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SUMMARY 

I. The A2s o mu :A2e0 mu ra t io  of NADf--free rabbi t -musc le  g lycera ldehyde-  
phospha te  dehydrogenase  was found to be 2.oo-2.o3. 

2. Ul t racent r i fuga t ion  showed tha t  4 moles of N A D '  may  be bound to the  
enzyme per mole (tool. wt. 145 ooo). The first two molecules are bound stoicheio- 
met r ica l ly  within the exper imenta l  error  (Kr) < o.o5/tM),  while the th i rd  and fourth 
molecules are bound with dissociat ion cons tants  of 4 and 35/tM, respect ively.  

3. The first three molecules of NAD + bound to the  enzyme cause the  fl)rmation 
of  a band  at  36o m/~ of about  equal  in tens i ty  for each molecule. The fourth molecule 
causes l i t t le  fur ther  increase of absorpt ion  at  36o m#. 

4. A plot  of the ra te  of reduct ion of NAD + by  g lycera ldehyde  in the presence 
of arsenate  against  the NAD + concentra t ion  shows a sharp  break in the curve at  
4 moles NAD'-  per  mole enzyme.  

5. Stopped-f low exper iments  showed tha t  when up to I mole of NAD + is added  
to the enzyme,  m a x i m u m  absorbance  increase at  36o m# is reached within 3 msec. 
This  corresponds to a second-order  react ion cons tan t  of more than  IO 8 M-~ ' s ec -L  
Wi th  2 moles of NAD + per  mole of enzyme,  81% of the react ion is over  in 3 msec, 
and  with 3 or more moles N A D '  about  75%. The react ion requires about  I sec for 
complet ion.  

6. Pr ior  t r e a tmen t  with NAD + speeds the change of absorbance  ob ta ined  with  
subsequent  addi t ions  of NAD +. The final value obta ined,  however,  is unal tered.  

7. For  the muscle enzyme under  our exper imenta l  condit ions,  a model  in which 
the b inding  of  I NA1) + molecule to one p ro tomer  affects the conformat ion of a second 
pro tomer ,  e i ther  befl)re or af ter  b inding  with NAD +, appears  more appropr ia t e  than  
the  al losteric model,  which requires tha t  the b inding of any  one l igand molecule is 
in t r ins ica l ly  independen t  of the  b inding of any  other.  

" Postal address:  Plantage Muidcrgracht 12, Amsterdam,  The Netherlands.  
Abbreviat ion : PCMB, p-chloromcrcuribenzoate.  
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INTRODUCTION 

T i e  enzyme glyceraldehydephosphate dehydrogenase (D-glyceraldehyde 3- 
phospha'~e:NAD~ oxidoreductase (phosphorylating), EC 1.2.I.I2) isolated from 
rabbit skeletal muscle is a tetramer, the protomer having a molecular weight of 
36 3oo (refs. 1, 2). I t  binds NAD ~ so firmly that,  even after repeated recrystallization, 
the isolated enzyme contains large amounts  of NAD ~ from which it may  be freed by 
t reatment  with charcoal '~. RACKER AND KRIMSKY 4,5 and VEI.ICK 6 showed that  the 
combination of the enzyme with NAD ¢ is accompanied by the appearance of  a broad 
absorption band at 36o m/z, which disappears on t reatment  of the enzyme with - S H -  
binding agents (such as iodoacetate or p-chloromercuribenzoate (PCMB)) or with the 
phosphorylated product  of the enzyme reaction, 1,3-diphosphoglycerate. Preliminary 
X-ray  crystallographic data  on the enzyme isolated from lobster nmscle have been 
published ~. 

In view of the tetrameric structure of glyceraldehydei)hosl)hate dehydrogenase, 
one would expect it to bind 4 NAD+ molecules. Indeed, titrations with NAD ~ of the 
yeast enzyme, using the absorption at 36o m/z as a measure of the binding, have been 
reported in support of this viewS, 9. Similar t i trations of the rabbit-nmscle enzylne, 
however, interpreted in the same way, have given lower results, ranging from 2. 7 
(ref. IO) to 3.2 (refs. 6, I I )  moles NAD + per 145 ooo g enzyme. 

This paper reports an investigation of the binding of NAD = with muscle 
glyceraldehydephosphate dehydrogenase studied in four different ways:  (1) by ultra- 
centrifugation of enzyme solutions to which varying amounts  of NAD + were added;  
(2) by t i tration of the effect of various amounts  of NAD + on the absorption at 36o mu;  
(3) by titration of the effect of various amounts  of NAD + on the rate of its reduction 
by glyceraldehyde ; (4) by determining in a stopped-flow apparatus  the rate of reaction 
of NAD + with the enzyme. 

RESULTS 

Measurement of N AD ~- content of glyceraldehydephosphate dehydrogenase 
The NAD + content of the enzyme was determined in protein-free extracts  

obtained by addition of perchloric or trichloroacetic acid, either enzymically with 
ethanol and alcohol dehydrogenase or by measurement of the absorption in the 
ultraviolet (A260 mu minus ,42s 0 ma). The absorption spectrum of the acid extract,  
before and after reduction with ethanol and alcohol dehydrogenase, was identical 
with that  of NAD. The two methods gave results in good agreement (Table I). 

