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$I~'M3~ARY 

The action of salicylate on various react ions associated ..with the  oxidative phosphory-  
lation sys tem of the  respira tory  chain  of mi toehondr ia  has  been invest igated.  The 
reactions s tudied were: (a) t h e  ~ P ~ P r - A T P  exchange reaction,  (b) the  Pt-HzmO 
exchange,  and  (c) ATPase  act iv i ty .  

Addit ion of sal icylate to  miltocho~ri_'al suspensions resul ted in inhibitiorL of 
bo th  exchange react ions ~ ~  by  a s t imula t ion  of ATPase.  z ,4-Dini trophenol  
had  a qual i ta t ively  similar act ion b u t  on a quan t i t a t ive  basis was found to be approx. 
xoo t imes as po ten t  as sal icyiate ~¢th  regard  to  inhibit ion of exchange reactions,  
and  at  a given level of i n h i b i ~  o! t h e  [mP~Pt-ATP exchange react ion resul ted in 
greater  s t imulat ion of ATPase  act ivi ty .  

The effects of other  compomtxls chemically or phalanacologically similar to 
salicylate were invest igated,  None of t h e  ecmli~unds approached salicylate or 2,4-di- 
nitrophen(,1 in their  abil i ty to  depress ~ I ~ I P r - A T P  exchange or s t imula te  ATPase 
act ivi ty.  

Under  appropr ia te  condit ions h m m m  ery throcyte  hemolysates  or the  IO54OO × g 
supe rna t an t  fraction of rat- l iver  homogenates  were found to catalyze a [3zP]PI-ATP 
exchange reaction. These exchange  ~ a c t i o n s  were found to be insensit ive to salicylate 
or  9,4-dinitrophenol. 

|X"'rRODUC"~ON 

Previous studies by BRODY a, PE.~NL~A- ~ aild PACKER et al. s have  demons t ra ted  t h a t  
salicylates are capable of uncoupling ~ o r y t a t i o n  from oxidation in the  respir- 
a tory  chain of mitochondrial  systems.  

Mitochondria from various s o ~  hax-e been found to catalyze a rapid reversible 
incorporat ion of [a2P]PI into ATP, a n d  an  oxygen-exchange react ion between water  
and  Pt under  condit ions of no ne t  electron flux in the  respira tory chain*. The la t te r  
react ion may  be measured  convenient ly  by  use of xsO ;n~,ially in water  or Pt. These 
reactions, te rmed respec t ivdy  t he  ~P~Pr-,*xTP and  the  P I -H  ~mO exchange reactions,  
have  been a t t r i bu ted  to  the  ~ . - l a t i o n  reactions associated wi th  oxidat ive  
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p h o s p h o r y l a t i o n  in t h e  r e sp i r a to ry  chain and  have  been  useful  pa rame te r6  in var ious  
inves t iga t ions  concerned  wi th  ox ida t ive  phosphory la t ion .  

T h e  pu rpose  of t he  inves t iga t ions  descr ibed  in th i s  pape r  was  to  explore  t h e  ac t ion  
of sa l icyla te  on t h e  a f o r e m e n t i o n e d  exchange  react ions .  

METHODS 

Rat - l ive r  m i t o c h o n d r i a  were  p r e p a r e d  f rom fas ted ra t s  of t h e  H o l t z m a n  s t ra in  es- 
sen t ia l ly  as descr ibed  b y  LARDY AND WELLMAN 5. T h e  final m i tochond r i a l  pellet  w a s  
s u s p e n d e d  in a v o l u m e  of 0.25 M sucrose equ iva l en t  in ml  to  t h e  n u m b e r  of g r a m s  of 
f resh l iver  employed .  T h e  resu l t ing  m i t o c h o n d r i a l  suspens ion  con ta ined  3 -4  m g  of 
n i t rogen /ml .  Iden t i ca l  p rocedures  were e m p l o y e d  for t he  p r e p a r a t i o n  of r a t - k i d n e y  
m i t o c h o n d r i a .  T h e  xo54oo ~ g s u p e r n a t a n t  f rac t ion  f rom ra t - l ive r  h o m o g e n a t e s  was  
p r e p a r e d  by  cen t r i fug ing  for 60 m i n  a t  40oo0  rev . /min  t h e  s u p e r n a t a n t  f rac t ion which  
r e m a i n e d  a f te r  s e p a r a t i o n  of t h e  ra t - l ive r  m i t o c h o n d r i a ,  cen t r i fuga t ion  was  pe r fo rmed  
wi th  a No. 4 ° r o t o r  in t h e  Spinco U l t r a c e n t r i f u g e  Model L. I n  Tab le  IV this  f rac t ion  
is re fe r red  t o  as  t h e  s u p e r n a t a n t  f rac t ion.  H u m a n  e r y t h r o c y t e  h e m o l y s a t e s  were  
p r e p a r e d  b y  cen t r i fug ing  Io  ml  of hepa r in i zed  freshly d r a w n  blood a t  7oo ;< g for 
f.o iTqin, v :ash ing  t h e  separatext  p a c k e d  red b lood cells t h r e e  t imez  by su spend ing  wi th  
5 v o l u m e s  of o.15 M NaC1 a t  o ° a n d  cen t r i fug ing  a t  70o × g for IO rain, and  finally 
hemo lyz ing  t h e  w a s h e d  p a c k e d  cells by  t h r e e  a l t e r n a t e  freezing a n d  t h a w i n g  cycles 
a t  d r y  i c e - ace tone  t e m p e r a t u r e s .  All of t h e  va r ious  t i ssue  p r e p a r a t i o n s  e m p l o y e d  
in th i s  s t u d y  were  used  wi th in  60 min  of the i r  p repa ra t ion .  

