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SUMMARY 

I.  N A D  + is requi red  for the  ox ida t ion  of  N A D H  b y  1 ,3-diphosphoglycera te  or 
ace ty l  phosphate .  

2. The  m a x i m a l  ra te  of  ace ty l  phospha te  reduct ion  b y  N A D H  or A P A D H  is 
reached when abou t  3 moles  N A D  + per  mole enzyme are added.  Larger  amoun t s  of  
N A D  + inhib i t  wi th  a K ,  ( N A D H  as subs t ra te)  equal  to 45 #M. 

3. The NAD-b ind ing  si te wi th  the  lowest  affinity for N A D  ÷ appears  to be the  
most  ac t ive  in the  dehydrogenase  reaction.  Under  op t ima l  condi t ions the  E- (NAD)3  
complex  is the  ca ta ly t i ca l ly  ac t ive  enzyme.  

4- The E - ( N A D ) a  complex  appears  also to be the  form with  ma x ima l  ca ta ly t i c  
ac t i v i t y  in the  t ransferase  reactions.  

5. NAD+ can be replaced  b y  A P A D  + in bo th  the  dehydrogenase  and arsenolysis  
react ions.  

INTRODUCTION 

Rabb i t -musc le  g lyce ra ldehydephospha te  dehydrogenase  (glyceraldehyde-3-  
p h o s p h a t e : N A D  ÷ ox idoreduc tase  (phosphorylat ing) ,  EC 1.2.1.12) consists of four  
ident ica l  po lypep t ide  chains 1, a r ranged  at  least  on a 2-fold axis of s y m m e t r y  2. The 
dissociat ion cons tan ts  of  the  four N A D  ÷ molecules are different.  KOSHLAND and co- 
workers3, 4 and DE VIJLDER AND SLATER 5 showed tha t  two molecules are bound  ve ry  
s t rongly,  the  th i rd  less s t rongly  and the four th  re la t ive ly  weakly.  

Measurements  made  spect rophotometr ica l lyS,  6, f luor imetr ica l ly  ~ and b y  means  
of  opt ica l  r o t a t o r y  dispers ion and circular  d ichroism s give t i t r a t ion  curves in which 
three  NAD÷ molecules con t r ibu te  equa l ly  to the  pa rame te r s  measured  while the  four th  
makes  l i t t le ,  i f  any,  cont r ibut ion .  

Abbreviations: APAD + and APADH, oxidized and reduced acetylpyridine-adenine di- 
nucleotide, respectively. 

" Postal address: Plantage Muidergracht 12, Amsterdam (The Netherlands). 
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Since it was shown by HILVERS and co-workersg, 1° that the oxidation of NADH 
by 1,3-diphosphoglycerate or acety] phosphate, like the transferase reactions u-13, 
requires NAD +, the role of the differently bound NAD ÷ molecules in these activities 
was investigated. The effect of APAD+ was also studied. 

RESULTS 

Requirement for and inhibition by NAD+ of the dehydrogenase activity 
The reduction of 1,3-diphosphoglycerate by NADH was studied during the early 

stages of the reaction using a stopped-flow apparatus. As can be seen in Fig. i, NAD+ 
is required for this reaction. In the complete absence of NAD+ (Curve C), obtained by 
addition cf NAD(P) + nucleosidase (EC 3.2.2.6), no reaction could be observed, whereas 
in the presence of 2.4 moles NAD+ per mole enzyme (Curve A), the reaction started 
immediately. The reaction catalysed by charcoal-treated enzyme, containing only 
traces of NAD +, exhibited a lag phase (Curve B). The same results were obtained with 
the yeast enzyme. 

When NADH was oxidized in the presence of acetyl phosphate the same result 
was obtained. HILVERS AND WEENEN 9 observed also that no oxidation of NADH by 
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Fig. i. NAD + requirement  for the oxidation of N A D H  by 1,3-diphosphoglycerate. One of the 
two syringes of the stopped-flow appara tus  contained 171 nM glyceraldehydephosphate  dehydro- 
genase in o.i M Tris-HC1 buffer (containing 5 mM EDTA and 0.5% serum albumin,  final p H  7.3). 
The other  syringe contained 16. 4/zM N A D H  and 8/~M 1,3-diphosphoglycerate ill the same Tris 
EDTA mixture.  Temp.,  25°; light path,  2 era; wavelength, 34 ° m/~. Curve A, reaction s tar ted in 
the presence of NAD + (2. 4 moles/mole enzyme) ; Curve B, reaction s tar ted in the presence of a 
trace NAD+; Curve C, same as Curve B, bu t  in the presence of Neurospora  NAD(P) + nucleosidase 
(53 ° units) 2~. 

