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SUMMARY 

The transport of glutamate across the tuner membrane of rat hver mitochon- 
drla has been studied by the swelhng technique and by direct measurement of [~4C]- 
glutamate penetration. 

1. Glutamate transport is inhibited by uncharged hposoluble -SH reagents 
such as fuscln, N-ethylmalelmide and avenaciolide which are able to reach the matrix; 
it is not inhibited by ionic -SH reagents such as mersalyl. Thus, the -SH groups in- 
volved in the transport of glutamate are located in a hydrophoblc part of the mem- 
brane or on the matrix side of the membrane. 

2. The kinetic study of glutamate penetratmn reveals saturation kinetics and 
a high temperature and pH dependence. The results are the following: (a) pHopt, 6.5; 
(b) K m, 5 mM and V, 23 nmoles/min per mg protein at 25 °C and pH 6.5, (c) E A, 
17.5 kcal/mole at pH 6.5. 

3. Compared to the Krebs cycle anion transporting systems, the glutamate 
transporter has high K,, and low V values; this seems to limit the role of glutamate as 
a carrier of reducing equivalents into the mitochondrm. The imphcatmn of the kt- 
netlcs of glutamate uptake in urea synthesis is discussed. 

INTRODUCTION 

It is well established that the inner membrane of rat liver mitochondrla is 
permeable to glutamate 1. It has been shown 2 that this amino acid enters the mlto- 
chondrlal matrix together with a proton or in exchange for an O H - .  Some evidence 
has been presented 1 that glutamate can also be exchanged for aspartate. The existence 
of an additional glutamate (or aspartate)-:~-ketoglutarate exchange has been sug- 
gested 3. A wide range of glutamate transport inhibltors have been described so far, 
including glutamate analogs 1, N-ethylmaleimide 2, avenaciohde ~, fuscln 5,6, tannic 
acid and fluorodlnitrobenzene 7. 

In this paper we first compare the effects of some lnhibltors, namely fuscln, 
N-ethylmalelmlde, avenaciohde and mersalyl, on mltochondrial swelhng in isotonic 
solutions of ammonmm glutamate and ammonium phosphate. We then report some 
kinetic properties of glutamate penetration in rat liver mltochondrm. 
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M E T H O D S  

Rat liver m~tochondria were prepared by the method of Hogeboom 8. Rats 
were fasted 14-16 h before sacrifice. When mitochondria were prepared for swelling 
experiments 1 mM EDTA was added to the standard sucrose medium. Mitochon- 
drial proteins were assayed by the bluret method. 

Swelhng experiments 
The absorbance of mltochondrial suspensions was recorded at 520 nm on a 

Cary 15 spectrophotometer. For particular conditions, see legends of the figures. 

Penetratton of [14C]glutamat e 
The reaction was initiated by adding m~tochondrla to the incubation medium 

in l-ml Eppendorf  cups (see specific conditions in the legends). After time t the 
mltochondrla were separated from the incubation medmm by rapid centrffugation m 
an Eppendorf 3200 microcentrlfuge, It was not necessary to stop the uptake with an 
inhlbztor, since the time course is hnear for 30 s, and the centrifugat~on t~me lag is 
only 10 s (see Fig 5). The supernatant fired was discarded and the tightly packed 
pellet was quickly rinsed with 1 ml of ice-cold 100 mM KCI solution. The pellet was 
dissolved in 0.5 ml of a 4 ° o sodium cholate solution. The radioactivity of the cholate 
extracts was measured in an lntertechnique SL 30 scintillation counter in the POPOP/ 
PPO system. Corrections for glutamate present m the sucrose space were made as 
follows in a parallel series of tubes [14C]sucrose or 3HzO was added Instead of 
[l 4C]glutamate 9, and the ra&oactlwty of the pellets was measured as described for 
glutamate. From the ra&oactlvlty of the pellet contaimng [a4C]sucrose we could 
determine the extramatrix space (permeable to sucrose), and from the pellet con- 
taming 3H20 the total water space (permeable to 3HzO). The total water space has 
also been determined by gravimetry; the values found by this method were identical 
to those of the 3H20 space According to the experimental conditions the matmx 
space ranged from 0.6 to 0.8 l~l/mg protein, whereas the sucrose space varied from 
1.5 to 2.2 Itl/mg protein. 

