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Summary 

Previously, a proteolipid that can bind glutamate with high affinity has been 
isolated from pig heart mitochondrial membranes. A final affinity chromatog- 
raphy on 7-methylglutamate-albumin coreticulated on glass fiber was necessary. 
This procedure includes long dialysis steps which tend to denature the high- 
glutamate affinity proteolipid. 

Here is described a new method of isolation which avoids long dialysis steps 
and yields greater amounts of  the high-glutamate affinity proteolipid. 

The binding of  glutamate or aspartate on high-glutamate affinity proteolipid 
has been studied by gel filtration, by equilibrium dialysis or by a new proce- 
dure of rapid centrifugation based on the insolubility of  high-glutamate affinity 
proteolipid in water. The latter method permits the detect ion of  low and high 
affinity sites for glutamate with a K d 60 mM and 55 pM, respectively. Among 
a series of  analogues, aspartate appeared to be the best competi tor:  K d = 30 gM 
and two K i values, 0.37 mM (at high glutamate concentration) and 3.8 pM 
(at low glutamate concentration).  High-glutamate affinity proteolipid binds 
0.4 nmol of glutamate but  only 0.1 nmol of  aspartate per mg protein. The sites 
for glutamate and aspartate appear to be different but  interdependent. 

In the presence of  high-glutamate affinity proteolipid, externally added 
glutamate stimulated the efflux of aspartate from preloaded liposomes. 

High-glutamate affinity proteolipid contains cardiolipin, phosphatidyl 
choline and phosphatidyl ethanolamine the distribution of  which is different 
from that of  the inner membrane. 

The effects of  various phospholipases, trypsin, and thiol reagents were 
studied on the binding of  glutamate. High-glutamate affinity proteolipid 
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binds 9 nmol N-ethylmaleimide per mg protein but  only 6.1 nmol in the 
presence of  glutamate. The dissociation of  high-glutamate affinity proteolipid 
caused by thiol reagents yielded a soluble protein fraction with higher affinity 
for glutamate. 

Electrophoresis and an immunological approach allowed the detection 
and titration of  the glutamate dehydrogenase and aspartate aminotransferase 
present in high-glutamate affinity proteolipid in inhibited forms, the latter 
being 26-fold more concentrated than the former. 

Introduct ion 

In a previous work the isolation from pig heart mitochondria of a detergent- 
soluble proteolipid able to bind glutamate with high affinity (HGAP) has been 
described and a glutamate-transport system was reconst i tuted by association 
of  HGAP to liposomes entrapping glutamate dehydrogenase and NAD ÷ [1]. 
The dissociation constant  of HGAP for [14C]glutamate, 62 pM, is similar to 
the apparent Km of entry of  glutamate into pig heart mitochondria. The 
binding of  glutamate to HGAP and its transport into liposomes, as well as 
its entry into mitochondria,  were strongly diminished by N-ethylmaleimide 
and partly by Avenaciolide, two known inhibitors of glutamate transport 
[2,3]; 2-mercaptoethanol and cysteine prevented but  did not  release the 
inhibitions, which thus were related to the presence of  thiols in HGAP. While 
HGAP did not  affect aspartate aminotransferase or malate dehydrogenase 
activities, it strongly inhibited glutamate dehydrogenase and gave an homo- 
geneous association with it. These results were developed and discussed further 
[4]; they could be related to phospholipid-glutamate dehydrogenase inter- 
actions first described by us [5] and studied in detail by Godinot  [6]. Addi- 
tionally, urea-dodecyl sulphate gel electrophoresis patterns suggested that 
HGAP might contain inhibited forms of glutamate dehydrogenase or aspartate 
aminotransferase, the two main enzymes oxidizing glutamate in pig heart 
mitochondria [7] since it does not  exhibit  any of  these activities. Nobody  
knows as yet  whether these two enzymes, which can be strongly associated 
with the inner mitochondrial membrane [6,8,9] might have a role in glutamate 
transport through this membrane. Thus it appeared important  to prove by 
more accurate methods the participation of  these enzymes in the structure 
and activity of HGAP. 

The present paper reports these attempts.  Structural and binding studies on 
HGAP made compulsory a drastic improvement of  the isolation process 
which is described here. The molecular properties were studied by an immuno- 
globulin approach, electrophoresis and chemical dissociation. Since our first 
reconsti tuted transport  could suggest that HGAP catalysed a glutamate-OH- 
exchange, it appeared interesting to define the effects of  other aminoacids 
or dicarboxylates on the binding and transport of glutamate. Experimental 
results obtained with a new reconsti tuted system and during the aspartate 
binding studies suggest a possible role of  HGAP in mediating glutamate- 
aspartate exchange accros the mitochondrial membrane,  as for the antiporter 
postulated by Azzi et al. [10]. A brief summary of  parts of  these results 
has been presented at the FEBS Adv. Course No. 38 [11]. 



225 

Materials and Methods 

Pig heart mitochondria were prepared according to Gautheron et al. [7]. 
Only preparations with high respiratory control ratios greater than 5 were 
used. 

HGAP was prepared either by the method previously described [ 1] or by the 
improved procedure reported in this paper (see results). 

Proteins were estimated according to Lowry et al. [12] or Gornall et al. 
[ 13]. Aspartate aminotransferase activity was measured according to Pfleiderer 
[14]. Glutamate dehydrogenase activity was estimated in the forward reaction 
(oxidation of glutamate) in standard conditions: 20 mM potassium phosphate, 
pH 7.2 or 8.0, 1 mM EDTA, 1 mM 2-mercaptoethanol, 0.5 mM NAD ÷, 10 mM 
potassium glutamate, 28°C. Absorbance at 340 nm was monitored. In the 
reverse reaction, the activity was tested according to Arnold and Maier [15]. 
Polyacrylamide gel electrophoresis were performed according to Weber and 
Osborn [16] as modified by Catteral and Pedersen [17]. Binding curves were 
mathematically interpreted by the iterative computation method of Rosenthal 
[18]. 

