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I n t e r a c t i o n  o f  a d e n i n e  n u c l e o t i d e s  w i t h  the  a d e n i n e  n u c l e o t i d e  t r a n s l o c a s e  
r e g u l a t e s  the  d e v e l o p m e n t a l  c h a n g e s  in p r o t o n  c o n d u c t a n c e  o f  the  inner  
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2-h-old neonatal liver mitochondria, when depleted or" adenine nucleotides, showed an "ohmic" current--voltage relationship and a higher passive 
proton i~rmeability o f  the membrane, resembling fetal mitochondrial behaviors for the proton conductanc©. Incubation of  fetal mitochondria with 
ATP, G D P  or carboxyatractylosicle promoted a significant reductio~t in the passive proton permeability of  the membrane and the appearance of 
the characteristic biphasic behavior for the proton conductance. It is concluded that the postnatal increase in intramitochondrial adenine nucleotide 
corto~'ntration promotes, by the interaction of  the nucleotides with the adenine nucleotide translocase, the reduction in the passive proton 

permeability of  the mitochondrial membrane, allowing efficient energy conservation in the neonatal liver. 

ATP/ADP ant[porter; Adenine nucleotide; Proton conductance; Passive proton t~.rmeability: Liver development 

1. I N T R O D U C T I O N  

T h e  f i r s t  h o u r s  o f  l i fe  in  t h e  t i s s u e s  o f  m a m m a l i a n  
n e o n a t e s  a r e  c h a r a c t e r i z e d  b y  s u d d e n  c h a n g e s  in  t h e  
m e t a b o h c  p a t h w a y s  r e l e v a n t  f o r  e n e r g y  p r o v i s i o n .  D i f -  
f e r e n t i a t i o n  o f  m i t o c h o n d r i a  [1,2] a l l o w s  t h e  a c h i e v e -  
m e n t  o f  a f u n c t i o n a l  e n e r g y  c o n s e r v i n g  o r g a n e l l e  [ ! ]  
t h a t  s u p p l i e s  t h e  r e q u i r e d  e n e r g y  f o r  t h e  d e v e l o p m e n t  
o f  t h e  m e t a b o l i c  p a t h w a y s  a n d  c e l l u l a r  f u n c t i o n s  n e e d e d  
f o r  s u c c e s s f u l  a d a p t a t i o n  t o  e x t r a u t e r i n e  l i fe .  P o s t n a t a l  
m i t o c h o n d r i a l  d i f f e r e n t i a t i o n  in  r a t  l i ve r ,  i .e .  t h e  a c -  
q u i s i t i o n  o f  t h e  u l t r a s t r u c t u r a l ,  m o l e c u l a r  a n d  f u n c -  
t i o n a l  f e a t u r e s  o f  a d u l t  m i t o c h o n d r i a ,  is  a c c o m p l i s h e d  
b y  t h e  s y n e r g i s t i c  a c t i o n  o f  t w o  m a i n  p r o c e s s e s :  (i)  a 
p r e f e r e n t i a l  p o s t n a t a l  i n c r e a s e  in  t h e  r a t e s  o f  p r o t e i n  
s y n t h e s i s  f o r  m i t o c h o n d r i a l  p r o t e i n s ,  i n v o l v e d  in  b o t h  
t h e  b i o e n e r g e t i c  [ i ]  a n d  m e t a b o l i c  f u n c t i o n s  [3] o f  t h e  
o r g a n e l l e ,  a n d  ( i i )  t h e  p o s t n a t a l  i n c r e a s e  in  i n t r a m i t o -  
c h o n d r i a i  a d e n i n e  n u c l e o t i d e  c o n c e n t r a t i o n s  [1,4,5] .  
T h e  f o r m e r  p r o c e s s  s e e m s  t o  b e  c o n t r o l l e d  a t  a t r a n s l a -  
t i o n a l  l e v e l  [6]. O n  t h e  o t h e r  h a n d ,  t h e  m i t o c h o n d r i a i  
e n r i c h m e n t  i n  a d e n i n e  n u c l e o t i d e s ,  a m e c h a n i s m  in -  
d e p e n d e n t  o f  p r o t e i n  s y n t h e s i s  [ ! ] ,  p r o m o t e d  t h e  u l t r a -  
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tetraacetic acid; Jn ' ,  proton r~piratory ra t~ ;  Ln+, passive proton 
I~uteabili ty;  UCP, uncoupling protein. 
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s t r u c t u r a l  c h a n g e s  t h a t  r e s u l t  in t h e  r a p i d  p o s t n a t a l  
m a t r i x  v o l u m e  c o n t r a c t i o n  o f  t h e  o r g a n e l l e  | ! ]. I n  a d d i -  
t i o n ,  i t  h a s  b e e n  s u g g e s t e d  t h a t  a d e n i n e  n u c l e o t i d e s  in-  
t e r a c t  w i t h  t h e  i n n e r  m i t o c h o n d r i a l  m e m b r a n e s  t o  t r a n s -  
f o r m  t h e s e  i n t o  f u n c t i o n a l  e n e r g y - c o n s e r v i n g  s y s t e m s  
[7 -9] .  T h i s  is a r e a s o n a b l e  s u g g e s t i o n  s i n c e  t h e  p a s s i v e  
p r o t o n  p e r m e a b i l i t y  o f  t h e  m e ~ b r a n e  e x p e r i e n c e s  a 
p r o f o u n d  r e d u c t i o n  s h o r t l y  a f t e r  b i r t h  [10]. T h e  a i m  o f  
t h e  p r e s e n t  i n v e s t i g a t i o n  w a s  t w o - f o l d :  (i) t o  d e m o n -  
s t r a t e  t h a t  t h e  p a s s i v e  p r o t o n  p e r m e a b i l i t y  o f  t h e  i n n e r  
m i t o c h o n d r i a l  m e m b r a n e  is r e g u l a t e d  b y  a d e n i n e  n u -  
c l e o t i d e s  a t  t h i s  s t a g e  o f  d e v e l o p m e n t  a n d  (i i)  t o  i d e n t i f y  
t h e  t a r g e t  p r o t e i n  f o r  a d e n i n e  n u c l e o t i d e  a c t i o n  o n  t h e  
b i o e n e r g e t i c  b e h a v i o r  o f  t h e s e  m e m b r a n e s .  

