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SUMMARY 

I. The kinetics of the reaction of glutamate dehydrogenase with the intra- 
mitochondrial nicotinamide nucleotides has been followed in isolated rat-liver mito- 
chondria preincubated with phosphate and phosphate acceptor in order largely to 
oxidize intramitochondrial nicotinamide nucleotides. In the presence of rotenone and 
arsenite, the oxidation of glutamate to ~-oxoglutarate is accompanied by extensive 
reduction of NADP+ and very little reduction of NAD +, and ceases when NADP 
is maximally reduced, even though the level of NAD + is still quite high. 

2. In mitochondria preincubated in the presence of ATP, oligomycin or roten- 
one in order largely to reduce intramitochondrial nieotinamide nucleotides, NADPH 
was oxidized much more rapidly than NADH on the addition of ammonia (=-oxo- 
glutarate was already present). 

3. On addition of glutamate to mitochondria preincubated as in I, a small 
amount of ammonia is formed and some ~-oxoglutarate accumulates in the first few 
minutes of incubation, during which NADP + is rapidly reduced and NAD +slowlv 
reduced. Aspartate is not formed in the first few seconds. ~-Oxoglutarate formation, 
on the other hand, is greater during the first few seconds than in the subsequent 2 rain. 

4. When malonate is added together with glutamate, there is a marked de- 
amination of glutamate and only a partial reduction of NADP+. 

5. z-Methyl-x,4-naphthoquinone stimulates the deamination of glutamate 
markedly both in the absence and presence of malonate, and brings about an oxidation 
of NADPH. 

6. I t  is concluded that  the most important  factor controlling the activity of 
glutamate dehydrogenase during glutamate oxidation in isolated rat-liver mito- 
chondria is the oxidoreduction state of NADP. 

INTRODUCTION 

The oxidation of glutamate in freshly prepared rat-liver mitochondria proceeds 
primarily through the transamination pathway of MOLL~R AND L~UTHaRDT ~. Al- 
though glutamate dehydrogenase (EC 1.4.I.3) is present in high concentration in 
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liver mitochondria, it contributes very little to the oxidation of this substrate in the 
isolated mitochondria (cf. refs. 2- 7, but contrast refs. 8-IO). The deamination path- 
way of glutamate oxidation can be stimulated by damaging the mitochondriaS, 8, by 
the addition of uncouplers 4, ~, 7, or by the addition of malonate ~, 4-7 or arsenitO, 7,11. 

The question arises of why the transamination pathway is able to compete so 
successfully with the deamination pathway for the oxidation of glutamate in isolated 
liver mitochondria. KLINGENBERG and co-workersl2, la postulated that glutamate 
dehydrogenase in intact mitochondria is specific for NADP, in contrast to the 
isolated enzyme, which reacts with both NAD and NADP. B~ORST 2 invoked this 
postulate in his suggestion that the low contribution of glutamate dehydrogenase to 
the oxidation of glutamate may be due to an accumulation of NADPH. QUAGLIAR- 
IELLO and co-workers 4,7 followed the time course of glutamate oxidation in isolated 
liver mitochondria and found that some deamination occurs during the first few 
minutes of incubation, but that the rate of deamination decreases, at first rapidly 
and then more slowly. Similar observations were made by TAGER AXD DE HAAX 5. 
QUAGLIARIELLO and co-workers ~, 7 observed that the initial, rapid decline in glutamate 
deamination was accompanied by a sharp increase in the extent of reduction of the 
nicotinamide nucleotides. They assumed this to reflect an almost complete reduction 
of NADP (cf. refs. 12, 14, 15) and proposed that the accumulation of NADPH in- 
hibits glutamate deamination. 

In this paper, the results of a detailed examination of the kinetics of glutamate 
oxidation in rat-liver mitochondria under various conditions are given and some 
features of the control of the pathway of glutamate oxidation in intact, isolated 
mitochondria are discussed. In particular, the role of the oxidoreduction state of 
NADP is considered. Some of the results have been presented in a preliminary 
forml6,iT. Studies of some of the conditions under which glutamate deamination may 
be stimulated in isolated mitochondria, and of the problem of citrulline synthesis in 
rat-liver mitochondria, are reported in the accompanying papers 18,19. 

METHODS 

Rat-liver mitochondria 
Rat-liver mitochondria were prepared by the method of HOGEBOOM ~°, exactly 

as described by MYERS AND SLATER 21. 

Experimental conditions 
The standard reaction mixture contained 15 mM KC1, 5 mM MgC12, 5o mM 

Tris-HC1 buffer, IO, 20 or 25 mM potassium phosphate buffer and 25 mM sucrose 
(derived from the mitochondrial suspension). Other additions are indicated in the 
legends to the figures. The final pH was 7.5 and the reaction temperature was 25 ° 
unless otherwise indicated. The incubation was carried out in Warburg flasks, except 
for the short-time experiments. The final volume of the reaction mixture in the 
Warburg flasks was I or 3 ml, and the centre well contained o.I or 0.3 ml 2 M KOH, 
respectively, and a fluted filter paper. The reaction was stopped with o.I or 0.3 ml 
35 °//o HC104, respectively. 