Before  use, commerc i a l ly  o b t a i n e d  [a2P]or thophospha te  was  purif ied by  t h e  
following p rocedure :  t h e  r ad ioac t ive  o r t h o p h o s p h a t e  w a s  imt ia l ly  h e a t e d  for 2o min  
at  xoo ° in I N HC1. n e x t  p rec ip i t a t ed  as M g N H 4 P O  4, t h e n  w a s h e d  wi th  1.5 M N H 4 O H  
at  o °, a n d  f inal ly  passed  t h r o u g h  a Dowex-5o  column.  

W a t e r  en r i ched  wi th  mO was  o b t a i n e d  from t h e  W e i z m a n n  I n s t i t u t e  of Science, 
R e h o v o t h  (Israel).  O r t h o p h o s p h a t e  con ta in ing  1.85 a t o m  per  cen t  excess 1~O was  
p r e p a r e d  as descr ibed  b y  C o a x  AND DRYSDALE e by  reac t ion  of P , O  s wi th  H,mO. 

O r t h o p h o s p h a t e  was  d e t e r m i n e d  by  t h e  p rocedure  ou t l i ned  b y  SUMNER 7. 
The  axnount  of [32P]PI-ATP e x c h a n g e  and  the  e x t e n t  of exchange  of asO be tween  

Pi a n d  w a t e r  were  d e t e r m i n e d  accord ing  to  the  p rocedures  of BOYER, LUCHSINGER 
AND FALCONE* excep t  t h a t  t he  ~sO c o n t e n t  of H 2 0  de r ived  f rom the  pyro lys is  of 
K H 2 P m O ,  was  d e t e r m i n e d  by  a m e t h o d  which  e m p l o y e d  a h igh  vo l t age  d i scharge  
t o  ca t a lyze  t h e  equ i l ib ra t ion  of oxygen  be tween  CO,. a n d  H,.O (see ref. 8). 

All  samples  for 3zp analys is  were c o u n t e d  for a t o t a l  of i o o o o  counts .  
T h e  cond i t ions  u n d e r  which  t h e  var ious  exchange  reac t ions  were s tud ied  are  

g iven  in t h e  tables .  
All r eac t ions  were t e r m i n a t e d  by  add i t ion  of a vo lume  of perchloric  acid at  o ° 

ca l cu la t ed  t o  give final c o n c e n t r a t i o n  of 0.25 M. 

RESULTS 

Comparison of  the effect of various concentrations of salicylate and 2,4-dinitrophenol on 
. . . . . . . . . . .  , ,~,on and stimulation of A TPase ad;=i~y inhibition of  the [32PlPt-ATP ~.rl,,~*,ge . . . . .  : 

Fig.  I g raph ica l ly  depic ts  the  effects of var ious  concen t r a t i ons  of sa l icy la te  on 
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the  [azp] P i -ATP exchange reaction and the amount of ATP hydrolyzed during the 
period of incubation (ATPase activity).  F o r  comparative purposes, the effects of 
various concentrations of 2,4-dinitro~henol on these activities in the same mito- 
chondrial preparation are presented. These data fox" 2,4-dinitrophenol are in accord 
with these previously reported 4. The contents  of the incubation mixtures and con- 
ditions of incubation are stated in the a c c o m p a n ~ n g  legend. The ordinates on the 
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F i g .  z. C o m p a r i s o n  of  t h e  e f f ec t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  s a l i c y l a t e  a n d  z , 4 - d i n i t r o p h e n o l  o n  
i n h i b i t i o n  of  t h e  [ = a P 3 P 1 - A T P  e x c h a n g e  r e a c t i o n  a n d  s t i m u l a t i o n  of  A T P a s e  a c t i v i t y .  I n c u b a t e d  
a t  20 ° f o r  15 r a i n  a t  p H  7- C o n t e n t s :  I o / , m o l e s  A T P ,  75 p m o l e s  T r i s ,  zo /~ .mo le s  P i ,  2 5 / , m o l e s  
s u c r o s e  a n d  c o n c e n t r a t i o n s  o f  s a l i c y l a t e  a n d  2 , 4 - d i n i t r o p h e n o l  a s  i n d i c a t e d .  T h e  r e a c t i o n  w a s  
i n i t i a t e d  b y  a d d i t i o n  of  a n  a m o u n t  o f  r a t - l i v e r  m i t o c h o n d r i a  c o n t a i n i n g  o .37  nag of  n i t r o g e n .  