2. M A T E R I A L S  A N D  M E T H O D S  

Term newborns (5.2 + 0.1 g) were obtained by rapid hysterectomy 
from cervk:ally dislocated timed-pregnant rats | 1 ]. Liver mitochondria 
were isolated |1] from 0- and 2-postnatal-h-old newborns. 

Protein concentration and mitochondrial r~piration, n~mbrane 
potential (AtW), and ATP+ADP coneerttrations, were assayed as 
reported previously [I,10], Proton currents (J.*) were estimated from 
the respiratory rates assuming a H*/0 stoiehiometry of  6 [! 1,12] and 
were determined simultaneously with electrode measurements o f  
[10]. For  the determination of  JK~4~p" relationships, mitochondrial 
respiratory rates were titmted against JW by addition o f  the respi- 
r a to ry  inhibitor malonate (0-25 raM) [10]. The effects of  $ rain pre- 
incubation at 0°C of  ATP (! pmol/mg protein) ÷ ollgom:t~cin (2 omol/ 
mg protein), G D P  (I ,umol/mg protein), oligomycin (2 nmol/mg 
protein) and carboxyatractylosid© (10 nrr, ol/mg protein) in Ju*--~ 
relationships were studied in 0-h-old mitochondria. J~*-4W rela- 
tionshil~ were also dete,~nined in K*-pyrophosphate (0.01,0. ! and 0.5 
raM) adenine nucleotide-depleted [ ! 3] mitcchondria from 2-h-old rats. 
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Estimation of  the passlx e p v o l o  "! p~rmeability (L , -  t of  the membranes  
was carried out from the sloI.~C of  the experimcnta! data  that  fitted into 
a line at low va|ues o1"-~ [10.14]. 