For the short-time experiments, a technique developed by VAN DAM 22 was 
used, in which the reaction was carried out in 5-ml beakers with magnetic stirring. 
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The temperature was kept at 25 ° by means of a jacket through which water from a 
constant-temperature bath was circulated. The volume of the reaction mixture was 
I ml. Rapid additions to the reaction mixture were made by blowing out concentrated 
solutions of the reagents from pipettes. Each point on a curve represents a separate 
incubation. The reaction was stopped bv~ rapidly~ blowing o.I ml 35 O/.o HC104, or 
o. 5 ml I M KOH in ethanol, from a pipette into the reaction mixture. 

Neutralization of the HCIO 4 extracts 
Several methods were employed. In the first, the protein was removed by 

centrifugation and a volume of the supernatant was neutralized in an ice-water bath 
by the addition of 0.5 vol. of 0.25 M Tris-HC1 (pH 7.4) and the dropwise addition 
of the required amount of 3 M KOH (determined previously); magnetic stirring was 
employed. The mixture was frozen, thawed, and kept in the cold for approx. 3 ° rain, 
after which the KC104 was removed by centrifugation. In the second method, the 
HC104 extracts were neutralized directly without prior removal of the protein. Again, 
after approx. 30 min in the cold, KC10~ and protein were removed together by centri- 
fugation. This method was used only in some preliminary experiments for the 
determination of NAD(P) +. In some short-time experiments, and in all the Warburg 
experiments, Tris-HC1 buffer was not added after the HC104, and after removal of 
protein, neutralization was effected by the dropwise addition of I M KOH. This led 
to a more complete precipitation of KC104 and facilitated the microestimation of 
NAD(P) + and a-oxoglutarate. 

Neutralization of the alkali extracts 
The alkali extracts were neutralized by the dropwise addition, with magnetic 

stirring, of 0.5 ml of a solution containing 0.5 M triethanolamine, 0.5 M HC1, 0.4 M 
KH2PO 4 and o.I M K2HPO 4. 

Determination of nicotinamide nucleotides 
NAD + and NADP + were determined in the neutralized acid extracts, and 

NADH and NADPH in the neutralized alkali extracts, by the methods of KLINGEN- 
BERG 2a as modified by VAN DAM 22, using the Aminco-Chance double-beam spectro- 
photometer (wavelength pair 340-374 mix or 350-375 mix). 

Determination of a-oxoglutarate 
c,-Oxoglutarate was determined in the neutralized acid extracts with NH~C1, 

NADH and glutamate dehydrogenase, using the Aminco-Chance double-beam spectro- 
photometer (wavelength pair 340-374 mix or 350-375 mix). The reaction mixture 
(3.0 ml) contained 125 mM Tris-HC1 buffer (pH 7.4), 33 mM NH4C1, 70 IXM NADH and 
an aliquot of the neutralized reaction mixture (containing a maximunl of I2o nmoles 
~-oxoglutarate); the reaction was started by the addition of 0.6 mg glutamate de- 
hydrogenase. 

Determination of ammonia 
Ammonia was determined in the neutralized acid extracts by a modification is 

of the method of KIRSTEN, GEREZ AND KIRSTEN 24. 
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Determination of aspartate 
Aspartate was determined by the method of PFLEIDERER, GROBER AND WIE- 

LAND ~5. For the determination of small amounts (up to IOO nmoles), the Aminco- 
Chance double-beam spectrophotometer (wavelength pair 35o-375 mt~) was used. 
The reaction mixture (3.0 ml) contained 125 inM Tris-HC1 buffer (pH 7.4), 3.3 mM 
~-oxoglutarate, 7 ° t~M NADH, IO t~g malate dehydrogenase (EC 1.1.1.37) and an 
aliquot of the neutralized reaction mixture; the reaction was started by the addition 
of o.I mg aspartate transaminase (EC 2.6.1.1). Since a drift in NADH oxidation 
occurs, the value for the final absorbance was obtained by extrapolation to the time 
of addition of aspartate transaminase. The cause of the drift is unknown. 

Determination of glutamate 
Glutamate was determined with NAD + and glutamate dehydrogenase (am- 

monia-free) as described by BERNT AND BERGMEYER 26. 

Determination of protein 
Protein was determined by the biuret method as described by CLELAND AND 

SLATER 27, with egg albumin as standard. 

Preparation of hexokinase 
Hexokinase (EC 2.7.1.1 ) was prepared as described by DARROW AgI) COLOWlCK zS, 

omitting the final crystallization step. In some experiments, hexokinase obtained 
from Sigma Chemical Co. was used (Type I I I  or IV, dialyzed against 1% glucose to 
remove NH4+ ). 

Preparation of aspartate transaminase 
Mitochondrial aspartate transaminase was prepared by the method of BORST 

AND PEETERS 29, as modified by TAGER AND SLATER 3°, using either horse- or ox-heart 
muscle as the starting material. For assays with the Aminco-Chance double-beam 
spectrophotometer, aspartate transaminase obtained from Boehringer und Soehne, 
Mannheim, was used. 

