 5 for 
2,4-dinitrophenol (see also ref. 34). On increasing the concentration of uncoupler, the 
inhibition of aspartate formation increases. Ammonia formation is progressively 
stimulated until an optimum concentration of uncoupler is reached that varies in 
different experiments. When the optimum concentration is exceeded, there is a slight 
decline in ammonia formation. In the absence of uncoupler, no malate is found. With 
increasing concentrations of 2,4-dinitrophenol, increasing amounts of malate accunm- 
late. (In the presence of malonate, which itself stimulates deamination, there is only 
a slight further stimulation by uncoupler of ammonia production (see Fig. 6, Curve I).) 

In order to determine at which point in the transamination pathway (Reaction 
6) the inhibition by uncouplers takes place, the effect of 2,4-dinitrophenol on the 
individual steps (Reactions 1-5) of this pathway was studied. 

G l u t a m a t e  + o x a l o a c e t a t e  ~ a s p a r t a t e  + ~ o x o g l u t a r a t e  (i) 
:~ O x o g l u t a r a t e  + O -~ s u c c i n a t e  + C()~ (-') 
S u c c i n a t e  + O -+ f u m a r a t e  (3) 
F u m a r a t e  ~ m a l a t e  (4) 
M a l a t e  + O ~- o x a l o a c e t a t e  (5) 

S u m :  G l u t a m a t e  + 3 0  -> a s p a r t a t e  + CO 2 (~)) 

x 

~] '~rdH3 

I A A s p  

• AN,lalate 

OP 0 4  ( '  0 8  
2,,1 D i r l t r , p '  r i: ;~I) 

. . . .  i 

8 5,~ ] 

F ' 2 " ~  5 

2,4 Ol : l i t rophenol  (rcM) 

Fig.  5. E f fec t  of c o n c e n t r a t i o n  of 2 , 4 - d i n i t r o p h e n o l  on  t h e  p a t h w a y  of g l u t a m a t e  o x i d a t i o n  in  f resh  
r a t - l i v e r  m i t o c h o n d r i a .  E x p e r i m e n t a l  c o n d i t i o n s  as  d e s c r i b e d  u n d e r  METHODS. R e a c t i o n  m i x t u r e  
c o n t a i n e d  t h e  s t a n d a r d  c o m p o n e n t s  plus lO m M  g l u t a m a t e ,  2. 5 n lg  m i t o c h o n d r i a l  p r o t e i n  a n d  2, 4 
d i n i t r o p h e n o l  as  i n d i c a t e d  in  t h e  f igure.  R e a c t i o n  t ime ,  3o n l in .  

Fig.  6. E f fec t  of c o n c e n t r a t i o n  of 2 , 4 - d i n i t r o p h e n o l  on  t h e  o x i d a t i o n  of v a r i o u s  s u b s t r a t e s  b y  fresh 
r a t - l i v e r  m i t o c h o n d r i a .  T h i s  f igure  c o n l b i n e s  t he  r e s u l t s  of s e v e r a l  e x p e r i m e n t s  in  w h i c h  d i f f e ren t  
s u b s t r a t e s  were  t e s t ed .  E x p e r i m e n t a l  c o n d i t i o n s  as  d e s c r i b e d  u n d e r  METHODS. The  r e a c t i o n  m i x t u r e  
c o n t a i n e d  t h e  s t a n d a r d  c o m p o n e n t s  plus 2.4-7.  3 m g  m i t o c h o n d r i a l  p r o t e i n .  I n  t he  e x p e r i m e n t s  of 
Curve  4, P t  w a s  o m i t t e d  f rom the  r e a c t i o n  n l i x t u r e  a n d  t h e  m i t o c h o n d r i a  were  p r e i n c u b a t e d  a t  25 ° 
w i t h  8 m M  m a l a t e  plus 8 n lM p y r u v a t e  in  o r d e r  to  d e p l e t e  t h e m  of e n d o g e n o u s  Pt a n d  t h u s  to  
p r e v e n t  t he  o x i d a t i o n  of a n y  ~ - o x o g l u t a r a t e  s u b s e q u e n t l y  fo rmed .  A f t e r  14 rain,  e i t h e r  3 ° m M  Pt  
(control)  or 2 , 4 - d i n i t r o p h e n o l  (a t  t he  c o n c e n t r a t i o n  i n d i c a t e d  in  t h e  f igure)  w a s  t i p p e d  in to  t he  
r e a c t i o n  m i x t u r e  f rom the  s i d e a r n l  of t he  W a r b u r g  f lask .  F u r t h e r  a d d i t i o n s  were  as  fo l lows :  
C u r v e  I, ro  m M  g l u t a i n a t e  ph~s 25 m M  m a l o n a t e  ( N H  a f o r m a t i o n  w a s  m e a s u r e d / ;  C u r v e  2, ~o mM 
a - o x o g l u t a r a t e  ph*s i o  mM m a l o n a t e  (O 2 u p t a k e  was  m e a s u r e d )  ; Curve  3, 4 ° m M  s u c c i n a t e  phts 
-' mM A m y t a l  (O,2 u p t a k e  was  m e a s u r e d )  ; Curve  4, 8 mM m a l a t e  plus 8 mM p y r u v a t e  (()2 u p t a k e  
was  m e a s u r e d )  ; Curve  5, I5 inM g l u t a m a t e  ( a s p a r t a t e  f o r m a t i o n  was  m e a s u r e d )  ; Curve  6, lO mM 
g l u t a m a t e  plus i o  mM m a l a t e  plus i n l} I  a r s e n i t e  ( a s p a r t a t e  f o r m a t i o n  w a s  m e a s u r e d ) .  The  re 
a c t i o n  t i m e  w a s  2o min .  The  v a l u e s  a re  e x p r e s s e d  as  °/o of t h e  c o n t r o l  w i t h o u t  2 , 4 -d in i t r opheno I .  
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The results of these experiments are shown in Fig. 6. The following points emerge : 
(i) The transamination pathway (Reaction 6) became progressively more in- 