3. R E S U L T S  

M a l o n a t e  t i t r a t i o n  o f  r e s p i r a t o r y  r a t e s  a g a i n s t  t h e  
m e m b r a n e  p o t e n t i a l  in  s t a t i c  h e a d  o f  2 - h - o l d  n e o n a t a l  
l i v e r  m i t o c h o n d r i a  e x h i b i t e d  t h e  c h a r a c t e r i s t i c  a d u l t  
" n o n - o h m i c "  b e h a v i o r  f o r  t h e  p r o t o n  c o n d u c t a n c e  [10]  
a n d  c l o s e  t o  a d u l t  v a l u e s  f o r  t h e  e s t i m a t e d  p a s s i v e  
p r o t o n  p e r m e a b i l i t y  o f  t h e  m e m b r a n e  [10]  ( s e e  a l s o  i n -  
s e r t  t o  F i g .  i ) .  i n  o r d e r  t o  a s c e r t a i n  t h a t  t h e  r e p o r t e d  
d e v e l o p m e n t a l  c h a n g e s  i n  J n + - A g  b e h a v i o r  a n d  in  t h e  
p a s s i v e  p r o t o n  p e r m e a b i l i t y  [10] r e s u l t e d  f r o m  c h a n g e s  
i n  t h e  i n t r a m i t o c h o n d r i a l  A T P + A D P  c o n c e n t r a t i o n s  
[ I , 4 , 5 ] ,  2 - h - o l d  n e o n a t a l  m i t o c h o n d r i a  w e r e  i n c u b a t e d  
i n  t h e  p r e s e n c e  o f  v a r i o u s  K * - p y r o p h o s p h a t e  c o n c e n t r a -  
t i o n s  a n d  t h e  J H + - d g  b e h a v i o r  a n d  p a s s i v e  p r o t o n  p e r -  
m e a b i l i t i e s  d e t e r m i n e d  ( F i g .  ! ) .  T h i s  t r e a t m e n t  is  k n o w n  
t o  p r o m o t e  a n  a d e n i n e  n u c l e o t i d e  t r a n s l o c a s e - c a t a l y z e d  
e x c h a n g e  o f  e x t r a m i t o c h o n d r i a l  p y r o p h o s p h a t e  f o r  i n -  
t r a m i t o c h o n d r i a l  a d e n i n e  n u c l e o t i d e s ,  t h u s  p r o m o t i n g  
a n  a d e n i n e  n u e l e o t i d e  d e p l e t i o n  d e p e n d e n t  u p o n  t h e  
c o n c e n t r a t i o n  o f  p y r o p h o s p h a t e  p r e s e n t  {! 3]. i n  a g r e e -  
m e n t  w i t h  p r e v i o u s  f i n d i n g s  [13] ,  K + - p y r o p h o s p h a t e  
p r o m o t e d  a c o n c e n t r a t i o n - d e p e n d e n t  A T P + A D P  
d c p l e t i o n  f r o m  2 - h - o l d  n e o n a t a l  m i t o c h o n d r i a  ( T a b l e  
I) .  U n d e r  t h e s e  c o n d i t i o n s ,  w h e n  7 0 %  o f  t h e  i n t r a m i t o -  
c h o n d r i a l  A T P + A D P  h a s  b e e n  d e p l e t e d ,  t h e  p r o t o n  
c o n d u c t a n c e  o f  t h e  m e m b r a n e  c h a n g e s  f r o m  t h e  c h a r a c -  
t e r i s t i c  b i p h a s i c  ( F i g .  I A )  t o  t h e  ' a n o m a l o u s "  ( F i g .  I C )  
l i n e a r  b e h a v i o r  r e p o r ! e d  t ~  ~ u r  in  fe~al  m i t c ~ h o n d r i a  
[10] ( s e e  a l s o  i n s e r t  t o  F i g .  2) .  T h e s e  c h a n g e s  r e s u l t e d  in  
a s i g n i f i c a n t  3 - f o l d  i n c r e a s e  in t h e  p a s s i v e  p r o t o n  p e r ~  
m e a b i l i t y  o f  t h e  m e m b r a n e  in  2 - h - o l d  n e o n a t a l  m i -  

Table I 

Effect o f  adenine nucleotide depletion on A T P + A D P  concentra t ion  
in the 2-h-old neonatal  mitochondria  

K ' -py rophospha t e  (mM) ATP + A D P  (% initial) 

