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. q l ; M M A R Y  

Pu~ifiml DT diaphorase from rat  liver can suptx,rt  the aerobic oxidat ion of external  
DPN H and T P N H  by isolated mi tochondr ia  when low concentrat ions  of v i tamin K~ 
(2-methyl-x,4-naphtl ioquinone) are added.  Tbe oxidat ion is sensitive to dicoumaxol 
which inhibits DT diaphorase, and to the  respiratory-chain inhibitors,  an t imyc in  A 
and cyanide. "i'he phosphatej'o~,ygen ratio ob.~rved for the  sys tem is two. The reac- 
ti,,n is specific wi th  regard to the quinone;  c l o~ iy  reLated naphth,xluinones ,  such as 
1.4-naphthoquinone,  as well as various benzoquimmes,  are inactive. The possible 
significance of DT diaphor~se in the regulat ion of  the  cellular levels of tke extra- 
ndtocilondrial  r~ iuced  pyridinc nucleotides is discussed. 

INTRODUCTION 

L'T diaph.ra.~-~, a f lavoenzymc catalyzing the oxidat ion - f  bo th  D P N H  and  T P N H  
by artificial electron acceptors, in rat  liver ~x:curs in bo th  mi tochondr ia  and  micro- 
.¢orne~. bu t  the bulk of the enzyme is found in the  soluble cytoplasm 1-3. The relation- 
ship f~f the mitochondrial  DT diaphora.~ to the terminal  respiratory chain and  to 
oxidat ive  phosphoryla t ion has been inve~tigatc~ in previou,~ papers4-L I t  was 
found 4- • tha t  this enzyme does not  par t ic ipate  in respiration, and  cannot  media te  
electron transfer t~ tween in t rami tochondr ia l  D P N H  or T P N H  and  the cyt ,x:hrome 
system un'e.~ a cata lyt ic  amount  of  v i tamin K s is added.  Since DT diaphorase is 
s t rongly inhibited by dieoumarol2, n, which uncouples oxidat ive  phosphoryla t ion  8. 
the question of  a IX~ssible indirect function of the  enzyme in the coupling of respira- 
lion to phosphnrylat ion was also consideredX,Z. 4. However,  this possibility was eli- 
mina ted  on the evidence '  tha t  pigeon-liver mitochondria ,  which lack DT diaphorase,  
exhibit  a fully efficient phosphoryla t ion  which is uncoupled by  dicoumarol .  

The studies reported in this paper  represent art approach to the funct ion of the 
DT diaphorase occurring in the ext rami tochondr ia l  space of the liver cell. Since I)T 
diaphorase occur~ abundan t ly  in the soluble cytoplasm2, ~ it might  const i tu te  a power- 
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ful t r i tons of" oxid iz ing  c y t o p l a s m i c  r educed  pyr id ine  nuc teo t ides  wi th  the  possible  
f unc t i on  o f  m e d i a t i n g  e lec t ron  t r ans fe r  be tween  tht: ,e  coenzymc.~ a n d  the  ml to-  
cnond r i a l  r e s p i r a t o r y  chain.  Th is  ques t i on  has  now been i n v e s t i g a t e d  by  using 
pur i f i ed  D T  diaphora.~e and  i so la ted  rat  l iver  mi tocho t id r i a  as a s y s t e m  for ox.;dizing 
D P N  I I a n d  T P N  H. I t  was found  t ha t  this  s~ s t t ,m  ~ h e ,  ~tapplemented wi th  a cat  a ly t ic  
a m o u n t  o f  v i t a m i n  Kn, ca ta lyze~  a rap id  aerobic  o x i d a t i o n  o f  b o th  r ed u ced  pyr id ine  
nuc leo t ides .  "| 'he r eac t ion ,  l ike the  one  previc,u~iy o ld ,e r red  wi th  the  i n t r a m i t o c h o n -  
dr ia l  n x  diaphorz~.se ~ n, is.~pecific for v i t a m i n  K a. ;*nd i~ accoml~m,iet |  b y  a phos-  
p h o r y l a t i o n  w i th  a P : ( )  ratit~ o f  z. / l i e  pos , ib i t i ty  tha t  th is  r eac t ion  p a t h w a y  migh t  
c o n s t i t u t e  a c on t r o l  m e c h a n i s m  for the  regu la t ion  ,.~f the  levels of  e x t r a m i t o c h o n d r i a l  
r e d u c e d  p.vTidine nuc leo t ides  is discussed.  Pa r t  of  thi~ work  ka': l-;{:trn p r e sen t ed  in 
a p r e l i m i n a r y  fo rm ~. 

P~XI'EI~IMENTAL PRt*CEI;,URP~ 

Mate;'ials 

All m a t e r i a l s  t L ~ t  unless  specified wt.rt, co m m erc i a l  p roduc t s .  Vitarnin.~ Kz. K~., 
a n d  Ka were  o b t a i n e d  through,  the  , : tmr tc :v  - f  F. I l o f f m a n - L a  Roche.  lnc. .  Ba~el. 
C o e n z y m e  Q0 was  t he  k ind  gift  o f  l ' rofe~sor D. E ('.u~:Ex, .Ma,.-ison, an d  coenzyroe  
Qto o f  Dr.  J. L~xK.% Amsterdam. T h e  r e m a i n d e r  o f  thc  quinones were  k ind!y  supplied 
b y  Dr.  L. REtO, S t o c k h o l m .  T h e  ak:ohol  d e h y d r o g e n a s e  was a cr3-stallized prepar; t -  
t ion in a m m o n i u m  .~ulfate f r om S igma  Co. Pur i f ied  gluct~se-h-pho.,:phate dehydrogena~x" 
p r e p a r a t i o n s  f r om b~th  S igma Co. and  Buehr inge r  (',~, w ~ r e  used wzthout  a n y  oi)~er- 
vab le  d i f fe rence  in the  r eac t i ons  s tud ied .  