That  t reatment  with perchloric acid gives quantat ive  extraction of the NAL)+ 
was shown in two ways. First, additional t reatments  of the precipitated protein with 
HC104 yielded negligible extra NAD¢ (2% in the first t reatment,  and this can be 
accounted for by liquid entrapped in the precipitate; less than o.3% in subsequent 
treatments).  Secondly, the addition of PCMB prior to the HC10 4, in order to detach 
the NAD + from the enzyme 6, yielded exactly the same amount  of NAD + as without  
t rea tment  with mercurial. 

The removal of NAD + from the enzyme by charcoal is often monitored by 
measurement of  the ratio Azs 0 ma : A260 ma which increases with decreasing NAD + 
content.  MURDOCH A~D KOEPP~? 2 have reported a value of 2.13 for this ratio with 
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" F A B I . E  I 

DETERMINATION OF ~ A D  ¢ CONTENT OF DIFFERENT PREPARATIONS OF" GLYCERALI)EHYI)EPHOS- 

PHATF DEtt VDROGI';N ASE 

T h e  N A I ) "  c o n t e n t  w a s  m e a s u r e d  in prote in - free  s u p e r n a t a n t s  bo th  f r o m  m e a s u r e m e n t s  o f  A.~,0 mu 
a n d  A 2.0 ,nu, a n d  w i t h  a l coho l  dehydrogena.~e .  

.4 2so ,nu N..I I) ' content 
['/~-6o mu (moles /mole  e n z y m e )  

t ' n z y m i c a l l y  F r o m  ,4~o mu 
minu,~ A28 o mu 

I.,99 o . o t  O.Ol 
I.S 5 o .16  o .18  
x. l () 2 . 79"  2 .8  4 * 

2.85" 2.80"  

• D u p l i c a t e s .  

complete ly  NAD-free  nmscle enzyme  and KIRSCHNER et al. s have reported a similar 
value fl)r the yeast  enzyme.  In our hands, this ratio fi)r muscle e n z y m e  is 2 .oo-2 .o  3 
(Fig. I), and we are unable to explain tile difference with MURDOCH AYD KOEPPE 12. 
It is unlikely to be due to a spectrophotometric  error in our measurements  since both 
the A2s 0 ma and the A260 mu, with I cm light path, were proportional to the protein 
concentration up to 1.8 mg/ml.  The ratio was practically independent of pH between 
6 and 9- Below pH 6 and above pH 9, tile ratio declined, the effect being greater 
with charcoal-treated than with untreated enzyme.  
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m o l e s  N A D ~ m o l  e e n z y m e  

Fig .  i .  T h e  A2s o mu:A2n, mu r a t i o  o f  c h a r c o M - t r e a t e d  e n z y m e  a s  a f u n c t i o n  o f  N : \ I ' )  ~ c o n t e n t .  
T h e  e n z y m e  w a s  d i s s o l v e d  in t m M  E D T A  ( p H  8.0) o r  in  o . l  M T r i s - H C l  b u f f e r  ( p H  8.2 o r  8.8) ,  
c o n t a i n i n g  5 m M  E I ) T A .  

Binding of N A D ~ to charcoal-treated glyceraldehydephosphate dehydrogenase as measured 
in the ultracentrifuge 

The binding of N A D  + to charcoal-treated e n z y m e  at 20--25 °, as measured in 
the ultracentrifuge, is shown in Fig. 2. With up to 2 moles  added N A D ~  per mole  
enzyme ,  no NAD+ was detectable in the protein-free supernatant after centrifugation. 

Biochim. Biophys. Acta, t 6 7  (1968) 2 3 - 3 4  
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moles NAD*addecl per mole enzyme 

Fig.  2. 1"tie b i n d i n g  o f  N: \ I )¢  to  g l y c e r a l d c h y d e p h o s p h a t e  d e h y d r o g e n a s e  d i s s o l v e d  in o . r  M 
Tr i s  t tCI  buf fe r ,  c o n t a i n i n g  5 m M  E l ) T : \  ( p H  8.2) a t  2 o - 2 5  ~. T h e  e n z y m e  c o n c e n t r a t i o n  w a s  
b e t w e e n  2o. 4 a n d  2o. 3 t*M.  T h e  a m o u n t  o f  N A I ) "  f o u n d  in t h e  s u p e r n a t a n t  a f t e r  c e n t r i f u g a t i o n  
o f  m i x t u r e s  o f  v a r i o u s  a m o u n t s  o f  e n z y m e  a n d  N A t ) -  w a s  d e t e r m i n e d  as  d e s c r i b e d  in EXPERI- 
MENTAL. 