None  100 
O.01 5 "7 + 3* 
0.1 40 ± I** 
0.5 29 ± 4"** 

Liver mitochondria  (I mg/mt) from 2-h-old neonates were incubated 
for  5 rain at 37°(:: i~1 the absence or  presence o f  various K*-pyrophos-  
phate  concentrations.  At  the end o f  incubation n,~tochondria were 
isolated by centrifugation and resuspendcd in the same mgdium (250 
mM sucrose. I m M  Tris-HCI, 0.3 mM EGTA,  0.2~¢, 8$A,  pH 7.4) 
devoid of  K*-pyrophosphate ,  for the 0.eterrnination o f  A T P + A D P  
concentrat ion.  A T P + A D P  concentra t ion in 2-h-old neonatal  mito- 
chondria incubated in the absence of  K ' -py rophospha te  was 3.6 ± 0.6 
nmol/mg protein. The results shown are means  ± SEM. *P<0.0005 
when compared  to  undepleted mitochondria .  **P<0.0025 when com- 
pared to 0,01 m M  K ' -py rophospha tc  and  "**P<0.025 when com- 
pared to 0. I mlV[ K*-pyrophosphate-depleted mi tochondr ia  by Stu- 

dent ' s  f-test. 
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Fig. 1. Effoct of  adenine nuclcotide deplet ion on the passive p ro ton  
permeabili ty and  pro ton  conductance  o f  the inner mitochondria l  
membrane  in 2-h-old neonatal  rat  liver mi tochondria .  2-h-old neona-  
tal rat liver mi tochondr ia  were incubated with various K*-pyro-  
phospha te  (PPi )concent ra t ions  (A. 0.01 raM: B, 0.1 raM; C. 0.5 raM) 
to  p romote  adenine nucteotide deplet ion (see legend to Table l)° 
Adenine nucleotide-depleted mi tochondr ia  (I mg/ml) were incubated 
at 30°C in a s tandard  oxygen electrode buffer with 2.5 ~tM rotenone 
and 8 m M  sodium succinate for the s imultaneous detern~ination o f  
state 4 respiratory rates and  membrane  potentials (z~e). Mitochondria l  
respiratory rates were t i t rated by addit ion o f  the respiratory inhibi tor  
malonate  (0-25 raM) and plot ted against  z ~ .  P ro ton  fluxes (JH + were 
calculated f rom respiratory rates assuming a cons tan t  H+/0 stoi- 
chiometry  o f  6. Passive pro ton  imrmeabitities (LH*, nmoI H+/min.mg 
protein-mV) were calculated f rom the slope o f  the experimental  da ta  
that  fitted into a line at  low values o f  membrane  potential .  The results 
shown are means + SEM. "P<0.0005 when compared  to  2-h-old 
undepletcd neonatal  mitochondria .  (Insert  in A) The JH~--z~ rela- 
t ionship and LH* value for 2-h-old neonatal  adenine  nncleotide-un- 

depleted mitochondria .  

t o c h o n d r i a  ( F i g .  1),  r e a c h i n g  t h e  v a l u e s  r e p o r t e d  f o r  t h i s  
p a r a m e t e r  i n  f e t a l  m i t o c h o n d r i a  [10] ( s e e  a l s o  i n s e r t  t o  
F i g .  2 ) .  F u r t h e r ,  t h e  m a x i m u m  p r o t o n  c u r r e n t s  a s s a y e d  

2 2 6  
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Fig. 2. Effect of the incubation of fetal rat liver mitochondria with ATP. 
oligomyein. GDP and carboxyatraetyloside on the passive proton par- 
meability and proton conductance. 0-h-old rat liver mitochondria (1 
mg/ml) were incubated with ATP + oligomycin (A). oligornycin (B). 
GDP (C) and carboxyatractyloside (D). as indicated. Mitochondrial 
respiratory rates were titrated by the addition ofmalonate (0 25 raM) 
and plotted against z~ .  For other details see legend to Fig. i. Passive 
proton perm©abilities (LH*+ nmol H'tmin.r0g protein.mV) were calcu- 
lated. The results shown arc means +_ SEM. */'<0.0005 when com- 
pared to non-incubated 0-h-otd neonatal rat liver mitoghondria. (ln- 
ser~ in A) The J H * - ~  relationship and L n, value for 0-h-old non- 

incubated fetal liver mitochondria. 

s h o w e d  a s i g n i f i c a n t  d r o p  i n  A T P + A D P - d e p l e t e d  m i -  
t o c h o n d r i a  ( F i g .  ! C)o 

