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SUMMARY 

I. Glutamate reverses the inttibitory effect of ammonia on respiration of rat-liver 
mitochondria by preventing further amination of ~-ketoglutarate. 

2. Succinate also abolishes this inhibition but without interfering with the re- 
ductive aminat ion of ~-ketogtutarate. 

3- A method of calculating the ratio: reduced/oxidized mitochondrial pyridine 
nucleotides, based on the equilibrium constant of the glutamate dehydrogenase 
reaction, is discussed. 

INTRODUCTION 

In a previous paper a, the inhibitory action of ammonia upon the respiration of rat-liver 
mitochondria in the presence of ~-ketoglutarate was discussed and as explanation 
a competition for DPNH between glutamic dehydrogenase and electron transport 
chain was postulated. I t  also was stated that  ammonia markedly depresses oxygen 
uptake when citrate is used as substrate. In the present paper a further investigation 
of this effect is reported and furthermore, on the basis of our previous result,;, at tempts 
were made to reverse the inhibitory effect of ammonia on respiration of rat-liver 
mitochondria. 

EXPER IMENTAL 

The preparation of mitochondria and manometric procedure were as previously 
described 1. 

s-Amino acids were determined according to the method of YE~I.~I AND COCKIYG 2, 
ammonia by  the Col~waY diffusion technique followed by  nesslerization 3, citric acid 
by a modification of the method of PERL~taN et al. as described by BEUTLER AYD YEH 4. 
Protein was determined by tho hiuret method 5. Spectrophotomefric assays of pyridine 
nucleotide reactions were carried out at 34 ° mt~ in a Beckman ]~K-2 spectrophoto- 

meter at 3 °°  . 

Abbreviations: PN + = DPN + + TPN+; PNH = DPNH + TPNH. 
Present address : Department of Physiological Chemist.y, University of Wisconsin, Madison, 

Wise. (U.S.A.). 
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RESULTS 
A m m o n i a  and citrate oxidation 

Ammonia  markedly  inhibits  respiration when ci t ra te  is used as substra te  (Table I). 
The oxygen uptake of controls, without  ammonia,  is much higher than expected from 
the amount  of c i t ra te  used up:  since malonate  was added to block oxidation of 
succinate, it  follows tha t  under such conditions two oxidat ive steps are tak ing  place: 
i soc i t r a te - -~  ketoglutara te- -~-succinate .  In the presence of ammonia  reductive 
aminat ion occurs and is propoL [ional to the depression in oxygen uptake.  This de- 
pression, in the presence of malonate,  is about  twice as high as glutamic acid formation 
(or ammonia  incorporat ion),  which is in close agreement  with what  would be expected 
theoretically.  When ammonia  is present,  each molecule of ~-ketoglutarate  which is 
d iver ted from succinate to g lu tamate ,  sacrifices one reduced pyridine nucleotide, 
and at  the same t ime a second reduced pyfidine nucleotide is used for reduct ive 
amination.  In  the absence of malonate ,  oxidat ion proceeds beyond the succinate s tep 
and a~cordingly the depression in oxygen up take  ca1: , ~  ammonia  is found to be  
much higher than  the amino acid formation.  

TABLE I 

E F F E C T  OF A M M O N I A  ON C I T R A T E  O X I D A T I O N  

Incubation mixture: phosphate buffer (pH 7.4), ioo/,moles; NaF, 3 °/*moles; MgCl 2, 20 pmoles; 
ATP, 5/*moles; cytochrome c, o. 5 mg; citrate, 2o itrnoles; malonate, ~o/trnoles ; NHaC1, 30 ttmoles; 
glucose, 90/tmoles and hexokina-~e in a total volume of 2.8 ml. Incubation 80 rain at 3 o°. Mito- 

chuiidrial suspension corresponding to I6. 3 mg protein per cup. 

