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SUMMARY 

I. The oxidoreduction pattern of intramitochondrial NAD(P) during the transfer 
of hydrogens from ~-oxoglutarate to a-oxoglutarate ( +  ammonia), oxaloacetate, 
acetoacetate, and c~-oxoglutarate ( +  C02) in rat-liver mitochondria was studied. The 
intramitochondrial NAD(P) was first subjected to a cycle of oxidation by 02 and 
reduction by c~-oxoglutarate, either in the coupled state (ADP + Pi present) or in the 
uncoupled state (dicoumarol + oligomyein present), before adding the hydrogen 
aceeptor. 

2. When the cycle of oxidation and reduction was carried out in the coupled 
state, NADP was reduced to a greater extent than NAD. When it was done in the 
uncoupled state, NAD was more reduced than NADP. 

3. In the coupled mitochondria, the oxidation rate of NADPH by ~-oxoglu- 
tarate ( +  ammonia) at Io ° was higher than that  of NADH. In the uncoupled nfito- 
chondria, the rate of oxidation of NADPH was greatly inhibited, and that  of NADH 
only slightly. 

4. With acetoacetate as hydrogen aceeptor, NADH was oxidized rapidly and 
NADPH only slowly (at Io°), both in the coupled and in the uncoupled state. Similar 
results were obtained with oxaloacetate. 

5. When the hydrogen acceptor was c,-oxoglutarate ( +  CO.,), both NADH and 
NADPH were rapidly oxidized (at 25)  in the coupled mitoehondria. In uncoupled 
nlitoehondria, no oxidation of NADH occurred initially upon the addition of ~-oxo- 
glutarate ( +  CO2), and furthermore, the (~xidation of NADPH was inhibited. 

6. The effect of carrying out the oxidation part  of the cycle in the uncoupled 
state was shown to be reversible. When dicoumarol was removed with albunlin, and 
the addition of a-oxoglutarate could provide not only reducing equivalents, but also 
energy, the mitochondria behaved exactly like those preincubated in the coupled state. 

7. I t  is concluded that  when hydrogen is transferred from an NAD-linked 
substrate to ~-oxoglutarate (--  ammonia or CO2), energy is required not only to 
promote the transhydrogenation between NADH and NADP *, but also for the reaction 
of NADPH with glutamate dehydrogenase or the NADP-linked isocitrate dehydro- 

* Pos ta l  address :  P l an tage  Muidergrach t  I2, A m s t e r d a m  (The Nether lands) .  
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genase. Energy is not required for the oxidation of NADH by acetoacetate or oxaloace- 
tate. A possible mechanism is proposed. 

8. The physiological significance of the results is discussed. 

INTRODUCTION 

The study of the redox pattern of mitochondrial nicotinamide nucleotides under 
various functional states and of their availability to the mitochondrial dehydrogenases 
is of basic importance for an understanding of the way in which the reducing power 
of mitochondria can be utilized either for the generation of ATP (or the energy 
equivalent) or for reductive synthesis. Investigations along these and related lines 
have led to the discovery of the occurrence in mitochondria of an energy-linked reversal 
of the respiratory chain1, 2 and of an energy-linked transhydrogenase reaction between 
NADH and NADP + (refs. 3-6). Also of relevance in this respect are the observations 
of KLINGENBERG and co-workers that  in rat-liver mitochondria, endogenous NADP + 
is reduced to a greater extent by glutamate than by ~-oxoglutarate or/3-hydroxy- 
butyrate  a, and that  endogenous NADPH is oxidized to a greater extent by ~-oxoglu- 
tarate ( +  ammonia) than by oxaloacetate or acetoacetate :. On this basis KLINGENBERG 
and co-workers 3,4 postulated that  glutamate dehydrogenase (EC 1.4.1.3) within the 
mitochondrion is specific for NADP, in contrast to the isolated enzyme which utilizes 
both NAD and NADP (see also ref. 8). 

Direct evidence for this has recently been obtained by TAGER, PAPA and co- 
workers 9-11, who found that  in coupled rat-liver mitochondria the rate of oxidation 
of NADPH by c~-oxoglutarate ( +  ammonia) is greater than that  of NADH, and the 
rate of reduction of NADP + by glutamate greater than that  of NAD +. Furthermore, 
a direct correlation was observed between the level of NADP+ and the rate of glutamate 
deamination in rat-liver mitochondria in various metabolic statesn, 12. 