T h e  c l o s e  p a r a l l e l i s m  t h a t  e x i s t s  b e t w e e n  t h e  d e v e l -  
o p m e n t a l  c h a n g e s  in  i n t r a m i t o c h o n d r i a l  a d e n i n e  n u -  
c l e o t i d e s  [ I ,4 .5 ]  a n d  t he  r a p i d  p o s t n a t a l  d e c r e a s e  i n  t he  
p a s s i v e  p r o t o n  p e r m e a b i l i t y  o f  t h e  m e m b r a n e  [10], t o -  
g e t h e r  w i t h  t h e  r e s u l t s  r e p o r t e d  so  f a r  ( F i g .  I ,  T a b l e  I) ,  
l ed  u s  t o  f u r t h e r  s t u d y  t h e  e f fec t  J f  p u r i n e  n u e l e o t i d e s  
a n d  o f  c a r b o x y a t r a c t y l o s i d e  a n d  o l i g o m y c i n ,  o n  t he  
J H * - - A q / b e h a v i o r  a n d  p a s s i v e  p r o t o n  p e r m e a b i l i t y  o f  t h e  
f e t a l  m i t o c h o n d r i a  ( F i g .  2). F e t a l  m i t o c h o n d r i a  ex -  
h i b i t e d  a l i n e a r  b e h a v i o r  f o r  t h e  p r o t o n  c o n d u c t a n c e  
a n d  a 6 - f o l d  h i g h e r  v a l u e  f o r  t h e  e s t i m a t e d  p a s s i v e  
p r o t o n  p e r m e a b i l i t y  t h a n  a d u l t  m t t o c h o n d r i a l  
m e m b r a n e s  [10] (see a l s o  i n s e r t  t o  F ig .  2). I n c u b a t i o n  o f  
f e t a l  m i t o c h o n d r i a  w i t h  A T P + o I i g o m y c i n  p r o m o t e d  t h e  
a p p e a r a n c e  o f  t h e  b i p h a s i ¢  J , ÷ - , ~  b e h a v i o r  i n  p r o t o n  
c o n d u c t a n c e  a n d  a d r a s t i c  r e d u c t i o n  i n  t h e  e s t i m a t e d  
p a s s i v e  p r o t o n  p e r m e a b i l i t y  ( F i g .  2 A ) .  S t a t i c  h e a d  m a x -  
i m u m  p r o t o n  c u r r e n t s  w e r e  m u c h  l o w e r  t h a n  in  2 - h - o l d  
n e o n a t a l  ( i n s e r t  t o  F i g .  1) o r  a d u l t  [10] m i t o c h o n d r i a ,  
i n  a g r e e m e n t  w i t h  p r e v i o u s  f i n d i n g s  [ I , ! 0 ] .  T h e  f o r m e r  
e f f ec t s  o f  A T P * o l i g o m y c i n  a r e  d u e  t o  t h e  n u c l e o t i d e  
a l o n e ,  s i n c e  o l i g o m y c i n  i n c u b a t e d  m i t o c h o n d r i a  
s h o w e d  n o  c h a n g e s  f o r  b o t h  t h e  Ja~-- ,d~ b e h a v i o r  a n d  
f o r  t h e  e s t i m a t e d  Lx+ ( F i g .  2B ,  c o m p a r e d  t o  i n s e r t  t o  

F ig .  2). I n t e r e s t i n g l y ,  G D P  i n c u b a t i o n  p r o m o t e d  a 
r e d u c t i o n  in  t he  p a s s i v e  p r o t o n  p e r m e a b i l i t y  o f  the  
m e m b r a n e  ( F i g .  2C )  s i m i l a r  t o  t h a t  o b t a i n e d  w i t h  A T P  
i n c u b a t i o n  ( F i g .  2A) :  t h e  b i p h a s i c  b e h a v i o r  in JH* AW 
w a s  a l so  m a n i f e s t e d  ( F i g .  2C) .  F e t a l  m i t o c h o n d r i a  in -  
c u b a t e d  w i t h  C A t r  s h o w e d  a 2 5 - f o l d  r e d u c t i o n  in  the  
p a s s i v e  p r o t o n  p e r m e a b i l i t y  o f  t he  m e m b r a n e  (F ig .  21)). 
T h e  e f fec t  o f  C A t r  o n  t h e  LH+ o f  fe ta l  m i t o c h o n d r i a  v, a s  
e v e n  m o r e  p r o n o u n c e d  t h a n  t h a t  o f  A T P  o r  G D P  in -  
c u b a t e d  m i t o c h o n d r i a  ( F i g .  2 A  a n d  C ,  r e s p e c t i v e l y ) ,  
r e a c h i n g  a v a l u e  f o r  LH+ t h a t  w a s  e v e n  l o w e r  t h a n  t h a t  
r e p o r t e d  f o r  a d u l t  m i t o c h o n d r i a  [I0] .  F u r t h e r ,  C A t r  i n -  
c u b a t i o n  p r o m o t e d  (i) t h e  a p p e a r a n c e  o f  t h e  b i p h a s i c  
b e h a v i o r  i n  Jtt+--dW a n d  (ii) a n  i n c r e a s e  in  t h e  m e m b r a n e  
p o t e n t i a l  ( F i g .  2 D )  o f  t he  fe ta l  m i t o c h o n d r i a ,  i n  a g r e e -  
m e n t  w i t h  r e c e n t  f i n d i n g s  [15-17] .  

