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D P N H - C Y T O C H R O M E  REDUCTASE* 

by 
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D O R O T H E E  E L O W E  
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Glyceraldehyde phosphate dehydrogenase (GPD* * *) isolated from rabbit muscle and 
repeatedly recrystallized contains 2 moles of bound DPN per mole (I20,000 g) of enzyme 
protein1,2, 3. This bound nucleotide cannot be removed by dilution or dialysis, but 
equilibrates freely with added, radioactive DPN 3. Recent studies in the laboratories 
of VELICK 3,4,5, RACKER 6,7 and BOYER s on the mode of action of this enzyme, which 
constitutes the first, and so far the only example of a soluble, pure conjugated pyridino- 
protein, have indicated that the mechanism of enzymic catalysis in this instance may 
be represented by the following series of equations: 

I. 2 RCHO + (HS)2-GPD-(DPN+)~.~-  (RCHOHS)2 GPD-(DPN+)2§ 

(RCHO = glyceraldehyde or glyceraldehyde-3-phosphate ) 

2, (RCHOHS)a-GPD-(DPN+)2  ~- (RCOS)~-GPD-(DPNH)2 + 2 H + 

3. (RCOS)2-GPD-(DPNH)~ + 2 D P N  + ~.~ (RCOS)2-GPD-(DPN+)2 q- 2 D P N H  

4. (RCOS)2-GPD-(DPN+)2 + H R ' ~ -  RCOR'  + (HS)~-GPD-(DPN+)2 

(R 'H = phospha te  or arsenate) 

For the purposes of this communication equations 3 and 4 are of primary interest. 
In the course of reaction 4 what may be called the substrate acceptor sites of the enzyme 

* Paper  n u m b e r  5 in a series, Studies on DPNH-cy toch rome  reductase. For  paper  IV see J.  A m .  
Chem. Soe., 75 (1953) 7255 • 

** Suppor ted  by  a grant-in-aid from the American Cancer Society on recommendat ion  of the 
Committee on Growth,  Nat ional  Research Council. 

*** The following abbrevia t ions  will be used: GPD (glyceraldehyde phospha te  dehydrogenase),  
D P N  + or D P N  (oxidized diphosphopyridine  nucleotide) D P N H  (reduced DPN),  E;t (extinction = log 
Io[I, as determined in a Beckman model D U spect rophotometer ,  at  a wavelength  ;t), tris ( t r is(hydroxy- 
methyl )aminomethane) ,  diol (2-amino-i-methyl- i ,3-propanediol) ,  EDTA (ethylenediaminetetra-  
acetic acid), Krn t ~ Michaelis-Menten cons tan t  for one component  in an enzymic reaction; the Km'  

for the reaction A + Enzyme  ~ Enzyme  - -  A ks_+ products  is defined by  the re l a t ion /~  ' = 

(k 2 + k3)]k 1, the dissociation cons tan t  K d for the same component  A is defined as k~/k 1. 
§ RACKER AND KRIMSKY 6 have postula ted a different mechanism for steps i and 2, involving 

an aldehydolysis  of a G P D - S - D P N H  bond. Since this mechanism leads to the identical intermediate  
for step 3 no choice between the two need be made for the purposes  of this discussion. 
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are regenerated, while reaction 3 represents the regeneration of enzyme-bound, oxidized 
DPN. This process is ordinarily accomplished by interaction with external, added 
DPN ÷, and when this is accompanied by the freeing of the acceptor sites (equation 4), 
gives rise to a completely regenerated active enzyme molecule, ready to undergo the 
catalytic cycle (reaction 1-4) once again. I t  is apparent from the equation, however, 
that a priori any other method which leads to a reoxidation of the bound DPNH might 
also be effective, and that if other paths for the regeneration of enzyme-bound DPN+ 
exist, they should substitute for equation 3 in the manner of equation 5. 