C[ICtHIC(I[S 
Mersalyl, N-ethylmalelmlde, rotenone, ohgomycln, antimycln A, L-glutamlc 

acid, D-glutamlc acid, ~-ethyl and ~,-methyl esters of L-glutamlc acid were purchased 
from Sigma, L-y-hydro×yglutamlc acid and dlthlothreltol (Cleland's reagent) were 
bought from Calblochem, Los Angeles Calif., U.S.A., [U-lgC]sucrose and 3H20 
were obtained from the "Commissariat  ~, l'Energle Atomique", Paris, France. L- 
[U-~ ~C]glutamlc acid was bought from the Ra&ochemtcal Center, Amersham, Bucks 
(U .K) .  

Fuscln was a generous gift of Dr D H. R. Barton (Imperial College of Science 
and Technology, London). Samples of avenaclohde and analogs were kindly provided 
by Dr W. B. Turner (LC I Ltd, Macclesfield, U K.). 
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RESULTS AND D[SCUSSION 

Comparative study of the mhlbitoo' properties of fuscin, N-ethylmaleimide, avenactolide 
and mersalyl 

Mltochondria l  swelhng in a m m o m u m  salts of permeant  amomc substrates 
is due to net substrate accumulat ion;  thus, m the case of phosphate or glutamate,  
since no other permeant  amon  is present in the medium, only the phosphate-hydroxyl  
or glutamate-hydroxyl  exchanges, respectively, can account  for mitochondrml 
swelhng. Consequently,  in the swelhng experiments shown hereafter, the eventual 
interference of the glutamate-aspar ta te  or g lutamate-ketoglutara te  exchanges is 
ruled out. 

ID-glutamate ~ !  Ior L-glycyI-L-glutamote 
t l-Methylester of L-glutamate 
Ior Y-Ethylester of L-glutamate 

L- l -hydroxy g lutamate 

OJ 1A520 ~ L-glutamate 
I mln 

Fig. I. Swelhng of rat hver mltochondrm m ammonium salts of L-glutamate and analogs Rat hver 
mltochondrm (1.4 mg) were added at nine zero to 2 ml ofa medmmcontammg 100 mM ammomum 
L-ghltamate or analog, 20 mM Trm, 1 mM EDTA, 10#M rotenone. The pH was adjusted at 7 5 
Temperature was 25 ~C The absorbance ~sas recorded at 520 nm 

Fig. 1 shows that  the g l u t a m a t e - O H -  carrier is very specific for L-glutamate 
King and Dlwan v have shown that 14C-labelled D-glutamate is unable to penetrate 
into rat hver ml tochondna ;  this is confirmed here by the fact that rat liver mlto- 
c h o n d n a  do not swell at all in an ~sotomc soluUon of a m m o n i u m  D-glutamate. The 
dlpept~de L-glycyI-L-glutamate ~s also non  penetrant ;  other analogs of L-glutamate, 
namely L-7-hydroxyglutamate, ;:-methyl or ethyl esters of L-glutamate are hardly 
more penetrant  

F~g 2 shows the effects of fuscm, N-ethylmale~mlde, avenaciohde, and mersalyl 
on ml tochondna l  swelhng m a m m o n i u m  phosphate and a m m o n i u m  glutamate. 
The corresponding quanuta t lve  results are g~ven in Table I. Fuscm and N-ethyl- 
male~mlde inhibit  both phosphate and glutamate penetration,  but are much more 
effective on the latter. Avenaclolide, the most specific and effective inhibi tor  of 
glutamate transport ,  has no effect at all on phosphate penetration.  As shown by 
Me@r et al2 mersalyl does not inhibit  glutamate entry. Glu tamate  analogs at a 
concentraUon of 5 mM have no effect at all on glutamate penetrat ion:  this absence of 
mhlb i tmn might be due to the high glutamate concent rauon  (100 mM)  compared to 
that of the analogs 

It is worth noticing that fuscin, N-ethylmaletm~de, and avenaclohde inhibit  
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A rnmonlum glutamale Ammonium phosphale 

- - - -~  18~JM ovenoclohde 35,oM mer~olr I 
140vM NE'M 

~ 3.5~M [uscm 
35pM NEM 

. . . . . .  ,.  iiiii iiii 02 or 02 
A520 ~ 50AIM met salyr I 

o1~ 

L_ L_ 
2 m m  2 m m  

Fig 2. Inhibition of mltOchondrml swelling m ammomum glutamate or phosphate Rat hver mlto- 
chondrla (I 2 rag) were added at Ume zero to 2 ml of the following medmm 100 mM ammomum 
glutamate or phosphate, 20 mM Tns, 1 mM EDTA, 10#M rotenone pH was 7.5 and temperature 
25 "C Where mdacated the mhlb|tors were present m the medmm before the addmon of m~tochondna 

g l u t a m a t e  p e n e t r a U o n  in the  s a m e  r ange  o f  c o n c e n t r a t i o n s  (20-50  n m o l e s / m g  p ro t e in ) .  