Methods 

Rat - l iw : r  mit~w.hondria were prepar~.d b y  if:, p r o c e d u r e  or- .~,CI~NEIDEF~ AND 
HOGEBOOM |0 wi th  m i n o r  modification.~ *~. Purif ied 1;'[" d i a p h o r a s e  wa_-~ p r e p a r e d  f rom 
the  .~flubh: f r ac t i on  of  r a t - l i ve r  h o m o g e n a t e  a,, d e ~ r i b e d  p rev ious ly  s. O x y g e n  con-  
s u m p t i o n  w h e n  m e a s u r e d  m a n o m e t r i c a l l y  was d e t e r m i n e d  in smal l  (5.0 ml  volume)  
m a n o m e t e r  y e s , I s .  T h e  final v o l u m e  sviLs z.o ml. Po l a rog raph ic  m e a s u r e m e n t ~  o f  t h e  
o x y g e n  c o n s u m p t i o n  were  m a d e  wi th  an open  r o t a t i n g  c u p  a n d  s ta t ionary-  p l a t i n i n m  
e l e c t r o d e  a c c o r d ing  to  the  p r o c e d u r e  ~f (~IIANCE AND W I L L I A M S  t~. T h e  v o l u m e  was 
a g a i n  z.o ml. S p e e t r o p h o t o m e t r i c  d e t e r m i n a t i o n  o f  the  o x i d a t i o n  of  r educed  p y r id in e  
n u c l e o t i d e  was  p e r f o r m e d  wi th  a record ing  B e c k m a n  D K -2  s p e c t r o p h o t o m e t e r  using 
c t t ve t t e s  o f  z cm l ight  p a t h  aLS WILS des,-.tibed p rev ious ly  3. T h e  r eac t ion  wa.q folk~wed 
a t  a w a v e l e n g t h  o f  340 m #  u.~i;:g an ,".xtinctiot~ ¢ o e ~ c i e n t  ( l i t e r /mole /cm)  o f  6.22- Io a 
(soe ref.  x3). P h o s p h a t e  u p t a k e  was e~ t ima ted  accord ing  to  the  modif ied  MARTI,~ ,~.~ I~ 
Do'r~," p r o c e d u r e  desc r ibed  by  I . iN 'DIIERG AN'D ERNSTER t4. 

NE.~ULTS 

Stimulation of mi~chondri~d oxidation o[ extramit~chondrial TPNH by vitamin h'3 and 
D T  diap/~ase 

W]ten T P N H ,  g e n e r a t e d  b y  the  o x i d a t i o n  o f  g lucose  {)-phosphate  wi th  glucose- 
6 - p h o s p h a t e  dehydrogena.~e,  was i n c u b a t e d  in t h e  p resence  o f  f r ~ h  m i t o c h o n d r i a ,  
v e r y  l i t t le  c o n s u m p t i o n  o f  o x y g e n  was o b s e r v e d  ;m_-~ ~howaz in Fig. z. Th is  f inding is 
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in a g r e e m e n t  wi th  previou.~ r e p o r t s  o~a the  v i r t u a l  i n a b i l i t y  of  i s o l a t e d  m i t o c h o n d r i a  
t o  oxidiz , ,  c a t a ! y l i c  t : o n c e n t r a t i o n  ~- o f  e x t e r n a l  T P N H  ~n-~q. T h e  a d d i t i o n  o f  v i t a m i n  
l~.n to  t h i s  .~ystem, h o w e ' - e r ,  p r o d u c e d  a t w o -  re, t h r e e f o l d  s t i m u l a t i o n  nf  t h e  res-  
p i r a t i o n .  T h e  t 'e.~piration in t h e  p r e s e n c e  o f  v i t a m i n  Ka w a s  d i e o u m a r o l - s e n s i t i v e  a n d  
thu. ,  p r o b a b l y  pr~×:eeds v ia  t he  D T  d i a o h o r a s e  o f  t h e  mi toehcmdr ia~ ,  ~. T h e  a d d i -  
t iou  of  pur i f i e0  D T  d i apho . - a se  t o  t h i s  s y s t e m  g a v e  a f u r t h e r  two-  t o  t h r e e f o l d  s t i m u l a -  
t ion  of  t h e  rer.piratic.,n. I t  m a y  be  p o i n t e d  o u t  t h a t  t h i s  r a t e  o f  rmapi ra t ion  w a s  d o s e  

I 

6 

°i 8 

5 10 15 ~0 
rv, l n  u t t l  

l I l  ~ g  . ~ r .Stinl~dation of the mitoch~,nttrial oxidati~m of extramltcrehondrial TPNFI b~" vita_.-xtin K s 
attd I)T diaph~rasc. The complete .~yst,am contained, per Warburg ve~Bel, ao/tmolen glucose 
(, pho.~lrhatc, t unit t.,lucose-6-pht~phate dehydrogenate.  0.5 Itmole TPN, 2o amole~ Tris buffer 
{pt I 7 4). ! . , / ,moles ~rthophOsphate (pH 7÷4). 4 #¢rnoles MgClt. 2 l lmo t~  adenosine tr iphosphate,  
24 .ttmolt--s gluco.'-~", art trxcc.s~ of yeast hcxokanase, 50/,mole~ ~ucrt~,;e. mitochondria from ~o..o, mg 
ra t  liver. ~,.t~t t tmole  v~tatnin H,. and au amount  of 45o-fold purifit.~d L)T diaphora_~e (together 
with x nag ~-rttt~x alburniul ~:apable of re-.h~t:ing I 7,mole DCPII ~ per minute. Final volume ~.o ml. 
Tetnperatur~-. 3~,:; l~eading l~egun after 0 nlin thermoequilibration÷ t. Complete Aystem; 2. no 
DT diaphora~,; j .  no DT diaph~rase, n~ vitamin 1~.; 4. no ~,ttb~trate; 5, no lnit~ahondria. 

tn  t h a t  o b t a i n e d  m a x i m a l l y  w i t h  s u c c i n a t e  or  g l u t a m a t e  as  s u b s t r a t e  a n d  m a y  re-  
o r e s . h i  the  l imi t  o f  t h e  c y t o c h r o n x e  s y s t e m  t o  r e a c t  w i t h  o x y g e n  r a t h e r  t h a n  t h a t  
~f  T I ' N H  t o  r e a c t  w i th  ihe  ~:ytcchrorv.e s y s t e m ,  D T  d i a p h o r a s e  in t he  a b s e n c e  o f  
\ , i t a m i n  K~ h a d  no  effect  on  the  r e s p i r a t i o n .  

T h e  c o n c e n t r a t i o n  of  ~o * M v i t a m i n  K used  in tt~ese e x p e r i m e n t s  w a s  n o t  
:~scert:xined to  bc  t h e  m i n i m a l  c o n c e n t r a t i o n  r e q u i r e d  for t h e  s y s t e m ;  h o w e v e r ,  
zo -6 M v i t a m i n  Ks  g a v e  b u t  v e r y  l i t t l e  s t i m u l a t i o n  o f  r e s p i r a t i o n  e i t h e r  in  t h e  p re -  
sence  or  a b s e n c e  ~f a d d e d  i ) T  d i a p h o r a s e .  R e s u l t s  f r o m  o t h e r  e x p e r i m e n t s  ~ h a v e  
i n d i c a t e d  t h a t  5" ao '6  M is t he  m i n i m a l  c o n c e n t r a t i o n  re~tuired t o  s u p p o r t  m a x i m a l  
r e s p i r a t i o n  in a s i m i l a r  t y p e  of  s y s t e m .  

! t  r~;,x, be n o t e d  a l ~  t h a t  l i t t l e  or  no o x y g e n  consumpt i t~u  wa.~ o b ~ , ' v e d  in  t h e  
a b s e n c e  o f  mi t rwh~mdr ia ,  i n d i c a t i n g  t h a t  a u t o - o x i d a t i o n  o f  t h e  v i t a m i n  K~ w a s  
neg l ig ib l e  u n d e r  t h e s e  condit ion.~.  

