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Summary 

The capability of  ascites turnout  mitochondria to oxidize externally 
formed NADH has been investigated in intact cells. Lactate has been used as 
the source of reducing equivalents and the oxidation of  this substrate to 
pyruvate has been estimated. Ascites cells, under condit ions of  endogenous 
metabolism, are able to  produce pyruvate upon addition of  lactate. This 
effect  is prevented by aminooxyacetate ,  an inhibitor of  glutamate--oxalacetate 
transaminase (EC 2.6.1.1). Half-maximal inhibition by  aminooxyaceta te  is 
attained at a concentrat ion of approx. 30 ~M. Oxidation of lactate is also 
sensitive to inhibitors of  mitochondrial  electron and energy transfer and it is 
enhanced by  a-oxoglutarate plus aspartate. These data demonstrate  that  
reducing equivalents can be transported across the mitochondrial  membrane 
of intact Ehrlich ascites tumour  cells by  the malate--aspartate shuttle. 

It has been suggested that  the high rate of aerobic glycolysis in turnout  
cells depends on the lack of systems (substrate shuttles) for the mitochondrial  
oxidation of cytosolic reducing equivalents [1--3].  Previous work in our 
laboratory has provided evidence that in Ehrlich ascites turnout  cells this is 
not  the case, at least as far as their ability to re-oxidize glycolytic NADH in 
the mitochondria beyond  the first phosphorylat ion site is concerned [4].  
Further studies along this line have also shown the possibility that  the malate-- 
aspartate shuttle [5] plays a role in bringing about  transport  of  reducing 
equivalents across the mitochondrial  membrane of  ascites cells [6--9].  How- 

Abbreviation: ELD cells, Ehrlich--Lettr~ hyperdiploid ascites turnout cells. 
*Postal address: via Pineta Sacchetti 644, 00168 Roma, Italy. 
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ever, no direct evidence was derived from these studies that such a shuttle is 
actually operating in intact cells. 

An experimental system, using lactate as substrate, similar to that 
already tested in Landschuetz ascites tumour  cells [10, 11], was thought to 
be suitable for evaluating the functional significance of  the malate--aspartate 
shuttle in Ehrlich ascites cells. The results obtained show that the oxidation 
of  lactate to pyruvate does involve the malate--aspartate shuttle. Thus, we 
feel that  other factors, unrelated to the mechanism of transport  of  cytosolic 
reducing power to the respiratory chain, are responsible for the high rate of 
NADH oxidation at the lactate dehydrogenase (EC 1.1.1.27) level in 
glycolyzing Ehrlich ascites cells. 

Ehrlich hyperdiploid ascites tumour  cells of  the Lettr~ strain were grown 
and prepared as described earlier [12].  Pyruvate was analysed enzymically in 
neutralized HC104 extracts [13]. 02 consumption was measured mano- 
metrically at 38 °C by the conventional Warburg method,  using 0.2 ml KOH 
in the centre well and 3 ml of  cell suspension (5--10 mg dry wt/ml)  in the 
main compar tment  of the manometric flasks. Further  experimental details 
are given in the legend to Fig. 1. Aminooxyacet ic  acid hydrochloride and 
rotenone were obtained by K & K Lab. Inc. Aminooxyaceta te  was neutralised 
to pH 7.4 before use. The 4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazole 
(TTFB) was kindly supplied by Dr R.B. Beechey of Shell Research Ltd. 
NADH and lactate dehydrogenase were purchased from Boehringer und 
Soehne. All other chemicals were products  of  Sigma Chemical Co. or 
E. Merck. 

Fig. 1 shows the kinetics of the oxidation of lactate to pyruvate in 
intact ELD cells. The effects of  aminooxyacetate  and substrates of the 
malate--aspartate shuttle on the lactate oxidation are also illustrated in this 
Figure. Addition of  excess lactate results in the production of about  10 pmoles 
pyruvate /g  dry wt in 15 mir~ (Fig. 1A) and this is increased by 35% in the 
presence of  a-oxoglutarate plus aspartate (Fig. 1B). Pretreatment of  the cells 
with 0.2 mM aminooxyacetate  markedly inhibits pyruvate product ion both  
in the absence and the presence of  the two substrates. A titration curve of 
aminooxyacetate  .inhibition is presented in Fig. 2. The inhibitory effect is 
almost complete with 0.1 mM aminooxyaceta te  and half-maximal inhibition 
is roughly calculated to be at a concentrat ion of  30 pM. It should be noted 
that no effect on the endogenous respiration of  ELD cells was found with 
concentrations of  aminooxyacetate  up to 0.4 mM (not shown). 