The occurrence in rat-liver mitochondria of the energy-linked transhydrogenase 
reaction as well as of a preferential reaction of glutamate dehydrogenase with NADP 
has prompted our study of the pathways and mechanisms of hydrogen transfer at the 
level of the nicotinamide nucleotides in rat-liver mitochondria. We have examined the 
properties of a number of hydrogen-transfer reactions between NAD(P)-linked 
substrates, and the energy control of the reductive amination of ~-oxoglutarate in 
rat-liver mitochondria 13. In the present paper the oxidoreduction pattern of NAD and 
NADP during various NAD(P)-linked oxidoreduction reactions in rat-liver mito- 
chondria has been investigated. In particular, the effect of the energy level on the 
kinetics of oxidation of NADH and NADPH by ~-oxoglutarate ( +  ammonia) has been 
examined. The results obtained show that  the nicotinamide adenine nucleotide 
specificity of glutamate dehydrogenase is energy dependent. Possible mechanisms for 
the energy control of hydrogen transfer at the level of the nicotinamide nucleotides 
are discussed. A preliminary account of part  of these investigations has been pre- 
sented14, is. 

METHODS 

The materials and experimental procedure used are described in the preceeding 
paper 13. The standard reaction mixture (final volume, I ml; final pH, 7.5) contained 
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15 mM KC1, 5 mM MgC12, 2 mM EDTA, 50 mM Tris, IO mM potassium phosphate, 
2 mM ADP and 25 mM sucrose (derived from the nlitochondrial suspension). Other 
additions and the reaction temperatures are given in the legends to the figures. For 
these short-time experiments, the reaction was carried out in small beakers with rapid 
stirring (see refs. I I  and 16 for details). 

R E S U L T S  

The oxidoreduction pat tern of endogenous NAD and NADP during hydrogen 
transfer from ~-oxoglutarate to e-oxoglutarate ( +  ammonia), oxaloacetate, aceto- 
acetate and ~-oxoglutarate ( +  C02) was studied, with particular reference to the 
kinetics of oxidation of NADH and NADPH by the different hydrogen acceptors. 
Crucial factors in this investigation have been the small amount of intramitochondrial 
NAD(P), so that  complete oxidation or reduction can occur in a few seconds, and 
the presence of endogenous substrates and nucleoside phosphates. The former 
difficulty was overcome by adopting the rapid-sampling techniques described by 
VAN DAM 16, using sensitive spectrophotometric methods, and lowering the reaction 
temperature. The latter difficulty was circumvented by choosing the proper conditions 
to eliminate interfering NAD(P)-linked reactions. 

Fig. I shows an analysis of the oxidoreduction pattern of NAD and NADP 
during hydrogen transfer from c~-oxoglutarate to ~-oxoglutarate ( +  ammonia). In 
Expt.  A, nlitochondria were preincubated aerobically with ADP and Pl. After the 
preincubation, the percentage reduction of NADP had decreased from 97 to 2o o.. O ~  

and that  of NAD from 6o to io OJ/o. Oxoglutarate was then added, allowing tile first 
step of the dismutation to take place. On addition of rotenone (I rain later), c~-oxo- 
glutarate caused extensive reduction of nicotinamide nucleotides. NADP was reduced 
to a greater extent than NAD, due to operation of the energy-linked transhydrogenase 
(see refs. 3, 5, and 17) , the equilibrium of which is towards NADP reduction 18. In a 
control experiment where no c~-oxoglutarate was added, the reduction of NAD and 
NADP (after the addition of rotenone) was negligible. Thus, the only hydrogen donor 
in the system was c~-oxoglutarate. Once NAD(P) had become maximally reduced, 
arsenite was added to arrest the oxidation of ~-oxoglutarate. The addition of ammonia 
made it possible, under these conditions, to determine the absolute rate of oxidation 
of NADH and NADPH by ~-oxoglutarate ( + ammonia). The rate of NADPH oxidation 
after the addition of ammonia was nluch faster than that  of NADH (Expt. A). In 
Expt.  B the incubation was carried out in the presence of dicoumarol and oligomycin. 
This t reatment gave a complete oxidation of both endogenous NADH and NADPH, 
and brought the mitochondria into a low-energy state. ~-Oxoglutarate was then 
added, together with rotenone. Under these conditions, NAD became reduced to a 
greater extent than NADP, indicating suppression of the energy-linked transhydro- 
genase. On addition of ammonia, a striking inhibition of the rate of NADPH oxidation 
was observed. The rate of NADH oxidation was inhibited to a lesser extent, so that  
the ratio between the rates of oxidation of the two nucleotides approached I. 