Special chemicals and enzymes 
Special chemicals and enzymes were obtained from the following sources : ADP, 

NAD +, c~-oxoglutarate, sodium pyruvate, glucose 6-phosphate, malate dehydrogen- 
ase, lactate dehydrogenase (EC I.I .I .27),  glutamate dehydrogenase (in (NH~)2SO 4 for 
~-oxoglutarate determination and in glycerol for glutamate and ammonia determi- 
nation), alcohol dehydrogenase (EC I . I . I . I ) ,  aspartate transaminase and glucose- 
6-phosphate dehydrogenase (EC I.I .I .49),  Boehringer und Soehne; 2-methyl-I,  4- 
naphthoquinone, hexokinase (Type III) ,  Sigma Chemical Co. ; glutamate and malonate, 
British Drug Houses. 

RESULTS 

Nicotinamide nucleotide specificity of glutamate dehydrogenase in rat-liver mitochondria 
In Fig. I, the results of an experiment are shown in which the kinetics were 

studied of the reduction of intramitochondrial NAD + and NADP + and of the 
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formation of ~-oxoglutarate and aspartate after the addition of glutamate to mito- 
chondria. The mitochondria were preincubated aerobically for 4 min in the presence 
of arsenite, ADP and P~; glutamate was then added and, 5 sec later, rotenone. The 
preincubation served to oxidize NAD(P)H and was carried out for 4 min in order to 
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Fig. ~. Reduc t ion  of NAD + and N A D P  + by  g l u t a m a t e  and  f l -hydroxybu ty ra t e ,  and  format ion  
of a -oxog lu t a r a t e  and a s p a r t a t e  from g l u t a m a t e  in ra t - l iver  m i t o c h o n d r i a .  T h e  reac t ion  mi x t u re  
con ta ined  the  s t a n d a r d  componen ts  plus 5 mM ADP, i mM arseni te  and  2. 7 mg m i t o c h o n d r i a l  
protein.  After  a p re incuba t ion  of 4 min in order to oxidize NAD(P)H,  io mM g l u t a m a t e  w a s  
added  in A, followed 5 see later  by 2 /~g rotenone. The t ime  of add i t ion  of ro tenone yeas t a k e n  as 
zero t ime.  In B, ro tenone was added  i m m e d i a t e l y  af ter  the  4-rain pre incubat ion ,  followed 5 sec 
later  by io mM f i -hydroxybu ty ra t e .  The t ime  of add i t ion  of f l - h y d r o x y b u t y r a t e  w a s  t a k e n  as zero 
t ime.  The reac t ion  w a s  s t o p p e d  w i t h  HCIO 4 at  the  t i m e s  indicated .  

allow sufficient time for arsenite inhibition to set in (@ ref. 3o). The reason for the 
5-sec interval between the addition of glutamate and the addition of rotenone was to 
ensure that most of the precursors of oxaloacetate, as well as oxaloacetate itself, that 
might be present would be converted to aspartate by transamination with glutamate. 
By blocking the oxidation of NADH via the respiratory chain with rotenone, by in- 
hibiting the oxidation of ~-oxoglutarate with arsenite, by converting oxaloacetate 
and its precursors to aspartate, and by measuring c~-oxoglutarate and aspartate 
formation and NAD(P) + reduction, the kinetics and stoicheiometry of the glutamate 
dehydrogenase reaction (I) could be studied unequivocally*. 

G l u t a m a t e  + NAD(P)  + - -HzO ~ c~-oxoglutarate + N A D ( P ) H  -- H + + NH a (~) 

* i n  p re l imina ry  s tudies  (see Fig. i of ref. 16 and Fig. 4 of ref. 3 1 )  not  all  of these  p r e c a u t i o n s  
were taken ,  so t h a t  the  resul t s  obta ined  were equivocal ;  in part icular ,  the  a - o x o g l u t a r a t e  tha t  
w a s  found could have  beer  formed not  only in the  g l u t a m a t e  dehydrogenase  react ion bu t  also by  
t r a n s a m i n a t i o n .  
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Fig. IA shows that at zero time, when rotenone was added, 9.5 nmoles aspartate 
and 37.6 nmoles ~-oxoglutarate were present. Furthermore, some aspartate formation 
took place in the first 3 sec after the addition of rotenone and then ceased. On the 
other hand, a-oxoglutarate formation continued at a relatively rapid rate for approx. 
IO sec and the rate then gradually declined. Thus the ~-oxoglutarate formed after the first 
3 sec must have been synthesized according to Eqn. I. The rapid phase of a-oxo- 
glutarate formation was correlated with a rapid reduction of NADP +, and the decline 
in its synthesis occurred when NADP had become almost maximally reduced, even 
though at this stage the level of NAD + was still high. The rate of NAD+ reduction was 
slow throughout the experimental period of 40 sec. Between 3 and 20 sec, 5 nmoles ~-oxo- 
glutarate were synthesized, and 4.5 nmoles NADP+ and 0.5 nmole NAD + were reduced. 

