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Enzymic activities of tumour mitochondria as evidenced by their  
inhibitory effect on the oxidation of DL-, D- and L- p-hydroxybutyrate 

by liver mitochondria 

I t  was  d e m o n s t r a t e d  in the  preceding c o m m u n i c a t i o n  1 t h a t  the ox ida t ion  of DZ-/~-hydrcxy- 
b u t y r a t e  (BHB) by  mi tochondr i a  from mouse  l ivers  prepared  in isotonic sucrose, was comple te ly  
inh ib i t ed  in the  presence of mi tochondr i a  from var ious  tu rnou ts  i sola ted wi th  sucrose c o r t a i n i n g  
e t h y l e n e d i a m i n e t e t r a a c e t a t e  (versene). The ox ida t i on  of oc t anoa te  was also ful ly suppressed under  
these  condi t ions  2. F u r t h e r m o r e  i t  was found t h a t  add i t ion  of d iphosphopyr id ine  nucleot ide  I (DPN) 
or n i co t inamide  a (an inh ib i to r  of DPNase)  p a r t l y  res tored  the  ox ida t ion  when DL-BHB served 
as the subs t ra te .  No such an effect of D P N  was seen, however,  wi th  octanoate .  

The conclusions d rawn  from these  and o ther  expe r in l en t s  were t h a t  the t u m o u r  mi tochondr i a  
possessed ac t ive  sp l i t t i ng  enzymes  which des t royed  D P N  and  adenosine  t r i p h o s p h a t e  (ATP) and, 
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Fig. i. The ox ida t ion  of D- and L-/5-hydroxy- 
b u t y r a t e  by l iver  m i tochondr i a  and  l iver  plus 
t u m o u r  mi tochondr i a  wi th  and w i t h o u t  D P N  
addi t ion .  T u m o u r  : p r i m a r y  hepat ic  ca rc inoma 
ra t  (244 days  feeding of b u t t e r  yellow). Isola-  
t ion  of the  mi tochondr i a  and  incuba t ion  pro- 
cedure as descr ibed 1, 12/~moles of each stereo- 
isomer were used. D P N  was added  in a final 
concen t ra t ion  of o.ool 3I.  The l iver  mi tochon-  
drial  suspensions  con ta ined  1.75 mg ni trogen,  

those from the  t u m o u r  1.o6 mg ni trogen.  

consequent ly ,  abol ished the  f a t t y  acid ox ida t ive  
processes of the  l iver  mi tochnndr ia .  The ex is tence  
of the  DPNase  and ATPase  ac t iv i t i es  has  been 
confirmed in direct  enzymic  assays 3. 

Now, i t  is known from the  s tudies  of 
LEHNINGER AND GREVILLE 4 t h a t  the  ox ida t ion  
of the  D(--) isomer of B H B  is i ndependen t  of 
ATP in t h a t  the  free acid is oxidized, in con t ras t  
w ih t  t i le  L ( + )  i somer  which can only be oxidized 
as its coenzyme A (CoA) de r iva t ive  and thus  
needs the  supp ly  of ATP for the  fo rmat ion  of 
the  L-BHByI-CoA bond pr ior  to oxida t ion .  

The oxygen  consumpt ion  and  the  aceto- 
ace ta te  p roduc t ion  which was recorded by  us in 
the  combined  sys t em of l iver  and  t u m o u r  mi to-  
chondr ia  oxid iz ing  DL-BHB in the  presence of 
D P N  was usua l ly  one hal /of  t h a t  stlown by  the  
l iver  m i tochondr i a  alone. Hence the  mos t  pro- 
bable  e xp l ana t i on  2 for th is  was t h a t  D P N  addi-  
t ion  resul ted  in the  ox ida t ion  of the  D-isomer 
by the  l iver  n l i tochondr ia ,  whereas  the ox ida t ion  
of the L-isomer st i l l  r emained  b locked;  this  was 
considered as being due to the  act ion of the  
t u m o u r  mi toehondr i a l  ATPase.  