5. (RCOS) _GPD_(DPNH)  2 ~__nzyme~ (RCOS)~_GPD_(DPN+) z + 2 H+ + 4 e-  

Such a sequence of reactions might lead to an interaction of (phospho)glyceral- 
dehyde and GPD with other enzymes and their substrates even in the complete absence 
of any externally added DPN +, using only the two DPN + molecules bound to the 
GPD molecule. 

The feasability of this approach had already been shown by CORI, VELICK AND 
CORI who demonstrated the interaction of phosphoglyceraldehyde, GPD, pyruvate 
and lactic dehydrogenase ~. During the oxidative phase most cells maintain their DPN 
in the oxidized form by means of interaction with the cytochrome system. DPNH- 
cytochrome reductase, the enzyme responsible for the reoxidation of DPNH by cyto- 
chrome c has been isolated from animal tissues 9 and extensively purified 1°. I t  appeared 
of interest to determine whether direct interaction between GPD and DPNH-cyto-  
chrome reduetase is possible. 

The present report deals with several different ways of measuring this interaction : 
a. In the presence of an excess of glyceraldehyde (or glyceraldehyde phosphate), 

but in the absence of added phosphate or arsenate, the overall reaction is limited by 
the amount of GPD present and may be represented by equations 6a or b depending on 
whether cytochrome or 2,6-dichlorophenol-indophenol is used as the terminal electron 
acceptor. 

6a. (RCOS)2-GPD-(DPNH)2 + 4 cytochrome (Fe+3) cytochrorne ÷ (DPN+) 2-GPD-(SOCR)2 reductase 
+ 4 cytochrome (Fe +~) + 2 H + 

b. (RCOS)~-GPD-(DPNH)e  i- 2 indophenol + 2 H + eytochrome , ~. (DPN+)2-GPD-(SOCR) 2 reduetase 
-}- 2 indophenol H 2 

This may be termed the "stoichiometric" reaction, since no mechanism for the 
regeneration of the acceptor site is available. 

b. In the presence of both substrate and arsenate, the over-all reaction is given by 
either equation 7a or 7b with the enzyme functioning catalytically. 

7a. 3-phosphoglycerMdehyde + 2 cytochrome (Fe +~) GPD, cytochrome reduetase -~ 
arsenate 

3-phosphoglycerate + 2 cytochrome Fe +2 + 2 H+ 

GPD, cytochrome reductase 
b. 3-phosphoglyceraldehyde + indophenol arsenate 

3-phosphoglycerate + indophenol  H~ 

This will be called the "catalytic" reaction. 

Re]erences p. zo7. 
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EXPERIMENTAL 

Materials. PGD, 3 × recrystallized, was prepared by Dr. BOYER 8, according to the method of 
CORI et al. 1. Several times recrystallized aldolase, free of isomerase was prepared by Dr. K. H. LING 
according to TAYLOR et al. ix, and ffuctose-i,6-diphosphate was a recrystallized commercial prepa- 
ration, purified by Dr. \V. BYRNE. These two preparations were made available to us through the 
generosity of Prof. HENRY A. LARDY of the Insti tute for Enzyme Research. DPN cytochrome 
reductase of specific activity 15 ° or better was prepared by the method of IV[ABLER et al. 1°. Diaphorase 
was purified according to STRAUB 12. The DPN + and DPNH used were commercial preparations 
(Sigma Chemical Co., St. Louis, Mo.) of better than 90% purity by enzymic assay. The EDTA 
(Bersworth Chemical Co., Framingham, Mass.), Tris (Sigma Chemical Co.) and diol (recrystallized, 
Commercial Solvents Corp., Terre Haute, Ind.) and 2,6-dichlorophenolindophenol (Eastman), were 
commercial preparations. 

Methods 
Cytochrome c reduction (reductase activity), i.o mg cytochrome c (80 % or better in the oxidized 

form), 33/*moles of diol buffer pH 8.5, and the system responsible for generating the DPNH are 
placed in a total volume of I.O ml in I ml quartz cuvettes with a light path of i.oo cm. The Ess0.5 
is read against a blank containing cytochrome c, water and buffer only. When no further changes 
are observed the reaction is started by the addition of the appropriate amount of cytochrome re- 
ductase and the increase in E550.5 determined. If very accurate measurements are desired the experi- 
mental cuvette is read against a blank cell containing all the components of the former except 
cytochrome reductase. 