As a control, the reduction of NAD(P)+ by fi-hydroxybutyrate was studied in 
the same experiment (Fig. IB). In this case, rotenone was added before the fl-hydroxy- 
butyrate. Some important differences in the behaviour of this substrate as compared 
with glutamate emerge. 

(i) With fl-hydroxybutyrate, the initial rate of reduction of NAD + was more 
rapid than that of NADP +. However, after I sec the rate of reduction of NADP + ex- 
ceeded that of NAD + because of the functioning of the energy-linked transhydrogenase 
(cf. ref. 32). 

(ii) After 4 sec, the level of NADP + had decreased from 12.5 to 2.5 nmoles, and 
that of NAD + from i i  to 6.5 nmoles. With glutamate, the level of NADP + decreased 
to 3 nmoles after 40 sec, and at this stage the level of NAD + had declined only from 
lO.3 to 8.3 nmoles. 
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Fig. 2. Oxida t ion  of N A D H  and  N A D P H  by  ~-oxoglu ta ra te  (plus ammonia)  in r a t - l i ve r  mito-  
chondria .  Reac t ion  m ix tu r e  (I ml) con ta ined  the s t a n d a r d  componen ts  (with the  except ion  of 
Pt) plus i o  mM ~-oxoglutara te ,  i mM arsenite,  o . i  mM ATP and 2. 3 mg (A and  C) or 2.8 mg (B) 
mi tochondr ia l  protein.  In  addi t ion,  2. 5/~g ol igomycin  was presen t  in Exp t .  B and i /~g  rotenone in 
Exp t .  C. After  a p re incuba t ion  of 3 ° sec (Expts .  A and C) or 6o sec (Expt .  B) a t  o °, io  mM NH~CI 
plus IO mM Pi were added  and the  incuba t ion  was con t inued  a t  o% In  the  controls,  on ly  Pt was  
added.  The reac t ion  m ix tu r e  was kep t  in ice for 2o-3o min  before add ing  the  mi tochondr ia ,  in 
order to  ensure t h a t  the  t e m p e r a t u r e  was  o ° dur ing  the  p re incuba t ion  and incubat ion .  The re- 
ac t ion was s topped  a t  the  t imes  ind ica ted  wi th  HC1Ot. 0 - - 0 ,  NH4C1 + Pl ;  O - - - O ,  Pt. 
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(iii) The rate of reduction of NAD(P) + was much greater in the presence of 
fi-hydroxybutyrate than of glutamate. 

Fig. 2 shows the results of an experiment in which the reaction was studied 
from the opposite direction. Mitochondria were preincubated at o ° for 3o or 6o sec 
with a-oxoglutarate and arsenite, in State 4 as defined by CHANCE AND WILLIAMS a3 
(Fig. 2A), in the presence of oligomycin (Fig. 2B) or in the presence of rotenone (Fig. 
2C). After 3o or 6o sec, ammonia and PI were added (or, in control experiments, only 
Pl), and the incubation was continued at o °. Since VAN" DAM 22 has shown that the 
transhydrogenase reaction occurs at a negligible rate at o °, N A D H  and N A D P H  
could only be oxidized by ~-oxoglutarate (plus ammonia) in these experiments. In all 
3 experiments, N A D P H  became oxidized more rapidly than NADH,  indicating that 
glutamate dehydrogenase reacts preferentially with NADPH.  

Time course of glutamate oxidation in rat-liver mitochondria 
In Fig. 3 the results of an experiment are shown in which the kinetics of 

ammonia production, e-oxoglutarate accumulation and NAD(P) + reduction were 
followed during the course of glutamate oxidation by rat-liver mitochondria over a 
period of 3o min. Since in freshly prepared mitochondria it was found that NADP is 
almost completely reduced and NAD to the extent of 50-70 °o, the mitochondria 
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Fig. 3. Kine t ics  of a m m o n i a  formation,  ~ oxog lu t a r a t e  accumula t ion  and NAD(P)~ reduct ion  
dur ing  g l u t a m a t e  ox ida t ion  in ra t - l iver  mi tochondr ia ,  p re incuba ted  wi th  ADP. Reac t ion  mi x t u r e  
(3 ml) con ta ined  the  s t anda rd  componen ts  plus o.3 mM ADP, 3o mM glucose, 3 mg hexokinase  
(Sigma Type  I I I )  and  i0  mg n l i tochondr ia l  protein.  After  a p re incuba t ion  of 4 rain, io  mM glut-  
a m a t e  was added  from the  s ide-arm of the  W a r b u r g  flask. The reac t ion  was s topped  a t  the  t imes  
ind ica ted  wi th  HC104. In  2 para l le l  samples,  the  react ion was s topped wi th  e thanol ic  K O H  
i m m e d i a t e l y  af ter  the  4-min p re incuba t ion  in order  to de te rmine  NAD(P)H.  The resul ts  of these 
ana lyses  were: NADH,  o.z 5 nmole;  N A D P H ,  7 nmoles. 