Fig. 2 shows the oxidoreduction pattern of NAD(P) during hydrogen transfer 
from c~-oxoglutarate to acetoacetate. The experimental procedure was exactly the 
same as that  described in Fig. I. When acetoacetate was added to coupled mito- 
chondria (after the cycle of oxidation and reduction of the nicotinamide nueleotides), 
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Fig. i. Effect  of p re incuba t ion  wi th  d icoumaro l  plus ol igomycin  on the  ox idoreduc t ion  p a t t e r n  of 
the  i n t r a m i t o c h o n d r i a l  n i co t inamide  nucleot ides  dur ing  the  Krebs  Cohen d i s m u t a t i o n  in r a t - l ive r  
mi tochondr ia .  I n  A, mi tochondr i a  (3 mg protein) were p r e incuba t ed  a t  25 ° in the s t a n d a r d  reac t ion  
mix ture .  In  B, 2o/~M dicoumaro l  and  15 /~g o l igomycin  were also present .  After  2 rain, lO/~moles  
a -oxog lu t a r a t e  were added  in Exp t .  A, followed I min la ter  by  i #g  rotenone.  In Exp t .  B, a-oxo-  
g l u t a r a t e  and  ro tenone were added toge the r  af ter  the  2-rain pre incubat ion .  In  bo th  cases 2 min  
af ter  the  add i t ion  of ~-oxoglu ta ra te ,  the  incuba t ion  beakers  were t ransfer red  to an ice b a t h  (in 
A2 and B2). After  i min,  i /~mole a rsen i te  was added,  and  I rain later,  when  the  t e m p e r a t u r e  
of the  reac t ion  m i x t u r e  was IO °, io /~moles  NH4CI were added.  The reac t ion  was s topped  a t  the  
t imes  ind ica t ed  wi th  HC104 or KOH.  The bars  (in AI and BI) show the  NAD+ and N A D P  + 
levels  in mi tochondr i a  (i) before p re incuba t ion ;  (2) af ter  , min  p re incuba t ion ;  (3) I min  a f te r  
the  add i t ion  of arseni te .  The mi tochondr i a  con ta ined  9-5 nmoles NA])  ~ + N A D H  and 12 nmoles  
N A D P  + -!- N A D P H .  

Fig. 2. Effect  of p re incuba t ion  wi th  d icoumaro l  ph'~s ol igomycin  on the  ox idoreduc t ion  p a t t e r n  of 
the  i n t r a m i t o c h o n d r i a l  n i co t inamide  nucleot ides  dnr ing  the  t ransfer  of hydrogens  from :~-oxoglu- 
t a r a t e  to ace toace ta te .  E x p e r i m e n t a l  condi t ions  as described in Fig. I, except  t h a t  the  a m o u n t  of 
mi tochondr ia l  p ro te in  was  3.5 mg, and IO /*moles ace toace ta t e  were added  ins tead  of the  NH4CI. 
In  B, the  react ion mix tu r e  con ta ined  20/~M dicoumaroI  and I5 /~g ol igomycin.  
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Fig. 3. Effect  of p re incuba t ion  wi th  d icoumaro l  plus ol igomycin  on the  ox idoreduc t ion  p a t t e r n  of 
the  i n t r a m i t o c h o n d r i a l  n i co t inamide  nucleot ides  dur ing  the t ransfer  of hydrogen  from ~-oxoglu- 
t a r a t e  to oxa loace ta te .  E x p e r i m e n t a l  procedure  as in Fig. I, excep t  t h a t  the  a m o u n t  of mi tochondr i a l  
p ro te in  was 4 rag, and  io /~moles  oxa loace t a t e  were added  ins tead  of the  NH4C1. In  B, the  reac t ion  
m i x t u r e  con ta ined  2o /~M dicoumaro l  and 15 /*g ol igomycin.  