hibited as the concentration of 2,4-dinitrophenol was increased to approx. 0.5 mM 
(Curve 5). Little further change occurred between 0.5 and 0.8 raM. 

(ii) The oxidation of ~-oxoglutarate to succinate (Reaction 2) was studied in the 
presence of malonate. The oxidation of succinate to fumarate plus malate (Reactions 
3 and 4) was measured in the presence of Amytal. These reactions were very little 
affected by the uncoupler even at a concentration of 0.8 mM (Curves 2 and 3, 
respectively). 

(iii) Reaction 5 was coupled with Reaction I by using malate plus glutamate as 
substrates in the presence of arsenite. The net result of these 2 reactions is the con- 
version of malate to aspartate; this is very markedly inhibited by the uncoupler 
(Curve 6). 

These results demonstrate that  the locus of the inhibition of the transamination 
pathway is Reaction I and/or Reaction 5. The finding that  malate accumulates 
during the oxidation of glutamate in the presence of uncoupler (Fig. 5) is in agreement 
with this. 

The aspartate transaminase reaction (I), in which oxaloacetate is one of the 
metabolites, is inhibited by dicoumarol in intact mitochondria, but not in sonicated 
mitochondria (Fig. 7). In other experiments (not shown) we have found that  un- 
couplers have no effect on isolated aspartate transaminase (contrast ref. 36). 

o---~Intact mi{ochondria 
x--~Sonicated mitochondria + dicoumarol 

• ~ -dicoumarol 

1 4  
• -dicoumarol 

~ 2 " rol 

O ~ f - f  , , , 

Reduction level after  

""-~NADP 

- - ~  ~NAD 

0.05 G10 0.15 

Reduction level after 

5 10 15 
Time (min) Dicoumcrol (mlvl) 

005 0.10 015 

Fig. 7- Effect  of d icoumaro l  on the  t r a n s a m i n a t i o n  be tween  oxa loace ta t e  and  g l u t a m a t e  in i n t ac t  
and  in sonicated ra t - l ive r  mi tochondr ia .  Reac t ion  m ix t u r e  con ta ined  the  s t anda rd  componen ts  
plus i mM arseni te ,  8 mM g lu tamate ,  8 mM oxa loace ta t e  and  5.o mg mi tochondr ia l  protein.  The 
reac t ion  was  carr ied out  in open centr i fuge tubes  a t  25 ° in a Dubnoff metabol ic  shaker.  Each  poin t  
represen ts  a separa te  incubat ion .  

Fig. 8. Effect  of the  concen t ra t ion  of d icoumarol  on the  reduct ion  level  of NAD(P)  dur ing  
g l u t a m a t e  ox ida t ion  in ra t - l ive r  mi tochondr ia .  Reac t ion  m i x t u r e  conta ined  the  s t a n d a r d  compo- 
nents  plus IO mM g lu t ama te ,  2. 7 mg mi tochondr ia l  pro te in  and t h e  concen t ra t ions  of d icoumaro l  
ind ica ted  in the  figure. After  5 and  io  inin, the  reac t ion  was s topped  wi th  HC104 or e thanol ic  
KOH and NAD(P)  + and N A D ( P ) H  were measured  in the  neu t ra l i zed  acid and a lka l i  ex t rac ts ,  
respect ively ,  as descr ibed under  METHODS. 