Pig heart mitochondrial glutamate dehydrogenase was prepared by affinity 
chromatography as previously described [ 19]. Mitochondrial isozymes of aspar- 
tate aminotransferase were prepared by the method of Ryan and Fottrell [20] 
modified as follows: after sonication of mitochondria, the supernatant was 
treated according to Furbisch e t a l .  [21] to obtain apoenzymes free from 
pyridoxal phosphate; the apoenzymes were then purified by affinity chroma- 
tography on Sepharose-pyridoxal phosphate. After reconstitution of holo- 
enzymes by incubation with pyridoxal phosphate they were separated by 
a second affinity chromatography on Sepharose-hexamethylene diamine 
and by differential elution. Before loading the column with the mixture, 
aspartate aminotransferase was converted to its pyridoxamine form in the 
presence of 20 mM aspartate, while alanine amino transferase was fully trans- 
formed to its pyridoxal form by addition of 20 mM pyruvate. Aspartate amino- 
transferase was not retained on the column and alanine amino transferase was 
later eluted with 0.2 M potassium phosphate. 

Antibodies were obtained from rabbit according to Balinsky e ta l .  [22] 
with glutamate dehydrogenase and, according to Vaitukaitis e ta l .  [23], with 
mitochondrial aspartate aminotransferase. Double immunodiffusions were 
performed by the method of Ouchterlony [24] and microagglutination of 
activated latex by the method of Herzog et al. [25]. 

Standard proteins for molecular weight calibration were from Sigma Chemi- 
cal Co. (myoglobin, ovalbumin), Boehringer (cytochrome c) and Koch Light 
(bovine serum albumin). Beef liver glutamate dehydrogenase (EC 1.4.1.3) and 
pig heart cytoplasmic aspartate aminotransferase (EC 2.6.1.1) were purchased 
from Boehringer, Mannheim. Phospholipases (Crotalus adamanteus venom, 
phospholipase C from Clostridium welchii and phospholipase D from cabbage) 
were purchased from Sigma Chemical Co. Trypsin was from DIFCO and 
soybean trypsin inhibitor from Sigma. 

Isotopically labelled compounds were obtained from C.E.A., Saclay, France, 
as [U-14C]glutamate or N-ethylmaleimide and [2,3-3H]aspartate. All reagents 
were of the best available analytical grade. 
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Results 

1. Improvement of the preparation of HGAP 
The method described previously [ 1] included long dialysis steps which tend 

to denature HGAP. These steps were replaced by ammonium sulphate pre- 
cipitation (Table I, B); to increase the final yield an ammonium sulfate fractio- 
nation (1.43--1.84 M ammonium sulfate cut) was applied (Table I, D) instead 
of the affinity chromatography (Table I, C). All attempts to purify further 
the material recovered after ammonium sulfate fractionation by affinity 
chromatography were unsuccesful. Table I describes all the purification steps 
with recovery and yields of each fraction, estimated after the freezing, thawing 
and sonication step of mitochondrial pellet (Table I, A1) since the glutamate 
retained by functional mitochondria includes binding and uptake. The final 
fractions of HGAP did not exhibit any aspartate aminotransferase or glutamate 
dehydrogenase activity and gave sufficient amounts of material for further 
detailed studies. 

T A B L E  I 

I M P R O V E D  P R O C E D U R E  F OR T H E  P R E P A R A T I O N  OF HGAP:  R E C O V E R Y  AND Y I E L D  

For  s teps  A,  B and C deta i led  P rocedures  have  been  previous ly  descr ibed  [ 1 ] .  Final  f rac t ions  were  
r ecove red  as pellets.  Pro te ins  were  e s t ima t e d  accord ing  to L o w r y  et al. [ 10 ]  a f te r  2 h d iges t ion  in 0.5 N 
NaOH,  80°C, and  th ree  e thy l  e t he r  ex t rac t ions .  G l u t a m a t e  b ind ing  was  assayed u n d e r  s t anda rd  condi-  
t ions:  0 .25  M sucrose,  10  m M  Tris /acet ic  bu f fe r ,  p H  7.2, 30°C, 10 min ,  wi th  1.9 #M [ 1 4 C ] g l u t a m a t e  

(340  000  d p m / n m o l ) .  Separa t ion  a nd  washing of  insoluble  mate r ia l s  were  p e r f o r m e d  b y  rapid  cent r i fuga-  
t ion  ( E p p e n d o r f  m i c r o c e n t r i f u g e  3200) .  

Step V o l u m e  Pro te in  Specific R e c o v e r y  Purifi- 
(ml )  (mg)  binding of  (%) ca t ion  

g l u t a m a t e  a f ac to r  

Star t ing ma te r i a l  
Func t iona l  m i t o c h o n d r i a  275 11 000  11 230 

A. E l imina t ion  of  soluble or  loosely  b o u n d  p ro te ins  

1. Freez ing ,  t hawing ,  son ica t ion ,  375  9 375  7 692  100 - -  
p h o s p h a t e  washing  of  m i t o c h o n -  
drial  pel le t  

fo l lowed  by :  
2. High ionic s t reng th  M KCI 245 6 125 I 0  434  88.6 1.35 

B. Solubi l iza t ion of  m e m b r a n e  res idue in 2% eho la te  c 
200 1 000  b 

C. Af f in i ty  c h r o m a t o g r a p h y  (ba t ch  or  c o l u m n )  a l t e rna t ive  1 or  2: 
1. N-g lu t amy l  a d s o r b e n t  e lu ta tes  33 d 153 680 7 19.9 
2. N - 7 o m e t h y l g l u t a m y l  a d s o r b e n t  20 d 116 260  3 .25  15.1 

e lua tes  

Al te rna t ive  s tep  t o  C: 
D. A m m o n i u m  sulfa te  f r ac t i ona t ion  of  2% chola te  e x t r a c t  

275  d 121 600  46 .5  15 .8  
1 . 4 3 - - 1 . 8 4  M a m m o n i u m  sulfate  cu t  

a With func t iona l  m i t o c h o n d r i a  the  resul ts  inc ludes  specific b ind ing  and u p t a k e  of  g l u t a m a t e .  Resul ts  ex- 
pressed in d p m / m g  pro te in .  

b Chola te  in te r fe res  wi th  b ind ing  d e t e r m i n a t i o n .  
c Long  dialysis s teps  p rev ious ly  descr ibed  [1]  were  rep laced  here  by  1 .84  M a m m o n i u m  su lpha te  precipi-  

t a t ion .  T he  final pel let  was  again dissolved in 2% chola te .  

d No de t ec t ab l e  e n z y m a t i c  ac t iv i ty  a spa r t a t e  amino t r ans f e r a se  or  g l u t a m a t e  d e h y d r o g e n a s e .  
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2. Comparative saturation curves of  HGAP and functional mitochondria by 
glu tama te 

We see in Fig. 1 that  the kinetics of  glutamate uptake by functional mito- 
dria (respiratory control ratio over 6) as measured according to the method of  
Robinson and Chappell [29],  are of  the Michaelis and Menten type  (Fig. 1B) 
as well as the binding of  labelled glutamate to HGAP (Fig. 1A) measured 
by equilibrium dialysis. These curves allow to calculate an apparent Km for 
glutamate entry into pig heart mitochondria of  76.6-+ 15.4 pM and a Kd 
for binding of  glutamate on HGAP of the same order of  magnitude: 62 pM 
[1,4].  It has been checked that the maximal rate of  glutamate uptake (0.29 + 
0.02 nmol/min per mg protein [1]) was proportional to the protein concen- 
tration. 