Fig. 4. Effect  of p re incuba t ion  wi th  d icoumaro l  plus ol igomycin  on the  ox idoreduc t ion  p a t t e r n  
of the  i n t r a m i t o c h o n d r i a l  n i co t inamide  nucleot ides  du r ing  the  t ransfer  of hyd rogen  from ~-oxoglu- 
t a r a t e  to ~ -oxog lu ta ra t e  ( +  CO2). E x p e r i m e n t a l  procedure  as in Fig. I, excep t  t h a t  the  i ncuba t ion  
t e m p e r a t u r e  was m a i n t a i n e d  a t  25 ° t h r o u g h o u t  the  exper iment ,  the  a m o u n t  of m i tochondr i a l  
p ro te in  was  6 rag, and  io/~moles  KHCO a were added  ins tead  of the  NH4CI. In  Exp t s .  AI and  g i ,  

o/ 02_ 5 % CO 2 was  bubb led  t h rough  the  reac t ion  m i x t u r e  f rom the  t ime  of add i t i on  of KHCO 8. 95 /o 
In  Expts .  BI  and  B2, the  reac t ion  m i x t u r e  con ta ined  2o pM dicoumaro l  and  15 /~g ol igomycin.  
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NADH was oxidized rapidly and NADPH only very slowly (Fig. 2A). This slow 
oxidation of NADPH must have been mediated by the nicotinamide nucleotide 
transhydrogenase. Fig. 2B shows that preincubation with dicoumarol plus oligomycin 
had no significant effect on the rate of NADH (or NADPH) oxidation by acetoacetate. 
In a parallel experiment with the same nlitochondrial preparation, preincubation with 
dicoumarol plus oligomycin caused a marked inhibition of NADPH oxidation by 
,-oxoglutarate (-4- ammonia). 

[rig • 3 shows that in coupled mitochondria oxaloacetate oxidized NADH only, 
and that with this substrate, too, preincubation with dicoumarol (plus oligomycin) 
had no effect on the rate of NADH oxidation. It should be noted that since the 
oxidation of intramitochondrial NADH by added oxaloacetate is slow, the reaction 
was followed over a longer time interval than in Eigs. I and 2. After the preineubation 
with dicoumarol, a slow oxidation of NADPH was observed on the addition of oxalo- 
acetate; this was probably due to suppression of the energy-linked transhydrogenase. 

Eig. 4 shows the effect of the energy level of the mitochondria on the oxido- 
reduction pattern of NAD(P) during hydrogen transfer from ,-oxoglutarate to 
~-oxoglutarate ( +  CO,,). Since the rate of this dislnutation was found la to be consi- 
derably lower than that of the other reactions studied, the temperature during the 
last phase of the experiment was kept at 25 ° instead of being lowered to IO ° (cf. Vigs. 
I-3). The oxidation of the nicotinamide nucleotides was initiated by the addition 
of KHCO3 (Expts. A2 and B2) or KHCOa phts C02 (Expts. AI and BI). When the 
cycle of oxidation and reduction of the nicotinamide nucleotides was carried out in 
the presence of ADP and Pi, so that the nfitochondria remained coupled, the addition 
of KHCO,.3 (±  CO2) caused oxidation of both NADPH and NADH (Eig. 4, Expts. AI 
and A2), the former by the NADP-linked isoeitrate dehydrogenase, and the latter by 
NADP~ via the energy-linked transhydrogenase*. When the mitochondria were prcin- 
cubated with dicoumarol plus oligomycin, so that the mitochondria were uncoupled 
and the energy-linked transhydrogenase was suppressed, no oxidation of NADH 
occurred upon the addition of KHCO:~ (±  C()2), at least during the tirst i0 sec. l:urther- 
more, the oxidation of NADPH by ~-oxoglutarate (+  (;0,2) was inhibited in the 
uncoupled mitochondria, exactly like the oxidation of NADPH by ~-oxoglutarate 
( t-ammonia)*'. 

Vig. 4 also shows that in the coupled mitochondria, the rate of oxidation of the 
nicotinamide nucleotides was faster when KHCO:~ plus CO~ was added than when C()~ 
was omitted (of. Expts. AI and A2), in accordance with the suggestion of CHAPP~H, 
AND ('I¢OIrTS 2el that mitochondria are m()re t)ermeable to C()~ than to the bicarl)onate 
ion. 1;urtl~erlnore, inhil)ition of the oxidation ()f the nicotinainide nucleotides in 
unc()ul)led mitochondria was foun(1 even when ('O~ was added t()gether with KHCO:~ 
((f. Expts. AI and BI). 