Maximum b i n d i n g - - a b o u t  4 moles NAD + per mole e n z y m e - - r e q u i r e d  the addi t ion  
of  about  IO moles NAD + per mole enzyme. The dissociation constants  of the th i rd  
and fourth molecules bound to the protein,  as calculated from Fig. 2, are about  
4 and 35 t  ~3'I, respectively*. The first two molecules are much more firmly bound,  
with an e s t ima ted  dissociat ion cons tan t  of less than  o.o5/~M. 

Our u l t racent r i fugal  results  do not  agree with the  conclusion of VELICK, HAYES 
AND HARTIYG aa, who used a s imilar  procedure at  o °, tha t  the KD decreases with 
increasing added  NAD ¢. However,  on recalculat ing their  results on the basis of a 
molecular  weight of 145 ooo, the agreement  with ours is very close, except  fl~r one 
point,  with I. 7 mole NAI)  ¢ per mole enzyme, where VELICK, H A Y E S  AND H A R T I N G  la 

repor ted  an appreciable  amount  of NAD + in the superna tan t .  We do not lind any  
with this amount  of NAI)  +. Using a f luorimetric method,  VEI.ICK ~4 found tha t  all 
(three) NAD + molecules are bound with the same dissociat ion constant ,  viz. o.oO i~M. 

The 360 nttt band of ;\',4 D+-containing glyceraldehydephosphate dehydrogenase 
Recrysta l l ized glyceraldehydet)hospt la te  dehydrogenase  contains  up to 3.7 

moles NAD ¢- per mole enzyme (Table II) .  Repea ted  recrysta l l izat ion is necessary 
to remove con tamina t ing  protein  as indica ted  in Table  II  by  the decreasing A.,s0 mu : 
A2~0 mu ratio,  increasing NAD + content  and increasing specific ac t iv i ty .  The specific 
ac t iv i ty  doubled or more than  doubled between the first and the s ix th  recrystal l i -  
zation.  The ca ta ly t ic -cen t re  ac t iv i ty  (i.e. enzyme ac t iv i ty  per mole bound NAD "~) 

• T h e s e  d i s s o c i a t i o n  c o n s t a n t s  r e f e r  to  t h e  e q u a t i o n s  
' E  (NAI-))2] [ N A D - ]  

E - ( N A I ) ) 2  + N A I ) *  ~ E - ( N A I ) ) 3 ;  h" . -  " 
a n d  [ E  (N ' \ I ) )3 !  

i / - - ( N A D ) s l  g a D , ]  
E - ( N A I ) ) a  -i N A l )  ~ ~2 E - ( N A D ) 4  ; K . . . . . . . . . . . . . . . .  

! E - ( N A D ) 4 ]  
r e s p e c t i v e l y .  In t h e  c a l c u l a t i o n  o f  t h e  d i s s o c i a t i o n  c o n s t a n t  o f  t h e  t h i r d  m o l e c u l e  i t  w a s  a s s u m e d  
t h a t  t h e  f i r s t  t w o  s i t e s  a r e  c o m p l e t e l y  o c c u p i e d  w h e n  b e t w e e n  2 a n d  3 m o l e c u l e s  a r e  b o u n d  a n d  
t h e  f o u r t h  s i t e  is n o t  o c c u p i e d .  In  t h e  c a l c u l a t i o n  fo r  t h e  f o u r t h  m o l e c u l e ,  i t  w a s  a s s u m e d  t h a t  
t h e  f i r s t  t h r c e  s i t e s  a r e  c o m p l e t e l y  o c c u p i c d  w h e n  3 m o l e c u l e s  a r c  b o u n d .  T h e  e s t i m a t e d  s t a n d a r d  
e r r o r s  o f  t h e s c  c o n s t a n t s  a r e  0. 5 a n d  0 .9  t tM, r e s p c c t i v c l y .  

Biochirn. Bioph.vs..4eta, z67 (19~,8) 2 3 - 2 4  
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TABI.E i i  

P R O P F R T I E S  OF G L Y C F R A L D E H Y I ) V P H O S P H A T F  D E H Y I ) R O G E N A S E  AFTI':R R E P E A T E D  R E C R Y S T A L L I -  

Z ATION 

The "/z80 mu:A~6o mu ratio was measured as in Fig. i. The A,4a~ o mu is the decline of absorbance 
after adding a So-fold excess sodium iodoacetate to a solution of the enzyme in o.i M Tris-llCl 
buffer (pH 8.2), containing 5 mM El)'[':\. 