Indophenol reduction (diaphorase activity). IO/*g of 2,6-dichlorophenolindophenol, 2o/,moles of 
Tris, pH 7.8 and the DPNH generating system are diluted to i.o ml. Dye reduction is followed 
spectrophotometrieally at 6o0 m/~ against a water blank. The reaction is started by the addition of 
reductase or diaphorase and the decrease in E600 is measured. The values so obtained are subtracted 
from those obtained with a blank containing no enzyme. 

Protein concentration. The protein concentration of GPD was determined by using the relation 
E27 s ~ mg/ml s. The concentration of the other proteins used was measured by the biuret reaction. 

Extinction coefficients. The amount of cytochrome c reduced in micromoles, under the experi- 
mental conditions used equals AE550.5.35.io-2 12, the amount of indophenol reduced e q u a l s - -  
/lEe00.6.2 5 • lO -2, and the amount of DPNH produced or consumed is zJED~ 0. 16.1 • io -2 14 

REACTION WITH GLYCERALDEHYDE 

TO t e s t  t h e  h y p o t h e s i s  t h a t  G P D - ( D P N H ) 2  

is c a p a b l e  of  i n t e r a c t i o n  w i t h  e y t o c h r o m e  

c in t h e  p r e s e n c e  of r e d u c t a s e ,  g lyce ra l -  

d e h y d e  w a s  first  u s e d  as  a s u b s t r a t e ,  a n d  

t h e  d a t a  of Fig .  I we re  o b t a i n e d .  I n  t h e  

a b s e n c e  of a r s e n a t e  (curve  A), r a p i d  r e d u c -  

t i on  of c y t o c h r o m e  c is o b s e r v e d  in i t ia l ly .  

A f t e r  e i g h t  m i n u t e s  t h i s  r e a c t i o n  is c o m -  

p l e t ed ,  a n d  an  e q u i l i b r i u m  va lue  has  b e e n  

a p p r o a c h e d ;  t h i s  c o n s t i t u t e s  t h e  " s to i ch io -  

m e t r i c "  r e a c t i o n .  W h e n  a r s e n a t e  is a d d e d  

a t  p o i n t  2, r a p i d  r e d u c t i o n  is r e s u m e d ,  w i t h  

a r a t e  i d e n t i c a l  to  t h a t  of t h e  in i t i a l  r a t e  in 
t h e  a b s e n c e  of  a r s e n a t e ,  i n d i c a t i n g  t h a t  t h e  

s a m e  s t e p  has  aga in  b e c o m e  r a t e  l imi t ing .  I f  

a r s e n a t e  is p r e s e n t  in i t i a l ly  (curve  B),  t h e  

in i t i a l  r a t e ,  i d e n t i c a l  w i t h  t h e  l i nea r  r a t e s  

o b s e r v e d  p r e v i o u s l y  is m a i n t a i n e d  o v e r  a 

c o n s i d e r a b l e  p e r i o d  of t i m e , - -  t h e  " c a t a l y t i c "  

r e a c t i o n .  

Relerences p. co 7. 
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Fig. I. Reaction with cytochrome c, glyceral- 
dehyde as subs t ra te . - -The  experimental 
cuvette for curve A contained in t.o ml at 
22°: 3o/*moles of diol pH 8.5, IOo/*moles 
of D,L-glyceraldehyde, i mg of oxidized cyto- 
chrome c, 0.2 #moles of EDTA, and 2.12 m,u 
moles of GPD, added at  zero time; at point 
I, io i~' of reduetase were added, and at 
point 2, 2 /*moles of arsenate. Curve B: 
similar to A, except that  arsenate was added 

at zero time. 
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REACTIONS WITH D-GLYCERALDEHYDE-3-PHOSPHATE 