Estimations of  glutamate binding by equilibrium dialysis or gel filtration 
were long and tedious. A new method of rapid centrifugation was developed, 
based on the insolubility of  HGAP in water. For comparison, the method was 
applied to all fractions. The fraction (mitochondria, intermediate fractions of  
the purification procedure, HGAP, 0.2--1 mg protein) was incubated in 1 ml 
0.25 M saccharose, 10 mM Tris/acetate, pH, 7.8, for 10 min at 30°C in the 
presence of  [~4C]glutamate of  various specific radioactivities. Then the sus- 
pension was spun down rapidly in a desk-top Eppendorf  model 3200 micro- 
centrifuge (10 0 0 0 × g ,  1--2 min). The supernatant was carefully vacuum- 
sucked with a Pasteur pipette. The pellet was washed in 1 ml of  the same 

0 0.0"/5 0.15 
mM GLUTAMATE 

I [B i i , , ,  I 

~.~ 0.15 
Y , ,  ,,,,,,,, 

~" 0 0.1 02 03116 33 6.6 
mM GLUTAMATE 

Fig.  I .  C o m p a r a t i v e  i n f l uen c e  o f  a d d e d  g l u t a m a t e  c o n c e n t r a t i o n  on  g l u t a m a t e  b i n d i n g  b y  H G A P ( A )  
a n d  e n d o g e n o u s  N A D ( P ) - r e d u c t i o n  r a t e  in  pig  h e a z t  m i t o c h o n d r i a  ( g l u t a m a t e  t r a n s p o r t ) .  A.  G l u t a m a t e  
c o n c e n t r a t i o n  r a n g e  2 - - 5 0 0  /~M. E q u i l i b r i u m  dia lys is :  1 8  h ,  4 ° C ,  1 0  m M  p o t a s s i u m  p h o s p h a t e ;  1 m M  
m e r c a p t o e t h a n o l ,  p H  7.2  ; U n i o n  Carbide Visk ing  tu b e s  2 4 - A  p o r e s ,  5 0  ~ m  t h i c k .  B. M i t o c h o n d r i a l  prote in  
(0 .5  t o  2 .5  m g / m l )  s u s p e n d e d  in  2 .9  m l  16 m M  Tris  • HCI,  1 1 2  m M  KCI,  5 m M  p o t a s s i u m  pho spha te  
(K) ,  p H  7 .4 ,  1.6 /~g c a r b o n y l  c yan id e  m - c h ] o r o p h e n y l  h y d r a z o n e  p e r  m g  p r o t e i n .  A f t e r  c o m p l e t e  o x i d a -  
t i o n  o f  e n d o g e n o u s  N A D ( P } H ,  A n t i m y c i n  A (0 .3  f ig / rag  p r o t e i n )  w a s  a d d e d  a n d  t h e n  g l u t a m a t e  (0---6.6 
m M ) ;  e i g h t  d i f f e r e n t  m i t o c h o n d r i a l  preparat ions  w e r e  t e s ted .  Initial  rates  w e r e  r e c o r d e d  at 2 8 ° C  w i t h  
an  A m i n c o - C h a n c e  d u a l  w a v e l e n g t h  s p e c t r o p h o t o m e t e r ,  d u a l  m o d e :  3 4 0  n m / 3 7 3  n m  (re ference ) .  
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saccharose/Tris/acetate buffer by rapid centrifugation, once or several times. 
It was dissolved in 0.2 ml formic acid and mixed to 10 ml water-miscible 
scintillating mixture and counted. Controls were carried out in the presence 
of 24 mM glutamate. 

This method allowed us to study a wide concentration range and to com- 
pare the profile of the uptake of glutamate by mitochondria (Fig. 2A) with 
the binding profile of  glutamate to HGAP (Fig. 2B); it revealed two kinds of 
binding site, with low and high affinity for glutamate, which could not  be 
detected by equilibrium dialysis or gel filtration [1]. The Scatchard plots 
were analysed according to Rosenthal [18] and were very similar for whole 
mitochondria and for HGAP. The low affinity sites are probably nonspecific. 
The high affinity sites gave dissociation constants of the same order of mag- 
nitude: 60 pM for mitochondria and 55 pM for HGAP. The average number 
of sites was 0.45 nmol and 0.4 nmol/mg protein, respectively, for mitochondria 
and HGAP. 

This might be due to a denaturation of a number of sites during HGAP 
isolation; additionally, in experiments with whole mitochondria,  data include 
binding and uptake of glutamate. 

3. Binding properties of HGAP 
Influence of pH and protein concentration on glutamate binding. At con- 

centrations between 0.2 and 0.9 mg protein/ml, the binding of glutamate was 
proportional to protein concentration. 

The binding exhibited a narrow range of optimal pH near 8. 
Time dependence of glutamate binding and dissociation. Fig. 3 shows the 

binding of glutamate on HGAP as a function of the time of incubation. If 
unlabelled glutamate is added after 15 rain of incubation, the labelled bound 

12 

Z 

R~ 
~ ~,0.25 

~--~' ' A 

I 
I ! 