Effect of inhibitors on mitovhondrial oxidation of extramitochondrial T P N H  in the 
presence o.[ vflamin K~ altd D7" diaphorase 

T h e  ro le  o f  t h e  r ~ p i r a t o r y  c h a i n  in t h e  T P N H  o x i d a t i o n  s t i m t t l a t e d  b y  v i t a m i n  

Bfi'~cN,m Ri,,p;,ys..-Jc~. 67 (I963) z6.~2~o 
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K s and  D T  diaphtwase was  d e t e r m i n e d  +.vitia a n u m b e r  of  inhibitor.;  as ~h<~w'n in 
Table  I. A m y t a t ,  which  is as~ume~t t+~ act  be tween  DI>NH and  the c y t - c h r o m e  
cha in  a~, showed  no  inhibi t ion ,  and  ac tua l ly  a sligl~t and  po.ssibly s ignif icant  .~timula- 
tirm of  the  respi ra t ion  was  observed.  ()n the  o the r  ha~d,  a n t i m y c i n  A, ac t ing  be tween  
c y t o c h r o m e  b and  c v t o c h r o m e  ct~, ;~, and  cyan ide ,  inhibi t ing  c y t o c h r o m e  -x idase ,  
s t r o n g l y  inh ib i ted  this  respi ra t ion .  The~e results  are in a g r e e m e n t  with the  r epor t  
of  COLPA-I"~oO.xS'!.NA ANI) ~ I . A ' I + E R  ~'1 o1"1 tile +~xid~ti,.+n of  reducext x'itarnin K a by 
mi tochondr ia+  

+l'+~. B E  1':. I 

~FI-'F2t~T O F  S¢.)%II-: I , M I I I I S I  l ' ( I k I ~  t ) N  T i l l "  . X t l T O (  I I ( l ~ ' l J l ~ l  ' ,J .  < ~ I I : . X  r l o N  O F  F2CTI .Ch? . I I  I ' ( I U H ~ . } N D R L ' ~ L  

T P N H  I ~  T I l t :  P d ,  E S l - N t  l+~ ( ~ F  V | I A ) I I N  1~,+ A N I )  I ) ' I  + r ~ I . m + P H O I ~ h S ~  

('onditions were the same ;~s in Fig+ I +I'he aznt,unts t+f the. zt(l:litlorlS xvcrc ,as f,.ll.ws. I ollmo|c 
amytal, t tag antim/cin .k+ i.t) llmol¢: IKCN. at:d ~,~ a¢¢m<,l¢" th, c>umaru,!. ";'iu~ttr mt-ctsured, zo mitt. 

.+~ l+lll~l++It~, i + • +IP ~lll|+'++llll'~i " . - -  4[l'l~IgO~13+ +I~'I~p3"JP 

('t,mplete system 
Complete systtm ~ amytal 
Complete system i antimw-in X 
('omplute system ~ cyal~ide 
( omplete system -~ dicournarnl 
('omptetc sy.,;tern - DT (tiaphorast- v i t a t l l i l l  K ~  

5 5 t '  
b. 3e) 
t t 4 

[ 1 2  

D i c o u m a r o l  a t  a c t m c e n t r a t i o n  o f  xo -~ M is a highly select:.ve inh ib i to r  fi>r DT 
diaphoraseLa,~ and  give.'; no  inhib i t ion  of  n o r m a l  mi t¢chondr i a l  re.~pirati ,n. The  
resu l t s  in Tab le  I show a nea r ly  comph~te inhib i t ion  of  the resp i ra t ion  s t imu la t ed  
b y  v i t a m i n  K~ a n d  D T  d i a p h o r a . ~  wi th  this  c o n c e n t r a t i o n  of  dictmmartfl .  

Comparison of mitt, Lhondriai oxidation ,5 '1  HN i? and D t ' N H  in the presence of vitamitt 
h'a and DI" diaphorase 

Since D T  d iaphora~e  m a y  reat ' t  equa l ly  well wl;.h bo th  DI~.'~H and  T P N H .  a 
s y s t e m  for g e n e r a t i n g  DI 'NH c-nt++ining D P N .  e thano l ,  a n d  -,dt:(Jhol dehydrogena , ; e  
was  s tud ied .  As was  r epo r t ed  elsex-,'here -~, th._. D T  d iaphora~e  has a low aff ini ty fi~v 
its s u b s t r a t e s  a n d  d y e  reduc t i tm is slow when a gene ra t i ng  sy s t em such ,g~ aler~hol 
d e h y d r o g e n a s e  and  e thano l  whicl :  i~ unfzw~rable  to the  p r o d u c t i o n  o f  r educed  
py r id ine  nuc leo t ide  is u.~ed. It  was no t  surpr i s ing  thereftwe t h a t  at tempt.~ to de t e rmine  
the  ra te  o f  o x y g e n  c o n s u m p t i o n  s u p p o r t e d  by  D T  diaphora.se in such a sy s t em gax:e 
low value~ c o m p a r e d  wi th  the  g lucose -6 -pho~pha te  dehydrGgena_se sys t em.  

In  o rde r  to m a k e  a more  s a t i s f ac to ry  compar i son ,  the t~xidation o f  D P N H  and  
T P N H  was  fol lowed po la rog raph ica l ly ,  us ing s u b s t r a t e  a m o u n t s  o f  the  r educed  pyt i -  
d ine  nueleot ides .  Fig. 2 shows  c o m p a r a t i v e  trace:+ ¢:f the o x y g e n  e , , n sumpt ion  wi th  
T P N F I  a n d  D P N H  as subs t ra tes ,  it can he ~ n  tha t  u n d e r  the~e cond i t ions  the  
t w o  s y s t e m s  b e h a v e d  ident ica l ly  in regard~ tt+ s t imu la t ion  o f  o x y g e n  u p t a k e  b y  
v i t a m i n  K s and  D T  d iaphorase .  The  difference in the  init ial  r a t e  in the  presence  o f  
r educed  p y r i d i n e  nue leo t ide  a h m e  wa~s due  to differences in the  e n d o g e n o u s  subs t r a t  c 
present .  T h e  o x i d a t i o n  o f  D P N H  showed  no  inhibi t iun  by  amvtaL and  the  same  