Oxygen (,ualoms) Citrate ( innoles) N H ~ + ( llmoles) =-NH~ ( lffnoles) 

Uptake A A d A 

Without 19.2 7.6 i 1.9 3 .6 1-3 
With 5.o x4.2 9.2 1o. 3 24.i 6.i io. 4 6.6 

"o" I Without I9.5 2.3 
Time | \Vith 19.5 3 o.2 2.5 

Reversal by glutamate o f  inhibition of  respiration caused by ammonia  

The depression in. oxygen uptake  caused by  ammonia  is pa r t i a l ly  reversed by  
the addi t ion of 50/~moles and completely reversed by  the addi t ion of I50 pmoles 
of g lu tamate  (Table II) when ~-ketoglutarate  is used as subst ra te ;  under these con- 
ditions, g lu tamate  is not  oxidized and reduct ive aminat ion does not  take  place (there 
is nei ther  ammonia  product ion nor incorporation).  The uti l ization of g lu tamate  via  
t ransaminase  is prevented b y  the  addi t ion  of malonate.  

When c i t ra te  is used as sr  rate (10 -2 M) even less g lu tamate  is required to 
reverse the  depression in oxygen up take  produced by  ammonia.  This would be 
expected from thermodynamic  considerations since under  these conditions , ,-keto- 
g lu ta ra te  is not  present  init ially.  

Succinate and inhibition o f  respiration caused by ammonia 

When ~-ketoglutara te  or c i l ra te  ~.~ ased as substrate ,  succinate suppresses the  
inhibi tory  effect of ammonia  on respirat ion without  interfering with the  reductive 
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amination of ce-ketoglutarate (Table III). Of all the different substrates of the Krebs 
cycle tested with ce-ketoglutarate and ammooia (pyruvate, citrate, succinate, malate) 
only succinate was effective. 

"F.\ t ;LE  I I  

R E V E R S A L  B Y  G L U T A M A T E  O F  T I l E  I N H I B I T I O N  O F  R E S P I R A T I O N  C A U S E D  B Y  A 3 I M O N I A  

Incut )at ion  m i x t u r e  as ind icated  in the  It.gcnd to Tab l e  1 e x c e p t :  ~ - k e t o g l u t a r a t e  3o /maoles ,  
m a l o n a t e  3 ° l tmoles,  g l u t a m a t e  as indica ted .  Incul )a t ion  3o-4  o rain at  3 0 .  

Expl. No. .4 ~)l~lotti¢l Glultt)natc Otygclt (palo~ns) \'H~* (umoh:s) 
(ionoh's) (!tm,l,':,) - -  . . . . . . . . . . . . . . . . . . . . . .  

I --- 
3 ° 
3 ° 5 ~ , 

" o "  T i m e  3 D 5 ° 

2 ..... 

3 ° 
3 ° 15 ° 

" o "  T i m e  30 150 

l ptake A 

- '~.3 
I(). 7 3.6 
I~.(~ I. 7 

i c).0 
t 3 5  G.l 
I 0 3  

25. 3 .1.8 
27.z 2.9 
30. I 

25 5 6 . 9  
32.8 
32.4 

T . k B I . E  I l I  

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

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

I n c u b a t i o n  m i x t u r e  as ind ica ted  in the  legend of T a b l e  I.  E x c e p t :  ~ - k e t o g l u t a r a t e ,  4o t tmoles  or  
c i t ra te ,  2o /~moles ;  succ ina t e  (no m a l o n a t e ) ,  4 ° / t m o l e s .  I n c u b a t i o n  2o-3  o min  a t  3oZ 

Ammonia Oxygenuptake ~e-NH~(t~moles) N H C  (itmoles) 
( italo~)ts) A A 

0e-Ketog lutarate  

Ci trate  

W i t h o u t  22. 5 i. 7 0 .8 
~,Vith 23.8 ro .o  4-3 23-6 4.7 

/ \ V i t h o u t  0. 9 "rime 
t \Vi th  4.9 28.3 

YVithout I8.  4 2. t 0 .7  
W i t h  I7.5 4.7 2.6 3o . I  z.6 

[ "~Vithout 1.4 
" o "  " r ime I ~Vith 1.4 32-7 

Spectrophotometric assays involving T P N  with citrate as substrate 

To gain another insight into :no reactions taking place, spectrophotometric 
assays were carried out using essentially the same incubation mixture and the same 
mitochondrial concentration as in the manometric experiments. 