1 

I I | 

1.5- 13 

1.0 
0.5 - ~ , , , ~ , ,  

2 3 1 2 3 
BOUND/FREE xlO 30 BOUND/FREE xlO :1 

Fig. 2. C o m p a r a t i v e  u p t a k e  of  g lu t a ma te  by  pig hea r t  m i t o c h o n d r i a  (A)  and  g l u t a m a t e  b ind ing  by  
H G A P ( B ) .  A. Mi tochondr i a  (0.9 m g  p ro te in )  were  i n c u b a t e d  for  10 rain at  30°C  in 1 m l  of  0 .25  M 
sucrose ,  10 m M  Tris /ace t ic  acid,  pH 7.8,  wi th  14C.labeHed g lu t ama te  isotopical ly  d i lu ted  w i th  unlabe l led  
g lu t ama te .  M i t o c h o n d r i a  were  r e c ove re d  b y  cen t r i fuga t ion ,  washed  , dis so lved  in 0.2 ml  of  fo rmic  acid 
a n d  c o u n t e d  for  rad ioac t iv i ty .  G l u t a m a t e  c o n c e n t r a t i o n  range:  1 . 9 - - 6 6 0 0  • 10 -6 M. The  h a t c h e d  p~rt  
r ep resen t s  12 points .  B. H G A P  (0.6 m g  p ro te in )  w a s  i n c u b a t e d  10 rain a t  30°C  wi th  [ 1 4 C ] g l u t a m a t e  
wi th  un labe l led  g l u t a m a t e .  O t h e r  c o n d i t i o n s  of  b ind ing  m e a s u r e m e n t s  as d e s c r i b e d  in Table  I. C o m p u t a -  
t ion  o n  e a c h  e x p e l i m e n t a l  p o i n t  (o) a l lowed  d e t e r m i n a t i o n  o f  t h e  s traight  l ine paral lel  to the  ord ina te  
( low af f in i ty  sites) ca lcu la ted  in o rde r  to  o b t a i n  b e s t  s t ra ight  line w i t h  c o m p u t e d  p o i n t s  (~) [ 1 8 ] .  Eight  
d i f f e r e n t  prepaza t ions  were  used.  B rep resen t s  one e x p e r i m e n t .  
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minutes  

10000 , 0 10 20 i0 1 j I I I ? , 

/ binding 
. $ 5 o o o l -  f "  " - ' ~ =  " - - L ~  diss°ci'fion 

II l I I I 0 10 20 30 40 minutes 
incubation t ime 

Fig. 3. H G A P - g l u t a m a t e  in te rac t ion :  b ind ing  and  dissociat ion kinet ics .  H G A P  (0.6 m g  p ro t e in )  was pre- 
i n c u b a t e d  2 rain in 1 ml  sucrose /Tr i s  buf fe r ,  pH 7.8, 30°C  to adjus t  t e m p e r a t u r e .  A t  " z e r o "  t ime ,  1.9 

n m o l  of  [ 1 4 C ] g l u t a m a t e  were  a dde d  and  a f te r  increasing i ncuba t ion  t imes ,  assays were  spun d o w n  and  
w a s h e d  and  pel lets  c o u n t e d  as in Fig. 1. Dissociat ion was fo l lowed  by add i t ion  of  1 ml  unlabe l led  gluta- 
m a t e  a f t e r  15 rain incuba t ion .  All o the r  ope ra t ions  were  carr ied ou t  as for  associa t ion kinet ics .  Resul ts  
are expressed  as b o u n d  d p m  as a func t i on  of  t ime .  Dissociat ion t ime  scale is r ep r e sen t ed  in the  u p p e r  
par t  o f  the  figure. Backgrounds  ob t a ined  wi th  24 m M  g lu t a ma te  are a lways  sub t rac t ed .  

glutamate is very slowly and partly chased. The binding process is 700 times 
more rapid than that of  the dissociation. 

The aboslute Kd calculated from these isotopic chase experiments is 86 gM. 
The curves allowed the determination of  half-times of  association and disso- 
ciation of  glutamate and the corresponding kinetic constants,  respectively 
k÷l = 0 .154 s -1 , k-i  = 0 .01326  pmol • m1-1 • s-1;Kd is given by k-,/k+l. 

Influence of analogues on glutamate binding. The influence of  a series of  
substrates or analogues on the binding of  glutamate on HGAP was studied 
(Table II); ['4C]glutamate was added at a low concentration,  1.9 #M to mini- 
mize the interference with low affinity sites. Analogues were added at the con- 

T A B L E  II  

E F F E C T  OF D I C A R B O X Y L A T E S  AND S T R U C T U R A L  A N A L O G U E S  ON G L U T A M A T E  B I N D I N G  
BY H G A P  

Resul ts  are expressed  as pe rcen tages  o f  1 0 0 %  con t ro l  (1.9 ~M [ 1 4 C ] g l u t a m a t e  a lone) .  I n c u b a t i o n s  and  

b ind ing  e s t ima t ions  as in Table  I. 

Addition Residual glutamate binding (%) 

None  100 
24 m M  g l u t a m a t e  (con t ro l )  0 

0 . 133  m M :  
L - G l u t a m a t e  3.5 
L-Aspar t a t e  7.4 
L-Asp aragine 23.7 
L-allo-O H - G l u t a m a t e  27 .4  
F u m a r a t e  29.7 
D-Aspa r t a t e  32 .4  

L -Glu t am i ne  45  
L-Glu tamic  acid~7-Methyl ester  46 .5  
~ -Ke to  g lu ta ra t  e 56 
D - G l u t a m a t e  57 
G lu t a r a t e  57.5 
O x a l o a c e t a t e  59 
P y r u v a t e  61 .5  
A m i n o o x y a c e t a t e  63 
Malate  64 .8  
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centration 0.133 mM, i.e., 70 times more concentrated than [~4C]glutamate. 
At this concentration, cold L-glutamate prevented the binding of labeled 
glutamate by 96%; only L-aspartate appeared a strong competitor. In the same 
conditions L-asparagine, L-allo-OH-glutamate, fumarate, D-aspartate, 
L-glutamine and the ~,-methyl ester of L-glutamate inhibited by more than 
50%, while the following molecules inhibited the binding of L-glutamate by 
less than 50%: ~-ketoglutarate > D-glutamate > glutarate > oxaloacetate > 
pyruvate > amino oxyacetate > malate. 

Since L-aspartate appeared to be a strong inhibitor, its binding was studied in 
the concentration range 1.9--240 t~M. Only high affinity sites could be detected 
with the Scatchard plot, with K d = 30 pM. Glutamate could prevent the 
binding of aspartate or could displace bound aspartate. 