F i n a l  v o l u m e ,  I.O m l .  T o t a l  r a d i o a c t i v i t y  i n  P t  w a s  e q u i v a l e n t  t o  I 4 o o o  c o u n t s / r a i n .  

TABLE I 

EFFECT OF VARIOUS COMPOUNDS ON [==PIPI-ATP ~-XCHANGE REACTION AND 

ATPASE ACTIVITY CATALYZED BY RAT-LIVER MITOCHONDRIA 

A d d i t i o n  to basic i t~cubatioa m i x t u r e  ° 
F i n a l  S ~ f l c  a c t i v i t y  P e r  cant  

conce~O,at ion oJF==P i n  A T P i n h i b i t i o n  o f  
( M) (counts/minl /,mol¢ ) exchange 

vmol~s P~ 
/orn~e,t 

N o n e  o 648  
S a l i c y l i c  a c i d  ( o - h y d r o x y b e n z o i c  a t ; d )  zo -3 332 
m - H y d r o x y b e n z o i c  a c i d  t o  -3 560  
p - H y d r c x y b e n z o i c  a c i d  IO- t  517 
2 , 4 - D i h y d r o x y b e n z o i c  a c i d  xo-~ 553 
2,5-Dihydroxybenzoic acid I o- = 57 I 
2 , 5 - D i h y d r o x y b e n z o i c  a c i d  e t h a n o l a m i d e  xo -a  583 
3 , 4 - D i h y d r o x y b e n z o i c  a c i d  zo - s  564 
A c e t a n i l i d e  I o  -a  6o9  
Aminopyrine x o -s 620 
A n t i p y r i n e  IO -a  617  
z , 4 - D i n i t r o p h e n o l  •o -4  25 

O O 

49  1.40 
I4  o . x o  
2 0  O . 1 2  

15 o 
1 2  O 

I 0  O 

13 0 .08  
6 o 
4 o 
5 o 

96 5 .69  

* C o n t e n t s  o f  ba s i c  i n c u b a t i o n  m i x t u r e  a n d  i n c u b a t i o n  c o n d i t i o n s  w e r e  i d e n t i c a l  t o  t h o s e  
s t a t e d  in  F ig .  I w i t h  t h e  f o l l o w i n g  e x c e p t i o n s :  T o t a l  r a d i o a c t i v i t y  i n  P l  w a s  e q u i v a l e n t  t o  
2 o 4 o 8  c o u n t s / r a i n ;  r e a c t i o n  w a s  i n i t i a t e d  b y  a d d i t i o n  of  a n  a m o u n t  o f  r a t - l i v e r  m i t o c h o n d r i a  
c o n t a i n i n g  o . 3 9  m g  of  n i t r o g e n .  
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left  are  expressed  in t e r m s  of c o u n t s / m i n / ~ m o l e  of ATP,  these  on  t_he r igh t  express  
t h e  /~moles of o r t h o p h o s p h a t e  a c c u m u l a t i n g  dur ing  t h e  per iod  of ~nc,~a~:Aon as 
resul t  of A T P a s e  ac t iv i ty .  I t  is readi ly  a p p a r e n t  t h a t  on a mo la r  basis  s a~cy ia t e  has  
approx ,  o .o i  t h e  a c t i v i t y  of 2 ,4 -d in i t rophenol  in suppress ion  of e x c h a n g e  a c t i v i t y  
a n d  s t i m u l a t i o n  of A T P  hydrolysis .  A t  concen t r a t i ons  ot 5" Io-~  M safic~-late g rea t iy  
inh ib i t s  exchange .  A l t h o u g h  b o t h  c o m p o u n d s  h a v e  a qua l i t a t i ve ly  shnHaz ac~G~: on 
ox ida t i ve  p h o s p h o r y l a t i o n  as no t ed  by  o thers  t,2, one  i m p o r t a n t  difference is shown 
by  these  da t a ,  n a m e l y ,  t h a t  sa l icyla te  appea r s  to  be s o m e w h a t  I~-,s efl[ec~ve t h a n  
z ,4 -d in i t ropheno l  w i t h  respec t  to  s t i m u l a t i o n  of hydrolys is  of A T P  a t  concen t r a t i ons  
where  exchange  is v i r tua l ly  abol i shed  by  both .  I t  is n o t e w o r t h  3- t h a t  a t  levels of 
sa l icy la te  co r r e spond ing  to  I -  IO -s M (14 m g / I o o  ml) significant  intfibi~don off exchange  
occurs.  This  c o n c e n t r a t i o n  is well wi th in  t h e  usual  t h e r a p e u t i c  levels o b t a i n e d  in blood. 
In  o the r  e x p e r i m e n t s  it  was  found  t h a t  inclusion of E D T A  in t h e  i n c u b a ~ o n  m i x t u r e  
a t  a c o n c e n t r a t i o n  of lO -3 M h a d  no signif icant  effect on t h e  a m o u n t  off exchange  or 
A T P a s e  ac t iv i t ies  in the  presence  of var ious  concen t r a t i ons  of salicvnate. 