In the preceding pat)er ~:3, it was shown that the inhibition of the ()xidation ()f 
NADPH by c~-oxoglutarate ( ~ ammonia), brought about by the preincubation with 
dicounmrol/)llts oligonlycin, could be released by removing dicoumarol with albuiuin 

• I (e ( luc t ion  of ,;~ o x o g l u t a r a t e  ( I ('().,) b y  t he  N . \ l ) - l i n k e d  i s o c i t r a t e  d(q~y( l rogcnase  ha s  no t  
been d e m o n s t r a t e d  (see 1)ISCUSSION). 

• *'l 'Incrc was  o n l y  neg l ig ib le  i n t e r f e r ence  of t he  n i c o t i m m l i ( l e  nuc leo t i ( l c  t r a n s h : : d r o g c m ~ s e  
~ i t h  the  p a t t e r n  of o x i d a t i o n  of N A I ) ( F ' ) H  by  :~-oxoglutaratc" ( i a m m o n i a ) ,  s ince  the  l a t t e r  
r e a c t i o n  was  s t u d i e d  a t  ~o ' :  t h e  t r a n s h y d r o g ~ , n a s e  r e a c t i o n ,  w h i c h  is h i g h l y  t e m p e r a t u r e - d e t a c h  
(leTlt t~). is m u c h  s lower  a t  l o  t h a n  a t  -'5 ~'. 

Hiochim. Hp<@hv.,;. :lct~z, ~7'- ([909) 2o 2<~ 
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and allowing energy generation to take place. This was further investigated in the 
experiment of Fig. 5. Mitochondria were preincubated in the presence of dicoumarol 
and oligomycin. After 2 min, albumin and ~-oxoglutarate were added in Expts. AI 
and BI.  Since albumin binds dicoumarol and restores the coupled state 2t, =-oxoglu- 
tarate  oxidation could provide not only reducing equivalents but also energy. This 
resulted in a restoration of the energy-linked transhydrogenase, as revealed by the 
higher extent of reduction of NADP with respect to that  of NAD. On addition of 
ammonia (preceded by rotenone and arsenite), NADPH was quickly and preferentially 
oxidized. In Expts. A2 and B2, rotenone and sulphide were added together with the 
albumin and c~-oxoglutarate, so that the latter could provide reducing equivalents, 
but because of the inhibition of the respiratory chain, neither energy generation nor 
the energy-linked transhydrogenase could be restored. On the addition of anmlonia 
under these conditions, the oxidation of NADPH was strongly inhibited, that  of 
NADH was little affected, and the rates of oxidation of the two nucleotides were equal. 
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Fig. 5. Effect  of energy  supp ly  and  of ma lona t e  on the ox idoreduc t ion  p a t t e r n  of the  in t r ami tochon-  
dr ia l  n i co t inamide  nucleot ides  dur ing  the  Krebs -Cohen  d i s m u t a t i o n  in r a t - l ive r  mi tochondr ia .  
Mi tochondr ia  (4 mg protein) were p re incuba ted  in I ml of a reac t ion  mi x t u r e  conta in ing,  in 
a d d i t k m  to the  basic components ,  2o / ,M dicoumarol  and 15/*g oligomycin.  After  2 rain, ~o /*moles 
a -oxog lu t a r a t e  and  8 mg d ia lyzed  bovine serum a lbumin  were added  in Expts .  Ar and A2, followed 
1 rain la ter  by  i Hg rotenone.  In  Expts .  B~ and Be, ~ -oxoglu ta ra te  and  a lbumin  were added 
toge ther  wi th  I /*g ro tenone and I / ,mole N%S. In  both  cases, 2 min af ter  the add i t ion  of ~-oxoglu 
ta ra te ,  the  incuba t ion  beakers  were t ransfer red  to  an ice-water  bath.  After  i min, I / ,mole arseni te  
was added,  and ~ rain later,  IO /*moles NH4C1 were added  in Expts .  AI and B~, and NH4C1 plus 
i o /*moles  m a l o n a t e  in Expts .  A2 and Be. For  o ther  expe r imen ta l  detai ls ,  see Fig. I. 

