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1. In t roduc t ion  

Ea t  fiver m i t o c b o n d d a  c:m accumulate  large 
quanti t ies o f  Ca ~÷ m the inner  ma t r ix  c o m p a r t m e n t  
b y  an energy-linked process.  I t  was demons t r a t ed  tha t  
this Ca 2÷ r~ptake is associated wffh a s to i ch iometdc  
eject ion o f p r o t 3 n s  [ 1 - 3 ] .  Anions such as phospha te ,  
acetate  and b icarbonate  which pe rmea te  electro-  
neu t r aUy  can  s u p p o r t  and  a c c o m p a n y  this  ene rgy -  
l inked Ca 2÷ t ranspor t  in respiring rat  liver mi tochon-  
dria [4] and cause acidification o f  the  matrLx. In 
contrast ,  anions which pe rmea te  e lectrogemcal ly  
wi thou t  net  t ranspor t  o f  p ro tons  in to  mat r ix  (ni t ra te ,  
t h i o c y a n a t e )  d o  n o t  a c c o m p a n y  Ca z÷ t r a n s p o r t  [ 4 ] .  

There  is n o w  a wide agreement  tha t  the driving force 
for  Ca z÷ u p t a k e / n  the presence o f  pe rmean t  anions is 
the electrical c o m p o n e n t  o f  the  electrochemical 
p r o t o n  g rad ien t  de r ived  f r o m  resp i r a t ion  o r  A T P  

hydrolysis  [5 ] .  A cont roversy  has been  recent ly  
developed concerning the rat io H ÷ ejected/Ca ~÷ taken  
up ,  whether  there are two  (+) charges [6] or  one (+) 
charge [7~ when  phospha te  m o v e m e n t s  are inhibited.  

We present  here  data  showing tha t  g lu tamate  can  
a c c o m p a n y  Ca ~-+ up take  m respiring rat  liver mi to-  
chondda .  Glu tamate  can enter  rat  Hver mi tochondr ia  

Abbrev ia t ions:  Pi, inorgarfic phosphate; Ttis, Tris (Hyd~oxy- 
methyl) am~omethane;  Hopes, tV-2-hydzoxyeehy!piperazLne- 
2V*2-ethanesulfonie add;  Va~, valinomyein; Rot,. rotenone; 
Suce, succ~nate; G[u,: #utamate~ NEM, N-ethylIrtale~-nide 
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b y  two t ranspor t  systems: a ~u t ama te / a spa ra t e  
exchange [:g--lO] and a iV-ethylmale~xfide sensitive 
g lu tamate /H + co- t ransport  [11 - -15 ] .  Our  data  are 
consis tent  vdth  a co- t ranspor t  g lu tamate /Ca 2÷ medi-  
a ted by  this last transpo~-t system. 

2. Materials and  me thods  

2.1. Isolation o f  mitochondna 

Rat  hver m i t o c h o n d d a  were isolated according to  
[16] m 0.25 M sucrose,  2 mM Tris--HCl, p H  7 A .  
Pro te ins  were  dete~wnLned by  t h e  B iu re t  m e t h o d  [ 7 ] .  

2.2. [ 3,-¢] Glut~mate incorporation 
The technique used was derived f rom [12] and 

r e c e n t l y  desc r ibed  Ln deta i l  [ 1 8 ] .  

2.3. Ca 2+ uptake 
Atomic  absorpt ion determinat ions  have been made  

wi th  a Perkm Ehner  spectrophotometer 420. 
Changes hl the  ext rami tochondr ia l  conce,~tration 

o f  free Ca W were moni to red  b y  use o f  a Ca 2÷ selective 
electrode (Phflips I S 5 6 ! )  developed [19] .  The elec- 
t rode potent ia ls  were amplif ied by  a Orion 801 A 
ionomete r  which drove a Sefram recorder.  