Effect of various compounds structurally or pharmacologically similar ~ sagic_v&~te on 
[s2P]Pt-A T P  exchange reaction and A TPase activity 

T h e  inf luence of va r ious  c o m p o u n d s  which are s t r u c t u r a l l y  or  pha rmaco log ica l ly  
s imilar  to  sa l icy la te  on the  [ s z P ] P i - A T P  exchange  reac t ion  a n d  ATPa:-e a c i d i t y  is 
seen in Tab le  I. T h e  d a t a  ind ica te  t h a t  inh ib i t ion  of e x c h a n g e  a n d  s f imu[a~on  of 
A T P  hydro lys i s  are  m o s t  m a r k e d  wi th  sa l icyla te  a n d  2 ,4-d in i t rophenoL O t h e r  mono-  
a n d  d i h y d r o x y - s u b s t i t u t e d  benzoic acid de r iva t ives  h a v e  m u c h  l e ~  inhibitor~- effect 
on t h e  e x c h a n g e  and  v i r tua l ly  no effect on s t imu la t i on  of A T P  hydroid-sis, i t  is 
i n t e re s t ing  t h a t  acetani l ide ,  aminop~'r ine,  and  an t ipyr ine ,  c o m p o u n d s  which  a re  in 
some respec ts  pha rmaco log ica l ly  s imi lar  to  sal!cylate,  axe v i r ~ n l ! y  iner t  in this  
sys tem.  T h e  e x t e n t  of inh ib i t ion  of exchange  and  s t i m u l a t i o n  of A'£Pa:-e no ted  w i th  
several  of these  c o m p o u n d s  are  in keep ing  wi th  t h e  obse rva t ions  of BRogY ~ which  
d e m o n s t r a t e d  t h a t  an t ipyr ine ,  2 ,5 -d ihydroxybenzo ic  acid,  and  2M-dihydxoxybenzoa te  
were  w e a k  or ineffect ive inh ib i to rs  of ox ida t ive  p h o s p h o r y l a t i o n  b 3- r a t - l ive r  mi to -  
chondr ia l  p r epa ra t i ons .  T h e  l a t t e r  i nves t iga to r  m e a s u r e d  t h e  o v e r ~ ]  prc~:ess of 
o x i d a t i v e  p h o s p h o r y l a t i o n  by  d e t e r m i n i n g  the  P : O  value.  

T,~e effect of salicylate on the [ z zP jP t -ATP exchange reaction and A TPase aaivitv 
catalyzed by rat-kidney mitochondria 

T h e  d a t a  in T a b l e  I I ind ica te  t h a t  t h e  effect of sa l icyla te  on t h e  [ -~P]P~-ATP 
e x c h a n g e  r eac t ion  a n d  A T P a s e  a c t i v i t y  ca ta lyzed  b y  r a t - k i d n e y  n f i t o c h o n d r m  closely 
a p p r o x i m a t e  t h e  resu l t s  o b t a i n e d  in ra t - l iver  m i tochond r i a l  systen'~.  W e  h a v e  obse rved  
f indings s imi la r  to  those  in Tab le  I I  when  beef -hear t  m i t o c h o n d r i a  were  employed .  

Comparison of  the effect of salicylate and 2,4-dinitro~bhenol on ~a~P]P~-.~ITP ~xe.6.ange 
reactions and A TPase activity catalyzed by various frac*ions of r a 4 i r a  l~omegenates 
and erythrocyte hemolysates 

U n d e r  a p p r o p r i a t e  cond i t ions  e ry throc3~e  hemolysa t e s  a n d  t h e  xo54oo ~ g 
s u p e r n a t a n t  f rac t ion  f rom ra t - l ive r  h o m o g e n a t e s  ca ta lyze  a p p r e d a b l e  (~P] ]PI -ATP 
exchange ,  T h e  d a t a  in Tab les  I I I  a n d  IV i l lus t ra te  th i s  point .  I n  c o n ~ i  t o  ~ mi to -  
c h o n d r i a l - c a t a l y z e d  e x c h a n g e  which  is closely assocaated w i t h  o x i d a t i v e  p h o s p h o r ; -  
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lation, the former exchange reactions r~quire addition of magnesium ions, diphospho- 
pyridine nucleotide and a phosphorylated glycolytie intermediate such as glucose 
6-phosphate. The aforementioned requirements strongly indicate tha t  the [agp] Pt -ATP 
exchange reaction observed in these preI3arations is a result of the coupled action of 
triose phosphate dehydrogenase and phosphorylglyceryI kinase. 

The data in Tables III  and IV indicate tha t  salicylate and z,4-dinitrophenol do 
not inhibit the [a2P]Pt-ATp exchange reactions catalyzed by human erythrocyte 
hemolysates and~the 105400 ~ g supe'rnatant fraction from rat-liver homogenates. 
In addition, there is no stimulation of ATPase activity with these preparations. These 
findings are in marked contrast to those no;ted in mitochondrial systems. 