B+ochim. Bi~Jpk~ts. ,+tcta, G 7 (+t<~ 3) z68 -+~tO 
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l.xg. z Co rn p . an so n  c~f tht" m i t o c h o n d r i a l  o x i d a t i o n  o f  e x t r a m i t o c h o n d r i a l  T P N H  a n d  D P N ] I  
met l ta tc t i  b v  v i t a m i n  I '~ an*l b y  c . v t o e h r o m e  c. T h e  m e d i u m  c o n t a i n e d  20 u m o h ~  T r i s  b u f f e r  
[ p l l  7-4~. _-o t Jmoles  o r thophos i f l aah~  (pH 7-4!, 4 / 4 m o l e s  MgCI I. b /umole~  g lucone .  ! /~mole  A T P ,  
t:x~:~.~.'.~ v e a s t  h e x o k i n a s e ,  t o~ ~tmoles  KCI. 5 ° 1,mol~m sucro~,e, a n d  ! m g  s e r u m  a l b u m i n  in t . o  ml .  
Mit tn-h~mtl rm f r o m  200 m ~  r a t  l iver  w,~re u ~ d .  T h e  a m o u n t s  o f  t h e  a d d i t i o n s  w e l e  a s  fo l lows :  
z .o /~mole  T I * N H  or  DI~NH,  5" 1° -s /¢n :c ' l c  ~,itamitx K~, p u r i f i e d  D T  d i a p h o r a ~ e  c a p a b l e  o f  re-  
d u c i n g  I . . m o l e  DCPII - '  i~er m i n u t e .  5 " ~ *  ~ / t m o l e  d i c o u m a r o l ,  t t~g a n t i m y ¢ i n  A, ~o /~molt~ 

g l u t a m a t e ,  a n d  ¢ ~ - ~  t t . . . ) l e  c y t ~ c h r o m e ¢ .  F i n a l  v o l u m e .  ~.1 ml .  

~ensitivity to dicoumarol  and an t imyc in  A as did the T P N H  s y s t e m  ~ ) t h  in mano-  
metr ic  and ixdarograph.lc experiments.  This clearly distinguished this p a t h w a y  from 
the  DPNI-! c~xidatlon in the pre.~ence of cy tochrome c reported by  i - E I t N I N G E R  1t 

which .~Fows no sensi t ivi ty to dicoumarol  or an t imycin  A. No appreciable oxidat ion 
could be obsPrx,~t with T I ' N H  in the presence of cytochrome c. 

Sensitivity of the vitami~ K3-mediated oxidation of T P N H  by mitochondria 6~ the 
presence of DT  diaphorase to antimycin A 

In Fig. 3 is sl-,own the t i t rat ion of mitochondrial  respi,'ation by ~ a t imycin  A 
with g lu tamate  as substrate  and  with the oxidat ion of  gluccx,,e 6-ph~vsphate mediatect 
by vi tmnin K~ naxd DT diaphorase.  A hhough  the l~tter s~.;tem showed slightly less 
sen_~iLi,,ity t h ~ ,  t!)e *a~..'c~,al c,x]datitm of g lu tamate ,  both  systems were inhibi ted 
maximal ly  b_v the same level of an t imycin  A, support ing the view tha t  the same 

Bioch~m. )Ji~phys. Acta. b 7 I.tqCa3) ~'68--28o 
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sit~ of  in idb i t ion  i~ i n v o l v e d  in Both  ~vstem.-., I t  mu~t  t h e r e f o r e  Ue p r e s u m e d  th; t t  
tile electron.~ f r o m  the  " I ' P N I I  e n t e r  the  re~pirat~>,-y cha in  at  or  before  tile. n o r m a l  
s i te  o f  a n t i m y t : i n  A inh ib i t ion .  

Reaction of D T  diaphorase and vitamin K~ ~v.th a ~t,c~:i~ic oxidase preparali.n 

A f u r t h e r  a t t e m p t  to  elut_itk*te th, '  '~iI(" a n d  nattat't" o f  the  i n t e r a c t i o n  of  v i t a m i n  
K~ a n d  D T  d i a p h o r a s e  w i t h  the  r t :>pi ra tory  cha in  wa~ m a d e  i)',..' .~tu(tying the  r eac t ion  

E 

= t  

¢fft 

Z, 

8L 

E,L 

ZO 
Jt K 

zo ~'o ,:o so 
~,nl im.yc)r= A - ~Jg 

b'ig, 3- Eff t ;¢ t  ¢)f a n t l m y c m  A o n  t h e  m i t o c h o m l r ~ a ]  ox i ( l~d ion  ,~t" ff, l u t : ~ m a t e  a n d  ox={LatJor~, o f  
e x t r a m i t o c h o n d r { o . l  " F P N H  m¢:di~t~-d I>)- v i t a m i n  I,:= a n d  I )T d i a p h o r a s ~ .  T h e  c o m p l e t e  ~yat,..-~ 
c o n t a i n e d ,  p e r  ~ V a r b u r g  v~,-s,s~.l, t~)/~mok._~ g l u t a m a t e  v r  i o / , m o l e s  g l u c o s e  G-phospha te - .  ¢ , n i t  
g l u c o s e - 0 - p h o s p h a t e  d c h y t l r o g e n ~ - ,  o .S / imt~!e  " [ ' l '~ .  2ol~molt .~ l ' r t s  b u t t e r  (pF! 7--I)- 2OpTU,~k'~ 
o r t h o p h o s p h a t e  ( p H  7-4}. -)/,~moh..~ MgCl  s. " / , m o l e s  \ ' F f  >. 2 4 j i m o l c ~  gl l lc{) .~ l~ ,  e x C ( m ~  %'t- | l is t  ht 'x ' )"  
kinm~,e, t o o  ~¢molt~ KCI.  S t ) ~ m o l e s  s u e r o ~ ,  3" l o-S/zinc)h:  v i t a m i n  K a, pur i f i t . , |  D T  d t a p h o r a s ~ .  
I t o g e t h e r  w i t h  ] m g  s e r u m  a l b u m i n l  c a p a b l e  o f  r t :du: : ing  : / ,m()le  D C P [ P  p e r  m i n u t e  a n d  m l t o -  
chondr iz~  f r o m  aoo  m g  r a t  l iver .  F i n a l  v o l u m e ,  t.,) nil  T t ' l~ lper l i tu re .  3o: .  r<eax:lings b e g a n  &tt:.- 
b r a i n  t h e r r n n e q u i l i b r a t i ~ m  ,;_'-- :_~. g l u t a m a t e ;  ~ >:. ~ [ucose  ¢ ) -phospha t , :  + gluct~.t:-(,-l .)ht~- 