Fig. 4- Kine t ics  of NAD(P)*  reduct ion  dur ing  the  ox ida t ion  of p y r u v a t e  plus mala te  by  ra t - l iver  
mi tochondr ia ,  p re incuba ted  wi th  ADP. Condit ions as in Fig. 3, excep t  t h a t  17. 5 mg mi tochondr ia l  
pro te in  were presen t  and  io  mM ma la t e  and  IO mM p y r u v a t e  were added  af ter  the  4-nain pre- 
incubat ion.  0. 4 nmole  N A D H  and 9.5 nmoles  N A D P H  were found af ter  the  pre incubat ion .  
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were preincubated aerobically with Pi and phosphate acceptor for 4 min in order to 
oxidize the nicotinamide nucleotides. By this treatment NAD was completely 
oxidized, while NADP remained 2o % reduced. On the addition of glutamate, there 
was a rapid formation of ammonia during the first 3 min. Between 3 and 2o min the 
rate of ammonia formation declined steadily. No ammonia formation occurred during 
the 2o-3o min period (cf. refs. 4, 5 and 7)- There was an accumulation of ~-oxo- 
glutarate during the first io rain, after which there was little further change. NADP 
became almost completely reduced (95 %) in the first 2-3 min, after which it began 
to be slowly oxidized. After 3o min, NADP was 81% reduced. NAD was slowly 
reduced during the entire experimental period, and after 3o min, the extent of re- 
duction of NAD was 25 %. 

For comparison, the time course of the reduction of nicotinamide nucleotides 
when pyruvate (plus malate) was used as respiratory substrate instead of glutamate is 
shown in Fig. 4. Mitochondria were preincubated for 4 min in State 2. On the addition 
of pyruvate plus malate, NADP + became rapidly reduced in the first minute and then 
more slowly between i and IO min (@ Fig. 3), after which there was no further 
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Fig. 5. Kinetics of aspar ta te  formation and ~-oxoglutarate accumulat ion during the first 2 min 
of g lutamate  oxidation by rat-liver mitochondria,  preincubated with ADP. Reaction mixture  
contained the s tandard  components  plus 30 mM glucose, 5 units  (ffmoles subst ra te  per rain) 
hexokinase, 0.5 mM ADP and 2. 4 mg mitochondrial  protein. After a 2-min preincubation,  IO mM 
glutamate  was added. The reaction was s topped at the t imes indicated with HC104. 

Fig. 6. Kinetics of ammonia  formation, ~-oxoglutarate accumulat ion and NAD(P) + reduction 
during the oxidation of glutamate,  in the presence of malonate,  by rat-liver mitochondria,  pre- 
incubated with ADP. Conditions as in Fig. 3, except tha t  18 mg mitochondrial  protein were 
present  and io mM glutamate  plus 2o mM malonate were added after the 4-rain preincubation. 
At  the t imes indicated, the reaction was s topped with HC104. 
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change. In contrast to the situation with glutamate (Fig. 3), no secondary reoxidation 
of NADPH occurred when pyruvate (plus malate) was the substrate (Fig. 4). 

The initial rates of aspartate formation and ~-oxoglutarate accumulation when 
glutamate is oxidized by rat-liver mitochondria were compared in the experiment 
shown in Fig. 5. Mitochondria were preincubated in State 2 for 2 min before glutamate 
was added. After the addition of glutamate, there was a definite lag of about 4-5 sec 
in aspartate formation, after which the rate of production of this product of the 
transamination pathway of glutamate oxidation became constant. This lag in aspar- 
tate formation was accompanied by a more rapid rate of ~-oxoglutarate accumulation 
in the first 2-3 sec than in the 3-I2o-sec period. 

Effect of malonate on glutamate oxidation, 
As will be discussed below, another factor besides direct reduction by glutamate 

dehydrogenase can contribute to the accumulation of NADPH during glutamate 
oxidation, namely, the operation of the dehydrogenases involved in the transaminase 
pathway and the energy-linked transhydrogenase reaction. 

Malonate blocks the transamination pathway of glutamate oxidation almost 
completely2,4,5,7,s,~. In the experiment shown in Fig. 6, glutamate and malonate 
were added to mitochondria which had been preincubated for 4 min in State 2. I t  can 
be seen that, in the presence of malonate, a considerable accumulation of ammonia 
occurred (cf. Fig. 3)- Ammonia formation and a-oxoglutarate accumulation were more 
rapid in the first 5 min than in the 5-2o-min period. Indeed, the amount of ~-oxo- 
glutarate found increased only very slightly in the 5-2o-min period, in agreement 
with earlier observations2,6, 35 that  very little a-oxoglutarate accumulates during 
glutamate oxidation even in the presence of malonate. The reduction of NAD + showed 
a similar pattern in the presence of glutamate plus malonate as in the presence of 

3C 

2C 

c 

! I 

NAD+ 
- -o -  - - - 7 - o  

- ~ , , ~  NADP _ 

Time(rain) 

• -* Vit. K 3 

2.5 e--~+Vit. K 3 / AAsp 

Z 

Time (min) 

Fig. 7- Kine t ics  of NAD(P)  + reduc t ion  dur ing  the  ox ida t ion  of a -oxog lu ta ra t e  in the  presence of 
ina lona te  by  ra t - l ive r  mi tochondr ia ,  p r e incuba t ed  wi th  ADP. Condit ions as in Fig. 3, excep t  t h a t  
15 mg mi tochondr ia l  pro te in  were presen t  and  io  mM a-oxog lu ta ra t e  and  2o mM malona te  were 
added  af ter  the  4-rain pre incubat ion .  