Mitochondfial  swelling, ir~tiated b y  addi t ion o f  
190/~M Ca z~, were moni to red  at 546 n m  hi a cell 
p h o t o m e t e r  contah~h~g 1 ml  1 O0 mM Tr~s--glutamate, 
p H  7.2. 
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3 .  R e s u l t s  a n d  d i s c u ~ i o n  

3 . 1 .  St imula t ion  o f  g lu tamate  up take  b y  val inomycin 
and  Ca 2+ 

F i g u r e  1 s k o w s  t h a t  r a t  l i v e r  n ~ t o c n o n d r ~ a ,  i n c u -  

b a t e d  ht the presence o f  5 mM p~ta~,Llm zlu~arnate, 
absorb approx. 5--6 nmol glutamate/rag protem/nfin. 
This absorption is reduced !0--15% by ro-enone [ 18] 
b u t  is c o n s i d e r a b l y  i n c r e a s e d  b y  v a I ~ n o m y : i q  w h i c h ,  

in the presence o f  K*, stimulated the transmembr~ne 
ApH [20,21 ]. Addition of  50 natoras CaZ~t rag protein 

v a I  

o c~z" 

\ 

o 

Z 
v a f + P i  

Fig. 1. StimuLation o f  g lu t ama te  a c c u m u l a t i o n  b y  val ino-  
myc in  and  Ca ~+. l~f i tochondr~,  2 rag, were p r e i n c u b a t e d  in  
E p p c n d c r f  cups  in 1 ml  m e d i u m  (200  mM sucxor~, 5 mM 
Mb~l~, 19 mM Hel~s - -KOH buffer ,  p H  7.4 a n d  [ ~ C ]  sucrose).  
G l u t a m a t e  tr .ansport was in i t i a ted  by  adding  [~H]gIu tamate  
(K* salt)~ S mM final  concen t r a t i on ,  a n d  s t opped  b y  rap id  
cen t r i fugaf ion  wiLh an  E p p e n d o r f  3 2 0 0  microcent r f fuge .  The  
gupe rna~mt  was dLsearded and  the  pe~let dissolved in 0 .2  ml  
fo rmic  a,.~d. T h e  rad ioac t iv i ty  (~H and  ~'~C) o f  t he  pel le t  w ~  
me~.uced  wi th  a n  In t e r t ech rdqoe  SL 4 0  sein*JEL~on coun t e r  
in  the  ~OPOP/PPO sys tem.  T h e  [~ 'C]sucrose  pe rmeab le  
space wa3 f o u n d  to  range  f.~om 1.5 td  to  2 u l /mg  pro te ins .  
F ~ r  each  expe r imen t ,  [~H]g lu tamate  in  t he  m a t r i x  space 
(sucrose impenneab!e )  w ~  ca lcula ted  b y  subs t ra t ing  [~H]-  
~ l u ~ r ~ a t e  p resen t  in  th~  ~ ¢ ' ~ o ~  ~ @ ~ .  Va~no~ayc=~-~ 2 0  rig/ 
m g  pzoteL% Ca z* 5 0  h a r e m s / r a g  p ro te ins ,  Pi 5 raM. 

increases glutamate uptake to the same extent as the 
vaJinoraycin--K ÷ system. 

in contrast, addition of 5 raM P~ stops glutamate 
u p t a k e  w h e t h e r  C a  ~" is  p r e s e n t  o r  n o t .  V & e n  v~_ffno- 
rayc/n is also present, Pi eon~derably reduces 
glutamate upt~'-~ (4 nmels [*H]Glu/mg proteins, 
instead of  22). It has been clearly established that 
phosphate uptake  by mitochondria is contro~ed by 
t h e  t r a n s m e r a b r a x ~ e  A p H  [ 2 2 , 2 3 ] .  I n  t h e  p r e s e n c e  o f  

Ca ~÷ or o f  valmomye~n there zppear~ to be competi- 
tion between Lhe phosphate/H* and the glutaraate/H* 
co-transports in relation to the transraerabr:=~e ApH. 
The presence o f  Ca 2÷ favours the phosphate/Ca ~÷ co- 
transport. 

A s m a l i  p a r t  o f  t h e  r e d u c t i o n  i n  r a d i o a c t i v i t y  

m e a s u r e d  i n  t h e  p r e s e n c e  o f  Pi  m a y  b e  d u e  t o  a Pi]  

[ 3 H ]  d i c a r b o x y h t e  e x c h a n g e  r e s u l t i n g  f r o m  [ s E ] -  

glutamate metabolism. 