p h a t e  d e h y d r o g e n a ~ :  -:- I ' H N  

o f  t he  x-i tamin K s - D T  d i a p h o r a ~ e  s y s t e m  wi th  the  r e s p i r a t o r y  cha in  of  a ~uccinic 
oxidm~e p r e p a r a t i o n .  T h e  s u c c i m e  oxida.~e was  p r e p a r e d  f r o m  r a t - l i v e r  m i t o e h o n d r i a  
w i t h  o.3°.,() d e o x y c h o l a t e  b y  the  me. thod <)f ,%IvKEvVVZ ANt) V,'.~l~o,~ "~. I t  ~va~ f o u n d  
n e c e s s a r y  to  g ive  f u r t h e r  w a s h i n g  wi th  t h e  d e o x v c h o l a t e  t h a n  was  desc r ibed  in 
o r d e r  to  r e d u c e  t h e  D P N H  oxida.~e a c t i v i t y .  An e x p e r i m e n t  i.~ s h o w n  in T a b l e  l I  
w h e r e  t h e  D P N H  oxida_~_ a c t i , : i t y  w a s  35%, of  the  succinie  o x i d a s e  a c t i v i t y .  Th i s  
r e s p i r a t i o n  ~was s e n s i t i v e  to  b o t h  a m v t a l  a n d  a n t i m y e i n  A. In  t he  p re sence  of  a 
T P N H - g e n e r a t i n g  s y s t e m  the  p r e p a r a t i o n  wi th  D T  d i a p h o r a s c  a n d  v i t a m i n  K3 g a v e  
a r e s p i r a t i o n  o f  7 o %  of  t h e  s u e t | h a t e  re,zpiration.  Til ls  respi ra t io '=  l:z~.l_ lo~t a m y t a l  
s ens i t i v i t y ,  b u t  r e m a i n s  a t  lea.st (x)°,,~, s ens i t i ve  to  a n t i m y c i n  A. Th i s  s y s t e m  sh,~wed 
all t he  c h a r a c t e r i s t i c s  o f  the  i n t a c t  m i t o c h o n d r i a l  s y s t e m  z n d  sugges t s  t h a t  the  e l ec t rons  
f r o m  - . ' i tamin K s m a y  e n t e r  the  r e s p i r a t o r y  cha in  a t  a s i te  c o m m o n  to  b o t h  the  suc-  
cinie o x i d a . ~  a n d  D P N H  o x i d a s e  chain~+ A probable .  .4ire would  be  cy t<~hrorne  b 
wh ich  h a s  been  i m p l i c a t e d  also in the. v i t a m i n  K b - m e d i a t e d  l)yt)ass o f  the  a m y t a l  
i n h i b i t i o n  in m i t o c h o n d r i a l  resl)irati~)n (. 

Bi()chiln Bi~>Ohys..-|~.ta. 67 (zr '~)3)  ,f~8--28o 
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( iX [ I ) .%TIO_~  O F  T I ' N i !  n y  A s u c c i b ; l ( ;  e x i t ) A s ? _  P R E P A R A T I O N  I N  THE pblE~'.£lCCF. 
O ~  ][)']," D I A P H O R ~ , S E  A .~D  V I T A M I N  K |  

( ' , )Tt¢ l i t io t t~  we.re, the" ~ a m e  a s  i n  F i  R. 3 .  T h t :  a m c u n t s  o f  t h e  ~ubs t , x~ t ,~ '8  w e r e  i o / , m o l e s  s u c c i n ~ t e .  
I t )  l l t l l t ) ] t  "~, glt~t.tmate. [oo,umolcs  eth,tnt~l. [ o / ,mo le s  glucose 6-ph t~pha te ,  I /,mole DPN,  r /*mole 
"FPN. to>on u~tit~ a |cohol dt2l:LydroButl~t-~e, al ld 0.6 uni t  ghlco.e.e-O-phonph~t~ dehydrogena.,~e. The 
amottnts  of the addi t ions  were I /jg an t imyc ln  A, z/~moIen amyta l ,  exce.~q I)T diaphora.ne ~dth 

mg .~{.rum albumin,  and  .5" in  -s/~m{}lu v i tamin  K=. Time mea~.ax:rc<l, zo rain. 

S u c t ' i n , a  t~-- 

( ;Jtttnl~'HI tt" 
Glu tama te  i I ) I 'N 
G iu t ama tc  t I)I>N " 
Ethanol  + I)]>N " + alcohol d e h ' , ' d r o g c D a t ~ t r  
E t h d l ' t t ~ l  + ])l~>N "~" a l c o h o l  d c h y d r t ) g c v ,  a ~ e  
1-_'thant,I ~- IliON + aicoho t, debyJ:':~gcna~c 
(;h~ t~..~- 6-l)ho~'~hatc • "J'}'S .. glucose-6-pho'~ph~te 

t],,,h v(lrof~t, nase 
(;]ucose 0-phosphate  -- TI;N - ghaco~_--6-1)hosphate 

d c h  y ,  t r (~g t'll:dtsc* 
(;lu<'<)-~e u - p h o s p h a t e  • TPN -- ~4lucose-O-phosphate 

dehvdr0~ena.~c 
Glucose 0-pho.~phatc -- TPN .: gluco.~-6-l>hosph~te 

(tehydrogenast, 
(-;!uco,.~- G-pho.-,l>}tat~, ~ "l'l 'N t glucose-(~-l~hOsi)hato 

deh ydr(~RPna,,~, 

(;lu~-u.-,t' t > - p h o s p h a t v  + t ~ P N  - ghzcn.~e-6-pho~phatc 

Ant imvc in  A 

A n t i m . v c i n  A 

.'~ III.V t a  I 
A n t i m y c i n  A 

DT d iaphora , e  

Vi tamin  K a 

D T  diaphora~e + v i t amin  K= 

I3T (liaphora~e -}. ella.mill K= 
-¢- a m y t a !  

I )T  ( l iaphorase .t. v i t amin  K s 
+ an t imyc in  A 

3.84 
u+ZG 

o, 13 
o-¢>5 
o.41 
1 .3  2 
o.4R 
0.64 

o. z 6  

0 . 5 8  

G.~7 

2 .73  

".36 

x , o  4 

Specificity .h~r vitamin h's in tile stimulation of mitochondHal oxidation of T P N H  
t'n the presence of DT diaphorase 