T A B L E  I [ 

Y . F F E C T  O F  S A L I C Y L A T E  O N  T H E  [3*P]Pi-ATP " E X C H A N G E  R E A C T I O N  A N D  

A T P A s E  A C T I V I T Y  C A T A L Y Z E D  B Y  R A T - K I D N E Y  M I T O C H O N D R I A  

~dolarity salicylate Specific activity of 
in incubalio~ ,s p in A T P  Per cent inhibition 

mixture* (¢ounts'min/pmole) of exchange 
pmoles Pf formed 

o 8 3 . i  o o 
t .  i o  -a  3 0 . 0  64  0 . 7 5  
5" IO-3 3 .7  9 6  i . o 8  

* C o n t e n t s  o f  b a s i c  i n c u b a t i o n  m i x t u r e  a n d  i n c u b a t i o n  c o n d i t i o n s  w e r e  i n d e n t i c a l  t o  t h o s e  
s t a t e d  in  F ig .  I w i t h  t h e  f o l l o w i n g  e x c e p t i o n s :  T o t a l  r a d i o a c t i v i t y  i n  e l  w a s  e q u i v a l e n t  t o  
8 4 o  3 c o u n t s / r a i n ;  r e a c t i o n  w a s  i n i t i a t e d  b y  a d d i t i o n  o f  a n  a m o u n t  o f  r a t - k i d n e y  m i t o c h o n d r i a  
c o n t a i n i n g  o . i o  m g  o f  n i t r o g e n .  

TABLE III 

COMPARISON OF EFFECT OF SALICYLATE AND 2,4-DINITROPHENOL 

ON r=2P~PI-ATP EXCHANGE REACTIONS AND ATPAsE ACTIVITY CATALYZED 
BY RAT-LIVER MITOCHONDRIA AND HUMAN ERYTHROCYTE HEMOLYSATE 

Enzyme preparation 
Fitval concentratiot: Final  concentration Specific activity of 

2,4.dinitrophene t, salicylate ~ P in A T P* pmoles Pi formed 
( 211) ( M) (counts / min / t, tmole ) 

M i t o c h o n d r i a * *  o o 4 7 9  o 

M i t o c h o n d r i a *  * o 10 -3  32 7 t -43 

N I i t o c h o n d r i a *  * lO -4  o 14 5 -87  
T • * ' * , r  I x e m o i y ~ a t e  o o I i o o . 6  I 

H e m o l y s a t e *  *" o 5" IO-~ l e o  o . 4 i  

H e m o l y s a t e *  * * xo -4  O I I O  0 .  4 I 

H e m o l y s a t e §  o o 4 o .  4 x 

* T o t a l  r a d i o a c t i v i t y  i n  P t  in  a l l  e x p e r i m e n t s  w a s  e q u i v a l e n t  t o  1 8 1 8 o  c o u n t s / r a i n .  
* *  C o n t e n t s  o f  b a s i c  i n c u b a t i o n  m i x t u r e  a n d  i n c u b a t i o n  c o n d i t i o n s  w e r e  i d e n t i c a l  t o  t h o s e  s t a t e d  

in  F i g .  I. T h e  r e a c t i o n  w a s  i n i t i a t e d  b y  a d d i t i o n  o f  a n  a m o u n t  o f  r a t - l i v e r  m i t o c h o n d r i a  c o n t a i n i n g  
0 . 4 4  m g  o f  n i t r o g e n .  

*** C o n t e n t s  o f  b a s i c  i n c u b a t i o n  m i x t u r e  a n d  i n c u b a t i o n  c o n d i t i o n s  w e r e  i d e n t i c a l  t o  t h o s e  
s t a t e d  in  F i g .  x e x c e p t  t h a t  5 / , m o l e s  o f  M g C I  s, xo p m o l e s  o f  g l u c o s e  6 - p h o s p h a t e ,  a n d  2. 5 / ~ m o l e s  
o f  d i p h o s p h o p y r i d i n e  n u c l e o t i d e  w e r e  a d d e d .  T h e  r e a c t i o n  w a s  i n i t i a t e d  b y  a d d i t i o n  o f  a n  a m o u n t  
e r y t h r o c y t e  h e m o l y s a t e  c o n t a i n i n g  6 .8  m g  n i t r o g e n .  T h i s  a m o u n t  w a s  u s e d  i n  a l l  s u b s e q u e n t  
e x p e r i m e n t s  iv. t h i s  t a b l e .  

§ C o n d i t i o n s  w e r e  i d e n t i c a l  t o  t h e  p r e c e d i n g  t h r e e  e x p e r i m e n t s  in  t h i s  t a b l e  e x c e p t  t h a t  
x p m o l e  o f  i o d o a c e t a t e  w a s  a d d e d .  
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T A B L E  t V 

C O M P A R I S O N  O F  E F F E C T  O ~" S A L I C Y L A T E  A N D  2 . 4 - D I N I T R O P H E N O L  

o N  r_a2P~Pj-ATP F, X C X - ~ - ~ G E  R E A C T I O N S  A N D  A T P A S E  A C T I V I T Y  C A T A L Y Z E D  

B Y  V A R I O U S  F R A C T I O N S  O F  R A T - L I V E R  H O . ~ I O G E N A T E  

:F'.gP~al ¢.o,~es~trat~on F ina l  concentradion Specific a.ct;.vity o f  
Homogenate fraction 2 . 4 - d ~ ~ 1  saltcylate n~ p in  A T I -~ iamoles Pt. formed 