After the addition of citrate an increase in absorbancy at 34o m/~ occurs due to 
the reduction of externally added TPN (Fig. I). When the steady-state level is reached, 
ammonia is added and a decrease in absorbancy is recorded dt3e to the oxidation 
of TPNH by glutamic dehydrogenase. Substrate for reductive amination, the ~-keto- 
glutarate, comes from the oxidation of isocitrate. The new steady-state level of 
TPNH corresponds to about 30 % of that obtained in the absence of ammonia. 

The effect of succinate on the steady-state level of reduced TPN is recorded in 

B i o c k i m .  Biophys.  Acta, 7 ~ (x963) 3o5-3xo  



308 M. EREClNSKA, A. WORCEL 

Fig. 2. In  t h e  p resence  of succ ina t e  t h e  s t e a d y - s t a t e  level  of T P N H  is h igher .  A f t e r  
t h e  a d d i t i o n  of a i m n o n i a  no  s ign i f ican t  c h a n g e  in a b s o r b a n c y  occurs,  whi le  in  t h e  
a b s e n c e  of s u c c i n a t e  t h e  usua l  decrease  in  a b s o r b a n c y  (caused  b y  a m m o n i a )  can  be  

I 

I 

obse rved .  

, / 
/ 

/ 
/ 

~S,.* Ic,,rote W N 
I v 
I 

\ 

Fig. x. Incubation mixture: citrate, 2o#moles;  TPN, 0.2 5 mg; NHaCI, 3o#molca; MgCI 2, 
xo/~moles; mitochondrial suspension corresponding to t2 mg protein; o.i M ptmsphate buffer 

(pH 7.4) to 3.0 hal. Blank: mitochondrial suspension, MgC12 and phosphate buffer. 

i -i I , S - - "  _i L _ _  i '~ 

_L__~.~L___ 
Fig. 2. (A) Incubation mixture as indicated in the legend of Fig. i. (B) As above plus 2o/~moles 

of succinate. Mitochondrial suspension corresponding to xo. 5 mg protein. 
Fig. 3. (A) Incubation mixture as indicated in the legend of Fig. I except no N}!4C! added. (B) 
As in (A) plus 3o #moles of NH4C1 and 20 #moles of succinate. (C) As in (A) plus 3 ° #moles 

of NH4CI. Mitochondrial suspension corresponding to t 1.7 mg protein. 

When ammonia is present from the beginning (Fig. 3) the steady-state level of 
TPNH is much lower than that of the control and corresponds to the one recorded 
in Fig. I after the addition of ammonia. Succinate abolishes this effect of ammonia 
~ n d  t h e  c u r v e  follows closely t h a t  of t h e  cont ro l .  
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DISCUSSION 

From the da ta  presented in this and in our previous paper  ~ it is concluded tha t  there 
are two possible mechanisms to reverse the inhibi tory effect of ammonia  on mito-  
chondrial  respiration : (a) the addit ion of glutamate,  which as a product  of reductive 
aminat ion prevents the further aminat ion of c~-ketoglutarate, (b) increasing the steady- 
s ta te  level of reduced pyridine nucleotides, either by  omit t ing phosphate acceptor 
or by  addi t ion  of succinate. 