The use of g lyce ra ldehyde  as a subs t r a t e  is a t t e n d e d  by  severa l  drawbacks .  Blanks  
are re la t ive ly  high, the  affini ty of the  subs t ra te  for G P D  is low and so are the  enzymic  

fO~ 

c 
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I I I 
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Fig. 2. Reaction with cytochrome c, D- 
glyceraldehyde-3-phosphate as substrate. 
- -The experimental cuvette for curve A 
contained in I.O ml at 22°: 3 °/~moles of 
diol pH 8.5, i mg of oxidized cytochrome 
c and 5 pmoles of fructose 1,6-diphos- 
phate, at point I, 5 ~ of aldolase, at point 
2, 4.8o m/z moles of GPD and at point 3, 
i o ~ of reductase were added. Experiment 
B was performed in a similar manner 
except that 2.40 m/z moles of GPD were 
used, at point 4, 2 /*moles of arsenate 
were added. Experiment C was similar to 
A, but 2/,moles of arsenate were included 

at zero time. 

REACTIONS WITH INDOPHENOL 

The in te rac t ion  be tween  G P D - b o u n d  D P N H  
and  e lec t ron aceeptor ,  c a t a lyzed  b y  cy tochrome 
reductase ,  is not  confined to cy tochrome  c as 
ox idan t .  Dyes,  such as 2 .6-dichlorophenol indo-  
phenol  can funct ion equal ly  well. F igure  3 shows 
the  dependence  of the  " c a t a l y t i c "  indophenol  
reduc t ion  on the  G P D  level,  while Fig.  4 sum- 
marizes  corresponding d a t a  for the  "s to ich iomet -  
r ic"  react ion.  Once again,  the  add i t ion  of arse- 
na te  pe rmi t s  r e sumpt ion  of the  ca t a ly t i c  cycle 
and changes the  " s to i ch iomet r i e "  to the  "ca ta -  
l y t i c "  react ion.  

Other  r e sp i r a to ry  enzymes  capable  of re- 
oxidiz ing D P N H  can t ake  the  place of cy to-  
chrome reductase .  STRAUB'S diaphorase  12 can 

Re/erences  p .  XO 7. 

ra tes .  The t rue  subs t ra te  for the  enzyme D- 
g lyce ra ldehyde-3-phospha te  was genera ted  by  
the pr ior  add i t ion  to the  cuve t te  of fructose-  
1 .6-d iphosphate  and  aldolase,  bo th  in excess, 
to insure the  presence of a cont inuous  supp ly  
of the  a ldehyde .  U n d e r  these condi t ions  the  
" s to i ch iomet r i c "  reac t ion  is exemplif ied b y  
curves  A and B of Fig. 2 for two different  
levels of GPD va ry ing  b y  a fac tor  of 2. Once 
again  the  " s to i ch iomet r i c "  can be changed to 
the  " c a t a l y t i c "  reac t ion  by  the add i t ion  of 
a rsena te  a f te r  equi l ibr ium has been ob ta ined  
(curve B). I f  a r sena te  is present  in i t ia l ly  
(curve C), a t  a G P D  level  ident ica l  to t ha t  
of curve A, the  in i t ia l  ra te  is m a i n t a i n e d  over  
a long pe r iod  of t ime.  
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Fig. 3. Catalytic reaction wi th  indophenol.  
Exper iments  similar to those of Fig. 2, 
except t h a t  io  ~ of indophenol was used 
as acceptor and 2/~moles of arsenate was 
present  in all experiments .  The concentra-  
tion ot~ GPD was varied: cuvette  A con- 
tained 4.80 m/~ moles of GPD, cuvette  B 
2.4o m/z moles GPD, and curve C o.88 m/~ 

moles GPD. 
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funct ion with 2.6-dichlorophenolindophenol 

in  a m a n n e r  ent irely analogous to tha t  jus t  

described for reductase.  