4.  D I S C U S S I O N  

I t  h a s  l o n g  b e e n  s u g g e s t e d  t h a t  a d e n i n e  n u c l e o t i d e s  
a f f ec t  l i ve r  m i t o c h o n d r i a i  f u n c t i o n  in  t he  p e r i n a t a l  
p e r i o d  [ 1 , 5 , 7 - 1 0 , 1 8 - 2 1 ] .  I n  fac t ,  it h a s  b e e n  c l a i m e d  t h a t  
t he  p o s t n a t a l  e n r i c h m e n t  in  i n t r a m i t o c h o n d r i a l  a d e n i n e  
n u c l e o t i d e s  [ ! ,4 ,5 ]  a c t s  a s  t h e  t r i g g e r  f a c t o r  o f  t he  
c h a n g e s  in  t he  p r o p e r t i e s  o f  t he  i n n e r  m i t o c h o n d r i a l  
m e m b r a n e ,  w h e r e b y  t h e  fgta l  m t t o c h o n d r i a  s w i t c h  f r o m  
a "leaky" e n e r g y  c o n s e r v i n g  s t a t e  t o  a ' n o n - l e a k y "  n e o n a -  
ta l  s t a t e  [7-9] .  W e  h a v e  r e c e n t l y  s h o w n  t h a t  d u r i n g  t h e  
f i r s t  h o u r  p o s t n a t a l ,  n e o n a t a l  r a t  l ive r  m i t o c h o n d r i a  
s u f f e r  a p r o f o u n d  r e d u c t i o n  i n  t he  p a s s i v e  p r o t o n  p e r -  
m e a b i l i t y  o f  t h e i r  m e m b r a n e s  [10], c h a n g i n g  f r o m  a 
s t a t e  o f  h i g h e r  e n e r g y  d i s s i p a t i o n  o f  t h e  p r o t o n  e lec-  
t r o c h e m i c a l  g r a d i e n t  ( fe ta l  m i t o c h o n c l r ; ~ )  t o  a n  a l m o s t  
m a t u r e  s t a t e  o f  e n e r g y  c o n s e r v a t i o n  ( l - h - o l d  m i -  
t o c h o n d r i a ) .  T h e  r e s u l t s  d e s c r i b e d  h e r e i n ,  (a )  t h a t  
a d e n i n e  n u c l e o t i d e - d e p l e t e d  m i t o c h o n d r i a  f r o m  2 - h - o l d  
r a t s  ( F i g .  ! )  s h o w  b o t h  a Ln+  a n d  a n  "ohmic"  p r o t o n  
c o n d u c t a n c e  b e h a v i o r  s i m i l a r  t o  t h a t  o f  fe ta l  m i -  
t o c h o n d r i a ,  a n d  (b )  t h a t  fe ta l  m i t o c h o n d r i a  p r e - i n -  
c u b a t e d  w i t h  A T P  ( F i g .  2)  s h o w  b o t h  a Ltt + a n d  a 
b i p h a s i c  ( ' o h m i c "  a n d  ' n o n - o h m i c ' )  p r o t o n  c o n d u c t a n c e  
b e h a v i o r ,  s i m i l a r  t o  t h a t  r e p o r t e d  f o r  n e o n a t a l  ( F i g .  ! 
i n s e r t )  o r  a d u l t  m i t o c h o n d r i a  ([10] a n d  r e f e r e n c e s  
t h e r e i n ) ,  s t r o n g l y  s u p p o r t  t h e  h y p o t h e s i s  t h a t  a d e n i n e  
n u c l e o t i d e s  a r e  r e s p o n s i b l e  f o r  r e g u l a t i n g  t h e  d e v e l -  
o p m e n t a l  c h a n g e s  in  LH+ a n d  p r o t o n  c o n d u c t a n c e  [I0]  
o.¢ t he  i n n e r  m i t o c h o n d r i a l  m e m b r a n e .  I n  a d d i t i o n ,  t he  
a l m o s t  c o m p l e t e  i n h i b i t i o n  o f  t h e  LH÷ a n d  t h e  a p -  
p e a r a n c e  o f  t h e  b i p h a s i c  b e h a v i o r  f o r  t h e  p r o t o n  c o n -  
d u c t a n c e  i n  f e t a l  r n i t o c h o n d r i a  p r e - i n c u b a t e d  w i t h  
C A t r ,  a spec i f ic  i n h i b i t o r  o f  t h e  A T P / A D P  a n t i p o r t e r ,  
i n d i c a t e  t h a t  m o s t ,  i f  n o t  al l  o f  t h e s e  c h a n g e s ,  a r e  
t r i g g e r e d  b y  c o n f o r m a t i o n a l  c h a n g e s  o f  t he  a d e n i n e  n u -  
c l e o t i d e  t r a n s l o c a s e  u p o n  t h e  i n t e r a c t i o n  o f  t he  a n t i -  
p o r t e r  w i t h  t h e  n u c l e o t i d e s .  