Comparative binding properties o f  HGAP for glutamate and aspartate. What- 
ever the technique used to estimate the binding of glutamate to HGAP, the 
obtained K d for high affinity sites was very similar, 62 pM by equilibrium 
dialysis [1], 86 pM by the association-dissociation procedure, 55 pM by rapid 
centrifugation; the latter technique also revealed low affinity sites for gluta- 
mate (K d = 60 mM) and only high affinity sites for aspartate {K d = 30 gM). 
When aspartate inhibited glutamate binding, two apparent g i values could 
be calculated: 0.37 mM (at high concentration of glutamate) and 3.8 pM (at 
low concentration of glutamate) which were different from the Kd of aspar- 
tate; inversely glutamate inhibited aspartate binding. HGAP can bind 0.4 nmol 
glutamate/mg protein (high affinity) but, curiously, only 0.1 nmol aspartate. 

4. New reconstituted system o f  glutamate transport 
In the previous reconstitued systems [1], including HGAP, the influx of 

glutamate was studied either in N-ethylmaleimide inhibited mitochondria 
or in liposomes entrapping glutamate dehydrogenase + NAD ÷, using the method 
of Robinson and Chappell [29]. In the present study liposomes entrapping 
aspartate were made. Two different methods were used to measure aspartate 
efflux (Table III). It can be seen that the presence of HGAP catalyzed some 
aspartate efflux from liposomes and that the addition of glutamate to the 
incubation medium of liposomes, slightly stimulated this efflux, the stimula- 
tion being proportional to glutamate concentration. 

5. Structural properties o f  HGAP 
Lipid composition. In Table IV the lipid composition of HGAP is compared 

to that of pig heart mitochondria and inner membrane; HGAP contains cardio- 
lipin, the specific marker of the inner membrane, and the two other major 
phospholipids, phosphatidyl choline and phosphatidyl ethanolamine, the 
distribution of which is different from that of inner membrane. 

Effects o f  lytic enzymes on glutamate binding. The treatment of HGAP 
by various phospholipases (A, C. adamenteus venom, C from C. welchii and D 
from cabbage) or by trypsin, resulted in a loss of glutamate binding capacity 
of HGAP, the residual binding being respectively 38%, 29%, 38% and 17% of 
controls. The digestion products of phospholipases were controled by thin-layer 
chromatography; phosphatidylcholine was almost comple te ly  hydrolzyed 
by phospholipase C, while phospholipase D transformed cardiolipin to phos- 
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T A B L E  I I I  

E F F E C T  O F  G L U T A M A T E  O N  T H E  A S P A R T A T E  C O M P A R T M E N T A T I O N  W I T H  L I P O S O M E S  EN-  

T R A P P I N G  [ 3 H ] A S P A R T A T E  A N D  H G A P  

A v e r a g e s  o f  t h r ee  d i f f e r e n t  e x p e r i m e n t s  w i t h  the  s a m e  s t a r t ing  p r e p a r a t i o n  o f  l i p o s o m e s ,  +S.E. O t h e r  
p r e p a r a t i o n s  o f  l i p o s o m e s  gave s imi la r  resul ts .  Resu l t s  were  c o r r e c t e d  for  con t ro l s  w i t h  l i p o s o m e s  a lone  in  

t h e  absence  o f  H G A P .  No e f f e c t  o f  g l u t a m a t e  was  m e a s u r e d  in th i s  l a t t e r  case.  L i p o s o m e s  were  p r e p a r e d  
as  fo l lows:  200 m g  o f  pig  hea r t  m i t o c h o n d r i a l  p h o s p h o l i p i d s  ( F o l c h ' s  e x t r a c t  [ 2 8 ] )  w e r e  s u s p e n d e d  in 10 
ml  of  0 . 2 5  M sucrose ,  10 m M  Tr i s / ace t i c  acid,  p H  7.8 c o n t a i n i n g  220  • 106 d p m  o f  [ 3 H ] a s p a r t a t e  a n d  

s o n i c a t e d  6 t i m e s  30 s, 0°C. T h e  t e m p e r a t u r e  o f  t he  m i x t u r e  is m o n i t o r e d  and  m a i n t a i n e d  b e l o w  10°C,  
The  r e su l t ing  opa l e scen t  su spens ion  is i m m e d i a t e l y  passed  t h r o u g h  a 1 × 25  c m  S e p h a d e x  G-50  c o l u m n  

equ i l i b r a t ed  w i t h  s u c r o s e / T r i s  b u f f e r  to  e l i m i n a t e  a n y  ex t e rna l  a spa r t a t e ;  t he  l i p o s o m e s  are  e x c l u d e d  f r o m  

the  gel; t h e n  H G A P  (3 m g  p r o t e i n )  is a d d e d  to 0 .6  ml  l i p o s o m e s  ( a b o u t  0 .72  m g  l ipids)  in 0 . 2 5  M sucrose ,  

10 m M  Tr i s / ace t i c  acid  p H  7.8 ( f inal  v o l u m e  0.9  ml) .  The  m i x t u r e  is i n c u b a t e d  for  10 m i n  at  r o o m  t e m -  

p e r a t u r e  w i t h  or  w i t h o u t  g l u t a m a t e  as ind ica ted .  H G A P  • f i p o s o m e s  c o m p l e x  is s epa ra t ed  and  w a s h e d  

f r o m  the  m e d i u m  e i the r  on  Mil l ipore  f i l ter  ( H A W P  0 .25 )  or by  rap id  m i c r o c e n t r i f u g a t i o n .  R a d i o a c t i v i t y  is 

e s t i m a t e d  on  the  f i l ters ,  f i l t ra tes ,  s u p e r n a t a n t  f luids  and  pel le ts  ( a f t e r  f o r m i c  acid  d ige s t i on )  w i t h  an  

I n t e r t e c h n i q u e  SL 40-4K sc in t i l l a t ion  s p e c t r o m e t e r .  F i l t r a te  and  s u p e r n a t a n t  f luid c o r r e s p o n d  to  labeled  

a s p a r t a t e  re leased in the  m e d i u m  whi le  f i l ter  and  pel le t  t he  a s p a r t a t e  w h i c h  r e m a i n e d  assoc ia ted  w i t h  l ipo-  
somes .  

T e c h n i q u e :  F i l t r a t i o n  * C e n t r i f u g a t i o n  ** 

A d d i t i o n s  to  F i l t r a t e  F i l te r  S u p e r n a t a n t  
i n c u b a t i o n  m e d i u m  

Pellet  

N o n e  2 3 0 0  -+ 540 8 6 5 0  -+ 230  11 900  -+ 4 8 0  21 0 0 0  +- 240  
G l u t a m a t e  0.9 m M  4 4 6 0  + 280  6 5 0 0  -+ 175  13 200  _+ 540  20 0 0 0  _+ 230  
G l u t a m a t e  4.5 m M  --  18 200  -+ 210  16 300  -+ 580  

* T e c h n i q u e  d e s c r i b e d  above ;  c p m .  