Fig. 8. Effect  of 2 -me thy l - I , 4 -naph thoqu inone  on a s p a r t a t e  and  a m m o n i a  fo rmat ion  from glut-  
a m a t e  in ra t - l iver  mi tochondr ia .  Reac t ion  m i x t u r e  (i ml) con ta ined  the  s t a n d a r d  components  plus 
3 ° mM glucose, o. 5 mM ADP, 5 uni ts  yeas t  hexokinase ,  io  mM g l u t a m a t e  and 2.6 mg mi tochondr i a l  
protein.  The reac t ion  was  s topped  wi th  HCIO 4 a t  the  t imes  ind ica ted .  "vVhere present ,  2-methyl -  
L4-naph thoqu inone  was used a t  a concn, of IO a M. Abbrev ia t ion :  vit .  K 3, 2 -n le thy l - l , 4 -naph tho-  
quinone. 
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glutamate alone (Figs. 3 and 6). However, malonate caused a marked difference in the 
response of NADP. In the presence of glutamate 2blus malonate, NADP reached a 
maximum extent of reduction of 50 % in I rain, after which it became slowly reoxi- 
dized and was only 23 % reduced after 20 rain. 

In a control experiment, ~-oxoglutarate plus malonate were added instead of 
glutamate plus malonate. The results are shown in Fig. 7. NAD+ became partly re- 
duced in the first 3 rain, and then showed no further change. NADP + also became 
partly reduced in the first 3 rain, and this was followed by a slight further reduction. 
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Fig. 9. Kinet ics  of g l u t a m a t e  ox ida t ion  in ra t - l ive r  mi tochondr ia  (p re incuba ted  wi th  ADP)  dur ing  
the  first 30 sec af ter  add i t ion  of g lu tamate ,  and  the  effect of 2 -methy l - I ,4 -naph thoqu inone .  Re- 
ac t ion  m i x t u r e  (i ml) conta ined  the  s t a n d a r d  components  plus 5 mM ADP, and 3.1 mg mito-  
chondr ia l  protein.  Af ter  a 9o-sec pre incubat ion ,  io  mM g l u t a m a t e  was added.  Af ter  a fur ther  
15 sec, lO -5 M 2 -me thy l - I , 4 -naph thoqu inone  and 2 % e thanol  (or, in the  controls,  only  ethanol)  
were added.  The reac t ion  was s topped a t  the  t imes  ind ica ted  wi th  HC104. 

Fig. io. Effect  of 2 -me thy l - I , 4 -naph thoqu inone  on the  kinet ics  of a m m o n i a  formation,  ~-oxo- 
g l u t a r a t e  accumula t i on  and NAD(P)  + reduc t ion  dur ing  the  ox ida t ion  of g lu t ama te ,  in the  presence 
of malonate ,  by  ra t - l ive r  mi tochondr ia ,  p re incuba ted  wi th  ADP.  Condit ions as in Fig. 3, except  
t h a t  io  mM g l u t a m a t e  and 2o mM malona t e  were added  af ter  the  4-min pre incubat ion .  In  U~e 
r igh t -hand  figure, lO -5 M 2 -me thy l - I , 4 -naph thoqu inone  was added  toge the r  wi th  the  g l u t a m a t e  
plus malona te .  The reac t ion  was s topped  wi th  t tCIO 4 a t  the  t imes  ind ica ted .  
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In contrast to the situation when glutamate plus malonate were added, no secondary 
reoxidation of NADPH occurred in the presence of ~-oxoglutarate plus malonate. 

Effect of 2-rnethyl-L4-naphthoquinone 
2-Methyl-I,4-naphthoquinone accepts hydrogens from both NADH and 

NADPHa< aT. In the presence of this carrier, intramitochondrial nicotinamide nucleo- 
tides become oxidized via NAD(P)H dehydrogenase (EC 1.6.99.2 ) and the cyto- 
chrome system, and the oxidation of NADPH becomes independent of the trans- 
hydrogenase reaction as. 