cOMPARISON OF FREE AND BOUND DPNH 
In  absence of addi t ional  informat ion  the 

exper iments  jus t  described are capable of 
more than  one in terpre ta t ion ,  as has already 
been suggested by  CORI, VELICK AND CORI 2 
in the case of the GPD-lact ic  dehydrogenase 
reaction.  The most  obvious explanat ion  is 
tha t  the small  amoun t  of dissociation of 
D P N H  from the G P D - D P N H  complex is 
sufficient for the reduct ions observed. This 
explana t ion  is un tenab le  on the basis of 
exist ing data :  VELICK et al. 3 have es t imated  
tha t  the dissociation cons tant  for the react ion 
G P D - D P N  + ~ GPD + DPN + is of the order 
of 2"10 -7 M. The dissociation cons tant  for 
the complex G P D - D P N H  may  be assumed 
to be of the same order of magni tude ;  bu t  

a~ / i f /  K~ = I.~ x fO'SM 

0.*0 / / ~  I I I . . . - . ;  

10 20 30 
n~V m o ~  / ~ 

Fig. 5. Dependence of initial catalytic rate 
on DPNH concentrat ion.-  For the points 
with GPD the experimental conditions were 
those of Fig. 2, curve C with the GPD con- 
centration varied as shown ; the rate from z5 
to 75 seconds was used as "V0". For the points 
with free DPNH the conditions were similar 
but the GPD was omitted and DPN in the 
appropriate amounts was substituted; at zero 
time I ~, of reerystallized alcohol dehydroge- 
nase and o.o2 ml absolute ethanol was added. 

~ .  .'<.,'<.y y .~ ,y .y . ; ' .  " 

5 

I 

..... I I I I I 
I 2 3 4 5 6 rr, i~uf'~ 

Fig. 4- Stoichiometric reaction with indo- 
phenol.--Experiments similar to those of 
Fig. 3, but with arsenate omitted at zero time, 
and added at point 4. Concentration of GPD 
for curve C was 1.2o m/~moles per ml, other 

concentrations as in Fig. 3. 

can be anywhere from 10 -6 M or smaller 
wi thout  affecting the argument .  The dissocia- 
t ion cons tant  for the complex reductase- 
D P N H  is no t  known, bu t  the Michaelis 
constant  for D P N H  in the reductase react ion 
(concentrat ion of D P N H  necessary for half- 
maximal  velocity) has been determined to be 
2.10 -5 M. (The dissociation cons tant  mus t  be 
smaller t han  the Michaelis cons tan t  by  defi- 
nition***). Now the ini t ia l  concent ra t ion  of 
G P D - D P N H  was of the order of 10 -5 M in 
most  of the exper iments  described. Thus  it 
can be readily appreciated tha t  dissociation 
of the D P N H - G P D  complex with a dissoci- 
at ion cons tant  (Kd) of 10 -5 M or less, 

9. Kd = [GPD] [DPNH] X 2 <~ lO_5 
~DPNH-GPD] IO -'~ - -  X -- 

cannot  possibly give rise to enough free 
D P N H  (X), to account  for the rates observed. 

Re/erences p. ZOT. 
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A more direct experimental demonstration is also possible. Fig. 5 compares tile 
rates of the "catalytic" reaction at various GPD-DPNH levels with the corresponding 
rates for similar levels of free DPNH in the presence of all the components of the GPD- 
reductase system (i.e. buffer, arsenate, EDTA, hexose diphosphate and aldolase) in 
order to eliminate any effects due to these substances. The DPNH is generated cata- 
lytically by the presence of alcohol, alcohol dehydrogenase and DPN. Under these 
conditions the observed rates are of comparable orders of magnitude. Furthermore 
not only is the Michaelis constant for free DPNH determined under these somewhat 
unusual conditions identical with that determined previously under standard assay 
conditions 1° (i.e.-----1.9.io-~M), but the GPD-DPNH also gives rise to the typical 
curve, with a K~, of approximately 1.4. lO-5 M. 

STOICHIOMETRY OF REACTION 

Since the amount of reaction occurring in the "stoichiometric" reaction appears 
to be proportional to the total GPD present, both in the cytochrome c (Fig. 2) and 
indophenol reaction (Fig. 4), it is possible to establish the stoichiometry of reaction 5. 
The results of experiments of this sort are compiled in Table I. 