F.xpt. N umber  o f  .4 28o m u .J.4 ~6o m u N .4  D + Speci f ic  Cataly t ic-  
.\:o. recrvstal-  (moles[  ac t i v i t y ' "  centre 

l i za i ions  .42~o mu .4 ~o mu 145 ooo g ac t iv i ty* '"  
p ro t e in )  

t i 1.14 °.°T5 -'.4 57 3.4 
-' J.l 3 0.020 2.2 80 5.4 
3 0.0>2 - -  
4 l.o9 0.022 3.1 xoo 4.7 
5 I.o 7 o.o2i 3.6 I13 4.5 
6 t.o0 o.oat 3.7 Ix5 4.5 

2 x x .o2 o.ol I t .9 4 () 3-5 
2 1.2o o.oi0 2. 4 71 4.3 
3 1.23 o.o2o 2.8 8o 4.2 
4 1.21 O.OI 7 2.8 IOO 5.2 
5 t.12 °.°19 3.3 115 5 .I 

3 1 I.I 7 o.ot2 2.2 4.5 2.9 
2 1.17 o.ol 7 2.6 59 3.3 
3 t . o 9  o . o z o  3 .  l ,~2 3.8 
4 l.o 7 0.02o 3.5 92 3.8 
.5 1.o 7 0.022 3.t~ 90 3.7 

• NAI)~ added to aid crystallization. 
"" Moles added N:\D + reduced per min 

"'" Moles added N..\D~ reduced per rain 
per mg protein. 
per mole enzyme NAI) ~. 

r e m a i n e d  fair ly  c o n s t a n t  a f t e r  t he  first  few rec rys t a l l i za t ions .  I t  was  a lways  low a f t e r  

on ly  one  r ec rys t a l l i za t ion ,  i n d i c a t i n g  the  p re sence  of  c o n t a m i n a t i n g  N A D  + a t  th is  

s t age  of  t he  pur i f ica t ion .  In  all o t h e r  e x p e r i m e n t s  d e s c r i b e d  in th is  pape r ,  g lycera l -  

d e h y d e p h o s p h a t e  d e h y d r o g e n a s e  r ec rys t a l l i z ed  at  least  5 -6  t i m e s  was  used.  

The  pur i f i ca t ion  m a y  also be fo l lowed b y  the  ra t io  b e t w e e n / ] A 3 n  o mu, the  de-  

c rease  of  a b s o r b a n c e  at  360 m #  b r o u g h t  a b o u t  by  tile a d d i t i o n  of  i o d o a c e t a t e ,  and  

A2s0 mu, w h i c h  is a m e a s u r e  of  t h e  i n t e n s i t y  of  t h e  N A D  ¢ - e n z y m e  b a n d .  

Fig.  3 shows  the  effect  o f  inc reas ing  a m o u n t s  of  N A D  + on the  a b s o r p t i o n  at  

360 m #  of  t he  c h a r c o a l - t r e a t e d  e n z y m e .  T h e r e  is a l inear  increase  of  a b s o r b a n c e  up  

to  2 moles  of  N A I )  ~- per  mole  e n z y m e .  The  / ] e m M  (360 m/t) fl)r th i s  p o r t i o n  of  t he  

t i t r a t i o n  is o.96". The  a b s o r b a n c e  inc rease  pe r  mole  N A D -  dec l ines  w i th  f u r t h e r  ad-  

d i t i on  of N A D  +, a n d  t h e  a b s o r b a n c e  reaches  a m a x i m u m  wi th  a b o u t  4 moles  o f N A D  *. 

T h e  i n t e r s e c t i o n  po in t  o f  th is  t i t r a t i o n  is 3.o moles  ( this  va r i ed  b e t w e e n  2. 7 a n d  3.0 
in IX d i f fe ren t  e x p e r i m e n t s ) .  

I f  it could  be a s s u m e d  t h a t  each  molecule  N A D  "~ b o u n d  to  g l y c e r a l d e h y d e -  

p h o s p h a t e  d e h y d r o g e n a s e  causes  t he  s a m e  increase  in A360 mu, it wou ld  be c o n c l u d e d  

t h a t  t he  e n z y m e  b i n d s  on ly  3 moles  of  N A D  + per  mole.  H o w e v e r ,  t he  u l t r a c e n t r i f u g a l  

e x p e r i m e n t s  s h o w e d  c lear ly  t h a t  4 moles  of  N A D  + can be b o u n d  to  the  e n z y m e ,  t w o  

s t rong ly ,  one  m o d e r a t e l y  a n d  one  weakly .  W h e n  the  A A 3 6  o mu is p l o t t e d  aga ins t  t h e  

• The mean value for I 1 titrations was 0.98. 

B i o c h i m .  B i o p h y s .  Ac la ,  I67 (i968) 23-34 
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. . . .  r - , , v , 

E • a d d e d  N A D  ° 

A b o u r ' d  N A D  ° O 0 1 L  - t  

< I 

o ~  i ~ . . . .  ~ 4 ~ -  8-~, .~j  
~ o l e s  N A D "  B e t  m o t e  e n z y m e  

Fig. 3. 1.'itration of glyccraldehydephosphate dehydrogenase (57.2 t,.M) with NA1)- at 3~o mt,. 
The enzyme was dissolved in ioo mM Tris-HCl buffer (pll 8.2) (conta.ining 5 mM FI)TA); temp. 
z.5 ° . Q, added NAI.)'; /3~, bound NAD" ca.lculated from the dissociation constants calculated 
from Fig. 2 .  

bound NAD:-  (ca lcula ted  ~rOIll t he  a d d e d  NAD,-  by  use of  t he  d i s soc ia t ion  c o n s t a n t s  

ca l cu l a t ed  f rom Fig. 2), it can  be c lear ly  seen t h a t  t he  t h i rd  ( m o d e r a t e l y  bound)  

N A D  + molecule  has  a h n o s t  t he  s a m e  effect  on Aa80 ma as the  first two,  w h e r e a s  t he  

fou r th  molecule  causes  only  a smal l  increase  in a b s o r b a n c e .  