( .~ )  (3 t )  (counts/rain/Iamole) 

Mitochondria"  * o o 440 o 
Mitochondria  °" o io -3 27z o.96 
Mitochondr ia*"  to-* o I I. 5 4- 75 
Supe rna t an t  fraction ° ° ° o o o o. z3 
Superna tan t  fraction§ o o ~ z 4 0.45 
Superna tan t  fraction} o 5" t o-a t 25 o. ~4 
Supe rna t an t  fraction§ xo-* o I 14 o. ~ 4 
Supe rna t an t  f rac t ion~ o o z o. 14 

* Total  radioacti~-ity in Pi  in all exper iments  was equivalent  to 2o ooo counts /min.  
** Contents  of basic incubat ion  mLxture and  incubat ion condit ions were identical  to those 

s ta ted  in Fig. x. The react ion ~ s  ini t ia ted by  addi t ion of an amoun t  of rat- l iver  rni tochondria 
conta in ing  0.37 mg of nitrogen. 

"** Contents  of basic incubat ion  mLxture and incubat ion  condit ions were identical  to those 
s ta ted  in Fig. i.  The react  an was in i t ia ted  by  addi t ion of an amoun t  of supe rna tan t  fraction con- 
t a ~ i n g  o.Iz mg nitrogen. This  m o u n t  was used in all  subsequent  exper iments  in th is  table. 

§ Contents  of basic incubat ion  mLxture and incubat ion condit ions were identical  to those 
sta~ed in Fig. ~ except  t h a t  5 / ,moles  MgClz. IO pmoles  glucose 6-phosphate,  and z. 5 / ,mo les  
of d iphosphopyr id ine  nneleotifle were added. 

§§ Condit ions were identical  to  preceding three exper iments  in this  table except  tha t  i t~mole 
of iodoacetate  was added.  

Demonstration that the effect of  salic3,iate on [3zp~ Pt -A  T P  exchange reaction and A TPase 
activity catalyzed by rat-liveT mitochondria is removable by was~ing the mitochondria 

T h e  e x p e r i m e n t  d e s c r i b e d  b y  T a b l e  V d e m o n s t r a t e s  t h a t  s a l i c y l a t e  i n h i b i t i o n  

o f  t h e  [ ~ P ] P j - A T P  e x c h a n g e  r e a c t i o n  a n d  s t i m u l a t i o n  of  A T P a s e  a c t i v i t y  m a y  b e  

l a r g e l y  r e m o v e d  f r o m  a m i t o c h o n d r i a l  s u s p e n s i o n  p r e i n c u b a t e d  w i t h  s a l i c y l a t e  b y  
r e w a s h i n g  t h e  m i t o c h e n d r i a  i n  0 .25  M s u c r o s e .  T h u s ,  i t  a p p e a r s  t h a t  s a l i c y l a t e  e x e r t s  
i t s  e f f e c t  o n  t h e  m e c h a ~ s m  of  o x i d a t i v e  p h o s p h o r y l a t i o n  w i t h o u t  f i r m  b i n d i n g  t o  a 

c o m p o n e n t  o f  t h e  m e c h a n i s m .  I n  t h i s  r e s p e c t  t h e  a c t i o n  of  s a l i c y l a l t e  is  s i m i l a r  t o  

t h e  fi_,xdin.gs o f  L o o ~ t t s  A-~D LIPMANN 9 fo r  2 , 4 - d i n i t r o p h e n o l .  

Salicylate inhibition of  the Pt-H2~O exchange reaction catalyzed by rat-liver mitochondria 

T h e  P t - H z m O  e x c h a n g e  r e a c t i o n  c a t a l y z e d  b y  m i t o c h o n d r i a  i n  t h e  a b s e n c e  of  
n e t  e l e c t r o n  t r a n s p o r t  i n  t h e  r ~ p i r a t o r y  c h a i n  appee_rs t o  c2ons t i tu te  a n o t h e r  p a r t i a l  

r e a c t i o n  of  o x i d a t i v e  p h o s p h o r y l a t i o n  4. A c c o r d i n g l y ,  i t  w a s  of  i n t e r e s t  t o  i n v e s t i g a t e  

t h e  e f f e c t  o f  s a l i c y l a t e  o n  t h i s  a c t i v i t y .  T h e  d a t a  s e t  f o r t h  in  T a b l e  V I  c o n c l u s i v e l y  

d e m o n s t r a t e  t h a t  a d d i t i o n  of  s a l i c y l a t e  in  c o n c e n t r a t i o n s  of  I 0  -3 M r e s u l t s  i n  a p r o -  

n o u n c e d  i n h i b i t i o n  o f  t h i s  e x c h a n g e  r e a c t i o n  as  e v i d e n c e d  b y  t h e  i n c r e a s e d  r e t e n t i o n  
o f  mO i n  o r t h o p h o s p h a t e .  F o r  c o m p a r a t i v e  p u r p o s e s  t h e  e x t e n t  of  [ a 2 P ] P t - A T P  

e x c h a n g e  a n d  A T P a s e  activi£~¢ w e r e  d e t e r m i n e d  s i m u l t a n e o u s l y  i n  t h i s  e x p e r i m e n t .  