** R a p i d  c e n t r i f u g a t i o n  t e c h n i q u e ;  d p m .  

phatidic acids. The effects of  trypsin were only partially prevented in the 
presence of  soybean trypsin inhibitor. 

In all these experiments, glutamate binding was measured by Sephadex 
G-50 gel filtration. HGAP (3.5 mg protein} was incubated in 0.4 ml of  10 mM 
Tris • HC1, 1 mM CaC12, pH 7.0, with or without  1 mg of  any lytic enzyme,  
30 min at 35°C. Then 0.7 ml of  20 mM Tris.  HC1, 120 mM KC1, pH 7.0, 
and 1.9 pM [14C]glutamate were added. After 10 min further incubation at 
28°C, 0.56 ml of  the mixture were passed through a 1 × 25 cm column of  
Sephadex G-50. 

T A B L E  IV  

L I P I D  C O M P O S I T I O N  O F  PIG H E A R T  M I T O C H O N D R I A ,  I N N E R  M E M B R A N E  A N D  H G A P  

P h o s p h o l i p i d  c o n t e n t s  are  exp re s sed  as  p e r c e n t a g e s  o f  t o t a l  l i p i d - p h o s p h o r u s  and  w e r e  d e t e r m i n e d  as  
p rev ious ly  d e s c r i b e d  [ 2 6 ] .  

M i t o c h o n d r i a  Inne r  m e m b r a n e  H G A P  
[26] [26] 

m g  H p i d / m g  p r o t e i n  0 . 3 0  

Card io l ip in  18 
P h o s p b a t i d y l c h o l i n e  42 .4  
P h o s p h a t i d y l e t h a n o l a m i n e  30 .5  

Minor  8 

O.48 0 .43  

25 .4  18.9  
26.5 41.7 
37.9  23 

10 16 
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T A B L E  V 

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

After  t r e a t m e n t  w i th  N - e t h y l m a l e i m i d e  or  Avenac io l ide ,  H G A P  was d i lu ted  in sucrose /Tr i s  bu f f e r  and 
incubated  10 min ,  28°C, w i th  [ 1 4 C ] g l u t a m a t e  (1.9 pM)  pr ior  to  Sephadex  G-50 gel f i l t ra t ion of  one-third  
of  the  m i x t u r e .  Bound  rad ioac t iv i ty  was exc luded  f rom the  gel wi th  p ro t e in  and  c o u n t e d .  Af te r  t r e a t m e n t  
by  po ta s s ium t e t r a t h i o n a t e  or  d ixnethylmaleic  acid a n h y d r i d e ,  H G A P  was recovered  after  i n c u b a t i o n  by  
centr i fugat ion  and  b ind ing  e s t ima t e d  as descr ibed  in the  legend of  Fig. 2. Resul ts  a re  expressed  as pe rcen t -  
ages of  the  con t ro l s  t r ea t ed  in the  same wa y  w i t h o u t  thiol  reagents .  Incuba t ions :  N-E thy lma le i r a ide  or 
Avenac io l ide  (5 min ,  2S°C), t e t r a t h i o n a t e  (10  min ,  0°C),  d i m e t h y l m a l e i c  a n h y d r i d e  (2.5 h, 0°C),  in the  
presence  respect ive ly ,  per  m g  prote in ,  of  0.4 p m o l ,  94 n m o l ,  40  pg,  4 m g  of  the  reagent ,  

Reagen t  N - E t h y l m a l e h n i d e  Avenac io l ide  Po tass ium D h n e t h y l m a l e i c  
t e t r a t b i o n a t e  acid a n h y d r i d e  

Buffe r  Sucrose /Tr i s  + 1 m M  E D T A ,  p H  7.8 0.1 M sod ium bora t e ,  p H  8.5 

Residual  g l u t a m a t e  b ind ing  (%) 20 67 57 18 

Effects of  thiol reagents on HGAP. Table V summarizes the action of various 
agents on glutamate binding on HGAP. N-Ethylmaleimide, at the concentration 
which inhibits glutamate entry into mitochondria [2], and dimethylmaleic 
anhydride at a concentration which dissociates oligomeric proteins, severely 
inhibited glutamate binding. In contrast, Avenaciolide at the concentration 
which inhibits glutamate entry into mitochondria [3], and potassium tetra- 
thionate at a concentration used to protect thiols in enzymes [30], were 
rather poor inhibitors. 

When HGAP (3.5 mg protein/0.5 ml) was incubated with N-ethyl[14C] - 
maleimide (0.4 pmol/mg protein), 9 nmol N-ethylmaleimide were bound per 
mg protein HGAP; the addition of 9.9 mM glutamate to the incubation 
medium lowered this binding to 6.1 nmol N-ethylmaleimide per mg protein 
HGAP. 

Dissociation of  HGAP by mild chemical treatment. Previously it has been 
shown that HGAP contains several different protein subunits [4]. Attempts 
were made to dissociate HGAP into the glutamate binding component(s). 
Table VI gives the procedure and results. In a first step, potassium tetrathionate 
was used to protect -SH groups [30] against dimethylmaleimide anhydride 
which reacts irreversibly with thiol groups. In the second step, dimethylmaleic 
anhydride was added to dissociate the proteolipidic HGAP. Table VI shows 
that tetrathionate alone hardly affected glutamate binding, but that the further 
treatment by dimethylmaleic anhydride strongly decreased the binding mea- 
sured after reversal of tetrathionate action by addition of diluted sulphuric 
acid. However a final soluble protein fraction could be recovered by ammo- 
nium sulphate precipitation at pH 6.5 of the dimethylmaleic anhydride/HGAP 
mixture after elimination of the undissociated material either by high speed 
centrifugation (60 000 rev./min for 10 min, Beckman rotor type 65) or by gel 
filtration on acrylamide-Agarose ACA 54 (LKB). The decrease in pH during 
ammonium sulfate precipitation reversed both the action of tetrathionate and 
of dimethylmaleic anhydride. The final water soluble fraction thus obtained 
exhibited a higher binding affinity for glutamate than the starting material 
HGAP, although the yield was poor. 
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T A B L E  VI 