Fig. 2. NAD+ requirement  for N A D H  oxidation by acetyl phosphate.  15o mM Tris-HC1 buffer 
(pH 7.4), 27.6/zM enzyme, I 3 o # M  NADH, 6300 units  Neurospora  NAD(P) + nucleosidase. Re- 
action s tar ted  with io mM NAD +. (A) Absorbance decrease in the presence and absence of 5 mM 
acetyl phosphate .  (B) The difference in absorbance decrease in the presence and absence of acetyl 
phosphate .  
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Fig. 3. Effect of NAD + on ra te  of N A D H  oxidat ion by  acetyl phosphate .  The medium contained 
15o mM Tris-HC1 buffer (pH 7.o), 22.1/zM charcoal-treated enzyme and I25/~M NADH.  The 
reaction was s tar ted wi th  5 mM acetyl phosphate .  Temp.,  25 °. 

Fig. 4. Inhibi t ion  by  NAD + of the N A D H  oxidat ion by  acetyl phosphate ,  ioo mM Tris-HC1 buffer 
(pH 7-4), 22.3/zM enzyme. The reaction was s tar ted  wi th  io mM acetyl phosphate .  Temp.,  20 °. 

acetyl phosphate occurred when NAD(P)+ nucleosidase was present. They found a 
decrease in absorbance at 34 ° m# when NAD+ was added. During the present investi- 
gation, however, it became clear that this decrease was not only due to NADH oxid- 
ation but also to NAD+ breakdown. The decrease at 34 ° m/, on NAD÷ addition in the 
presence or absence of acetyl phosphate (Fig. 2A) was compared. The difference in 
absorbance decrease (Fig. 2B) is due to NADH oxidation by acetyl phosphate. The 
triphasic kinetics can be explained in terms of (a) inhibition of the reaction by excess 
NAD + (0-3 rain); (b) oxidation of NADH in the presence of NAD + (3-20 min), and 
(c) inhibition of the reaction due to the removal of NAD ÷ after 20 rain. 

Stoicheiometry 
The effect of different amounts of NAD + on the initial rate of acetyl phosphate 

reduction by NADH is shown in Fig. 3. Optimal stimulation was observed at about 
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Fig. 5. Effect of N A D H  concentrat ion on ra te  of  oxidat ion of N A D H  by acetyl phosphate .  
125 mM Tris-HCl buffer (pH 7.3), 23 .8/zM charcoal- treated enzyme, temp.,  20 °. Curve I, I.O moles 
N&D+/mole enzyme; Curve 2, 3.o moles NAD+]mole enzyme. The react ion was s ta r ted  wi th  
5 mM acetyl phosphate .  

Fig. 6. Effect of NAD + concentrat ion on arsenolysis of acetyl phosphate .  The med ium contained 
5 ° mM Tris-HC1 buffer, 0. 5 mM EDTA,  20 mM Na2HAsO 4 and 38. 4/zM charcoal- treated enzyme. 
Temp.,  25 °. The reaction was s tar ted  with 8.3 mM acetyl phosphate .  Final  pH, 7.3- 
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Fig. 7- Effect  of NAD + concen t ra t ion  on hydro lys i s  of  ace ty l  phosphate .  The m e d i u m  conta ined  
5 ° mM Tris-HC1 buffer, o. 5 mM EDTA,  72.5 ~uM cha rcoa l - t r ea t ed  enzyme.  Tenlp.,  25 °. The re- 
ac t ion  was  s t a r t ed  wi th  i o  mM ace ty l  phospha te .  F ina l  pH,  7.1. 