TABLE I 

S T O I C H I O M E T R Y  O F  G P D - - A C C E P T O R  R E A C T I O N  

m t~ moles R 

Experiment "Substrate" Acceptor (DPNH) 2-GPD Acceptor found theory 
added reduced 

I glyceraldehyde 
2 D-glyceraldehyde-3-phosphate 
3 D-glyceraldehyde-3-ph°sphate 
4 D-glyceraldehyde- 3-ph°sphate 
5 o-glyceraldehyde-3-ph°sp hate 
6 D-glyceraldehyde-3-phospbate 
7 D-glyceraldehyde-3-ph°sp hate 
8 n-glyceraldehyde-3-phosphate 

cytochrome c 2.12 5.o 2.3 4.o 
cytochrome c 2.12 4.2o 2.o 4.o 
cytochrome c 2.40 5.1o 2.1 4.o 
cytochrome c 4.80 8.55 1.8 4.0 
indophenol 2.40 5.1o 2.1 2.0 
indophenol o.88 1.87 2. I 2.o 
indophenol 4.4 ° 8.03 1.8 2.o 

first cytochrome 4.8o 8. 5 (cytc) 
c, followed by 7.o (indoph) 
indophenol 

Conditions: experiment I - - F i g .  I, curve A; experiments 2, 3 - -F ig .  2, curve B; experiment 4 -  
Fig. 2, curve A; experiments 5, 6, 7 - -F ig .  4, curves B, C and A respectively. For experiment 8, two 
parallel cuvettes containing 'the components of the experiments of Fig. 2 - - cu rve  A were set up. 
When equilibrium had been reached, the usual amount of indophenol was added to one of the 
cuvettes and the reduction of the dye measured, using the other cuvette as a blank. 

I t  is a p p a r e n t  t h a t  t he  r a t i o  (R) moles  a c c e p t o r  r e d u c e d  - moles  e n z y m e - ( D P N H ) 2  
p r e s e n t  equa l s  two  in e x p e r i m e n t s  I to  7. I n s p e c t i o n  of  e q u a t i o n s  5a a n d  b shows t h a t  
th is  r a t io  is t he  co r r ec t  one  for  i n d o p h e n o l  a n d  G P D - ( D P N H ) z .  I f  is o n l y  hal] t h a t  
e x p e c t e d  for  c y t o c h r o m e  c, howeve r .  Th i s  is an  u n e x p e c t e d  resu l t .  I t  is c o n c e i v a b l e  t h a t  
u n d e r  t he  cond i t i ons  of  t he  e x p e r i m e n t  on ly  one  of  t he  t w o  b o u n d  D P N H  molecu l e s  
b e c o m e s  a c t u a l l y  r e d u c e d  by  i ts  subs t r a t e .  Th i s  e x p l a n a t i o n  c a n n o t  a c c o u n t  for  t he  
d i f ference  b e t w e e n  two  o x i d i z i n g  agen t s  as  o b s e r v e d  here .  A n o t h e r  a l t e r n a t i v e  w o u l d  
be  to  p o s t u l a t e  a d i f ference  in s te r ic  access ib i l i ty  b e t w e e n  t h e  two  s i tes  ho ld ing  b o u n d  
D P N H  on G P D .  Since  not  r e d u c t i o n  of  D P N - c y t o c h r o m e  reduc tase ,  b u t  i ts  r e o x i d a t i o n  