The above results clearly indicate that  the oxidation of  lactate t o  
pyruvate is linked to the regeneration of  NAD via an active malate--aspartate 
shuttle. This is further documented  by the data of  Table I which show that 
the product ion of pyruvate is prevented by  inhibitors of  mitochondrial 
electron and energy transfer. The effect  of  the uncoupler  tetrachlorotrifluoro- 
methylbenzimidazole is probably due to the inhibition of  aspartate efflux 
from the mitochondria,  a process which has been shown in rat-heart mito- 
chondria, transaminating glutamate, to require both  energy and extramito- 
chondrial phosphate [15, 16]. 
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Fig.  1.  P y r u v a t e  p r o d u c t i o n  u p o n  a d d i t i o n  o f  l a c t a t e  t o  E h r i i c h - - L e t t r ~  asc i tes  cells. E r l e n m e y e r  f l asks  
c o n t a i n i n g  1 5  m l  o f  cel l  s u s p e n s i o n  ( 2 0 - - 3 0  m g  d r y  w t / m l )  w e r e  i n c u b a t e d  a t  3 0  ° C  u n d e r  a i r  t e n s i o n  
in  a D u b n o f f  shake r .  T h e  cel ls  we re  s u s p e n d e d  in  a n  i s o t o n i c  sal ine m e d i u m  o f  t h e  f o l l o w i n g  
c o m p o s i t i o n :  1 5 4  m M  NaCl ,  6 .2  m M  KCI a n d  11  m M  s o d i u m  p h o s p h a t e  b u f f e r ,  p H  7 .4  [ 1 4 ] .  A,  
u n t r e a t e d  cells; B,  cel ls  t r e a t e d  w i t h  a - o x o g l u t a r a t e  p lu s  a s p a r t a t e .  A m i n o o x y a e e t a t e  ( A O A ,  0 . 2  m M ) ,  
t x -oxog lu t a r a t e  ( 1 0  r aM)  a n d  a s p a r t a t e  ( 1 0  r aM)  w e r e  a d d e d  a t  t i m e  = 0.  The  l a c t a t e  ( D L - l a c t a t e )  
a d d i t i o n  is i n d i c a t e d  b y  t h e  a r r o w .  1 m l  o f  ce l l  s u s p e n s i o n  w a s  w i t h d r a w n  a t  i n t e rva l s  a n d  p o u r e d  in  a 
c e n t r i f u g e  t u b e  c o n t a i n i n g  t h e  s a m e  v o l u m e  o f  6% (wlv)  i ce -co ld  HCIO 4. The  d e p r o t e i n i z e d  m a t e r i a l  
w a s  t h e n  c e n t r i f u g e d  a n d  t h e  s u p e r n a t a n t  n e u t r a l i z e d  w i t h  0 .5  M t r i e t h a n o l a m i n e - - 3 M  K 2 C O  s m i x t u r e .  
P y r u v a t e  w a s  a s s a y e d  e n z y m i c a l l y  i n  t h e  n e u t r a l i z e d  e x t r a c t s  [ 1 3 ] .  The  ve r t i ca l  l ines  c o r r e s p o n d  t o  
t w i c e  t h e  s t a n d a r d  e r r o r  o f  t h e  m e a n  of  5 - - 1 7  e x p e r i m e n t s .  

F ig .  2. T h e  e f f e c t  o f  d i f f e r e n t  c o n c e n t r a t i o n s  o f  a m i n o o x y a c e t a t e  ( A O A )  o n  p y r u v a t e  p r o d u c t i o n  a f t e r  
1 5  m i n  i n c u b a t i o n  o f  E h r i i c h - - L e t t r ~  ase i tes  cells  w i t h  2 0  m M  D L - l a c t a t e .  The  e x p e r i m e n t a l  c o n d i t i o n s  
we re  t h o s e  d e s c r i b e d  in  Fig .  1.  The  cel l  s u s p e n s i o n  c o n c e n t r a t i o n s  we re  20---30 m g  d r y  w t / m l .  E a c h  
p o i n t  is t h e  m e a n  +- S.E. o f  4 - - 1 0  e x p e r i m e n t s .  

T A B L E  I 

T H E  E F F E C T  O F  I N H I B I T O R S  O F  M I T O C H O N D R I A L  E L E C T R O N  A N D  E N E R G Y  T R A N S F E R  
O N  T H E  L A C T A T E  O X I D A T I O N  BY E I I R L I C H - - L E T T R ~  A S C I T E S  T U M O U R  C E L L S  

Asc i tes  cells  ( 7 - - 1 8  m g  d r y  w t / m l )  w e r e  i n c u b a t e d  a t  3 0  ° C  w i t h  2 0  m M  D L - l a c t a t e  a n d  d i f f e r e n t  
i n h i b i t o r s .  A f t e r  1 5  r a i n  i n c u b a t i o n ,  s a m p l e s  w e r e  t a k e n  a n d  a n a l y s e d  f o r  p y r u v a t e .  F o r  o t h e r  
c o n d i t i o n s  see Fig.  1. R e s u l t s  a re  e x p r e s s e d  as m e a n  +- S.E.  ( n u m b e r  o f  o b s e r v a t i o n s ) .  

I n h i b i t o r s  P y r u v a t e  p r o d u c t i o n  
Ozmoles /g  d r y  w t  p e r  1 5  r a i n )  

N o n e  
R o t e n o n e  ( 1 0  ~M) 
A n t i m y c i n  A ( 1 5  ~ g / m l )  
N i t r o g e n  
O l l g o m y c i n  (10 /~g l rn i )  
4,  5 , 6 , 7 - T e t r a c h l o r o - 2 - t r i f l u o r o m e t h y l b e n z i m i d a z o l e  

( 1 0  #M)  

11 .7  + 0 . 3 2  (8)  
2 .0  + 0 . I I  (8)  
0 .6  ~ 0 . 0 5  (8)  
0 . 4  + 0 . 0 3  (8)  
3 .1  ± 0 . 4 2  (Y) 

1 . 5  ± 0 .11  (9)  
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In conclusion, it can be stated that Ehrlich--Lettr~ ascites tumour cells, 
under conditions of  endogenous metabolism, are able to carry out  an intra- 
mitochondrial oxidation of  cytosol  NADH. The malate--aspartate shuttle is 
involved to a great extent in this mechanism. Whether the situation is the 
same in actively glycolyzing cells, where pyruvate is present in large amounts 
and may compete  with the hydrogen shuttles for the reoxidation of  NADH, 
remains to be established. 
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Nazionale delle Ricerche, Italy. 
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