Fig. 8. Effect  of NA D  + concen t r a t ion  on r a t e  of NAD + reduc t ion  by  g lycera ldehyde .  The m e d i u m  
conta ined  ioo  mM Tris-HC1 buffer, I mM EDTA,  43 mM Na~HAsO4, o.i°/o se rum a l b u m i n  and 
io. I / zM cha rcoa l - t r ea t ed  enzyme.  The reac t ion  was s t a r t e d  wi th  8.6 mM DL-glyceraldehyde.  F ina l  
pH,  8.8; temp. ,  25 °. In  inse r t  L i n e w e a v e r - B u r k  p lo t  for the  four th  NAD + molecule. The r a t e  is 
the  measured  r a t e  minus the  r a t e  w i t h  3 moles added  NAD + (see arrow) ; the  s u b s t r a t e  concen- 
t r a t i o n  refers to  free NAD ~ ca lcu la ted  from the  a m o u n t  added  (4.25 moles NAD + per  mole enzyme  
or more) and  the  d issoc ia t ion  c o n s t a n t  of the  four th  b i nd i ng  si te (35/~M). 

3 molecules NAD+ added  per  molecule enzyme. A t  higher  concentra t ions  NAD+ was 
inhibi tory ,  compet i t ive  wi th  N A D H  (Fig. 4). The inhibi t ion cons tan t  was 45 #M. 
A similar  s t imu la to ry  and inh ib i to ry  effect of NAD + was observed on the r educ t ion  
of  ace ty l  phospha te  b y  A P A D H .  

The effect of  different amounts  of N A D H  on the  ra te  of reduct ion  of ace ty l  
phospha te  in the  presence of  ca ta ly t i c  amoun t s  of  NAD+ (I or 3 molecules NAD+ per  
molecule enzyme) is shown in Fig. 5. The curves show a clear b reak  at  abou t  one mole- 
cule N A D H  per  molecule enzyme. Expe r imen t s  in the  presence of 2 and 5 molecules 
NAD + per  molecule enzyme gave the same result  (not shown). 

The s to iche iomet ry  of the  NAD + requi rement  for the  arsenolysis  and  hydro lys i s  
of acetyl  phospha te  is shown in Figs. 6 and 7, respect ively.  Both  react ions  gave a 
l inear  increment  in ac t iv i ty  up to 2 molecules NAD+ per  molecule enzyme,  af ter  
which the increment  per  molecule NAD ÷ declined. On ex t rapola t ion ,  an intersect ion 
po in t  was found at  about  3 molecules NAD +, indica t ing  tha t  max ima l  ac t i v i t y  is 
reached when 3 NAD+ molecules are bound.  

The ra te  of ox ida t ion  of g lycera ldehyde  by  NAD +, in the presence of arsenate,  
is p lo t t ed  as a funct ion of NAD + concent ra t ion  in Fig. 8A. The ra te  is d i rec t ly  pro- 
por t iona l  to NAD + concent ra t ion  up to 3 moles NAD + added.  The slope of the  curve 
declines above  this point ,  and  above  5 moles NAD + added  per  mole enzyme an a lmos t  
l inear  curve of low slope is obta ined.  On ex t rapo la t ion  of  this  line, it  intersects  the  
ini t ia l  s teep line at  abou t  4 moles per  mole enzyme,  as has been repor ted  previously  14,15,5. 
However ,  in rea l i ty  the  curve above  3 moles NAD + per  mole enzyme is a r ec tangu la r  
hyperbola ,  as is shown in Fig. 8B. The Km for free NAD +, ca lcula ted  for this  pa r t  of  
the  curve, is 17/~M, in close agreement  wi th  the  value found b y  FAHIEN 15, using low 
concentra t ions  of  enzyme.  The m a x i m u m  veloc i ty  V, a t  infinite NAD + concent ra t ion ,  
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TABLE I 

C O M P A R I S O N  OF N A D  + A N D  A P A D  + AS S T I M U L A T O R  OF R E D U C T I O N  OR A R S E N O L Y S I S  OF A C E T Y L  

PHOSPHATE 

Reduction was measured as described in Fig. 4. Temp., 25°; pH 7-3. Extrapolated to infinite 
NADH concentration. Arsenolysis was measured as in Fig. 6. Optimal amounts of nucleotide. 

Rate (moles acetyl 
phosphate/rain per 
mole enzyme) 

N A D  + A P A D  + 

Reduction 1.75 o.67 
Arsenolysis 5.3 ° o.64 

calculated from this plot is o.o35 mole .see -1 per mole enzyme, compared with an 
average of O.Ol 4 mole-sec -~ for the first three molecules. 