T h e  ~ e s u l t s  i n d i c a t e  t h a t  a l l  t h r e e  a c t i v i t i e s  a r e  p r o g r e s s i v e l y  a f f e c t e d  b y  i n c r e a s i n g  

c o n c e n t r a t i o n s  o f  s a l i c 3 - k  

Biochim. Bio#hys. Aeta, 69 (z963) x43-x5x 
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T A B L E  V 

D E M O N S T R A T I O N  T H A T  T H E  E F F E C T  O F  S A L I C Y L A T E  O N  [ a z P j P l - A T P  E X C H A N G E  R E A C T I O N  A N D  

A T P A s E  A C T I V I T Y  C A T A L Y Z E D  B Y  R A T - L I V E R  M I T O C H O N D R I A  IS  R E M O V A B L E  

B Y  W A S H I N G  T H E  M I T O C H O N D R I A  

Specific activity of ltmoles P~ 
Treatment of Final  concentration tap in A T P  formedlmg 
mitochondria salicylate per milligram of mitochondrial 

Expt .  (M) mitochondrial nitrogen* nitrogen 
(couraslmin/pmoleslmg) (pmoles/mg) 

I**  (a) o 5 7 9 4  o 
(b) 5" xo-Z 5 4 6  5 .x 

2 * "* (a) o 5 8 7 6  o 
(b) 5" x o - a  4 0 5 3  o 

* T o t a l  r a d i o a c t i v i t y  in  P I  in  a l l  e x p e r i m e n t s  w a s  e q u i v a l e n t  t o  6 8 0 0 0  c o u n t s / r a i n .  
" *  A n  a m o u n t  of  m i t o c h o n d r i a  c o f l t a i n i n g  o . 3 o  m g  of  n i t r o g e n  w a s  p r e i n c u b a t e d  f o r  5 m i n  

a t  o ~ w i t h  s t i r r i n g  in  t h e  f o l l o w i n g  p r e i n c u b a t i o n  m i x t u r e :  75 p m o l e s  T r i s ,  2 5 / t i n G l e s  s u c r o s e  
a n d  in  t h e  c a s e  o f  (b) 5 / z m o l e s  o f  s a l i c y l i c  a c i d .  T h e  f i n a l  v o l u m e  w a s  o . 8  m l  ( p H  7 .o) .  T h e  e n t i r e  
c o n t e n t s  o f  e a c h  p r e i n c u b a t i o n  m i x t u r e  w a s  t h e n  i n c u b a t e d  w i t h  xo p m o l e s  A T P  a n d  IO p m o l e s  P I  
in  a f i na l  v o l u m e  of  I . o  m l  a t  z o  ° f o r  x 5 r a in .  

* *  * M i t o c h o n d r i a  in  E x p t s .  2 (a) a n d  2 (b) p r e i n c u b a t e d  r e s p e c t i v e l y  a s  d e s c r i b e d  i n  t (a) a n d  (b) .  
A f t e r  p r e i n c u b a t i o n  t h e  c o n t e n t s  w e r e  c e n t r i f u g e d  a t  x o o 0 o  × g f o r  xo r a i n  a n d  t h e  s u p e r n a t a n t  
f r a c t i o n s  d i s c a r d e d .  E a c h  o f  t h e  p e l l e t s  w a s  s u s p e n d e d  in  2 o  m l  o f  o . z 5  M s u c r o s e  a n d  r e c e n t r i f u g e d  
a t  x o o o o  × g f o r  I o  r a in .  T h e  s u p e r n a t a n t  f r a c Z i o n s  w e r e  d i s c a r d e d .  I n c u b a t i o n  c o n d i t i o n s  f o r  

m e a s u r e m e n t  o f  e x c h a n g e  a n d  A T P a s e  a c t i v i t y  w e r e  i d e n t i c a l  t o  x (a) a n d  I (b) .  

T A B L E  V I  

S A L I C Y L A T E  I N H I B I T I O N  O F  P i - H ~ x s O  A N D  

~ s ~ P ~ P I - A T P  E X C H A N G E  R E A C T I O N S  C A T A L Y Z E D  B Y  R A T - I , I V E R  M I T O C H O N D R I A  

~]lola rity salicyla te in A Pi  
incubation mixture'* ( pmoles) 

Atom per cent excess tsO in Pt" Specific activity of 
s i p  in A TP§ 

Observed Decrease as a result (counts/minlpmole) 
of oxygen exchange ~ ** 

o o o . 9 2 8  0 . 6 3 8  4 4 9  
I .  I o  -3  5 . I  I .o46  o . 4 x 8  242  
5" l o - a  9 - 4  1 .233  o . I 5 4  29  

* T h e  a t o m  p e r  c e n t  e x c e s s  ~sO in  P l  o f  t h e  z e r o - t i m e  c o n t r o l  w a s  1 .566 .  
** I n c u b a t e d  a t  2 o  ° t o r  x 5 r a i n  a t  p n  7. C o n t e n t s :  5 0 / t i n G l e s  A T P ,  3 7 5 / , m o l e s  T r i s ,  75 / ~ m o l e s  

P t ,  a n d  I 2 5  p m o l e s  s u c r o s e .  T h e  r e a c t i o n  w a s  i n i t i a t e d  b y  a d d i t i o n  o f  a n  a m o u n t  o f  r a t - l i v e r  
m i t o c h o n d r i a  c o n t a i n i n g  1.8 rng  of  n i t r o g e n .  F i n a l  v o l u m e ,  5 . o  rot .  

