
X 6 6  S H O R T  C O M M U N I C A T I O N S  

sc 2x67 

G l u c o s e  6-1adl totphate  f o r m a t i o n  as a m m u r e m e a t  o f  o x i d a t i v e  

p im~mt i~ ry la t ion  in l i v e r  m i t o c h o n d r i a  

The  n ~ m - ~ t  of ATP  formed by oxid~ttive phosphoryla t ion  in mi tochondr ia  from 
an imal  tiss~u2s is of ten based on the uFt~ke  of inorganic phospha te  or the  measu remen t  
of ghacose 6 - ~ - p i ~ t e  formed in the  presence of hexokinase  (EC 2.7.x.x), Mg 2+ and  
D-gluvoseL The  ~ of this  paper  is to point  out some d i~cu l t i e s  which h~,~ arisen 
when  ghtcose 6-1pltespl~ate is used as an index - f  . . . .  ATp f c , ~ e d  by  oxida[ive "~v,,osv,,~,,*'h ~ y l -  
a t i ~  in l iver n ~ h o n d r i a ,  and to suggest  an a l te rna t ive  me thod  which m a y  over- 
come these  dliffieulties. 

SLAa'~# has  pointer] out  t h a t  in hea r t  saxcosomes, the  to ta l  hexose monophos-  
p h a t e  i~rnted mm~-t be corrected for t h a t  formed in the  absence of added subs t ra te  by  
the  adeny la t e  k inase  {E:C 2.7.4.3) react ion,  and  for t h a t  formed by  oxidative,  cyanide- 
sensi t ive phosphory la t ion  from "endogenous"  subs t ra te .  The  magni tude  of this  cor- 
rect ion is v a r ~ l ~ e ,  b~ t  appreciable,  and  could be reduced,  bu t  not  abolished, by  the  
addiation o t  40 mM K F  mad AMP as inhibi tors  of the  adenyia te  kinase reaction.  

I n  l iver  mi todlcmdr ia  x5 mM K F  is often added in an a t t e m p t  to inhibit  the  
adeny ta te  k inase  react ion =. However ,  in our hands ,  up  to 6o mM K F  did not  inhibi t  
g l u c o s e  6-p~ms-phate format ion in the  absence of added subs t ra te .  For  this reason, P/O 
ra t ios  will  rli~er according to whe the r  a correction for th is  format ion is applied. A 
typ ica l  expetimemt wi th  r~t-l iver mi tochondr ia  is shown in Table  I. 

I n  t lMe ~ of added  subs t r a t e  up to 2 .5  t~moies of glucose 6-phosphate  per mg 
of ~ pro te in  could be formed af ter  periods of 5-x 5 rain incubat ion.  I t s  
folanation was  n n a ~ e c t e d  b y  repea ted  washings of the  mitochondria .  If phosphate ,  
Mg t+, or  D-glMco~ were omit ted ,  lower, bu t  appreciable,  quan t i t i e s  of glucose 6-pho:~- 
p h a t e  were  st i l l  formed. Cymlide (I raM), I pg of an t imycin  A, arid 2 mM iodoacet- 
a/lxide, ~ e ,  m l o n a t e  or Arrtytal did not  inhibi t  t he  react ion.  The react ion 
m i x t u r e  lost  ~ x _  2o % of its abi l i ty  to form glucose 6-phosphate  af ter  3 min at  
5o °. a n d  n e a r l y  90 % af te r  x min at  9 o°. Immers ion  in boiling wa te r  des t royed the  
ac t iv i ty .  P y r e - a t e ,  dt'h3rdroxyacetone phosphate ,  g lycera ldehyde phosphate ,  fructose 
~ ,  a n d  fructose x,6-diphosphate ~ could not  be demons t r a t ed  in the  react ion 
mixtm-e, n o r  d id  tL~e reagents  conta in  measurable  quant i t i es  of glucose oxidase-posit ive 
mate r ia l .  