Replacement  o f  N A D  + by A P A D +  
KAPLAN et al. 16 showed that NAD + could be replaced by APAD+ as oxidant for 

glyceraldehyde 3-phosphate. This was confirmed using charcoal-treated enzyme in 
the presence of NAD(P)+ nucleosidase in order to eliminate a possible effect of residual 
NAD+. The initial rate of oxidation was one-tenth that of the initial rate with NAD +, 
in agreement with the observations of KAPLAN et al. TM. 

The reduction of acetyl phosphate by NADH was also stimulated by APAD +, 
and inhibited by more than 3 moles per mole enzyme (K, = 114 #M). These measure- 
ments were carried out in the presence of NAD(P) ÷ nucleosidase in order to prevent 
stimulation by NAD + formed during NADH oxidation. APAD+ can also satisfy the 
nucleotide requirement for the arsenolysis. 

In Table I the reaction rates found for the reduction of acetyl phosphate by 
NADH and its arsenolysis in the presence of optimal amounts of NAD + or APAD + 
are compared. 

DISCUSSION 

The NAD + requirement of glyceraldehydephosphate dehydrogenase for the 
oxidation of NADH by 1,3-diphosphoglycerate and acetyl phosphate, as first reported 
by HILVERS et al. 9,1° but criticised by COLOWICK et al. 17, was confirmed. In this respect, 
there is no difference between the acyltransferase reactions and NADH oxidation 
(contrast ref. 17). Since no NADH oxidation could be shown in the complete absence 
of NAD ÷, it seems evident that  this stimulating effect of nucleotide cannot be provided 
by NADH, as was suggested by FURFINE AND VELICK TM. The lag found with charcoal- 
treated enzyme is a consequence of NAD + production during the reaction. 

The transfer reactions catalysed by the enzyme are useful for the study of the 
stimulating effects of NAD + since these reactions are little if at all inhibited by excess 
NAD+. The reaction velocity is directly proportional to the NAD + concentration until 
a level of two molecules NAD + per molecule enzyme is reached, after which the incre- 
ment per molecule NAD + added is less. The intersection point at about three molecules 
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NAD + per  molecule enzyme suggests t ha t  under  the  condi t ions  used max ima l  hydro-  
lysis or arsenolysis  takes  place if  three moles N A D  + are bound  per  mole enzyme.  

Spectrophotometr icS,  n, f luorimetric  7, circular  d ichroism and opt ica l  r o t a t o r y  
dispersion s s tudies have  shown tha t  the  four th  NAD + molecule bound  behaves  differ- 
en t ly  from the o ther  three. I t  also appears  to behave  different ly wi th  respect  to 
reduct ion  b y  glycera ldehyde.  In  view of the  ve ry  rap id  react ion between enzyme and 
NAD + (refs. 5 and I9), and  the slow cata lys is  by  the  enzyme of  the  ox ida t ion  o fg lycer -  
a ldehyde  b y  NAD +, i t  is clear t ha t  the  ra te- l imi t ing  s tep in the  ca ta ly t i c  react ion 
(initial ra tes  were measured) is the  hydr ide  t ransfer  from g lycera ldehyde  to enzyme- 
bound  NAD+. Fo r  the  first three molecules of enzyme bound,  we m a y  wri te  

k 
E-(NAD)~ + 3H---+ E (NADH)3 

where k is 0 .o i4  sec -1, under  the  condi t ions of  the  exper iment .  Wr i t ing  E- (NAD)3  
as E ' ,  we m a y  wri te  the  react ion with  the  four th  molecule as 

kx 
E'  -+- NAD + ~ E'-NAD + 

k- 1 

ks 
E' NAD+ + H---+ E'-NADH 

k3 
E'-NADH ~- E'  + NADH 

I t  was found t ha t  the  K m  for NAD + for this  reaction,  17 #M, is the  same as t h a t  previ-  
ously repor ted  for the  dissociat ion constant ,  KD, for this  molecule. Since K m  = 