* ' *  C a l c u l a t e d  a s  f o l l o w s  4 f o r  P t  f o r m a t i o n  a s  a r e s u l t  o f  A T P a s e  a c t i v i t y :  

[ i n i t i a l  p m o l e s  P i  x 1 . 5 6 6 ]  
d e c r e a s e  a s  a r e s u l t  o f  o x y g e n  e x c h a n g e  ~--- L fi--~]u'-mol--~s I ~  

! 

- -  o b s e r v e d  a t o m  p e r  c e n t  e x c e s s  l sO in  P l .  

§ T o t a l  r a d i o a c t i v i t y  in l>l w a s  e q u i v a l e n t  t o  r 3 o o o o  c o u n t ~ / m i n .  

D I S C U S S I O N  

The findings presented in this  paper  demons t ra te  t h a t  salicylate in mitochondria l  
systems inhibi t  the  [szP]Pt-ATP and Pt-HzX~D exchange reactions and  t h a t  these 
act ions axe accompanied by  s t imulat ion of ATPase activity.  Al though the  mechanism 
of oxidative phosphorylat ion in the respiratory c~ain is largely unknown,  much  
evidence has been accumula ted  which has led to a consensus of opinion which regards 
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the  aforementioned activities as part ial  reactions of the  over-all process of oxidative 
phosphorylation4,t°, H. In agreement  with the conclusions of othersl, 2, the da ta  
indicate tha t  the  actions of salicylate in this respect bear a qual i ta t ive  similarity 
to the action of 2,4-dinitrophenol. On a quan t i t a t ive  basis, however, 2,4-dinitrophenol 
appears  to be about  xoo times as potent  as salicylate with respect to suppression of 
[z2p~ P t -ATP exchange and at  a given level of inhibition of exchange results in greater  
s t imulat ion of ATPase activity.  

There have been m a n y  reported experimental  findings suggesting t ha t  uncoupling 
of oxidative phosphorylat ion occurs as a result of salicylate adminis t ra t ion in man  
and in exper imenta l  animals. The recent findings of AUSTEN et al. 12 have demonst ra ted  
a significant correlation between oxygen consumption and serum salicylate concefi- 
t ra t ion  in euthyroid  patients.  This has received firm experimental  support  from various 
studies in  vi tro which have shown an increase in oxygen up take  by whole tissue prep- 
arat ions  from sal icylate- t reated ra ts  1, and in isolated whole tissue or mitochondrial  
systems to which salicylate has been addedl,  13. Studies wi th  mitochondrial  systems 
have demons t ra ted  tha t  the  increase in oxygen up take  as a result  of salicvlate addit ion 
is accompanied by uncoupling of oxidative phosphorylat ion 1-3. 

Review of the  findings of others  indicates t ha t  salicylate adminis t ra t ion induces 
widespread al terat ions in carbohydra te  metabolism. Thus,  in in tac t  exper imental  
animals  depletion of liver glycogen has been observed in the  normal  ra t  x*, and in the 
diabetic ra t  reduction in glycosuria and hyperglycemia han. been reported 15. Diminished 
glycogen synthesis  has been noted  in isolated rat-li~er slices m. SMITH AND MOSES I~ 
have  reported t ha t  salicylate and 2,4-dinitrophenol, a classical uncoupler  of oxidative 
phosphorylat ion,  produce similar qual i ta t ive  effects on the  ex tent  of incorporat ion 
of radioact iv i ty  from labeled glucose or ace ta te  into water-soluble metabolic inter- 
mediates  of various isolated ra t  tissues. The la t ter  authors  concluded tha t  the general 
effects of salicylate and  2,4-dinitrophenol could be explained in terms of their  un- 
coupling action on oxidative phosphorylat ion in t ha t  synthet ic  reactions involving 
ATP were inhibi ted and catabolic reactions were not  affected. 

At  the present  level of knowledge the  above considerations do not  offer a simple 
explanat ion of various specific pharmacologic ".ctions of salicylate such as analgesia, 
antipyresis  and  an t i rheumat ic  action. An uncoupling action mediat ing these varied 
effects, however,  cannot  be excluded. For example, salicylate penet ra t icn  and dis- 
t r ibu t ion  intracel lular ly may  markedly  differ wi th  various cell types, and  various 
metabolic mechanisms of different cells may  have a wide diverge.ucy of dependence 
on the fundamenta l  process of oxidat ive phosphorylation.  
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