The effect of 2-methyl-I,4-naphthoquinone on the oxidation of glutamate, both 
in the absence and in the presence of malonate, was studied. As shown in Fig. 8, in the 
absence of malonate, 2-methyl-r,4-naphthoquinone had no effect on the formation 
of aspartate from glutamate, but stimulated the deamination of glutamate markedly. 
This effect of 2-methyl-I,4- naphthoquinone was examined more closely in an experi- 
ment in which the kinetics of the reaction were studied in the first 3o sec after adding 
glutamate to rat-liver mitochondria preincubated in State 2 for 2 min. The results are 
shown in Fig. 9. In the absence of 2-methyl-I,4-naphthoquinone, the rate of ~-oxo- 
glutarate formation was more rapid in the first IO sec, the period during which 
NADP e was being rapidly reduced, than in the IO-2o-sec period, when the NADP + 
level was low. The NAD + level remained the same throughout the experimental 
period. When 2-methyl-I,4-naphthoquinone was added after 15 sec, there was an 
abrupt rise in the level of NADP +, which reached a maximmn value within 3 sec, and 
a very marked stimulation of a-oxoglutarate formation. 2-Methyl-I,4-naphtho- 
quinone had no effect on the level of NAD +. 

The effect of 2-methyl-I,4-naphthoquinone on the oxidation of glutamate in 
the presence of malonate is shown in Fig. IO. 2-Methyl-I,4-naphthoquinone stimulated 
ammonia formation and a-oxoglutarate accumulation, brought about an oxidation 
of NADPH and had no effect on the level of NAD +. The increase in the level of 
NADP + that occurred in the presence of 2-methyl-I,4-naphthoquinone was not 
preceded by a decrease, as was the case when only glutamate and malonate were 
present (see also Fig. 61. 

DISCUSSION 

When freshly isolated rat-liver mitochondria oxidize glutamate in the presence 
of phosphate and phosphate acceptor, the main product of the reaction is aspartate. 
In confirmation of the results of BORST 2, DE HAAN, TAGER AND ~LATER 6'18 have 

2 ° % found that in experiments of 6-4o min at 5 , at least 9 ° of the glutamate that 
disappears is recovered as aspartate and little as ammonia. However, PAPA, PALMIERI 
AND QUAGLIARIELLO 17 showed that relatively more ammonia appears during the 
first few minutes of incubation. This was confirmed by DE HAAN and co-workers 5,,8 
and by Fig. 3 of this paper in which the initial production of ammonia was increased 
by preincubating the mitochondria with phosphate and ADP. Even under these 
conditions, little ammonia production took place after IO min. 

The reason for the dominance of the transamination pathway and the inhibition 
of the deamination pathway of glutamate oxidation in isolated liver mitochondria 
has been discussed by BORST 2, QUAGLIARIELLO and co-workers a,<7 and TAGER AND 
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DE HAAN 5. The possible role of an accumulation of the products of the reaction in in- 
hibiting glutamate deamination has been considered by BORST 2. He suggested that  
the inhibition is unlikely to be due to an accumulation of c~-oxoglutarate, since this 
product is not found in the reaction mixture in high concentrations, and proposed 
that  the accumulation of reduced nieotinamide nucleotides brings about the in- 
hibition (see also refs. 4, 7)- During the oxidation of glutamate in State 3, NADP 
is almost completely reduced (cf. refs. 12, 14, 15, and this paper). If  glutamate 
dehydrogenase in liver mitochondria is an NADP-linked enzyme (cf. refs. 12, I3), 
the factor controlling the rate of oxidation of glutamate by this enzyme may be the 
rate of reoxidation of NADPH. 

The results presented in this paper provide the following direct evidence that  
the deamination of glutamate by glutamate dehydrogenase and, consequently, the 
contribution of the deamination pathway to glutamate oxidation, are controlled by 
the rate of reoxidation of NADPH and the availability of NADP +. 

(i) In the presence of rotenone and arsenite, the oxidation of glutamate to ~- 
oxoglutarate is accompanied by an extensive reduction of NADP + and very little 
reduction of NAD+ (Fig. I). The oxidation ceases when NADP is maximally reduced 
even though the level of NAD + is still high (Fig. i). Also in the absence of these in- 
hibitors, a close correspondence is found between the level of NADP + and the rate of 
deamination of glutamate (Figs. 3, 6, 9 and IO). Furthermore, glutamate dehydrogen- 
ase in the mitochondria reacts more rapidly with NADPH than with NADH (Fig. 2) 
under conditions where the transhydrogenase reaction is negligible 22. These results 
suggest that  glutamate dehydrogenase in rat-liver mitochondria reacts preferentially 
with NADP (cf. ref. 12). 