Since oxaloacetate takes part  in both Reaction I and Reaction 5, the effect of 
2,4-dinitrophenol on another system involving this metabolite was studied, namely, 
the oxidation of pyruvate plus malate (Reactions 7, 5, 8 and 9). This system is also 
markedly inhibited by the uncoupler (Curve 4 of Fig. 6). 

The effect of different concentrations of dicoumarol on the oxidoreduction level 
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P y r u v a t e  + CoA + O -~ acetyl -CoA + CO 2 
Mala te  + O --* oxa loace ta te  
Acetyl-CoA + oxa loace ta t e  -~ c i t r a t e  + CoA 

Sum:  P y r u v a t e  + ma la t e  + -, 0 -+ c i t ra te  + CO 2 

(7) 
(5) 
(s) 

(9) 

of NAD(P) was also studied. Fig. 8 shows that as the concentration of dicoumarol 
was increased, the reduction level of NADP progressively decreased. There is also a 
progressively greater stimulation of the deamination of glutamate with increasing 
concentrations of uncoupler (Fig. 5). The reduction level of NAD was low even in the 
absence of dicoumarol, and remained relatively unaffected by addition of the un- 
coupler. 

DISCUSSION 

Rat-liver mitochondria contain high levels of the enzymes involved in both the 
deamination and transamination pathways of glutamate oxidation. Yet the extensive 
investigations in this laboratory initiated by BORST 2 have shown that freshly prepared, 
isolated rat-liver mitochondria oxidize glutamate preferentially by the transaminase 
pathway. In confirmation of the initial observations of BORST 2, 3,7, we have found that 
the contribution of the transamination pathway to glutamate disappearance in 
isolated rat-liver mitochondria incubated at 25 ° is at least 9 ° o/j.o. We have also shown 
that only IO % of the glutamate that disappears is deaminated (contrast refs. IO, 37). 

In most of our experiments, we have found that the small amount of ammonia 
that is found is produced in the first IO rain of incubation. QUAGLIARIELLO and co- 
workersn,13, 34 have also shown that deamination is more extensive during the 
initial stages of the incubation than subsequently. However, in their experiments, 
particularly those carried out at 3 o°, deamination continued for longer than IO rain. 
Although the relative contribution of the two pathways of glutamate oxidation 
depends in part on the incubation time, as  QUAGLIARIELLO and co-workers have 
stressed11,13, 34, the marked differences in experimental results obtained in different 
laboratories (see also, e.g., refs. I, 8 and IO) suggest that other factors must also be 
involved. 

HIRD and co-workers1°, a7 have reported that the contribution of the de- 
amination pathway is increased by lowering the concentration of glutamate. We have 
been unable to detect an effect of substrate concentration on the relative contribution 
of the two pathways of glutamate oxidation in freshly prepared mitochondria. 

We have shown 12 that the contribution of the deamination pathway can be 
increased by raising the incubation temperature, particularly if the incubation time is 
lengthened as well. However, we also found that mitochondria lose their respiratory 
control after prolonged incubation at higher temperatures. This suggested that an 
uncoupled state of the mitochondria might be responsible for the enhanced con- 
tribution of the deamination pathway. Indeed, we have found that when the structural 
integrity of the mitochondria is impaired by ageing, so that they become uncoupled, 
the contribution of the transamination pathway decreases and that of the de- 
amination pathway increases (Fig. 2). Furthermore, this can also be achieved by the 
addition of uncoupling agents (Fig. 5). 

The inhibition by uncouplers of the transamination pathway has been localized 
in the steps in which inalate is converted to aspartate (Reactions • and 5 ; see Fig. 6). 
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I t  has also been found zs-41 that  energy is required for the transfer of reducing equiv- 
alents from malate to c~-oxoglutarate plus ammonia (Reactions IO, I I ,  I and 12). 