Re]erences p. zo 7. 
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b y  the  even tua l  accep tor  is the  po in t  a t  issue here,  one of the  impl ica t ions  of this  as- 
sumpt ion  is t ha t  there  is close s ter ic  in te rac t ion  not  only  be tween  GPD- (DPNH)~  and  
D P N - c y t o c h r o m e  reductase ,  bu t  be tween  these two enzymes  and  cy tochrome c as well. 
In  order  to tes t  this  hypothes is ,  expe r imen t  8 was pe r fo rmed :  4.8o m/z moles  GPD-  
(DPNH) ~, cor responding to 19.2o reducing m/~ equiva len ts  were al lowed to in te rac t  wi th  
cy tochrome c in the  usual  manner .  8.5 m ~  moles  of reduced  cy tochrome c were formed 
at  equi l ibr ium,  corresponding to  8. 5 reducing m/~ equivalents ,  leaving  lO. 7 reducing 
m ~  equiva len ts  unused.  Indopheno l  was then  a d d e d  and  an add i t iona l  7 m/~ moles  of 
dye  were reduced  corresponding to 14 m/~ equiva lents  i educ ing  power.  Thus  i t  appears  
as if a p p r o x i m a t e l y  half  of the  reducing equivalents ,  or one D P N H  per  G P D  molecules 
is accessible and  thus  oxidizable  b y  cytochrome,  in the  presence of reductase ,  while 
bo th  D P N H  molecules are oxidizable  b y  indophenol ,  a smal ler  molecule,  wi th  fewer 
s ter ic  res t r ic t ions .  

DISCUSSION 

The exis tence of severa l  con juga ted  pyr id inopro te ins  has been pos tu l a t ed  b y  
HUENNEKENS AND GREEN 15,16, HUENNEKENS 17 and MAHLER et al. TM. As a m a t t e r  of 
fact  most  of the  pyr id ine  nucleot ides  p r o b a b l y  exis t  in the  p ro t e in -bound  form within  
the  mi tochondr ion ,  and  are not  f reely diffusible. The quest ion has f requent ly  been ra ised 
how such pyr id inopro te ins  could in te rac t  wi th  each o ther  and  wi th  the  enzymes  of 
e lec t ron t r anspor t .  I t  is be l ieved  t ha t  the  exper imen t s  of CORI, VELICK AND CORI 2, 
as well as the  present  ones, a t  leas t  indica te  the  feas ib i l i ty  of direct  in te rac t ion  be tween  
D P N H  bound  to enzyme pro te ins  at  a ca t a ly t i ca l ly  ac t ive  site and  o ther  enzymes,  
wi thou t  the  in te rven t ion  of freely diffusible pyr id ine  nucleot ide  in the  medium.  The 
feas ib i l i ty  of such react ions,  involving,  in the  present  case, the  in te rac t ion  at  a s ter ica l ly  
well-defined si te of th ree  p ro te ins  of molecular  weight  I2O,OOO, 8o,ooo and  16,ooo 
(GPD, reduc tase  and  cy tochrome c respect ively)  also raises in te res t ing  impl ica t ions  
from the poin t  of view of kinet ics  and  mechanism of enzymic  react ions.  
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SUMMARY 

The interaction of GPD-bound DPNH with cytochrome c or 2,6-dichlorophenolindophenol in 
the presence of DPNH-cytochrome reductase has been demonstrated. Two types of reaction have 
been observed, a stoichiometric one where both initial rate and total extent of reaction are functions 
of the concentration of GPD added, and a catalytic one in the presence of arsenate, which leads 
to an extensive reduction of the oxidant with a linear rate also dependent on GPD concentration. 
The reduction rates are of an order of magnitude comparable to that with free DPNH under similar 
experimental conditions, thus excluding the possibility of their being due to the small dissociation 
of the DPNH-enzyme complex. The stoichiometry of the reaction with cytochrome and indophenol 
is such that only one of the two bound DPNH molecules appears to be capable of reducing cyto- 
chrome, while both are active in the indophenol reaction. The implication of these findings for other 
conjugated pyridinoproteins, notably within the mitochondrial structure, are discussed. 
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Rt~SUMt~ 