(2) As mentioned above, a close correspondence is always found between the 
rate of deamination of glutamate and the level of NADP+. In the absence of malonate, 
the initial decline in ammonia production is accompanied by a very rapid disappear~ 
ance of NADP + (Figs. 3 and 9). The constant supply of reducing equivalents to NAD + 
by the dehydrogenases involved in the transamination pathway and the operation of 
the energy-linked transhydrogenase favour the reduction of NADP +. The oxidation of 
NADPH by NAD+ is rendered impossible by the unfavourable equilibrium of the 
energy-linked transhydrogenase under conditions where there is a constant supply 
of reducing equivalents to NAD +. Because of the lack of NADP+ under these condi- 
tions, glutamate deamination declines. In the presence of 2-methyl-I,4-naphtho- 
quinone, there is a bypass of the transhydrogenase reaction, NADPH is oxidized 
directly, and as a result there is a marked stimulation of the deamination of glutamate 
(Figs. 8 and 9)- 

(3) The deamination of glutamate is also stimulated by malonate. Malonate 
has two effects. In the first place, by inhibiting succinate dehydrogenase (EC 1.3.99.I), 
it prevents the regeneration of oxaloacetate, so that  the transanainase pathway can- 
not function. In the second place, the extent of reduction of NADP is decreased in 
the presence of malonate and the increased availability of NADP + is correlated with 
a greatly increased rate of deamination of glutamate (Fig. 6). The reason for the 
decreased reduction of NADP is of interest (see ref. 17). A decreased extent of re- 
duction of NADP is brought about by malonate not only in the presence of gluta- 
mate (Fig. 6) but in the presence of ~-oxoglutarate as well (Fig. 7), indicating the 
importance of sueeinate dehydrogenase and/or malate dehydrogenase in supplying 
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reducing equivalents for the reduction of NADP +. However, even in the presence of 
malonate, glutamate deamination does not occur at a maximal rate and may be 
stimulated by the addition of 2-methyl-I,4-naphthoquinone (Fig. io). This stimulation 
of ammonia production is accompanied by an increase in the level of NADP+ (Fig. io). 
Our interpretation of these results is that  in the presence of malonate, the rate of 
reoxidation of NADPH by NAD + still limits the rate of deamination. Addition of 
2-methyl-I,4-naphthoquinone allows NADPH oxidation via NAD(P)H dehydrogen- 
ase 36-38 thus bypassing the transhydrogenase reaction. The result is that  deamination 
proceeds at an increased rate. 

(4) As discussed in the accompanying paper 18 and elsewherO, ~,7, uncouplers 
stimulate the deamination of glutamate. This effect may be due in part  at least to an 
inhibition of the energy-linked transhydrogenase. Indeed, it has been found that  in- 
creasing concentrations of uncoupler bring about a progressive increase both in the 
oxidation state of NADP and in the extent of deamination of glutamate 18. 

The question remains of the role of an accumulation of ammonia and ~-oxo- 
glutarate in the inhibition of the deamination of glutamate. As shown in an ac- 
companying paper 19, the small amounts of ammonia that  are formed during gluta- 
mate oxidation, in the absence of inhibitors, can be utilized for citrulline synthesis, 
and removal of this ammonia does not lead to any increase in deamination. Thus, it is 
unlikely that  the rate of deamination of glutamate under normal conditions is limited 
by the fact that  the reaction catalysed by glutamate dehydrogenase approaches 
equilibrium. In the presence of arsenite and absence of other inhibitors, however, ~- 
oxoglutarate accumulates and the rate of glutamate oxidation under these conditions 
is limited by the rate of efflux of e-oxoglutarate from the mitochondria ~9. This is also 
the case in the presence of arsenite and rotenone (S. PaPA AND A. FRANCAVlLLA, un- 
published observations). 

The experiments described in this paper provide a striking demonstration of 
the effectiveness of the energy-linked transhydrogenase in reducing mitochondrial 
NADP +. For example, only 4 sec after adding fi-hydroxybutyrate to mitochondria, in 
the presence of rotenone, twice as much NADP+ is reduced as NAD+ (Fig. I B ) ,  

despite the fact that  fl-hydroxybutyrate dehydrogenase is NAD-specific. Similarly, 
pyruvate plus malate were much more effective in reducing NADP ÷ than NAD + 
(Fig. 4). 

During the oxidation of glutamate by rat-liver mitochondria, either in the 
absence or in the presence of malonate, a slow oxidation of NADPH takes place 
during the latter stages of the incubation (Figs. 3 and 6). Possible reasons for this 
have been discussed by PAPA et al. 17. No oxidation of NADPH occurs when the sub- 
strate is malate plus pyruvate (Fig. 4) or ~-oxoglutarate plus malonate (Fig. 6). 

In the experiment shown in Fig. 5, a small lag in aspartate formation was ob- 
served. This lag lasted for a few seconds, and during this time the rate of ~-oxo- 
glutarate accumulation was more rapid than subsequently. I t  is possible that  the lag 
is caused by a shortage of oxaloacetate and its precursors and that  they are provided 
by the oxidation of glutamate via glutamate dehydrogenase. Once these precursors 
are present, the oxidation of glutamate via the transamination pathway occurs with 
great efficiency, in spite of the fact that  the steady-state concentration of inter- 
mediates of the transamination pathway, such as oxaloacetate and malate*, is rel- 

* E. J. DE HAAN, unpubl ished observations.  
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atively low, This indicates that there must be little or no loss of these intermediates 
from the mitochondrion. 

In conclusion, these results raise the question of what the source of ammonia is 
for citrulline synthesis in the intact liver (see refs. 40 and 41). This is discussed 
in the accompanying paper 19. 
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