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The role of fumarate and TPN in steroid enzymic 11fl-hydroxylation 

We have  shown 1 t h a t  suspensions  of ox-adrenocor t ica l  mi tochondr i a  prepared  in 0.25 M 
sucrose ca ta lyse  i I f l - hyd roxy la t i on  of t I - de oxyc o r t i c o s t e rone  (DOC) if a member  of the ci t r ic  
acid cycle is oxid ized  a t  the  same t ime.  The " i n t a c t "  mi tochondr i a  do not  show the  specific 
r equ i r emen t s  for f u m a r a t e  referred to  by  HAYANO AND DORFMAN 2. The r equ i r emen t  for fumara t e  
a n d  for t r i p h o s p h o p y r i d i n e  nucleot ide  (TPN) becomes ev iden t  when  the  mi tochondr i a  are t r ea t ed  
wi th  hypo ton i c  solut ions  of e lec t ro ly tes  or if t hey  are acetone-dr ied 3. The role of fumara t e  has  
now been i nves t i ga t ed  fur ther  us ing enzymes  ex t r ac t ed  from acetone-dr ied  mi tochondr ia ,  a n d  
i t  has  been found t h a t  th is  subs tance  is required for the  reduct ion  of added  T P N  + p r o b a b l y  v ia  
m a l a t e  and  wi th  the  in t e rven t ion  of OCHOA'S malic enzyme 4. T P N H  is required for I I /~-hydroxy- 
l a t ion  of DOC. 

Ox-ad rena l  m i tochondr i a  were prepared  in sucrose, dried wi th  acetone and the  acetone 
r emoved  wi th  ether.  E n z y m e s  were ex t r ac t ed  from the  d ry  powder  wi th  ten  t imes  i ts  we igh t  of 
o.154 AI KCI, and  were ob ta ined  as a clear red solut ion by  cent r i fuging  at  o ° for 0.5 hour  a t  
2. IO 4 g and occas ional ly  for I hour  a t  IO 5 g. Reac t ion  m i x t u r e s  con ta ined  2 ml enzyme solution, 
4 ° m M  T R I S  buffer (pH 7.4), i o  m M  fumara t e  and  abou t  o. i  m M  TPN + in a to ta l  vo lume of 
3 ml. These m i x t u r e s  were i ncuba t ed  wi th  500/~g DOC for I hour  a t  37 ° in air. 

The general  a r r a n g e m e n t  of controls  and  methods  of s teroid ana lys i s  have  been descr ibed 
elsewhereL Under  these condi t ions  80 90 % of the  added  DOC was conver ted  to  a p roduc t  which 
was  a lmos t  exc lus ive ly  cor t icos terone as judged  by  paper  c h r o m a t o g r a p h y  and  di rect  de te rmi-  
n a t i o n  of th is  s teroid.  H y d r o x y l a t i o n  did not  occur in the  absence of oxygen.  I t  was  m a r k e d l y  
i nh ib i t ed  if the  T R I S  buffer was replaced by  phosphate ,  in the  presence of Io m M  versene or 
by  d ia lys ing  the  enzyme  solution.  The a c t i v i t y  of the  d ia lysed  enzyme  was  p a r t l y  res tored by  
i m M  MnCI v KCN io  m M  was  s l igh t ly  inhib i tory .  F u m a r a t e  could be replaced by  L-malate  or 
L- isoc i t ra te  bu t  not  by  a - o x o g l u t a r a t e  which is the  mos t  po ten t  " a c t i v a t o r "  of I I /5 -hydroxyla t ion  
wi th  i n t ac t  m i tochondr i a  1. 

On add i t ion  of f u m a r a t e  to  reac t ion  m i x t u r e s  con ta in ing  T P N  + bu t  no DOC a marked  
increase  in opt ica l  dens i ty  a t  34 ° m/~ was observed (Fig. I, I1 and II1). When  DOC was presen t  
f rom the  s t a r t  the  increase in opt ica l  dens i ty  was less p ronounced  (Fig. i, IV). These resul ts  
sugges t  t h a t  TPN+ is reduced by  reac t ions  i nvo lv ing  fumara te .  Ev idence  for the  fo rmat ion  of 
p y r u v a t e  in the  reac t ion  m i x t u r e  con ta in ing  fumara t e  and  T P N  + was ob ta ined  by  the  paper  
c h r o m a t o g r a p h i c  me thod  of EL HAWARY AND THOMPSON 5. This  suppor t s  the  sugges t ion  t h a t  the  
mal ic  enzyme  4 is invo lved  in the  reduct ion  of T P N  +. In  the  absence of f u m a r a t e  added T P N H  
is reoxid ized  (Fig. 2). 
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Fig. i .  The reac t ion  m i x t u r e s  con ta ined  2 ml  
enzyme,  4 ° m M  T R I S  buffer p H  7.4, o . i  m M  
T P N  + in a final vol. of 3 ml. I con ta ined  no 
fumara te ,  IV con ta ined  5o0 g DOC in 0.o4 ml 
propyleneglycol .  At  zero t i m e  fumara t e  w a s  
added  to  n and  IV to give io  m M  final con- 
cen t r a t ion  and to I I I  to  g ive  I m M  final con- 
cen t ra t ion .  The cell con ten t s  were m a i n t a i n e d  
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Fig. 2. The reac t ion  m i x t u r e  con ta ined  2 ml 
enzyme  and 4 ° m M  T R I S  buffer p H  7.4, in a 
final vol. of 3 ml. At  zero t ime  T P N  + reduced 
by  Na2S~O a was  added  to give a final concen- 
t r a t i on  of abou t  o . i  mM.  The cell con ten t s  
were m a i n t a i n e d  a t  37 ° and  were s t i r red a t  2 

min  in t e rva l s  to ass is t  oxygena t ion .  