Les  a u t e u r s  on t  d6mont r6  l ' i n te rac t ion  en t re  le D P N H  lid au  G P D  avec  le cy toch rome  c ou le 
2 ,6-dichlorophdnol indoph6nol  en prdsence de la D P N H - c y t o c h r o m e  r6ductase .  D e u x  t y p e s  de 
r6ac t ions  s ' obse rven t ,  l ' une  s toechiomdtr ique ,  d a n s  laquelle la v i tesse  ini t iale e t  l ' i m p o r t a n c e  finale 
de la r6act ion son t  des fonc t ions  de la concen t r a t i on  du  G P D  ajout6,  l ' au t r e  ca t a ly t i que  en pr6sence 
d ' a r s6na te ,  qu i  en t r a ine  une  rdduct ion  i m p o r t a n t e  de l ' o x y d a n t  d o n t  la vi tesse  d6pend  auss i  lindaire- 
m e n t  de la concen t r a t ion  en GPD.  Les  v i tesses  de rdduc t ion  son t  d ' u n  ordre de g r andeu r  comparab l e  
"£ celles q u ' o n  observe  avec  le D P N H  libre d a n s  les m6mes  condi t ions  expdr imenta les ,  ce qui  exc lu t  
que  la r6duct ion  pu isse  6tre due  h la faible dissociat ion du complexe  D P N H - e n z y m e .  La  s toechio-  
m6tr ie  de la rdact ion avec  le cy t och rome  et l ' indoph6nol  es t  telle q u ' u n e  seule des  moldcules  de 
D P N H  li6es semble  capable  de rdduire  le cy tochrome ,  t and i s  que  les deux  son t  ac t ives  vis  /~ vis  de 
l ' indoph6nol .  La  s ignif icat ion de ces r6su l t a t s  pour  d ' a u t r e s  pyr id inopro t6 ines  conjugu6es ,  en par t i -  
culier celles des mi tochondr ies ,  es t  discut6e.  

Z U S A M M E N F A S S U N G  

Die R e a k t i o n  yon  G P D - g e b u n d e n e n  D P N H  mi t  C y t o c h r o m  c oder  2 .6 -Dich lorphenol indophenol  
in Gegenwar t  yon  D P N H - C y t o c h r o m - R e d u k t a s e  wurde  gezeigt.  Es  w u r d e n  2 R e a k t i o n s t y p e n  
b e o b a c h t e t :  eine s t6ch iomet r i sche ,  bei der  sowohl  die Anfangsgeschwind igke i t  wie da s  to ta le  A u s m a s s  
der  R e a k t i o n  F u n k t i o n e n  der  K o n z e n t r a t i o n  der  h inzugef i ig ten  G P D  s ind  u n d  eine ka t a ly t i s che  in 
Gegenwar t  yon  Arsena t ,  die zu einer  we i tgehenden  R e d u k t i o n  des  O x y d a t i o n s m i t t e l s  m i t  e iner  
l inearen,  ebenfal ls  von  der  G P D - K o n z e n t r a t i o n  abh$ng i gen  Geschwind igke i t  ffihrt .  Die R e d u k t i o n s -  
geschwind igke i ten  s ind  yon  einer  Gr6ssenordnung ,  die verg le ichbar  is t  m i t  der  freier D P N H  u n t e r  
~hnl ichen  expe r imen te l l en  B e d i n g u n g e n  u n d  so die M6gl ichkei t  ausschl iess t ,  dass  sie e iner  ger ingen  
Dissozia t ion  des  D P N H - E n z y m k o m p l e x e s  zuzuschre iben  sind.  Die S t6ch iomet r ie  der  R e a k t i o n  m i t  
C y t o c h r o m  u n d  I n d o p h e n o l  ergibt ,  dass  sche inba r  n u r  eine der  zwei g e b u n d e n e n  DPNH-Molek i i l e  
f~hig ist  C y t o c h r o m  zu reduzieren,  w~hrend  bei der  R e a k t i o n  m i t  I n d o p h e n o l  beide a k t i v  sind. Die 
Fo lge rung  dieser E n t d e c k u n g e n  ftir andere  konjug ie r te ,  i nne rha lb  der  M i t o c h o n d r i e n s t r u k t u r  zu 
b e m e r k e n d e  Pyr id inopro te ine  werden  besprochen .  
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