The equil ibrium point of the glutamic dehydrogenase reaction is reached with 
5" lO-2 M glutamate ,  ~eginning with a-ketoglutarate  and ammonia  in initial concen- 
t ra t ions  of IO -z M. The assumption tha t  the equilibrium was reached is based upon 
the findings tha t  there is no depression in oxygen uptake and tha t  ammonia  is neither 
incorporated nor produced. The equil ibrium constant  for this reaction is12: 

K = (~.-ketoglutarate) (NH~+) (PNH) (H*) = ~.8" to -I~ 
(glutamate) (t'N +) (HzO) 

The removal of the H + and HzO terms gives a value of about  2- IO -6 (K~pp.) at  pH 7.4- 
Notwi ths tanding the low value of this constant  it  is possible to reach equilibrium 
with a relat ively low concentrat ion of ghltamate.  To account for this finding a very 
low PNH/PN + rat io  must  be postula ted for these experimental  conditions (active 
state) and the s ta ted  concentrat ions of reactants :  

PNH Kapp(glutamate) 2- io -e × 5" io-~ 
l O  - 3  

"PN + ' ~  (~-ketoglutarate) (NH, +) ~-- io -a × ~o -z 

The PNH/PN + represents the  rat io  of total  reduced to total  oxidized endogenous 
pyr id ine  nucleotides. The decrease in a-ketoglutara te  concentrat ion during the incu- 
bat ion t ime due to its oxidation,  affects but  sl ightly this ra t io  and can be neglected 
for the  purpose of this discussion. Various investigators 6-1° have shovcn tha t  the 
concentrat ions of endogeneous TPN and DPN in rat- l iver  mitochondria  are of the 
same order  of magnitude.  Therefore ,_ruder our experimental  conditions both rat ios 
TPNHITPN+ and D P N H / D P N  ÷ must  be very low. Respirat ion of mitochondria  
in the  act ive s ta te  in the  presence of a-ketoglutarate ,  ammonia  and glutamate ,  with 
this low s teady-s ta te  level of reduced DPN, proceeds at  the same rate  as in the controls 
with ~,-ketoglutarate alone. In this connection, KL!NGENBERG AND SLENCZKA 10 re- 
por ted  a very  low D P N H / D P N  + rat io for mitochondria in active s ta te  with =-keto- 
g lu ta ra te  as substrate .  

Succinate completely abolishes the inhibi tory effect of ammonia  on act ively 
respir ing mitochondria.  Unlike the action of glutamate,  succinate allows reductive 
aminat ion of a-ketoglutara te  to proceed at a high rate  with no depression in oxygen 
uptake .  

CHANCE AND HOLLUNGER 15, KULKA et al. 1~, KREBS et al. 14, BIRT AND BARTLEY 11, 
AvI-DOR et al. 1~ showed tha t  succinate increases the s teady state level of reduced 
coenzymes. F rom the spectrophotometric recordings (Figs. 1-3) i t  can be seen tha t  in 
the  presence of external ly  added TPN, succinate is able to increase the s teady-s ta te  
level of T P N H  even in the  presence of ammonia.  In  these spectrophotometric assays 
no phosphate  t rapping  system was used but  from the manometr ic  experiments it  is 

BiocMm. Biophys. Acta, 71 (!963) 3o5-3ro 



31o  M. ERECINSKA, A. WORCEL 

e v i d e n t  t h a t  s u c c i n a t e  a l so  a b o l i s h e s  t h e  e f f ec t  o f  a m m o n i a  in  p r e s e n c e  o f  p h o s p h a t e  

a c c e p t o r .  

• W h e n  t h i s  m a n u s c r i p t  w a s  r e a d y  for  p u b l i c a t i o n  t h e  p a p e r  b y  JO~ES AND 

GUTV'REUND ~ a p p e a r e d  in  w h i c h  t h e  a u t h o r s  s h o w e d  t h e  s a m e  ef fec t  o f  s u c c i n a t e  o n  

t h e  s t e a d y  s t a t e  l eve l  o f  r e d u c e d  p y r i d i n e  n u c l e o t i d e s  in  p r e s e n c e  o f  a m m o n i a  u s i n g  

a f l u o r o m e t r i c  t e c h n i q u e .  
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