M i t o c h o n d r i a l  c h a n g e s  i n  LH+ a r e  a m e c h a n i s m  b y  
w h i c h  t h e  o r g a n i s m s  c o u l d  o p t i m i z e  h e a t  p r o d u c t i o n  o r  
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A T P  s y n t h e s i s  a c c o r d i n g  t o  e n v i r o n m e n t a l  c o n d i t i o n s  
[ 2 2 - 2 4 ] ) .  T h a t  is, t h e  h i g h e r  t h e  LH* t h e  h i g h e r  u t i l i z a -  
t i o n  o f  t h e  p r o t o n  e l e c t r t g = h e m i c a l  g r a d i e n t  a s  a s o u r c e  
f o r  h e a t  p r o d u c t i o n .  T h u s ,  t h e  f i n d i n g s  r e p o r t e d  in  t h i s  
p a p e r  s u p p o r t  S k u l a c h e v ' s  p r o p o s a l  f o r  t h e  i n v o l v e m e n t  
o f  t h e  A T P / A D P  a n t i p o r t e r  in t h e  u n c o u p l i n g  o f  o x i d a -  
t i ve  p h o s p h o r y l a t i o n  [22], a t h e r r n o g e n i c  m e c h a n i s m  
t h a t  c o u l d  o p e r a t e  in  m i t o c h o n d r i a  o f  t h o s e  t i s s u e s  
( s k e l e t a l  m u s c l e  a n d  l i v e r )  t h a t  l a c k  t h e  s p e c i f i c  t h e r m o -  
g e n i e  p r o t e i n  ( U C P )  t h a t  is f o u n d  in  b r o w n  a d i p o s e  
t i s s u e  m i t o c h o n d r i a  [25,26] .  T h i s  m e c h a n i s m  c o u l d  p l a y  
a n  ; m p o r t a n t  t h e r m o g e n i c  r o l e  in  s o m e  o r g a n i s m s  
( b i r d s )  [27]  o r  u n d e r  c e r t a i n  p h y s i o l o g i c a l  s i t u a t i o n s  
( f e t a l  d e v e l o p m e n t  [10] a n d  a c u t e  t h e r m a l  r e s p o n s e s  
[ 2 2 - 2 4 ] )  w h e r e  b r o w n  a d i p o s e  t i s s u e  t h e r m o g e n e s i s  is 
a b s e n t  o r  r e d u c e d .  T h e  U C P  a n d  t h e  A T P / A D P  a n t i -  
p o r t e r  s h o w  s t r u c t u r a l  a n d ,  t o  s o m e  e x t e n t ,  f u n c t i o n a l  
h o m c , l o g y  [28] ( f o r  r e v i e w s  s e e  [22 ,29] ) .  G D P  is a r e g u -  
l a t o r y  m o l e c u l e  o f  U C P  a c t i v i t y ,  a n d  in c o n t r a s t  t o  
C A t r ,  h a s  b e e n  s h o w n  t o  n o t  i n h i b i t  t h e  p a l m i t a t e - i n -  
d u c e d  s t i m u l a t i o n  o f  r e s p i r a t i o n  in m i t o c h o n d r i a  f r o m  
s k e l e t a l  m u s c l e  a n d  l i v e r  [15]. T h e  s u r p r i s i n g  f i n d i n g  
t h a t  G D P  p r e - i n c u b a t i o n  o f  f e t a l  m i t o c h o n d r i a  p r o -  
m o t e s  a d e c r e a s e  in  LN+ a n d  i n t r o d u c e s  t h e  c h a r a c -  
t e r i s t i c  b i p h a s i c  p r o t o n  c o n d u c t a n c e  b e h a v i o r  ( F i g .  2 C ) ,  
s i m i l a r  t o  t h a t  t r i g g e r e d  b y  A T P  ( F i g .  2 A ) ,  f u r t h e r  r e i n -  
f o r c e s  t h e  f u n c t i o n a l  h o m o l o g y  b e t w e e n  U C P  a n d  t h e  
A T P / A D P  a n t i p o r t e r  a s  t h e r m o r e g u l a t o r y  e l e m e n t s  o f  
u n c o u p l e d  r e s p i r a t i o n  [ 1 5 - 1 7 , 2 2 ] .  A t  l e a s t ,  u n d e r  a 
s i t u a t i o n  w h e r e  t h e  a d e n i n e  n u c l e o t i d e  c o n t e n t  o f  m i -  
t o c h o n d r i a  is  b e l o w  3 0 %  o f  i t s  n o r m a l  l eve l ;  t h a t  is,  m 
t h e  f e t a l  l i v e r  [ I , 4 , 5 ]  o r  u n d e r  in  v i t r o  c o n d i t i o n s  o f  
a d e n i n e  n u c l e o t i d e  d e p l e t i o n  ( F i g .  ! T a b l e  1). 