Rate of red.uclion of added N A D + by glyceraldeh3,de in presence of glyceraldehydephos- 
phate dehydrogenase 

Fig.  4 shows  the  effect  o f  inc reas ing  a m o u n t s  of  N A D  + a d d e d  to  the  e n z y m e  

on the  r a t e  of  r educ t i on  of  the  N A D  + (measu red  by  Aa.~0 ma) on the  a d d i t i o n  of  

g lyce ra ldehydc '  in the  p re sence  of  a r sena te .  In th is  case the  s h a r p  b reak  in the  cu rve  

occurs  a t  3 .9  4 .o moles  N A D  + per  mole  e n z y m e ,  in a g r e e m e n t  w i th  31URDOCH AND 

t{OEPPE 12, w h o  car r ied  ou t  t i t r a t i o n s  u n d e r  the  s a m e  cond i t ions .  FAHIEN 1'5 o b t a i n e d  

a s imi la r  resul t ,  b u t  FURVINE AND VEI.I('K 16 found  a b reak  at  3 . i  moles  N A D  !- per  mole  

e n z y m e  ( reca lcu la ted  to a molecu la r  we igh t  o f  I45 o0o). The  reason  for th i s  d i f fe rence  

is no t  a p p a r e n t .  

, . . . . . . .  ~ - q  

! 
t 

r ' c o l e s  N A D "  p e r  m o l e  e n z y m e  

Fig. 4. The effect of NAD ~ concentration on the velocity of NAI)" reduction with glyceraMehyde 
at z5 ° , measured at 34 ° mlt. The medium contained ioo mM Tris-HCl buffer, 43 mM Na21lAs() 4, 
I mM I'2I)TA, o. x '}0 serum albumin, lo. l tim glyceraldehydephosphate dehydrogenase and 8.6 m.Xl 
m. glyceraldehyde. Final pII, 8.8. 

Biochim. Biophys. Acta, t67 (t068) 23-34 



G L Y C E R A L D E H Y D E P H O S P H A T E  D E H Y D R O G E N A S E - N A D  + REACTION 2 9 

0.25 

0 . 2 0  

o 

< 
0.15 

. . . .  '__:~412 1 025 
~ 3 0 9  , 

2.O2 i 
0 .20  

0 9 8  

' ' : " : 7 9 7  ~ 3 . 8 3  

3.45 

2 .48  

r 
0.15 

I 

/ 

0.10 

I 

O.O5F 

O0 , ~ , , L , -~-_ 
• ~ 5 0 0  

h m e ( m s e c )  

1.04 

0.73 

0.63 

0.15 

t t m e ( r n s e c )  

Fig.  5. R e a c t i o n  of  N A D ~  w i t h  g l y c e r a l d e h y d e p h o s p h a t e  d e h y d r o g e n a s e  as  m e a s u r e d  in t h e  
D u r r u m  s t o p p e d - f l o w  a p p a r a t u s .  One  of  t he  t w o  s y r i n g e s  c o n t a i n e d  67/~M e n z y m e  in i oo  mM 
Tr i s . - I IC l  buffer ,  c o n t a i n i n g  5 mM E D T A  (final p l l  8.2) a n d  t h e  o t h e r  v a r i o u s  a m o u n t s  of  N A D  + 
in t h e  s a m e  Tr i s  E I ) T A  m i x t u r e  c o n t a i n i n g  o . 5 %  s e r u m  a l b u m i n .  All s o l u t i o n s  were  a t  25 ° . 
T h e  c u r v e s  a re  m a r k e d  w i t h  t he  t o t a l  a m o u n t  of  N ; \ I )  ~ (moles  pe r  mole  e n z y m e )  p r e s e n t .  T h e  
f inal  v a l u e s  r e a c h e d  are  i n d i c a t e d  on t he  r i g h t - h a n d  side.  "l'he c h a r c o a l - t r e a t e d  e n z y m e  c o n t a i n e d  
o . l  5 mole  NAI)+ pe r  mole  e n z y m e .  T h e  c u r v e s  p l o t t e d  a re  t he  a v e r a g e s  of  t h r e e  runs .  L i g h t  
p a t h ,  2 cm.  

Fig.  0. R e a c t i o n  of  N A D  ~ w i t h  g l y c e r a l d e h y d e p h o s p h a t e  d e h y d r o g e n a s e  as  m e a s u r e d  in t he  
l ) u r r u m  s t o p p e d - f l o w  a p p a r a t u s .  A second  e x p e r i m e n t  c a r r i ed  o u t  in t he  s a m e  w a y  as  d e s c r i b e d  
in Fig. 5 w i t h  6 8 / z M  e n z y m e  a n d  v a r i o u s  N A I )  ~ c o n c e n t r a t i o n s .  The  c h a r c o a l - t r e a t e d  e n z y m e  
c o n t a i n e d  o.[ 5 mole  NAI')~ pe r  mole  e n z y m e .  