This experiment indicates that  high-energy intermediates of oxidative phosphorylation 
are required for maximal and preferential oxidation of NADPH by a-oxoglutarate 
(-i- alnmonia). 

DE HAAN AND TAGER 22,'a have presented evidence that  malonate stinmlates 
the penetration of a-oxoglutaratc into rat-liver nfitochondria. Fig. 5 illustrates that 
although malonate slightly stimulated tile oxidation of NADPH (and NADH) by 
~-oxoglutarate (4- ammonia) in Expt.  A, it had 11o effect at all on the inhibition of 
NADPH oxidation in Expt.  B. This shows that,  in the uncoupled mitochondria, the 
penetration of c~-oxoglutarate was not the rate-limiting step in the oxidation of 
NADPH (see also ref. 13). 

lJiochim. Biopkys. Acta, I72 ([969) 20-20 
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D I S C U S S I O N  

In rat-liver mitochondria, energy promotes the transfer of hydrogens fronl 
a-oxoglutarate to a-oxoglutarate (phts ammonia)13,24, 25 and to c~-oxoglutarate (plus 
C02)1~, 2~. Although isolated glutamate dehydrogenase reacts with both NAD and 
NADP, the enzyme within the mitochondrion reacts preferentially with NADP (see 
INTI~ODUCTION and Figs. I and 5)- The reductive carboxylation of ~-oxoglutarate is 
catalysed by the NADP-linked isocitrate dehydrogenase'~7, 2~, but has not been 
demonstrated 28 with the NAD-linked enzyme isolated from bovine heart*. In intact 
mitochondria, when the energy-linked transhydrogenase is suppressed, only NADPH 
is oxidized by :~-oxoglutarate (plus CO,,). 

Tile fact that both glutamate and isocitrate synthesis specifically require 
NADPH implies that the energy-linked transhydrogenation between NADH and 
NADP ~ will promote hydrogen transfer from NAD-linked substrates to ~-oxoglu- 
tarate (phts ammonia or CO2). However, closer examination 'a showed that energy 
promotes the oxidation of intramitoehondrial reduced nicotinamide nucleotides by 
a-oxoglutarate (phts ammonia). This energy requirement is not related to the action 
of uncouplers as competitive inhibitors of the uptake of anionic substrates (see 
refs. 3 ° 33). 

A clue to this puzzling phenonlenon was obtained by examining the effect of 
the energy level of the nlitochondria on the oxidoreduetion pattern of NAD and NADP 
during various NAD(P)-linked oxidoreductions. When the nicotinamide nucleotides 
were first oxidized by O2, and subsequently reduced by c~-oxoglutarate under coupled 
c(mditions, there was a preferential oxidation of NADPH by ~-()xoglutarate (phts 
ammonia) and of NADH by acetoacetate or oxaloacetate. ~-Oxoglutarate (phts CO,,) 
caused oxidation of both nucleotides (at 25°). When ~he cycle of oxidation and 
reduction was carried out under uncoupled conditions, the following facts emerged. 

(I) The rate of NADPH oxidation by ~-oxoglutarate (plus ammonia) was 
inhibited, and that of NADH was only slightly affected, if at all. Thus, the energy 
level of the mitochondria is directly involved in tile oxidation of NADPH by o:-oxo- 
glutarate (plus ammonia). If the energy level were affecting only the penetration of 
a-oxoglutarate, it is difficult to understand why there should be a selective inhibition 
of NADPH oxidation. 

(2) The rate of oxidation of NADPH by c,-oxoglutarate (plus CO2) was markedly 
inhibited and that of NADH suppressed (at 25°). 

(3) The rate of NADH oxidation by acetoacetate or oxaloacetate was not 
affected. 

It can be concluded that when hydrogen is transferred from a NAD-linked 
substrate to ~-oxoglutarate (+  ammonia or COz) energy is required not only to 
promote the transhydrogenation between NADH and NADP +, but also for tile 
reaction of the NADPH, formed in this way, with glutamate dehydrogenase or the 
NADP-linked isocitrate dehydrogenase. 

It  is proposed that:  
(i) Glutamate dehydrogenase and the NADP-linked isocitrate dehydrogenase 

* A slow reductive carboxylation of ~¢-oxoglutarate has been observed with the fAD-linked 
isocitrate dehydrogenase Iron1 yeast, at high enzyme concentrations and low pH (ref. 29). 