3.2. The e f f e c t  o f  g lu tamate  on  Ca z~ up take  
3.2.1. Mitoehondrial Ca z+ determined by atomic 

absorption 
Figure 2 shows that, in the absence o f  any added 

s u b s t r a t e ,  t h e  n f i t o c h o n d r i a  c o n t a i n  a b o u t  5 n a t o r n s  
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Fig.2. Ef fec t  o f  g~utam~te o n  Ca 2÷ ~-~affon. Mitochondx-fia, 
2 xng, wer~ ~ c u b a t e d  in  ~ e  ~ n ~  c o n ~ t i o ~ s  as fo r  ~ n ~ t e  
u p t a k e  essay~ ( f ig . l ) .  C~ z+, 50  n a t o m s / m g  p ro t e in ,  was ~ t i a J t y  
pre~ent  in  t he  m e d i u m  and  t he  t e ae f i en  was in i t i a ted  by  
adding  m i t o e h o n d d a  a n d  s t opped  b y  cen~- f fu~t~on  at  var ious 
t imes.  L~ each  ease the  pel le t  was dLssolved in 0.2  rrd formic, 
~_e~d fo r  Ca  z~ d e t e n n h a ~ o n  b y  a t o m i c  abso rp t ion .  ( - o - o - )  
~z,~- .~_ncorl~orafion. (- -.o- -~- -) Ca ~" inco rpora f fon  ~ t h  5 m M  
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Fig.3. Cor re la t ion  be t w een  g lu t ama te  a n d  Ca ~- i nco rpora t ion .  
[3H]Gla~mate and Ca ~+ incorporation were deterroAned in 
cond i t ions  descr ibed in  fig.1 ( [*H]GIu . )  and  fig.2 ( C a ~ ) .  
( - - e - - o - - )  G l u t a m a t e  accumula t ion .  ( - - X  - - X  - - )  Ca  ~+ 
accumula t ion .  

Ca2~/mg prote in .  In  the  presence o f  5 m M  glu tamate  
they  accumula te  up t o  22 na toms  Ca2*/mg prote in .  

Figure 3 shows tha t  there is a Hnear regre~shm o f  
t h e  q u a n t i t i e s  o f  C a  2÷ a n d  [ 3 [ - I ] g l u t a r a a t e  a b s o r b e d  
a n d  t h e  c o n c e n t r a t i o n  o f  C a  2÷ i n  t h e  i n c u b a t i o n  

medium.  

3 _2.2. C h a n g e  i n  e x t r a m i t o c h o n d r i a l  f r e e  C a  2÷ c o n c e n -  
t r a t i o n  d e t e r m i n e d  b y  a s p e c i f i c  C a  2÷ e l e c t r o d e  

i n  t h e  a b s e n c e  o f  a n y  a d d e d  s u b s t r a t e  m i t o c h o n d r i a  

£m relatively little Ca 2÷ (f igAA).  The addi t ion  o f  5 
triM glu tamate  induces active pene t ra t ion  o f  mi to-  
chondr ia  b y  Caw* and af ter  a few minutes  all the avail- 
a b l e  C a  w* is  f i x e d .  T h i s  r a i s e s  t h e  q u e s t i o n  o f  w h e t h e r ,  
i n  s u c h  a n  e x p e r i m e n t ,  g l u t a m a t e  is i n v o l v e d  o n l y  as  a 
s u b s t r a t e  g e n e r a t i n g  the e n e r g y  f o r  Caw* t r a n s p o r t  o r  

a s  a n  a n i o n ,  i n d i s p e n s i M e  t o  Caw* ~ r a n s p o r t ,  b e f o r e  i t  is  

o x i d i s e d .  
I n  f i g A B  i t  caun b e  s e e n  t h a t  t h e  a d d i t i o n  o f  

succinate in the presence o f  ro tenone  (protonwnotive 
force generator)  induces a sl~jht Ca v pene t ra t ion ,  in 
contras t ,  m the same condi t ians ,  glutan'tate addi t ion 
gives rise to  comple te  Caw* ~xa t ion .  Figure 4C shows 

Glu 

M i t e  

Ca2 + 

/ 

C, du / "  
Succ [ / 

I /  

c 2  + 

/ 

Glu Sm:c 

B C 

FigA.  Ef fec t  o f  g lu tamate  o n  e x t r a m i t o c h o n d d a l  Ca a÷ c o n c e n t r a t i o n  measured  w i t h  a Ca 2÷ s p e c t r e  e lec t rode.  Mi tochondr ia ,  
1 rag, were  i n c u b a t e d  in S mi  m e d i u m  (20  m M  sucrose,  20  mM KCt, I l l  mM H e p e s - K O H ,  pH 7.2). Ca 2÷ (100  na toms)  was added  
before  m i t o c h o n d r i a .  Changes  in  Ca 2÷ c o n c e n t r a t i o ~  wc~e m o n i t o r e d  w i th  a Ca~-specif ic  e lec t rode  P~ni!ips comnectcd to  a Or ion  
801 A i o n o m e t e r  w i th  a Sef ram recorder .  G l u t a m a t e  5 raM, succ ina te  5 raM, r o t e n o n e  1 gg. 
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t r a n s m e m b r a n e  A p H ,  is a p o w e r f u l  h~h ib i to r  o f  
g l u t a m a t e  t r a n s l o c a f i o n .  I n  o u r  e x p e r i m e n t a l  c o n -  
d i t i o n s ,  p h o s p h a t e  u t i l i z e s  t h e  t r a n s m e m b r e n e  ~ p H  
t o  i t s  o w n  a d v a n t a g e .  