Maximal  format ion of glucose 6-phosphate  wi thout  added  subs t ra te  occurred in 
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OXlr(;;~l~ UIPlL&lgZ AND GLUCOSE 6-1PHOSPH.:k'rE FORMAT10.~ IN LIVER MITOCHO.'gDRIA 

~ K i ~  I (~ ~ g  1 7 ~ ¢ ~ m / m l  o f  i n c u b a t i o n  m i x t u r e )  w e r e  i n c u b a t e d  in  t h e  m e P A u m  d c ~ c d b c d  
b y  H A ~ .  F . ~ c b  m l  ~ t a i n e d  5 p m o l e s  A D P  a n d  Io  r a g  h e x o k i n a s e  (Sig~rna T y p e  I V ) .  O x y g e n  

m e ~  m ~ ~  a t  25 ° w i t h  t h e  K i r k  F r e i  u l t r a m i c r o ~ s p i r o m e t e r ° : ,  a n d  g l u c o s e  
6 - p h o s p h a t e  w a s  d e t e r m i n e d  e n z y m i c a I ! y  a. 

Compltte system No s t ~ = c ~  Nat 

O.:t'ygen ~ e  z .27  
~ ~ f m g  p r o t e i n / 2 o  ra in )  
G ~ _ ~ e  6 - ~ t e  f o r m e d  5 .64  
~?,l~noks~g proeein / 2 o rain) 
Gll~x~e 6 - ~ h ~ t e  :0  z.4 8 

T r a c e  2 .2  7 
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- -  0 . 2 6  
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t he  presence  of 5 - x c  /~moles of A D P  per  rng of, m i t o c h o n d r i a l  p ro te in .  H i g h e r  con-  
c e n t r a t i o n s  of A D P  r e su l t ed  in a lower y i e ld  of glucose 6 -phospha te ,  pos s ib ly  because  
of  i nh ib i t i on  of t h e  hexok in~se  reac t ion ,  a n d  s ignif icant  a m o u n t s  of A M P  were  o n l y  
r ecove red  a t  nea r  o p t i m a l  c o n c e n t r a t i o n s  of A D P .  T h e  s to i ch iomet r i c  s u m  of  glucose 
6 - p h o s p h a t e  f o r m e d  ( a s sumed  to  be e q u i v a l e n t  to  A T P  produced)  a n d  A M P  recove red  
was  a l w a y s  less t h a n  8o % of twice  t he  a m o u n t  of A D P  used.  T h e  a d d i t i o n  of  2-5 
pmoles  of A M P  pe r  m g  of m i t o c h o n d r i a l  p r o t e i n  i nh ib i t ed  glucose 6 - p h o s p h a t e  

f o r m a t i o n  b y  a b o u t  5o °./o. I t ,  the re fore ,  a p p e a r s  t h a t  w i t h  the  c o n c e n t r a t i o n s  of A D P  
c o m m o n l y  used,  the  a d v n y l a t e  k inase  reac t ion  m a k e s  a siglkificant c o n t r i b u t i o n  to  t h e  
t o t a l  q u a n t i t y  of A T P  fo rmed ,  in a d d i t i o n  to lesser c o n t r i b u t i o n s  b y  " e n d o g e n o u s "  
substrates~0,~L 

F u r t h e r m o r e ,  recover ies  of added  glucose 6 - p h o s p h a t e  (1.5 raM) were  o f t en  as low 
as 8o % a n d  could  be as low as 4 ° ~o if succ ina te  was  added .  T h e  poor  recover ies  m a y  
be due  to  t h e  presence  of g lucose -6 -phospha ta se  (EC 3.i:.3.9), as p o i n t e d  o u t  p rev ious -  
ly  ~2, a n d  t a k e n  in to  a c c o u n t  in t h e  e x p e r i m e n t s  of VESTER A N D  STADIE 13. R e p e a t e d  
wash ings  of the  m J t o c h o n d r i a  or t h e  omiss ion of Mg ~+, p h o s p h a t e ,  or D-glucose d i d  n o t  
i m p r o v e  recoveries .  Omiss ion  of  hexokinase~ wh ich  was  found  to  be  free of glucose-6- 
p h o s p h a t e  d e h y d r o g e n a s e  (EC l .X.x.49 ) a c t i v i t y ,  r e d u c e d  t h e  loss of glucose 6-phos-  
p h a t e  b y  u p  to  5 ° %.  A p p r o x .  2o % of  t h e  a d d e d  glucose 6 - p h o s p h a t e  was  n o t  r ecove red  
w h e n  4 m M  K F  was  a d d e d  to  t he  c o m p l e t e  s y s t e m ,  f r o m  wh ich  b o t h  m i t o c h o n d r i a  
a n d  s u b s t r a t e  h a d  been  o m i t t e d .  