A l a r g e  h i , m i l e r  o f  r e l a t e d  n , a p h t h o q u i u o n ~  a n d  benzoquinone_% w e r e  t e s t e d  in  
o r d e r  t o  d e t e r m i n e  w h e t i i e r  t h e y  m i g l t t  r ep i . ,Le  ~ i~.altt;Ji Kit i n  l n e d i a t i n g  t h e  o x i d a t i o n  
o f  e x t r a m i t < × : h o n d r i a t  T I ' N H  t h r o u g h  t h e  D T  d i a p h o r a s e  t o  t h e  r e . ~ p i r a t o r y  c h a i n .  
A l t h o u g h  m o s t  o f  t h e s e  ( l u i n o n e s  h a v e  b e e n  o b s e r v e d  t o  a c c e p t  e l e c t r o r l s  f r o m  D T  
d i a p h o r a . ~ e  in t h e  p r e s e n c e  o f  r e d u c e d  p 3 T i d i n e  n u c l e o t i d e ,  i t  w a s  f o u n d  t h a t  o n l y  
~ d t a m i n  Ka  w~_s a p p r e c i a b l y  a c t i v e  in  t h e  DT d i a p h o r u s e - c a t a l y z e d  bypas .~  o f  t h e  
a m y t a J  inhibit '~o,~ o f  l ) l ' N - l i ~ k e d  o x i d a t i o n  in  m i t o c h o n d r i a  4. A s  c a n  b e  o b s e r v e d  
in  T a b l e  I I  1, t h e  s a m e  s u r p r i s i n g  s p e c i f i c i t y  w a s  f o u n d  in  t h e  DT d i a p h o r a s e - c a t a l y z e d  
o x i d a t i o n  ( , f  e x t r a m i t o c h o n d r i a l  T P N H  b y  m i t o c h o n d a - i a .  O t h e r  t h a n  v i t , d n i n  K s, 
t h e  o n l y  q u i n o n e  t o  g i v e  a n  a p p r e c i a b l e  s t i m u l a t i o n  o f  T P N H  o x i d a t i o n  in  t h e  p r e -  
s e n c e  o f  D T  d i a p h o r a s e  w a s  2 - h v d r o x y - 3 - m e t h y l - z , 4 - n a p h t h o q u i n o n e  a n d  t h i s  w a s  
m a r k e d l y  less  t h a i l  t h e  o x i d a t i o n  in  t h e  p r e s e n c e  o f  v i t a m i n  K s. T h e  b e n z o q u i n o n e s ,  
i n c l u d i n g  c o e n z y m e  Q0, w e r e  a g a i n  c o m p l e t e l y  i n a c t i v e  in  t h i s  s y s t e m  a s  t e s t e d  u n d e r  
t h e s e  c o n d i t i o n s .  

i n  o r d e r  t o  e l i m i n a t e  t h e  p o s s i b i l i t y  t h a t  t h i s  s p e c i f i c i t y  w a s  d u e  t o  a s e l e c t i v e  
p e r m e a b i l i t y  o f  t h e  m i t o c h o n d r i a l  m e m b r a n e ,  t h e  e x p e r i m e n t s  w e r e  r e p e a t e d  w i t h  

l'3iochim. Btophys. Aeta. 6 7  0 9 6 3 }  ze..$--~8o 
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C o n d i t i o n ~  w e r e  t h e  s a m e  a.s ! n  F i g .  3- F.at : i l  ~ V a r l n l r g  vc '~set  c o n t a i ~ . ' d  20  t, t m o h ~  g l t t c , ~ ,  0 
p h o s p h a t e ,  t). 3 u n i t  g t u c o ~ e - G - l f l t O S l ) h a t c  d t . h y , l m g ( - t t a s o  ( . "3t~,ma),  o-5  p m o i , -  " I ' I )N.  zt) p m o l ¢ ~  
"F.'Ss b._.c4cr { p t [  7-4}, 20/*Inoler~ n r t h o p h n s p h a t e  ( p E t  7J,~,. 4 H m o l ¢ ~  M g C I  z. Z/tiThe)hr'| a d e n o s i n t r  
t r i p h o . g p h a t c ' ,  z i j t m t > l e s  g l u c o s e ,  a n  e x c e ~  o f  vt~a~t  h , .x~ ,k ina~¢: .  I o , ) / ¢ m o l t ~  l '~CI, 5 o / , m t ) I e s  
s u c r o s e ,  a n  a l l l O O n l  o f  I ) ' ~  d i a p h o r a s e  I s ~ ' i t h  ! m g  s~.r iHn a l h t l m i ~ 0  c a p a b l e  o f  r ~ d u c i n g  r i~lnt~le  
v i t a m i t ,  Ko p e r  m i , m t e  a n d  m i t o c h o n d r i a  f r o m  2~o  ,n~I r , i t  l i v e r .  T h ~  a m m t n t  o f  q u i n o n c  w a -  
o . o t  l ~ m o l e  a d d e d  i n  , o  l~1 t t h a n o l .  T i m e  m e a s u r e d .  20 tnin~ F i n a l  c o n c ~ m t ~ t r i o n  o f  c y t o c h r o m ~  c. 

G .  t o  - ~  3 1 .  

E ~p'~ t / ' . ,t! ,t .  

N o n e  o. 77 o. 57  
V i t a m i n  K s  ~ . t  3 ~ z~, 
t .'- N a p h ~ h c ~ - I u i n o n ¢  ~ ~'>3 
t . 4 - N a p h t h 0 q u i n o n c  ~ 8 7  
z - f t y d r o x y -  t ,4- n a p h t  hea l  u i n o n t  <~'.~5 
, - M e t h y l - j - h  , - d r , ) x y -  z. l - n a p h t h o ( 1  u i n t m e  1-45 
p - B e n z 0 q u i n o n e  ,) t),~ .'1.57 
2 - M e t h y l h e n : . o q u i n o n e  o - 4 4  
z , 0 -  D i m c t h y l | ~ t : n z o t |  tlU)oIl~" O. 3~ 
C o u n z y m ~ :  Q0  o b e  
v i t a m i n  K~ o . 5 ~  
v i t a m ! n  K t  o .~G 
C y t o c h r o m c  c ; 0 8  

T A  .~U. F. IX"  

KSTF.RllF1CATIO~I OF PHO~iI'HATE ACCOMFANYING { H E  ~MITOEHONDHIAL O.~[DATIO."q 
o ~  £XTR/t)IITO~;HO."~D~IAL T i ' N H  MI~D[AI 'ED BY D']" DIAPII( 'JRASE .~ND VITAMIN ~r~ s 

C o n d i t i o n - s  w e r e  t h e  .~anle  a s  t n  F i g .  3~ T h e  a m o u n t s  ~ f  t h i ,  a d ( h t t o n s  w e r e  _ , / , m o l e s  a m y t a t  a ~ c l  
o . i  t z m o l e  2, 4 - d i , i g t z ~ p h t : t i t , = .  -T'h¢:.*.ohgtt" u F r : H : e  w a ~  t ~ t i m a t e , d  a c c o r d i n g  t o  t h e  m n d i f i e d  M t n T I N  

AN1) I ) O ' ( Y  imro;re¢llLir~ ° I t  

• , ~ I  VgC'rl  p . ' t t J~p~u le  P,I~ 

t .  C o m p l e t e  s y s t e m  

z,  C o m p l e t e  s y s t e m  

3.  C o m p l e t e  s y s t e m  

• : .4_  D i n i t r o p h e t a o l  
-.- D T  d i a p h o r a s e ,  v i t a m i n  I,; s 

+ A m y t a l  
F 2 . 4 - D i n i t r o p h e n o l  
--  D T  d i a p h o r n ~ ,  . -  v i v a [ n i n  Ig s 

D T  d i a p h o r a s e ,  v i t a m i n  l¢a.  