We have  now been able  to t es t  th is  conclu- 
sion d i rec t ly  and  found it  to be correct,  by  us ing 
the  pure  s tereoisomers  of BHB.  Our sincere 
t h a n k s  are due to Drs. GREVILLE AND LEHNINGER 
for the i r  cour tesy  in supp ly ing  us wi th  these  
samples,  which were from the  same s tock as 
used by  t h e m  in the i r  own expe r i men t s  4. 

Fig. i i l lus t ra tes  a t yp ica l  examp l e  of the  
effect of D P N  on the  ox ida t ion  of D- and L-BHB 

by  the l iver  n l i tochondr ia  in the  presence of m i toc hond r i a  fronl a p r i m a r y  hepa t i c  c a r c i n o m a  
of the ra t  (inbred s t ra in  R A m s t e r d a m )  induced by  b u t t e r  ye l low feeding. In  case of the  D-isomer 
oxygen  consumpt ion  is reduced to zero in the  combined  System of l iver  and  t u m o u r  mi tochondr ia .  
The D P N a s e  of the  latter1, a e v i d e n t l y  blocks the ox ida t ion  by  des t roy ing  the  coenzyme of the  
l iver  D-BHB dehydrogenase ,  since add i t ion  of D P N  restores  the ox ida t i ve  process. I n  v iew of 
t i le  ve ry  high DPNase  a c t i v i t y  of the mi tochondr i a  f rom the  hepa t ic  ca r c inoma  (complete  dis- 
appea rance  of added  D P N  af ter  3 ° rain contact ,  measured  enzymica l ly  a) n i co t inamide  (o.oo5 :ll) 
was also added.  

I t  can be seen from Fig. i t h a t  the  ox ida t ion  of D-BHB in the  combined  sys t em of l iver  
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and t u m o u r  mi tochondr i a  fortif ied wi th  DPN,  took place a t  a more rap id  ra te  t h a n  t h a t  of the  
l iver  m i toehond r i a  alone. Since the  t u m o u r  mi tochondr i a  per se did not  oxidize DL-BHB in the  
presence of DPN,  the  ox ida t i on  of D-BHB by  the  l iver  mi tochondr ia ,  as compared  wi th  t h a t  
in the  combined  sys t em wi th  DPN, m i g h t  be l imi ted  e i ther  by  the  a m o u n t  of endogenous  D P N  
present ,  or by  the  dependence  of phosphory la t ion ,  which accompanies  the  passage  of hydrogen  
th rough  the  r e sp i r a to ry  chain,  on phospha te  acceptors.  D P N  add i t ion  to the l iver  n l i tochondr ia  
alone did not  enhance  the  ra te  of ox ida t ion  bu t  r a the r  s lowed it  down ; this  was also no ted  ear l ier  
in expe r imen t s  wi th  DL-BHB. Nei ther  was i t  possible to d e m o n s t r a t e  t h a t  ATP breakdown,  after  
add ing  the  "h igh  ene rgy"  phospha t e  t r a p p i n g  sys t em glucose-hexokinase,  enhanced  the  l iver  
mi tochondr i a l  ox ida t ion  of D-BHB. This m a y  suggest  a mechan i sm control l ing  ox ida t ion  other  
t h a n  by  the  level  of phospha t e -bond  acceptor  sys t em (c/.5,6). I t  is fu r ther  seen tha t ,  whereas  
the  l iver  m i t o c h o n d r i a  do not  s top  t a k i n g  up oxygen  af ter  the  theore t ica l  an l oun t  for ace toace ta t e  
fo rma t ion  is reached,  the  combined  sys t em does. The l a t t e r  was also found when the  glucose- 
hexok inase  sys t em was added  to the l iver  mi tochondr i a  oxid iz ing  D-BHB. For  ox ida t ion  to occur 
beyond  the  s tage  of free ace toace ta te ,  wha t soeve r  the precise mechan i sm of action, an a c t i v a t i n g  
reac t ion ,  needing  ATP, is bound to  happen.  W h e n  ATP is split,  however,  before i t  can serve 
th i s  purpose,  e i ther  by  the  hexok inase  or by the  t u m o u r  mi tochondr i a l  ATPase, fur ther  ox ida t ion  
is rendered  impossible .  I t  should  be remembered ,  since the  D-isomer is oxidized as the free acid 
and thus  needs no ATP supply  such as the  L-isomer, t h a t  the  ox ida t ion  of the  former  to aceto- 
ace t a t e  can not  be inh ib i t ed  by  the  t u m o u r  ATPase.  