As  s h o w n  on  Fig. 3 all these  i nh lb i to r s  possess  a c a r b o n - c a r b o n  d o u b l e  b o n d  ( a r r o w )  

ac t iva t ed  by a c o n j u g a t e d  c a r b o n y l  d o u b l e  b o n d .  Thlo l s  can  read i ly  b rad  on  thin 

d o u b l e  b o n d  o f  N - e t h y l m a l e l m l d e  1° f u s c m " ,  a n d  a v e n a c i o h d e  12. This  c o m m o n  

chemica l  p r o p e r t y  o f  the  th ree  m h l b l t o r s  is c o n f i r m e d  by the  e x p e r i m e n t  de sc r ibed  m 

F~g. 4, where ,  fo r  t he  sake  o f  clar i ty,  on ly  the  resul ts  w~th a v e n a o o h d e  are  s h o w n ,  

t he  s a m e  be ing  o b t a i n e d  wi th  N - e t h y l m a l e i m i d e  a n d  fusc ln .  W h e n  d l t h l o t h r e l t o l  Js 

TABLE I 

CONCENTRATIONS OF INHIBITOR (nmoles/mg PROTEIN) NECESSARY TO REACH A 
50 °/o INHIBITION OF MITOCHONDRIA SWELLING 

The conditions were the same as m Fig. 2 Note that there is no prelncubatlon of the mltochondna 
with the mhabators. After a premcubataon of 2-3 man at room temperature a 50 of mhabmon would 
be obtained at a lower concentration of mh|bator 

Inhtbt tor  S w e l h n g  an Swel l ing  an 
a m m o n t u m  g l t t tamate  a m m o n t u n t  phospha te  

Mersalyl No mhlbltmn* 10 
Fuscm 45 200 
N-Ethylmalelmlde 55 150 
Avenaclollde 20 No mhlbmon** 
Iso-avenaclohde 100 No mh~bmon** 
Ethlsohde No mhabltmn*** No mhlbaUon*** 
D-Glutamate or 
L-),-Hydroxyglutamate No mhabmon**** No mh~bmon**** 

* Up to 500 nmoles/mg protein. 
** Up to 60 nmoles/mg protein 

*** Up to 150 nmoles/mg protein. 
**** Up to 5000 nmoles/mg protein. 
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Fig. 3. Structures of fuscm, avenaclohde, N-ethylmalelmlde and mersalyl. The reactive double bonds 
of fuscln, avenacmhde and N-ethylmalelmide are shown by arrows 

a b c 
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Ftg 4. Mitochondrlal swelhng m ammonium glutamate, mhtbltlon by avenacmhde and prevennon 
or mhlbmon by dlthmthrmtol (DDT) The condltmns v~ere the same as m Fig. 2 Rat hver mltochon- 
dna (I 9 mg) were added at time zero. Avenacmhde was present as indicated at a concentration of 
25/¢M. Dithlothreltol x~as used at a concentration of 0.5 mM. In Fig 4b avenaciohde and d~thlo- 
thre~to] were added to the medmm 1 minute before the mltochondrm The same results were obtained 
with N-ethylmaleJmlde and fuscm (not sho~n here) 

added to the glutamate and mh lNto r  conta imng medium before the ml tochondr ia  
(Fig. 4b), no inhibi t ion is observed,  this shows that  the inhibitor  (N-ethylmalelmlde,  

fuscm, or avenaciohde)  has reacted with dlthlothreltol .  However,  the inhibition is not  
reversed if dl thlothrel tol  is added after the ml tochondr la  (Fig. 4c) This irreverslbihty 
o f  the inhibition points to a covalent  binding of  the inhibitor  to thlol groups It is also 
remarkable  that  N-ethylmalezmide, fuscm, and avenaclohde are uncharged species, 
and quite soluble in a hydrophoblc  phase. On the other  hand, mersalyl is a hydrophlhc 
charged compound ,  and it inhibits the p h o s p h a t e - O H -  but not  the g l u t a m a t e - O H -  
exchange F r o m  these results we can conclude that the thlol group(s)  of  the phos- 
p h a t e - O H -  carrier is (are) probably located in an outer  and hydrophlhc  part  of  the 
membrane  (accessible to mersalyl), whereas the SH group(s)  of  the g l u t a m a t e - O H -  
carrier  is located in a hydrophoblc  part  of  the membrane  (inaccessible to mersalyl and 
accessible to N-ethylmalelmlde,  fuscm and avenaclolide) 
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Avenaciohde 4 and N-ethylmaleimlde 2 have been supposed to inhibit gluta- 
mate transport because of a structural analogy with glutamate. This ~s not sup- 
ported by our results, nor by the chemical evidence, these mhlbltors, like fuscm, 
seem to function as SH reagents and have been shown to react with intramltochondnal 
glutathione 6. 