D I S S O C I A T I O N  A N D  S O L U B I L I S A T I O N  OF H G A P  BY C H E M I C A L  M O D I F I C A T I O N  

H G A P  suspensions  in sucrose /Tr i s  buf fe r  were  r ecove red  by  cen t r i fuga t ion  (6 0 0 0  × g, for  15 ra in)  and 
r e suspended  in 0.1 M sod ium bo ra t e ,  p H  8.5, and  i nc uba t e d  wi th  po t a s s ium t e t r a t h i o n a t e  (50  p g / m g  of  

H G A P  pro te in ) ,  30 rain,  0CC. Excess po t a s s ium t e t r a t h i o n a t e  was  washed  out  a f te r  t w o  cen t r i fuga t ions  
( 6 0 0 0  × g  for  15 vain). The  t e t r a t h i o n a t e - t r e a t e d  pel le t  was i ncuba ted  2.5 h at  0°C wi th  an  excess of  
d i m e t h y l  maleic  acid a n h y d r i d e  (4 rag/ rag  of  H G A P  pro te in ) .  The  solubil ized p ro t e in s  were  r ecovered  
a l te rna t ive ly  by  m o l e c u l a r  sieving on ac ry l amide -Agarose  ACA 54 (LKB)  w h e r e  the  exc luded  p ro t e in  
ma te r i a l  was cons idered  as the  undissoc ia ted  fo rm,  or  p rec ip i t a t i on  wi th  1.84 M a m m o n i u m  sulfate  a f te r  
high speed cen t r i fuga t ion .  G l u t a m a t e  b inding was tes ted  on  the  d i f f e ren t  f rac t ions  as descr ibed  in Table  I 
a f te r  reversal  of  t e t r a t h i o n a t e  or , a f te r  d i m e t h y l m a l e i c  acid a n h y d r i d e  ac t ion  a t  pH 6.5 for 2.5 h, 0°C. 
The  b inding ac t iv i ty  of  the  soluble f rac t ion  was m e a s u r e d  accord ing  to Zaskin et al. [27]  m o d i f i e d  as fol- 
lows: 0 . 32 5  m g  p ro t e i n  are i nc uba t e d  for 10 rain,  30°C, in 0.5 ml  of  sucrose /Tr i s  buf fe r ,  p H  7.2,  wi th  1.9 
~M [ 14 C]glu tavaa te  (340  000  d p m / n m o l ) .  A con t ro l  unde r  the  same cond i t ions  is ob t a ined  by add i t i on  
of  24 mM unlabel led  g lu t ama te .  Prote ins  are  t hen  p rec ip i t a t ed  by  add i t ion  of  an  equal  vo lume  of  4.1 M 
a m m o n i u m  sulfate.  The  10 000  × g, 2.5 rain pel let  is careful ly  sepa ra ted  f rom the  co r r e spond ing  super-  
n a t a n t  and  washed  wi th  1 ml  of  2 .05  M a m m o n i u m  sulfate  in sucrose /Tr i s  buf fe r .  The  final pel let  is 
r ecove red  and  washed  wi th in  5 vain and  solubll ized in 0.2 ml  formic  acid and t rans fe red  in a scint i l la t ion 

vial for  e s t ima t ion  of  r ad ioac t iv i ty .  

F rac t ion  Prote in  V o l u m e  G l u t a m a t e  R e c o v e r y  (%) Purifi- 
(mg)  (ml )  b inding ca t ion  

( d p m ] m g  Prote in  Binding fac to r  
p ro te in )  

H G A P  52.2 

T e t r a t h i o n a t e - t r e a t e d  H G A P  50 

T e t r a t h i o n a t e  + d i m e t h y l m a l e i c  50 
a n h y d r i d e - t r e a t e d  H G A P  

Soluble f rac t ion  (af ter  cent r i fu-  9 .75  
ga t ion  or gel f i l t ra t ion)  

30 176 0 0 0  100 100 1 

30 154 4 0 0  95 .8  83 0.87 

30 30 4 8 0  95.8  16 0.17 

1.5 345  600 18.6 36 .6  2 

Polypeptide analysis of the soluble fraction of HGAP. Fig. 4 shows the 
electrophoretic pattern obtained with the soluble fraction. The relative migra- 
tion of subunits from the main enzymes oxidizing glutamate, glutamate- 

rnaj0rband 
GDH r mit0ch0ndriat AAT 

/ I min°r band 

mit0ch0ndriat I | / 

'AAT I 
ptjron~ey 

Fig. 4. Potyacrylavaide gel electrophoresis of the solubLlized fraction from HGAP. Conditions a s  in 
Materials and Methods. Relative vaobLlities have been determined with Pyronine Y as tracking dye. Micro- 
dens i t ome t r i c  t races  have  been  o b t a i n e d  wi th  an  ISCO gel scanner  a f t e r  Coomass ie  Brillant Blue staining 
of  pro te ins .  Solubi l ized f rac t ion  as descr ibed  in the  legend  of  Table  VI.  
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T A B L E  VI I  

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

The  m e t h o d  used as  desc r ibed  by  Herzog  et al. [ 2 5 ] .  T ak ing ,  for  pig  m i t o c h o n d r i a l  a s p a r t a t e  a m i n o t r a n s -  
ferase  and  g l u t a m a t e  d e h y d r o g e n a s e  subun i t s ,  m o l e c u l a r  we igh t s  50 0 0 0  and  55 000 ,  r e spec t ive ly ,  and  
a s s u m i n g  t h a t  a spa r t a t e  a m i n o t r a n s f e r a s e  is a d i m e r  and  g l u t a m a t e  d e h y d r o g e n a s e  an h e x a m e r .  

p g / m g  p r o t e i n  m o l e s  o f  e n z y m e / m g  p r o t e i n  Subun i t  ra t io  

A s P a r t a t e  a m i n o t r a n s f e r a s e  337 3.3 • 10 -9 
G l u t a m a t e  d e h y d r o g e n a s e  14 0 .042  • 10 -9 26 

pyruvate transaminase, mitochondrial and cytosolic glutamate-aspartate trans- 
aminase and glutamate dehydrogenase are indicated. The comparison of the 
various bands does not allow a final conclusion about the homology between 
enzyme subunits and HGAP components.  Therefore an immunological analysis 
was undertaken. 