Biochim. Biophys. Acta, 172 (1969) 20-29 
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are in the same mitochondrial compartment, and ~-oxoglutarate dehydrogenase forms 
NADH that is not freely available to the former two enzymes. 

(ii) Energy promotes translocation of NADPH. 
(iii) The energy-linked removal of NADPH from the site of the transhydrogenase 

gives a higher rate of NADPH formation. 
(iv) The energy-linked translocation of NADPH is to the site of glutamate 

dehydrogenase and the NADP-linked isocitrate dehydrogenase. This promotes 
oxidation of NADPH by a-oxoglutarate (-- ammonia or CO2). 

The question remains of how energy could promote the translocation of NADPH 
from the site of the transhydrogenase to the site of glutamate dehydrogenase. It can 
be thought of as an energy-dependent translocation system that is distinct from the 
transhydrogenase enzyme. Alternatively, it is possible that the energy-rich bond 
imposes directionality on the catalytic activity of the transhydrogenase, perhaps by 
modifying the configuration of the enzyme, or by imposing a particular axis of rotation 
on the enzyme molecule (@ ref. 34)- 

Our mechanism is similar in some respects to that postulated by KLINGENBERG 26 
in 196 3 (and since abandoned35). However, in KLINGENBERG'S scheme the energy 
involvement was restricted to the movement of NADH. Our results on the nicotinamide 
nucleotide specificity of glutanlate dehydrogenase can not be explained simply in 
terms of purine nucleotide effects (cf. FRIEDEN3G). Firstly, the purine nucleotides have 
a greater effect on the reaction of isolated glutamate dehydrogenase with NAD than 
with NADP a6. Secondly, in our experiments, conditions were chosen so as to change 
the level of the energy-rich bond in the mitochondria with minimal changes in the 
endogenous purine nueleotides. However, our mechanism and a regulation of dehydro- 
genase activity by purine nucleotide effects do not exclude one another, and may even 
cooperate in controlling metabolism. 

In considering the possible physiological significance of the phenomena described 
in this paper, it should be remembered that glutamate and isocitrate synthesis in the 
mitochondria are important reductive reactions at the junction between the major 
terminal pathway of cellular oxidations (the tricarboxylic acid cycle) and anabolic 
processes in cells. The mechanism that switches the glutamate dehydrogenase and 
isocitrate dehydrogenase reactions from oxidation to synthesis are, therefore, of 
great relevance. 

A central role in this metabolic event is played by the nicotinamide nucleotide 
transhydrogenase. This reaction constitutes a device by which reducing equivalents 
can be diverted from oxidation via the respiratory chain and transferred to NADP +. 
A competitive relationship exists between the energy-linked transhydrogenase and 
oxidative phosphorylation 37,~, the competition being in favour of the transhydrogenase 
as the NADH/(NADH+NAD~) ratio and the phosphate potential (ATP/ADP.Pi) 
increase. The increase in the NADPH/(NADPH + NADP +) ratio, brought about by 
the energy-linked transhydrogenase, and the translocation of NADPH to the matrix, 
promote the synthesis of isocitrate and/or glutamate. It is known that isocitrate 
oxidation by the isolated NAD-linked isocitrate dehydrogenase is activated by ADP 
and inhibited by ATP 39,4°. Furthermore, this reaction is inhibited by NADH, the effect 
being potentiated by NADPH ag. Thus, conditions leading to increased synthesis of 
isocitrate via the NADP-linked isocitrate dehydrogenase would also lead to decreased 
isocitrate oxidation via the NAD-linked enzymes (see ref. 40). The result is that iso- 
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citrate and citrate accumulate and can be transported out of the nlitochondria and 
utilized for fatty acid synthesis 41. 

Glutamate ( +  aspartate) may also accumulate. Indeed, no significant oxidative 
deamination of glutamate is observed when the level of NADPH is highH, ~2. Thus, 
the conditions that promote glutamate and isoeitrate synthesis via NADPH prevent 
their oxidation via NAD + and the respiratory chain. This cooperation between 
equilibrium and regulation effects confers a physiological significance on the energy- 
linked transhydrogenase; otherwise the latter would be simply part of an energy- 
dissipating cycle. 
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