a t  37  ° a n d  were s t i r red  a t  2 min  in t e rva l s  to  assist  oxygena t ion .  
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I t  would thus  appea r  t h a t  a curve  of the t y p e  i l l ,  lgig. t migh t  be cxpht ined hv ~ hiKht.i 
ra te  of TPN + reduct ion  dur ing  the first to n l inutes  whereaf tc r  fun la ra te  c( ,ncentrat i(m I)ec,mw> 
the l in l i t ing  factor  anti  T P N H  ox ida t i on  is the d (ml inan t  react ion.  

The r equ i r emen t  f o r T P N H  for 11f l -hydroxyla t ion  ~)1 I)OC was c~mhrmed by obserxnti~ms 
(Table I) t h a t  th is  react i(m occurred ~m the  slow add i t ion  of "I 'I 'Ntl (final c~,ncentration o.o tn.U~ 
to a reac t ion  m i x t u r e  con ta in ing  lit) fumara te .  Nil react ion (~ccurred when TI)N or I)I 'N H were 
adcled nnder  the same c(mditi(uls. 

T \BI . I£  I 

THE I l ¢]-HYDROXYI.ATION OF 1)()(" B'Y ()X-ADRENAL ENZYMES IN r i l e  PRESENCl-; OF REI)UCED "['I).~ 

Addi t i (ms  to rcadicm mi.~tures containinq I)OC added l)O(? hvdrovvlaled ",, 
2 m l  enzyme ! 4'J m M  T R I S  p H  7.1 (/~ moles) (l~ m~des) hvdrol I'lation 

o.~ m . I / ' I ' P N  , io n13l fun la ra te  1.33 1.33 ioo 
o.6 m . l l  T P N '  1.33 o o 
0.6 m M  T P X H  1.33 °.57 .t3 
o.6 n131 I ) P N t f  1.33 o o 

Incu l )a t ions  were for ~ hour  a t  37g in air. Coenzynles  were added a t  in te rva l s  to Mire the 
final concen t ra t ions  shown. 

The resul ts  descr ibed above show a r en la rkab le  s imi l a r i t y  to those (~f i~ROI)IE #1 al.  6 "WIlO 
tound t h a t  T P N H  and oxygen  are requi red  for the  metabo l i sn l  of cer ta in  drugs  by liver micro- 
somes. They  sugges ted  t h a t  T P N H  ox ida t i on  in the i r  sys t em could involve  the  pro( luct ion oi 
h y d r o g e n  perox ide  which m i g h t  be used in the  d rug  t r an s fo rma t i ons  observed.  Mi'ro.~bx AND 
I ) 'DENFRIEND ? have  shown a r e q u i r e m e n t  fr)r D P N H  and oxygen for the  ox ida t i on  of phenyl -  
a l an ine  to tyrosine .  

]~RODIE 7 has confirnled the p roduc t ion  of H,aO 2 on T I ' N H  ox ida t ion  in his enzyme  sys tem 
a n d  has found t h a t  T P N H  canno t  be replaced by  H 20  ~ genera t ing  enzyme  systems*, a l though 
th is  m a y  be due to  fai lure of H~O 2 to  enter  the  nlicrosonles.  A m e c h a n i s m  of i t f l - hyd roxy la t i on  
of s teroids  invo lv ing  H 2 0  ~ nl ight  offer an e x p l a n a t i o n  of the  obse rva t ions  of HANAYO AND DORF- 
MAN 9 wi th  D20  and H21sO t h a t  wa te r  does not  t a k e  p a r t  in the  react ion.  E x p e r i m e n t s  to i nves t i ga t e  
the  possible role of HIO 2 in 11f l -hydroxyla t ion  are in hand.  I t  is impor t an t ,  however,  to po in t  
ou t  t t l a t  the  p roduc t ion  of H 2 0  ~ on T P N H  o x i d a t i o n  m a y  be a nornla l  occurrence, when  the 
reduced f lavoprote in  formed reacts  d i rec t ly  wi th  oxygen in microsonla l  par t ic les  which are 
deficient  in cy tochrome  oxidase  1~. " I n t a c t "  n l i tochondr ia  however  which ca ta lyse  s te ro id  l i[4- 
h y d r o x y l a t i o n  will norn la l ly  oxidize TPN  H via  the  f lavoprote in  and cy toch rome  sys t ems  w i t h o u t  
the  p roduc t ion  of H202. The sal ine washed  residues of HAYANO AND D O R F M A N  2 show a special  
r equ i r emen t  for fumara t e  and  canno t  be considered to con ta in  " i n t a c t "  mi tochondr ia .  Acetone 
d ry ing  as used in our p repa ra t ions  is known  to des t roy  cy toch rome  oxidase  u. The poss ib i l i ty  
m u s t  therefore be considered t h a t  under  these ve ry  art if icial  cond i t ions  s teroid 11 f i -hydroxy la t ion  
m a y  proceed by  mechanisn l s  not  invo lved  in " i n t a c t "  mitochon(lr ia .  

The  expenses  of th i s  work  were def rayed  in p a r t  by  a g ran t  from the  Medical  Research Council. 
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