"~Vhile loss of glucose 6 - p h o s p h a t e  b y  g lucose -6 -phospha t a se  or o t h e r  r eac t ions  

4.0, 
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Tt~ OF iNCUBATiON (m~n) 

Fig. i. x.o ml of the incubation mixture contained 80 pmoies IKCI, x 5 pmoles triethanolamine 
phosphate (pH 7.o), I mg mitochondrial protein, ~5 pmoles succinate, and zo pmoles AI~P. 
(Addition of 5 m)¢I Mg s+ inhibited the reaction and was, therefore, omiV, od.) The mixture w a s  

incubated at  25 ° with gentle shaking of the flasks open to the atmosphere. Identical mixtures 
without added substrate were run simultaneously, At the end of the incubation period the flasks 
were placed in boiling water for 4 min. (This method of inactivation was found prefergble to the 
use of ttCIO 4, because o.3 M HC104 failed to stop the reaction promptly, while o.6 M HCIO~ re- 
sulted in some loss of added ATP.) The mixture was diluted to a convenient volume with water and 
centrifuged. ATP was measured in the supern~tant with phosphoglycerate and phosphoglycerate- 
kinase, measuring the diphosphoglycerate formed with glyceraldehyde phosphate dehydrogenase 
(EC x.2.x.I2) and DPNH. (Reagents from California Corporation.) The difference between ATP 
formed in the presence and absence of substrate was taken as the amount of ATP formed by 

oxidative phosphoryi&tion. Recoveries of added ATP averaged 98 %. 
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m a y  be different  in an  expe r imen t  in which  ox ida t ive  p h o s p h o r y l a t i o n  is m e a s u r e d  as 
d i s t inc t  f rom a r ecovery  expe r imen t ,  the  unp red i c t ab l e  exten~ of th is  loss, never the less ,  
a d d s  add i t i ona l  u n c e r t a i n t y  to  the  d e t e r m i n a t i o n  of A T P  b y  the  g lucose-hexokinase  
t r a p  p rocedure  , as compared ,  for example ,  t~ t h e p o l a r o g r a p h i c  m e t h o d  of CHANCE AND 
V~rILLIAMS 14 or the  a s say  of A T P  wi th  phosphog lyce ra t e  k inase  (EC 2.7.2.3). A typ ica l  
e x p e r i m e n t  e m p l o y i n g  th is  assay  is shown in Fig. x. 

In  five consecu t ive  e x p e r i m e n t s  wi th  succ ina te  as subs t r a t e ,  A T P  m e a s u r e d  b y  
th is  m e t h o d  was  c o m p a r a b l e  ;with the  r a t e  of A D P  phospho ry l a t ed  as m e a s u r e d  
po la rograph ica l ly  (Table II). 

T A B L E  I I  

C O M P A R I S O N  OF" T E C H N I Q U E S  

Oxygen elec~roax A T P  ass-~y 
(A DP used) (A T P  [¢wmed) 

( tamoles lmg protein l 2o rain) 

2.2o 2.27 
x .26 1.68 
2 . 6 0  2 . 2 2  

4.52 3.57 
t . 8 5  z . 9 2  

M e a n  : 2 .49  2.33 

This  s t u d y  has  been  s u p p o r t e d  in p a r t  by  a g r a n t  f rom the  U.S. Pub l ic  H e a l t h  
Service (A-2853). T h e  a u t h o r s  are  g ra te fu l  to  Dr. H. M. POLLARD for his  e n c o u r a g e m e n t ,  
a n d  to  Dr.  R.  "~V. ESTABROOK for his sugges t ions  and  a gift  of  a n t i m y c i n  A. 
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