Rate of combination of NA D + with charcoal-treated glyceraldehydephosphate dehydro- 
genase 

Figs. 5 and 6 show the course of the reaction between NAD + and the enzyme 
at 25 °, as followed at 36o Ink* in a stopped-flow apparatus.  With  less than I mole 
NAD + per mole enzyme an almost maximal  increase of Aas 0 mu is reached within 
about  3 msec, the mixing time of the ins t rument .  The second-order rate constant  
for this reaction, on the basis that  more than 9o% of the reaction is complete in 
3 msec, must  be greater than  lO 8 M -a .sec-L With  2 moles NAD + per mole enzyme 
81% of the reaction was complete within 3 msec (see Fig. 7), bu t  the reaction required 
more than I sec to go to completion. With 3 or more moles NAD-  per mole enzyme 
about  75°/'° of the reaction was complete in 3 msec. 

In these two experiments,  separate runs were made with different amounts  of 
NAI) + added to NAD-free enzyme. Fig. 8 summarizes an experiment  in which NAD + 
was added to the enzyme already treated with NAD +. The lower curve, as in Fig. 7, 
records the Ash 0 mu 3 msec after addit ion of NAD + to NAD-free enzyme. The middle 
curve was obtained with enzyme to which 1.o5 moles NAD + had already been added, 
and the upper curve with enzyme to which 1.8 moles NAD + had previously been 
added. It  is clear tha t  prior t rea tment  with NAD + speeds the change of absorbance 
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Fig .  7. T h e  .'t~60 rn. m e a s u r e d  a t  t h e  e n d  o f  t h e  r a p i d  p h a s e  (3 msec)  a n d  t h e  f ina l  v a l u e  o b t a i n e d  
a f t e r  a b o u t  i sec.  T h e  s a m e  e x p e r i m e n t  as  in F ig .  6. 

F ig .  8. R e a c t i o n  o f  N A D *  w i t h  g l y c e r a h t e h y d e p h o s p h a t e  d e h y d r o g e n a s e  as  m e a s u r e d  in t h e  
D u r r u m  s t o p p e d - f l o w  a p p a r a t u s .  T h e  m e d i u m  w a s  as  in F ig .  5. O n e  o f  t h e  t w o  s y r i n g e s  c o n t a i n e d  
7 5 . 3 / J M  e n z y m e ,  c o n t a i n i n g  0 .03  , (@),  i . o  5 (2~) a n d  1.8o (Q) m o l e s  N A D  + p e r  m o l e  e n z y m e ,  res -  
p e c t i v e l y ,  a n d  t h e  o t h e r  s y r i n g e  c o n t a i n e d  v a r i o u s  a m o u n t s  o f  N A D  " -- . ,  v a l u e s  a f t e r  3 m s e c ;  - - -, 
f ina l  v a l u e s .  T h e  a b s c i s s a  r e f e r s  t o  t h e  t o t a l  a m o u n t  o f  N A D  +. 

obtained with subsequent additions of NAD +, although the final value reached 
depends only upon the total amount of NAD + added. 

DISCUSSION 

Although glyceraldehydephosphate dehydrogenase is a tetramer it is apparent 
from tile results reported in this paper that the four protomers do not react inde- 
pendently of one another with NAD 4. The differences between the reactions with 
successive molecules of NAD + are summarized in Table III .  

The first molecule of NAD: reacts very rapidly and firmly with the enzyme 
and gives rise to the absorption band at 36o m# that has been ascribed to a charge- 
transfer complex between the thiol group of the reactive cysteine and the pyridine 
ring of the NAD + (ref. 17). The spectral changes associated with binding of the 
second molecule are about 6o% complete within 3 msec (the time required for maxi- 
mal effect of the first molecule) and about I sec is required for the maximal effect. 
The intensity of the 36o m# band with the second NAD + molecule is the same as 
with the first. The second molecule is also firmly bound to the enzyme. Although the 
kinetics of the spectral change brought about by combination of the third molecule 
of NAD + with the enzyme are very similar to those brought about by the second 
molecule, and the intensity of the 36o m/x band is about the same, this molecule is 
much less firmly bound to the enzyme. The fourth molecule is still less firmly bound 
and gives rise to only a small increase of A360 mu- 

The following picture of the binding of NAI) + with the muscle enzyme emerges. 
The first molecule of NAD + combines rapidly with the enzyme with a negative 
binding free energy (-- AGo') of more than IO kcal (1.36 log KD). A charge-transfer 
complex cannot alone be responsible for the binding of NAD + to the enzyme, because 
the - -AG o' value of charge-transfer forces does not exceed 2 kcal (ref. 18). The 
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formation of the charge-transfer complex may require a specific conformation of the 
polypeptide chain, induced by binding of the NAD +. Measurements of optical rotatory 
dispersion indicate that NAD- induces changes in the tertiary structure of the 
enzyme 19-~1 (see also ref. 13). LISTOWSKY et al. TM found that the major change occurs 
on addition of i mole NAD +. 