Aldrldge and Turner 13 have isolated two analogs ofavenacmhde iso-avenaclo- 
hde, which differs from avenaclohde by the onentanon of the eight carbon ahphat,c 
side chain, and ethisohde, which differs from lso-avenaclohde by the replacement of 
the eight carbon side chain by an ethyl group. 

Iso-avenaclohde is about five times less effectwe than avenaclolide, and 
ethlsohde does not inhibit glutamate transport at all (Table 1). This suggests that the 
side chain of avenaclohde might help to plug the molecule into a hpophfllC part of 
the membrane and thus place the methylene group m a position favouring its re- 
action with a thlol of the glutamate-OH- carrier 

Khletic study o f  [14C]glutamate penetration in rat ht, er mitochondrta 
When one measures the penetration of [t4C]glutamate into mltochondrla, one 

generally uses glutamate concentranons of 10 -2 to 10-~M In these condinons, 
unlike in swelhng experiments, the possible exchanges with mtramltochondrlal sub- 
strates cannot be neglected. Glutamate can penetrate either on the glutamate-OH- 
carrier, or on the glutamate-aspartate career, or even on an hypothetical glutamate- 
2-ketoglutarate carrier, Meuer et al. 2 have tried to overcome th~s difficulty by loading 
mJtochondrm with high amounts of glutamate and measuring its efflux from the 
mltochondnal matrix. We have studied the direct penetranon of [l#C]glutamate 
and determined some of its kinetic parameters. 

Tmle course o f  glutamate uptake The nine course of glutamate penetration is 
shown on Fig. 5. The curve is hnear for about 30 s at 25 "C: at lower temperatures the 
linear portion is even longer (40 to 60 s) The extrapolation of the lninal straight hne 
towards the time ax~s shows that the actual incubation time ~s l0 s longer than the 

~ F  

uJ~ 

~ c  

J 

o " ~  o ° ~ O ~ o ~  o - 

o/ / 
o/ / 

t ° 

- o  ~o . . . . .  ~o 60 80 I00 )20 

seconds 

Fig 5 Time course of  L-[~4C]glutamate penetration m rat liver mltochondrla. Mitochondrla 
(4 8 nag) were added to 0 95 ml of a medium containing 100 mM KCI, 10 mM 2-(N-morphollno)- 
ethanesulphomc acid, 10 mM Tns, 20/ tM rotenone, 2 5/~g ohgomycln, 1 mM [14C]glutamate pH 
was 6 5 and temperature 25 C For other conditions, see Methods 
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measured one: this is so because glutamate penetration goes on during the first 
seconds of centrifugatlon, before most of the mitochondrla are gathered m the pellet 
(the reaction IS not stopped by addition of an inhibitor, but by flash centrlfugatJon, 
see Methods). The amount of glutamate accumulated in the matrix reaches a maxi- 
mum after 60 s, and then decreases shghtly. This might be due to a leakage of gluta- 
mate, or to the exit of some of its metabohtes. 

Saturatton kinetics Fig. 6 shows that glutamate penetration in rat liver mlto- 
chondrla follows saturation kinetics. The K m is 5 mM at 25 '~C and pH 6.5. This value 
is much higher than those reported for other mltochondrlal anion transports' 4.15,3 
However, ~t is of the order of magnitude of the physiological concentration of gluta- 
mate in liver 10''7, and might be in agreement with a possible regulatory role of 
glutamate transport. The Lineweaver-Burk plot of Fig. 6 yields only one straight 
line, but this does not imply that only one carrier is involved in glutamate pene- 
tration" Chrlstensen 18 has shown that, to be discretely recognizable, two K,, values 
must be separated from each other by at least one order of magnitude. The value for 
maximum velocity is 23 nmoles/mln per mg of protein at 25 °C and pH 6 5 It is 
significantly lower than the V for other anion transports 14'15'3. However, it is suffi- 
cient to account for the maximum velocity of oxygen consumption by rat liver 
mltochondrla with glutamate as substrate. Furthermore, the rate of glutamate uptake 
is high enough to feed the urea cycle, even ff glutamate were the only ammonium 
source for the mitochondrlal synthesis of carbamyl phosphate; indeed, urea bio- 
synthesis requires less than 10 nmoles of intra-mltochondrm ammonia/rain per mg 
protein at 37 °C fief. 19), whereas the velocity of glutamate uptake at the same temper- 
ature, extrapolated from Fig. 8 (glutamate concentration was l mM), is about 
12 nmoles/min/mg protein 