The ATP-dependen t  ox ida t i on  of the  L-isomer of B H B  by the  l iver  m i tochondr i a  occurs 
a t  a slower ra te  t h a n  the  ox ida t ion  of I ) -BHB (usually half  as rapid).  In  the combined  sys t em 
of l iver  and  tu rnou t  mi tochondr ia ,  ox ida t i on  of L-BHB remained  suppressed despi te  the  presence 
of DPN.  This was an t i c i pa t e d  in v iew of the  ac t ive  tu rnou t  mi tochondr ia l  ATPase  which migh t  
d ra in  off the ATP necessa ry  for the  in i t i a l  ac t iva t ion  reaction.  Also when t i le  sucrose-prepared 
l iver  m i tochond r i a  were suppl ied  wi th  ex t r a  ATP, genera ted  by  the ox ida t ion  of added  a -oxy  
caproa te  7, the  same inh ib i t ion  was observed.  

Since oc tanoa te  is known  to be oxidized also as i ts  CoA der iva t ive ,  i t  follows t h a t  DPN 
a d d i t i o n  to  the  combina t ion  l iver  and  t u m o u r  mi tochondr i a  plus oc tanoa te  and  a -oxycap roa t e  
would  not  have  any  p r o m o t i n g  effect on the  ox ida t ive  response either.  

S imi la r  resul ts  were ob t a ined  wi th  the  mi tochondr i a  from the  t r an sp l an t ed  mouse sa rcoma 
UV 256 and the  ad rena lco r t ex  ca rc inoma T 17572. In  these cases only D P N  (no e x t r a  nicot in-  
amide) was  added  because  the  D PN a s e s  of these  mi tochondr i a  were less ac t ive  (5 ° and  63 % 
of added  D P N  d isappeared  af ter  3 ° rain con tac t  resp. a) t h a n  the  former  bu t  s t i l l  h igh  enough 
to give an apprec iab le  resp. comple te  inh ib i t ion  of the  l iver  mi tochondr i a l  D-BHB oxida t ion .  

Addi t ion  of fluoride (o.oI M), an inh ib i to r  of the  ATPase,  to the  combined  sys t em of l iver  
and  sa rcoma mi tochondr i a  in the  presence of D P N  and L - B H B  resul ted  in an oxygen  u p t a k e  
of 25 /*1, whereas  in the  absence of F -  no O 2 was consumed.  

Mi tochondr ia  prepared  wi th  sucrose-versene from turnouts ,  which did not  inh ib i t  the  octano- 
a te  or DL-BHB ox ida t ion  of the  l iver  mi tochondr i a  1,2 and  whose ATPase  and DPNase  ac t iv i t ies  
were found a to  be smal ler  t h a n  the  afore-ment ioned,  did not  suppress  the oxygen  consumpt ion  
of t he  l iver  m i tochondr i a  in the  p resen t  exper iments .  I t  should  be no ted  t h a t  the mi tochondr i a  
f rom these  t u m o u r s  when prepared  in o .253I  sucrose w i t h o u t  versene d id  inh ib i t  the  oc tanoa te  
ox ida t i on  of the l iver  m i toc hond r i a  (e/. Table  X and XI ,  reference 2); th is  inh ib i t ion  has  now 
been found to be rel ieved by  DPN.  After  one wash ing  of the  mi tochondr i a  wi th  KCl-phospha te  
buffer of p H  7.4, D P N  no hmger  had  this  effect (ATPase de t e rmi n i ng  factor). 

The sucrose-versene mi tochondr i a  f rom three  t r a n s p l a n t e d  mouse h e p a t o m a s  (T 26473, 
CBA 71 and  T 28202) and  one tes t i s  t u m o u r  (T 5358) oxid ized  only  the  D- and not  the  L-isomer 
of B H B  in the  presence of D P N  and  a -oxy  caproate .  
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