If  a conformation change is required in tile first protomer that combines with 
NAD +, it must be very rapid, since maximum development of tile charge-transfer 
band is already reached within 3 msec. The second molecule of NAD + also reacts 
rapidly with and is firmly bound to the enzyme. However, although there is an 
immediate increase of As8 0 ra., the complete development of the charge -transfer band 
apparently requires a conformation change of tile second protomer combining 
with NAD + which proceeds much more slowly than the initial binding or than any 
conformation change of the first protomer. The third molecule of NAD" behaves 
kinetically much the same as the second, but is less firmly bound to the protein. 
When three of the four protomers are combined with NAD +, it becomes much more 
difficult to bind a fourth molecule, and this molecule is bound in such a way that 
little if any charge-transfer complex with the cysteine -SH group of this protomer 
is possible. It has earlier been suggested by HILVERS, VAN DA.~I AND SLATER 22 that 
one of the NAD + molecules behaves differently from the other three. 

When the rate of reduction of NAD + by glyceraldehyde is studied, a sharp 
break in the activity-NAD + curve occurs when 4 moles NAD+ are added per mole 
enzyme (Fig. 4), even though Fig. 2 shows that only about 3.2 moles of NAD + are 
bound when 4 moles are added. This result agrees with those of MURDOCH AND 
KOEPPE 12 and with FAHIEN ls, but not with that of FURFINE AND VELICK 16 who found 
a break at about 3 moles NAD + per enzyme. This discrepancy is puzzling, and until 
it is resolved discussion of this finding is premature. In any case, the fact that, under 
the conditions of Fig. 4, an interception point at 4 is obtained shows that the enzyme 
preparation used is pure and does not contain denatured material, which was one of 
the explanations considered in our preliminary note ~° for the unexpected result of 
the titration at 360 m#. 

The conclusions that we have drawn concerning the reaction of NAD + with 
muscle glyceraldehydephosphate dehydrogenase are not all applicable to the yeast 
enzyme. It has been known for some time that the yeast enzyme binds NAD + less 
firmly than the muscle enzyme. Other differences are the absence with the yeast 
enzyme of the sharp break in the titration curve illustrated in Fig. 4 for the muscle 
enzym@ and the evidence that 4 molecules of NAD+ contribute to the 360 m# band 
in the yeast enzymeS, 9. The extinction coefficient calculated by KIRSCtlNER et al. 8 

for the yeast enzyme on the basis of 4 binding sites is very close to that found by 
us for the first 3 molecules of NAD + bound to the muscle enzyme. 

CHANCE AND HARTING PARK 9 and KIRSCHNER et al. 8 found rapid and slow 
phases of the reaction between NAD + and the yeast enzyme, but both phases appear 
to be considerably slower than those observed by us for the muscle enzyme. At 4 o°, 
where the yeast enzyme shows a weakly sigmoidal response to increasing NAD + 
concentration, the reaction proceeds in three discrete steps 8. KIRSCHNER et al. ~ have 
interpreted the kinetics in terms of the allosteric model of MONOD, WYMAN AND 
CHANGEUX 23. The most rapid second-order reaction constant measured by KIRSCHNER 
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TABLE I I [  

RE;ACTION OF GLYCERALI)I£HYDEPHOSPHATE DFHYDROGENASE x, VITH SUCCESSIVE MOLECrdLI';S OF 
N A D -  

Molecule KI) Ae,nM Rate of reaction 
N,4 D ~ (tiM) (360 mt~ ) 

First  <0.05 0.98 Complete within 3 msec 
Second <0.05 0.98 Incomplete within 3 msec 
Third 4 0.98 Incomplete within 3 msec 
Four th  35 o.18 Not studied 

et al. s was I. 9 . i &  M -a .sec - t  at  4 o°, compared  with more than lO s M ~ .sec -] at  25 ° 
found by  us for the muscle enzyme.  

I t  is clear from our d a t a  tha t  one of  the basic assumpt ions  of the al losteric 
model  of MONOD, WYMAN AND CHANGEUX 23, namely  tha t  the binding of an), one 
l igand molecule is intr insical ly  independent  of the b inding of any  other,  is not 
appl icab le  to the muscle enzyme under  the condit ions of our exper iments .  A model 
in which the b inding of one NAD + molecule to one p ro tomer  affects the conformat ion 
of  a second protomer ,  e i ther  before or af ter  binding with NAI)  +, appears  more 
appropr i a t e  than  the allosteric model, which emphasizes  the  effect of l igand binding 
on the qua t e rna ry  s t ruc ture  of the oligomer. 

EXPERIMENTAl. 