O n  t h e  o t h e r  h a n d ,  t h e  s u d d e n  13roton c u r r e n t  i n -  
c r e a s e  o b s e r v e d  in  a d u l t  o r  n e o n a t a !  m i t o c h o n d r i a  a t  
h i g h  v a l u e s  o f  m e m b r a n e  p o t e n t i a l  is  b e l i e v e d  t o  b e  t h e  
r e s u l t  o f  t h e  o p e n i n g  o f  v o l t a g e - g a t e l  i o n  c h a n n e l s  in  
t h e  i n n e r  m i t o c h o n d r i a l  m e m b r a n e  [30 ,3  i ] t o  p r e v e n t  i t s  
d i e l e c t r i c  b r e a k d o w n .  T h e  d i s a p p e a r a n c e  o f  t h e  ' n o n -  
o h m i c "  b e h a v i o r  f o r  t h e  p r o t o n  c o n d u c t a n c e  in  n e o n a t a l  
a d e n i n e - n u c l e o t i d e - d e p l e t e d  m i t o c h o n d r i a  ( F i g .  1 C ,  
T a b l e  t )  a n d  t h e  a p p e a r a n c e  o f  t h e  c h a r a c t e r i s t i c  "non-- 
o h m i c "  c u r r e n t - v o l t a g e  r e l a t i o n s h i p  in  A T P  o r  C A t r  
p r e - i n c u b a t e d  f e t a l  m i t o e h o n d r i a  ( F i g  2 A , D ) ,  s u g g e s t ,  
f i r s t ,  t h a t  a d e n i n e  n u c l e o t i d e s  a r e  r e g u l a t o r y  m o l e c u l e s  
o f  t h e  a c t i v i t y  o f  s u c h  c h a n n e l s ,  a n d  s e c o n d l y ,  t h a t  t h e  
A T P / A D P  a n t i p o r t e r  i t s e l f  is a b l e ,  un~_ler c e r t a i n  c o n d i -  
t i o n s  ( l o w  m i t o e h o n d r i a l  l e v e l s  o f  a d e n i n e  n u c l e o t i d e s ) ,  
t o  f o r m  s u c h  a c h a n n e l ;  a n  o b s e r v a t i c , - a  in  a g r e e m e n t  
w i t h  r e c e n t  p r o p o z a l s  f o r  t h e  a c t i v i t y  , s f  t h e  A T P / A D P  
a n t i p o r t e r  [32]. 
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