. T h e  g l u t a m a t e / C a  2÷ c o - t r a n s p o r t  is f inhibi ted i f  
g l u t a m a t e  o x i d a t i o n  is b l o c k e d  b y  r o t e n o n e .  Th is  
i n h i b i t i o n  is r e m o v e d  i f  s u c c m a t e  is a d d e d  t o  t h e  
i n c u b a t i o n  m e d i u m .  

3 .  T h e  i n ~ b i t i o n  o f  g l u t a m a t e / C a  2÷ c o - t r a n s p o r t  b y  
N E M  suggests  t h a t  t h e  g l u t a ~ n a t e [ H  ÷ t r a n s p o r t  
s y s t e m  is i nvo lved .  

Fig.5. Energy-Hnked swelling induced by Ca --+ o f  rat  liver 
mitochondria in Tris ~utamate .  Mffochondria, 1 rag, were 
added to I ml 0.1 uM Tris-glutamate ,  pH 7.2. Ca ~ i 0 0  
harems:. NEM i00  nmol, succinate 5 m_M, rotenone 1 vg. 

t h a t  g l u t a m a t e  a d d e d  in  t h e  p r e s e n c e  o f  r o t e n o n e ,  
w h i c h  h th ib i t s  i t s  o x i d a t i o n ,  d o e s  n o t  resui£ it, Ca  2+ 
f-Lxat~o:n. F o l l o w i n g  s u c c i n a t e  a d d i t i o n  resu l t s  i m m e d i -  
a t e l y  in  c a l c i u m  g l u t a m a t e  u p t a k e .  

3 .2 .3 .  l d i t o c h o n d r i a  swel l ing  i n d u c e d  b y  c a l c i u m  
Ldutamate  

When  t h e  m i t o c h o n d r i a  a re  i n c u b a t e d  in  t h e  
p resem:e  o f  100 m M  T r i s - - g l u t a m a t e ,  n o  sweUkng is 

obse rved .  T h e  a d d i t i o n  o f  100/A~I Ca z÷ i n d u c e s  
swel l ing  w h i c h  c a n  be  i n h i b i t e d  b y  N - e t h y l m a l e i m i ¢  e 

( n g . 5 h ) .  
R o t  enone  a d d i t i o n  also causes  hnb_ibition w h e r e a s  

s n c c m a t e  r e -es tab l i shes  swelJing ( f ig .SB) .  C a l c i u m  
g l u t a m  ate p e n e t r a t i o n  is t h u s  a n  e n e r g y - r e q u i r i n g  

proees, , ; . .When # u t a m a t e  o x i d a t i o n  is i n h i b i t e d  b y  
ro teno :ae ,  succ ina t e  a d d i t i o n  a f t e r  Ca ~ resu l t s  in  

g l u t a m a t e - - C a  ~ t r a n s p o r t  ( f ig .5C) .  

4 .  C o n c [ u d o r a  

O u r  resu l t s  sugges t  t h a t  t h e r e  is c o t r a n s p o r t  o f  
~Ju tama te  a n d  Ca 2+ in  r a t  l ive r  r n i t o c h o n d r i a  a n d  t h a t  
t h e  p r o c e s s  r equ i r e s  e n e r g y ,  Th is  hypoLhes i s  is sup -  

p o r t e d  b y  the  follo~4ang fac t s :  

1. P h o s p h a t e ,  w h o s e  ac t ive  t r a n s p o r t  is l i n k e d  t o  t h e  

A c k n o w | e d g e m e n t s  

T h a n k s  are  du~ t o  D G R S T  ( c o n v e n t i o n  7 6 . 7 . 1 1 7 1 ) .  
We are  g r a t e fu l  t o  P ' rofessor  D u c h e n e - M a r u l ! a z  fo r  
t h e  use o f  t he  P e r k i n  ELmer a t o m i c  absorption 
s p e c t r o m e t e r .  
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