I o/  

o 
c E 025 ~ "  

o > 

/ 
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05 I 15 2 

1/ CGLUTAMATE] (ram)-I 

Fig .  6. L m e w e a v e r - B u r k  plot o f  [~ '~C]g lu t ama te  p e n e t r a t i o n  in r a t  hve r  m l t o c h o n d r l a  S a m e  c o n d i -  
t i o n s  as  m Fig .  5, e x c e p t  m l t o c h o n d n a  4 r ag ,  g l u t a m a t e  c o n c e n t r a t i o n  w a s  v a n e d  f r o m  0 5 m M  to 
9 r a M ,  a n d  i n c u b a t i o n  tzme w a s  30 s 

pH effect. As shown on Fig. 7, glutamate uptake is strongly pH dependent. 
Like most of the mitochondrlal anion transports, it is favoured by acid pH, with a 
maximum between pH 6 and 6.5. The ionic state of glutamate probably contributes 
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Fig.  7 Effect o f  pH on [~'~C]glutamate penetration m rat hver ml tochondrla  C o n d l t , o n s  as m Fig  5, 
except that 4 m g  mrtochondrla  were added to the medium,  incubat ion t~me was 30 s 

very httle to this pH effect, since the pKs of this amino-ac,d (2, 4 and 9) are very 
distant from the optimum pH value for transport. 

Temperature effect. The temperature dependence of glutamate transport ~s 
shown on Fig. 8. The Arrhemus plot is a straight hne. The activation energy cal- 
culated from the slope is 17.5 kcal/mole of glutamate: this value ,s close to those 
found for other anion transports t~'15'3 The temperature interval used here is 
8-28 °C. Below 8 °C the penetration of  glutamate is too slow and the mmal velocity of 
uptake cannot be measured accurately; ~t is thus ~mposs~ble to determine whether there 
~s or not a temperature transition m the region of 8 "C to 12 C. Such a transition has 
been evidenced m the adenme-nucleotlde exchange 2°'zl 
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F i g  8 Temperature  dependence o f  [~'~C]glutamate penetraUon m rat hver mJtochondrla C o n d i -  
t i o n s  as m F , g  5. M i t o c h o n d N a  3 4 r ag ,  incubat ion t~me 30 s 
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C O N C L U S I O N S  

U s i n g  the swelhng techmque (swelling of mitochondrla m ammomum glu- 
tamate) (refs 2, 4 and this paper) a whole range of inhabltors of the g lu tamate -OH-  
career  can be ewdenced, however, the effects of these inhibitors on the glutamate-  
aspartate 1 and glutamate-glutamine exchange 22 are unknown. In our experiments on 
[~4C]glutamate penetration we have thus been unable to discriminate between the 
different glutamate carrier systems that have been postulated so far. However, the 
kinetics of glutamate show some interesting properties. F~rst, the K,, value is much 
h~gher than those of other m~tochondrlal anion t ranspomng systems: this must be 
correlated to the h~gh glutamate concentratmn in the liver t~ssue, which ~s of  the same 
order of magnitude as the K,, value. The second characteristic feature is the low 
~eloc~ty of glutamate uptake compared to those of  other mltochondrlal amon 
transporters: th~s is a strong limitation to the role of glutamate as a carrier of reducing 
eqmvalents into the mltochondrion. The main role of  glutamate might well be to 
feed the mltochondnal matrix with ammoma.  Indeed, as we have shown, glutamate 
uptake is rapid enough to prowde intram~tochondrial ammonia for carbamyl phos- 
phate synthesis, the velocities of  glutamate uptake and of urea synthes~s are of the 
same order of magnitude. Thus, the values of K,, and V suggest that glutamate 
transport across the mitochondnal membrane m~ght have a regulatory function m the 
physiology of the liver cell. 

The pH and temperature effects on glutamate transport do not differ s~gnlf- 
icantly from those of other mitochondnal amon transporters, and deserve no further 
comment 

NOTE A D D E D  IN PROOF (Recewed October 31st, 1973) 

The data presented m this paper are in good agreement with those, just pub- 
hshed, of  Bradford, N M. and McGwen, J. D. (1973)Biochem. J. 134, 1023-1029. 
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