Double immunodiffusion was performed using the HGAP solubilized 
fraction, anti-glutamate dehydrogenase and antimitochondrial aspartate amino- 
transferase immunesera (see Materials and Methods). The experiments were not 
sensitive enough to detect glutamate dehydrogenase subunits in HGAP but 
allowed us to detect the presence of mitochondrial aspartate aminotransferase 
subunits as shown by the presence of a light precipitation band between 
HGAP and mitochondrial aspartate aminotransferase antiserum. 

The study was completed by titration of both glutamate dehydrogenase 
and mitochondrial aspartate aminotransferase using microagglutination of 
activated latex (see Materials and Methods) [25]. Table VII shows that  HGAP 
contains 26 times less glutamate dehydrogenase subunits than aspartate amino- 
transferase, the level of which is approx, one-third of total protein in HGAP. 

Discussion and Conclusion 

The use of a rapid centrifugation technique made possible the detection of 
low affinity sites for glutamate besides high affinity sites and made faster and 
easier the estimation of glutamate binding either on purified HGAP or mito- 
chondrial fractions, thus allowing great improvements of the isolation process 
of HGAP. The new perfected preparation avoids any long dialysis steps, which 
resulted in a shortening of the procedure and protected HGAP against uncon- 
troled denaturation. Although the affinity-batch step used in our previous 
procedure [1] was efficient and also could be successfully applied by Michaelis 
[31] to the partial purification of a glutamate-binding synaptic membrane 
glycoprotein, however it did not allow to prepare sufficient amounts of  HGAP 
for further studies; the ammonium sulphate fractionation described in Table I 
resulted in increased amounts of a glutamate-binding fraction which could no 
longer be purified by affinity chromatography. Moreover the dissociation of 
the latter fraction by mild chemical t reatment led to a soluble fraction with 
a specific glutamate-binding activity two-fold higher. 

As could be expected, the saturation curves for glutamate entry into mito- 
chondria and glutamate binding on HGAP were very similar. Whatever the 
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technique used for glutamate binding on HGAP, the high affinity K d values 
were identical and very similar to the apparent Km value for glutamate entry 
into mitochondria. Among various analogues of glutamate, aspartate and 
asparagine appeared the best competitors of  glutamate binding but, unex- 
pectedly, the high affinity binding capacity of HGAP for aspartate was one- 
quarter of that  of glutamate (0.1 nmol instead of 0.4 nmol glutamate per mg 
protein). This result seems to indicate that  aspartate and glutamate binding 
sites are not identical; however all the results are in favour of an interdepen- 
dence of both types of site. If the binding of aspartate was measured in the 
absence of glutamate, a K d of 30 tiM was obtained; but when the effects of  
aspartate were studied on glutamate binding, the inhibition appeared somewhat 
competitive and two apparent K i values could be calculated (3.8 pM and 
0.37 mM) when glutamate concentration was low or high, respectively. 

These latter effects of aspartate, the fact that  additions of external glutamate 
stimulated the efflux of aspartate from aspartate-loaded liposomes in the 
presence of HGAP and the fact that  aspartate could increase the isotopic 
chase of labeled glutamate from HGAP [11], suggest a comparison between 
HGAP and the glutamate/aspartate antiporter postulated by Azzi et al. [10]. 
However, in our previous reconstituted system [1] with mitochondria or 
liposomes, HGAP seemed to catalyze a glutamate/OH- exchange, since no other 
anion added. Both our types of reconstituted transport seemed not to require 
energy and thus were estimated in conditions similar to those of whole mito- 
chondria [10]; it is therefore difficult to compare them to the electrogenic 
transport described by Lanoue et al. [32]. 

HGAP appeared to contain the three major phospholipids or pig heart mito- 
chondria with a distribution somewhat different from that of whole mitocho- 
dria or inner membrane [26]. Additionally, several polypeptides were detected. 
Treatments by lyric enzymes (various phospholipases or trypsin) strongly 
decreased glutamate binding on HGAP, indicating the importance of the whole 
architecture of the complex. 

Nine thiol groups/mg protein of HGAP were accessible to N-ethyl[~4C]- 
maleimide titration; in the presence of glutamate three among the nine -SH 
groups were no longer titrated by N-ethylmaleimide. These results are in 
favour of the role of thiol groups in the activity of HGAP and are in agreement 
with the observed inhibitions of glutamate transport to mitochondria and 
glutamate binding to HGAP (see also Table V). Isotopic chase experiments 
suggest that  glutamate either may be very tightly bound to the polypeptide 
part of HGAP of  may undergo some transient chemical modification in the 
polypeptide site. Although it was proved that  HGAP exhibited neither gluta- 
mate dehydrogenase nor aspartate aminotransferase activity, immunological 
studies clearly demonstrated that  HGAP contained significant amounts of 
subunits of both enzymes. Aspartate aminotransferase subunits appeared to be 
26-fold more abundant than those of glutamate-dehydrogenase and consti tuted 
approx, one-third of HGAP polypeptides. These results do not exclude a pos- 
sible role of  these two enzymes acting in inhibited form in the transport 
of glutamate, as suggested earlier [1]. If this is the case, it would mean that  
the affinity of these enzymes for glutamate would be strongly increased in 
HGAP, since their Km values are 1--3 orders of magnitude higher than the 
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glutamate g d of HGAP or apparent Km value of  glutamate entry into mito- 
chondria. To our knowledge, the direct binding of radioactive glutamate on 
aspartate aminotransferase has not been reported so far. In another work it 
has been shown by Th~venot et al. [33] that in the presence of an analogue 
of  NAD, 1,4,5,6-tetrahydronicotinamide adenine dinucleotide (H4-NAD) 
the affinity of  glutamate dehydrogenase for glutamate could be strongly 
increased and one high affinity site per hexamer was revealed with a K d of  
90 pM, which is of  the same order of magnitude as that of HGAP. All other 
indirect methods gave g d values in the range 1--100 mM. Cardiolipin, the most 
specific phospholipid of  inner mitochondrial membrane, and a constituent 
of  HGAP, strongly inhibits glutamate dehydrogenase activity [5] (/so = 24 nM) 
and aggregates with it [6]; however, glutamate binding experiments with 
aggregates of  cardiolipin + glutamate dehydrogenase were difficult to interpret. 
All our results suggest the importance of the lipids as well as of  the polypep- 
tide components in glutamate binding and transport by HGAP but the mecha- 
nism of  action remains to be proved. 
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