+ A m  ytad. 
-i- z .4 - [ ) in i t roph . . - .q¢~  
- -  D T  d i a p h o r a ~ . ,  -- v t t a l n i n  [~a 
- -  D T  t | i i~.phor~-ae.  --  v t t a r m n  K : .  

• a m y ' t a !  

- -  a n : y t ~ l  

34°~  3. ~,o o. '4h 
3.2H o 30  o . o q  
o. l q  o . 4 4  

5.O8 -'. :39 o. 3 t 
5 . 3 7  t . - ' 9  0 . : 3  
4 . 9 o  o . o 3  o . o :  
o . 4 o  o.  41 - -  
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6 .5 / t  3.z8 o . 5 o  
6.  t 7 o~,%i n ,  [ () 
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the submit~)ch,mdrial D P N H  oxidase p repara t ion  previously  described ~ using ad(ied 
"I'PN H and purified DT diaphorase.  A.~ was repor ted  in the prece&ing paper  ~, a similar 
picture (~f specificity was obtained.  

Esh:r:fication of phosp&ate in the vi tamin Ka-mediated oxid. +tion of T P N H  by mito- 
thondvia in the presence of  D 7  diaphoc, ase 

The de te rmina t ion  of  PtO rat ios fi)r the  oxida t ion  o f  T P N H  in the  DT dia- 
phorase -v i t amin  Ka supp lemented  ~vstem by, the  usual  manomet r i c  measu remen t  
of  oxygen  and direct d+,termination of  phospha te  was very  e r ra t i c . .~evera l  experi-  
ments  a r e  s h o w n  in T a b l e  IX:. T h e  r a t i o s  v a r i e d  f r o m  0 .45  t o  a l m o s t  z .oo .  T h i s  
phosphory la t ion  was surprisingly sensit ive to amvta l  and highIy .~.nsiti~ e to  dini- 
t rophenoL These low values observed  fi)r thi.; sys tem are similar to the values ob- 
served by COI+PA-FI;tX)~STRA AND ~LATI'.R ~L f o r  the oxida t ion  +)f reduced  v i t amin  K a 
by  sarcosome,~, and by  JAcoas  el al.'~, ~* for the oxida t ion  of  ex t r ami tochondr i a l  
D P N H  in the presence of  various electron mediators .  

When the quest ion wa~ re inves t iga ted  by  means  o f  an oxygen  electr(~de, it was 

~, ¢o0 
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,, 200 _=; ~=- ~.<~i..~_+_._ 
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Fig.  4- Es te r i f i ca t ion  of  p h o s p h a t e  a n d  r e g p i r a t o r y  c o n t r o l  d u r i n g  t h e  m i t o c h o n d l i a [  o x i d a t i o n  o f  
T P . ~ H  a n d  D P I < I {  mL'd i~ tcd b y  v i t a m i n  K I a n d  D T  d i a p h o r a s ¢  mq mea.~ur~d b y  t ho  p o l a r o g r a p h i c  
mctL, ,d  ,ff CHAt~CE ^.'on x, VILLIAMS 2°+ Thu m e d i u m  cor t tadned z o / s m o l e s  Tria b u f f e r  (pH 7.4}. 
zofsn:Cflcs o r t h o p h o a t ) h a t e  (pH 7-4), 4 /~ntolas .MRCI=. x /~mole AT[*, t o o # m o l e s  KC1, 5o/=moh~¢ 
sucro.~¢~, a n d  i m~ s~tun¢ a l b u m i n  in i .o ml. Mi tochondr i '~  f r o m  , o o  mg r a t  l iver  were  ua~ua. T h e  
~rnout+ts o f  t h e  a d d i t i o n s  were  a s  fe l lows : I+o / ,mole  D P N H ,  5" =o - I / , m o l c  v i t a m i n  Hi,  purifit~d 
D T  d iaphora . sc  c apab l e  o f  r e d u c i n g  ¢ / smo le  D C P I P  p e t  m i n u t e ,  a n d  o .3o /~mole  ADP+ Fln; , t  

vo iume ,  [.~ mL T e m p e r a t u r e ,  25 °. 
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observed  that  the sys tem exhit;itecl a respirator;." ,_-,,.:*rol ~.n ,vhicn rher~ v/a:~ a 
three-  to fourfold s t imulat ion of  respirat ion by the addi t ion of phosphate  acceptor .  
This resp i ra tory  co~ttrol, significantly, i~ si~uilat to tha t  observed with succinate  as 
subs t ra te  (see however  ref. 26}. Utilizing thi~ re.~piratory control ,  it was possible to  
de te rmine  the P;O rat io for this sx~tem by ",'he me thod  , f  CIIANCE AND ~VILI.IAM.% t'*. 
The  t race  of  such an exper iment  is slt,~wn in Fig. 4. The P/O ratios obta ined in this 
m a n n e r  were z.o . i th  both  "I'PNH and I ) P N H  a_~ .~ubs-trate. in agreement  with the 
results ob ta ined  for the  v i tamin  Ks-mediated mitocho,adrial oxidat ion of  glutamate. 
in the  presence of amvtal*.  

DI%Ct:S~ION 

The  propert ie~ determin~.d r Jr the  oxidati~m of  ex t rami tochondr ia l  reduced py.'-idine 
nucleotidcs in tile sys tem s tudied in this paper  api~-ar to  be closely similar to  those 
o b ~ r v e d  for the v i tamin  K , - med i a t ~ l  bypas~ of the amytal-bensi*.ive site of  the 
mi tochondr ia l  r e sp i r a t o r -  chain which has aI.~o t~'en shown to involve DT dial)htJr- 
ase*, s. An imrmr tan t  difference i~ tha t  wherex:  in the case ¢~f in t rami tochondr ia l  
pyridJne nucleot ides  the mi tochondr ia l  DT  diaphorase  serves a.~ a link to vi tamin 
K v  in the  present  sys tem exte rna l  DT diaphora.-~c is needed. In both case.~, there i~ 
a specific requ i rement  for v i tamin  K~, indicat ing tha t  the sites of  en t rance  of the 
electrons into the resp i ra tory  chain are identical  for the two systems, located pn,b- 
ably at  the  level of  cy ' tochrome b. These propert ies  are also in agreement  f , r  the 
most  pa r t  with th(r~e repor ted  fc, r the oxidat ion  o f  reduced vi tamin K3 by  COLP,~- 
BOONSTRA AND SLATI~-R ~:1. JAt:o0s et el.  2~i,:~ repor ted  tha t  c(,enzyme Qo added 
to  mi tochondr ia l  suspenszons s t imula ted  an antimy~.in A-sensitive o×idation o¢ 
D P N H ,  while vi tamin K~ s t imula ted  an oxidat ion ~t I ) P N H  which was in~n.~itiv~" 
to  an t imyc in  A. However ,  these au thors  fogn:t it n e c ~ s a r y  to use concent ra t ions  
of  the  quinones  which were 5u-fold higher than  those u.~d in the experimeltt.~ 
repor ted  here, and  therefore  a compar ison of  their  resorts with ours is r o t  readi ly 
feasible. 