M a l a t e  ~ o x a l o a c e t a t e  + 2 H 
c ~ - O x o g l u t a r a t e  + N H  3 + 2 H -+ g l u t a m a t e  
G l u t a m a t e  + o x a l o a c e t a t e  ~ a s p a r t a t e  + ~ - o x o g l u t a r a t e  

S u m :  M a l a t e  + N H  a -+ a s p a r t a t e  

(Io)  

(i) 

(i2) 

Two possible explanations for this were brought forward by TAGER ag. The first 
was that  energy is required for the transfer of NADH from the NAD-specific malate 
dehydrogenase to a 'compartment '  where it can react with glutamate dehydrogenase 
or into a form which reacts with this enzyme. The second was that  energy is necessary 
for the removal of oxaloacetate from malate dehydrogenase, which it strongly in- 
hibits, so that  it can react with aspartate transaminase. Subsequent studiesaS, 4~ 
showed that  the pr imary energy requirement is not for the removal of NADH from 
malate dehydrogenase, and focussed attention on the second explanation. KLINGEN- 
BERG40,41 advanced a different explanation, namely, that  in the absence of energy, 
aspartate accumulates within the mitochondrion and inhibits further transamination. 
An inhibition by uncoupler of the aspartate transaminase reaction can, indeed, be 
demonstrated in intact mitochondria (Fig. 7). However, uncouplers also inhibit the 
oxidation of pyruvate plus malate (Fig. 6) in which aspartate does not play a role. 
I t  seems more likely that  energy is involved in the intramitochondrial compartmen- 
tation of oxaloacetate. CHAPPELL 4a has shown that  added oxaloacetate does not inhibit 
succinate oxidation unless the mitochondria are preincubated with uncoupler, and 
KUNZ 44 and TAGER 45 have demonstrated that  added oxaloacetate can even stimulate 
the oxidation of succinate in State 4 by acting as a sink for reducing equivalents in the 
energy-linked reversal of the respiratory chain. 

Our explanation for the inhibition by ageing or uncoupling agents of the trans- 
amination pathway of glutamate oxidation, then, is that, in the absence of energy, 
oxaloacetate is not sufficiently rapidly removed from the malate dehydrogenase 
compartment  to aspartate transaminase, so that  malate dehydrogenase is inhibited 
and malate accumulates (see Fig. 5). 

In the experiments with aged mitochondria and with uncoupling agents, an 
inhibition of the transamination pathway was always accompanied by a stimulation 
of the deamination of glutamate. The factors controlling the activity of glutamate 
dehydrogenase during glutamate oxidation in rat-liver mitochondria are discussed 
more fully in an accompanying paper 16. I t  is shown 16 that  glutamate dehydrogenase 
in isolated rat-liver mitochondria reacts preferentially with NADP, as originally 
postulated by KLINGENBERG AND SLENCZKA 46, and that  the main factor controlling 
the activity of glutamate dehydrogenase is the oxidoreduction state of NADP. The 
rate of deamination of glutamate is dependent on the extent of oxidation of NADP, 
and an increase in NADP + is always accompanied by increased deamination. The same 
correlation is observed when uncoupler is present. When increasing concentrations 
of uncoupler are added, there is a progressive increase in the level of NADP + (Fig. 8) 
and also a progressive increase in the rate of deamination up to an optimum con- 
centration of uncoupler (Fig. 5). 

In the systems discussed above, glutamate deamination is stimulated under 
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conditions where the transamination pathway is inhibited. However, the deamination 
of glutamate can also be stimulated without influencing the transamination pathway. 
As shown in an accompanying paper is this can be done by adding 2-methyl-i,4- 
naphthoquinone, which oxidizes NADPH and stimulates the deamination of gluta- 
mate, but has no effect on the transamination pathway. 
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NOTE .ADDED IN PROOF (Received November n t h ,  i966 ) 

Since the above paper was submitted, HIRD AND MARGINSON 47 have reported 
an increased ammonia production from glutamate in rat-liver nlitochondria at 3 8o 
on the addition of ADP. Since our measurements (e.g. Table I above) were carried 
out in the presence of ADP, hexokinase and glucose, this appears to be in disagreement 
with the results of our experiments carried out at 25 ° . 

We have carried out two experiments exactly as described by HIRD AND 
MARGINSON 47. In one of them, ammonia was produced, after a slight lag, at a steady 
state comparable with that reported by HIRD AND MARGINSON 47. An extensive 
oxidation of NADP was also observed in this experiment. In a second experiment, 
which lasted only IO rain, little ammonia was formed, and NADP was completely 
reduced. Thus, the correlation between the degree of reduction of NADP and the 
deamination of glutamate is confirmed by these experiments. 

We interpret these results in the following manner. In tightly coupled mito- 
chondfia, the NADPH/NADP* ratio is very high even in the presence of ADP (cf. 
ref. I6), presumably because the energy-linked nicotinamide nucleotide transhydro- 
genase competes very effectively with ADP for the high-energy intermediate of 
oxidative phosphorylation. Incubation at 3 8°, however, can, with some preparations, 
apparently cause some loosening of the coupling, with the result that added ADP 
can cause oxidation of NADPH. 
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