[k3(k_a+k~)]/k l (k2+ks)  and KD = k :/k 1, it  follows t ha t  k_ 1 >> k 2 and k3 >> k~*. 
Since k a = 3" lO4 k-a, the  hydr ide  t ransfer  is the  ra te- l imi t ing  s tep in this  react ion 
also. Thus, k 2 m a y  be calcula ted from the veloci ty  at  infinite NAD + concentra t ion,  
viz. o.o35 sec-: .  This is more than  twice the  corresponding k for the  first three  mole- 
cules. Thus,  the  four th  molecule of  NAD + is ca t a ly t i ca l ly  more act ive in the  oxida t ion  
of  g lycera ldehyde  b y  NAD+ than  the o ther  three. CONWAY AND KOSHLAND 4 showed 
also tha t  the  average tu rnover  per  site increases with increasing NAD+ bound  to the  
enzyme,  and  concluded tha t  some or all the  sites in the  E- (NAD)4  complex are more 
act ive than  in the E- (NAD)2  complex.  Fig. 8 gives some indica t ion  t ha t  the  th i rd  site 
might  be more ca ta ly t i ca l ly  act ive than  the first two in our exper iments ,  bu t  the  
difference is too small  to be certain of  this. 

Since the  K ,  (45/~M) for the  compet i t ive  inhibi t ion b y  NAD + of the  reduct ion 
of  acetyl  phospha te  b y  N A D H  is about  the  same as the  dissociat ion cons tan t  (35 #M) 
of  the  four th  molecule of  NAD + bound  to the  enzvme, it  is p robable  tha t  N A D H  binds 
to the  same site on the enzyme as the four th  NAD + molecule. This is suppor t ed  by  the 
sharp  break  at  I molecule N A D H  per  molecule enzyme in the  curve describing the 
effect of  N A D H  concentra t ion  on the reduct ion  of  ace ty l  phosphate ,  in the  presence 
of  NAD+. The impor tance  of  loose and t ight  b inding sites in enzyme kinetics have been 
stressed b y  FRIEDEN 2°, FAHIEN 15 and CONWAY AND I~OSHLAND 4. 

" See NOTE ADDED IN PROOF (p. 227). 
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EXPERIMENTAL 

Glyceraldehydephosphate dehydrogenase was isolated from rabbit muscle by 
the method of CORI et al. ~, slightly modified by HILVERS 22. NAD + was removed by 
stirring with a 20% charcoal suspension (cf. ref. 23). The enzyme concentration was 
calculated from absorbance measurements at 280 m/z, using the extinction coefficient 
reported by Fox AND DANDLIKER 6. A molecular weight of 145 ooo was assumedL 

NAD(P) + nucleosidase ~NAD(P)+ glycohydrolase, EC 3.2.2.6] was isolated from 
Neurospora crassa or pig brain according to the method of KAPLAN 24. 

APAD÷ was prepared according to KAPLAN AND STOLZENBACH ~5. Before iso- 
lation the APAD + solution was treated for 30 min with Neurospora NAD(P) + nu- 
eleosidase, in order to remove traces of NAD÷ still present. After isolation the A365 m~: 
A340 mu ratio of the reduced product was 1.51. The absence of NAD ÷ was checked by 
paper chromatography. The concentration was measured with alcohol dehydrogenase 
and ethanol, making use of ~ m  = 9.1 ' lO 3 at 363 m# (cf. ref. 26). APADH was made 
from APAD ÷ and ethanol in the presence of alcohol dehydrogenase, traces of APAD~ 
being destroyed by boiling the solution at pH io for 5 min. 1,3-Diphosphoglyceric acid 
was prepared from glyceraldehyde 3-phosphate as described by NEGELEIN AND 
]~ROMEL 27 as modified b y  F U R F I N E  AND VELICK is. 

Acetyl phosphate was determined by the hydroxamate method of LIPMANN 
AND TUTTLE 28. 

Stopped-flow measurements were performed on a Durrum stopped-flow appa- 
ratus (Durrum Instrument Corporation). 

NOTE ADDED IN PROOF (Received September 26th, 1969) 

Dr. K. DALZIEL has pointed out that  Km is also equal to K D  when k_ 1 = k 3. In 
this case, the velocity at infinite NAD + concentration equals k2k3/(k 2 + ks), and k2 is 
either equal to or greater than 0.035 sec-L However, the conclusion that the fourth 
molecule is catalytically the more active remains. 
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