Both  COLPA-I3OO~ST~A A:'~U SL,',TF.R g~, ft~r the o::~.]?tion of  reduced vitamit~ K~. 
and JAcor~s et a l . ~ ,  ~ .  for the oxidat ion  of  D P N H  through var ious  added electr,~n 
media tors ,  have  repor ted  esterification of  phospha te  accompanying  respirat ion;  
however ,  in all ca.xes, the P/O rat io  was lower than  x even though the reactions 
were sensi t ive to an t imyc in  A. This  is in agreement  with the P /O ratios observed 
manomet r i ea l ly  in this  work. Even  when correct ions were applied for tile un- 
coupl ing effects of  v i t amin  K~ and the  an t imycin  A-insensitive r~p i ra t io~ ,  the values 
ob ta ined  approach  a P /O rat io  of  only x. However .  when the rat io  was de te rmiued  
over  a shor t  t ime in terva l  by  oxygen  electrode mea_~urement, a value of  2 wa.~ in- 
d icated.  This is more  in accordance  with the  value  an t ic ipa ted  for a respirat ion which 
exhibi ts  a sens i t iv i ty  to an t imyc in  A. The  disagreement  of  th:s value with tbc 
r. t ins ob ta ined  manomet r i ea l iv  m a y  be due to the longer l~r iod  o¢ ~ . ~ : , . r e m e n t  
requ i red  with the  la t te r  me thod ,  allowing ei ther  an uncoupling -*f phospi~orylatic, n 
by  v i t amin  Kn or a decreased sensi t iv i ty  to an t imyc in  A and grea ter  reac t iv i ty  with 
lower members  o f  the  respi ra tory  cF.ain. 

As has been pointed  out  by  numerous  authors  t~-~°, the  levels of  oxidized and  
reduced pyr idine  nucleot ide m a y  he of  great  impor tance  in the  regulation of  mete -  

B,o~him. t~tophys. Aaa ,  o7 {x9¢~3) 2~8-28o 



=7 ~ T. E. CONOVER,  L. ERNSTER 

bolic proces~s  in tile cell. I t  wa.s observed by GLOCK Arid McLEA-~ al, &~ well as by  
various others~,~s, tha t  in most tissues the levels of D P N H  are ra ther  low compared 
to I)PN, while itl the ,:a.~e of the triphosphopyridip," nucleotides the reverse is true. 
This is related perhaps to the teleological generalization tha t  d iphosphopyr idine  
nuclex)tide is functionaUy associated with oxidative-catabolic reactions and  tri- 
phosphopyridine nucleotide with reductive synthesis.  A most  nnpor t an t  considera- 
tion in this connection concerns the mechanisms involved in the oxidat ion of  extra-  
mitochondrial  reduced pyridine nucleotides by  the mitochondrial  respiratory 
chain~,~s-3L "i'he~e mechamsms are to date  not fully understood.  

Reduced p~a'idine nuc]eotides added external ly  to mitochonclria are not oxidized 
apprL, ciab!." ~t.~.=,sa a phenomenon u.~ually a t t r ibu ted  to an " impermeab i l i t y"  o~ [|le 
mitochondrial  membrane  to these compounds.  Added cytochrome c may ,  at  least 
wi th  mitoc~i.;nd,~.a from certa'.'n ti~tte~: induce a high rate of oxidat ion of  external  
DPNI~: '  a-h;~ ~¢~w,~-  differs from tha t  inx'~i~,od i,~ :b"  oxidat ion of in t ramito-  
ehondrial  D P N H  in tha t  it is largely insensitive to amyta i  and an t imycin  A and is 
capable onty of a l imited ex ten t  of phosphoryla t ion ts,t~. Since there is so far no 
evidence for the occurrence of extt~Lmitochondrial cy tochrome c ss,4°, the physiological 
significance , f  this pa thw ay  remains unclear. 

More recently it has been suggested tha t  substrates  ~uch as a-glycerol pho6- 
phate  4t-~a, or mala te  sv,~, which have dehydrogena.~es loci.tee t both  in the soluble 
cytoplasm and in the mit~mhondria, m a y  act a.~ carriers of  the D P N H  hydrogen  
across the mitochondrial  membrane .  Also it has been obmrved t h a t  f l -hydroxy-  
bu ty ra t e  m a y  s t imulate  the oxidat ion of D P N H  by  mi tochondr ia  through a mecha-  
nism which is not  yet  unders tood 4s, All these pa thways  are specific for DPN,  ~ t 
~lo mechanism for the oxidat ion of ex t rami tochondr ia l  T P N H  ha-~ yet  been suggested 
except through t ranshydrogena t ion  to D P N H  46-°. 

The p r~ence  of  a diaphorase oxidizing both  reduced pyridine n u c l e o t i d ~  in the  
~ lu b l e  c~-toplasm of the cell, together  with the observat ion tha t  this enzyme in the  
pre~c~nee of  certain quinones can couple the oxidatlo;~ of  the nucleotides to the rnito- 
chondrial  respiratory chain, offers another  a l ternat ive  pa¢hway of  extramitochond,-ial  
reduced pyridine nucleotide oxidat ion which does not  involve a requirement  for 
cytochrome c and which would allow for the  oxidat ion of T P N H  as well. Fur ther -  
mole.  since the level of this enz3~ne is high in most  tissues, the rate  of  reduced 
py-ridine nuzleotide oxidat ion would be dependent  upon the levels of the quinone 
available it; the cytoplasm, thus offering a .~enfitive control mechanism for the 
oxidat ion of these nucleotides. WF-NNER ~° has demons t ra ted  such an influence of 
v i tamin  K on the regulation of the glycolytic shunt  in ascites t umor  cells. Moreover, 
it hag recently been shown in this  laboratory  st t ha t  addit ion of  v i tamin  Ks to ascites 
tumor  cells in the p re~nce  of glucose pl'events the inhibit ion of respiration by  
amy ta l  and abolishes the Crabtree effect, In bo th  W~.NNER'S and our sys tem the  
vi tamin K effect wa~ sensitive to dJcoumarol, indicat ing the involvement  of  DT 
diaphorase.  A report  by Jos~ll el 0d. ~s on the mitochondrial  oxidat ion of T P N H  in 
the presence of soluble cytoplasm m a y  aJso involve a similar sy~t~tti, H~,wever, in 
order to o ~ s  the possible r.~1.2 ~f .Y)T d.;~.ho.ra~ in retaliat ing cellular pvridine 
nneieottae levc ' and in general to unders tand  the  ohvsiolo.~icat funct ion of  this  
enzyme,  it will be nec~.~sary, to first find its natura l  electron acceptor.  Efforts  to 
thL~ end are now in progress ~a. 
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