Glyceraldehydephosphate dehydrogenase was isolated from rabbi t  muscle by  the 
method  of  Corn, SLEI.~ AND COR124 sl ight ly modified by  HILVER.q ~5. I t  was recrysta l -  
lized 5-6  t imes from 7o% sa t& (NH4)2SO 4 (pH 8.o), conta ining I mM EDTA.  NAD + 
was somet imes added  before the fifth or s ixth recrysta l l iza t ion in order  to promote  
crysta l l izat ion.  NAD + was removed by  s t i r r ing a solution conta ining 4 ° mg protein 
per ml with a 2o% charcoal  suspension for 4 rain at  o-2 ° (cf. ref. 13). The method  of 
MORDOCH AND KOEPPE 12 was also used to obta in  some of  the values given in Fig. I.  
Charcoal  t r e a tmen t  had no effect on the ac t iv i ty  of the enzyme. The concentra t ion 
of the enzyme was ca lcula ted  from A~0 ma using the ext inc t ion  coefficients for na t ive  
and charcoa l - t rea ted  enzyme repor ted  b y  F o x  ANt) DANDLIKER ]l, viz. I.O00 and 
0.829 cm~.mg -] (cf. 0.86 for charcoa l - t rea ted  yeas t  enzymeS), respectively.  These 
ext inc t ion  coefficients were checked by  independent  protein de te rmina t ion  by  the 
Kje ldahl  method,  using enzyme conta ining o . i ,  1. 3 and  3.3 moles NAD + per mole 
enzyme. The two methods  agreed within 1%. Concentra t ions  are expressed as/xM, 
based on a molecular  weight of 145 ooo (refs. I,  2). 

The ac t iv i ty  of  the enzyme was measured spec t rophotomet r ica l ly  at  24 ° with 
a react ion mix ture  conta ining I.O mM DL-glyceraldehyde 3-phosphate  (prepared from 
the bar ium salt  of the d ie thylace ta l ,  ob ta ined  from Sigma Chemical Co., as described 
b y  RACKER, KLYBAS AND SCHRAMM26), I.O mM ~NAD + (Sigma), 50 mM sodium 
phosphate ,  2 mM EDTA,  I mg/ml  serum a lbumin and o.I  M Tr i s (S igma)-HCl  buffer. 
The final p H  was 8.8. The specific ac t iv i ty  of purified enzyme in this assay was 
9 o - ~ 5  k, moles N A D H  per min per mg protein.  

N A D  + determinations were made on superna tan t s  ob ta ined  af ter  p rec ip i ta t ing  
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the enzyme with 6% HCI04 or 4% trichloroacetic acid. The NAD + was determined 
either by measurement of the A~0 mu and A2e 0 mu, by making use of the values of 
4.o and 17.8, respectively, for the molar extinction coefficients, or enzymically (after 
neutralization) with ethanol and alcohol dehydrogenase (EC I . I . I . I ) .  

Ultracentrifugation was carried out either in the MSE analytical ultracentrifuge 
at 262 ooo × g (measured at the centre of the cell) for 12o min or in the MSE pre- 
parative ultracentrifuge No. 65, with an angle rotor, at 4oo ooo × g for 15o min. 
When the analytical ultracentrifuge was used photographs were taken with ultra- 
violet light (265 m/z) and the degree of blackening of the negative was measured 
with an Eppendorf photometer, and compared with standard NAD + solutions. When 
the preparative ultracentrifuge was used, I-ml samples of the supernatant were 
siphoned off and the NAD + determined with ethanol and alcohol dehydrogenase. 
The absence of protein was checked by measuring the A~o mr* : A260 mu ratio (0,22 
for NAD+). The amount of bound NAD + was calculated as the difference between 
total NAD- added and that found in the supernatant. A correction was applied for 
the NAD + gradient that developed while centrifuging at this speed. This was deter- 
mined in separate control experiments in which the same concentrations of NAD + 
were used as in the experiments in which enzyme was also present, and the NAD + 
content was determined at different distances along the tube. 

Stopped flow experiments were carried out in the instrument of the Durrum 

Fig. 9. l ' h o t o g r a p h  of  oscilloscope t rac ing  of  react ion be tween  N A D  +anc t  g lyce ra ldehydephos -  
pha te  dehydrogenase .  The  syr inges  con ta ined  76/~M e n z y m e  and  T92/~M N A D L  respect ively;  
o ther  c o m p o n e n t s  as in Fig. 6. I m m e d i a t e l y  before the  react ion the  observa t ion  tube  con ta ined  
e n z y m e - N A I )  complex  f rom the  prev ious  exper imen t .  The  lower t race records the  t r ansmis s ion  
of  th is  complex .  The  react ion be tween  fresh e n z y m e  and  NAD+ solut ion began  a t  the  le f t -hand 
marg in  of  the  figure. The  upper  t race shows  t h a t  par t  of  the  react ion t h a t  is no t  comple ted  
wi th in  the  mix ing  t ime  of  the  i n s t r u m e n t  (3 msec). 
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Instrument Corp. The mixing time was 3-5 msec. The instrument was first calibrated 
with water to give lOO% transmission at IOO mV per scale division, and the trans- 
mission of enzyme in the reaction mixture (but without added NAD +) and of the 
enzyme-NAD complex at the end of the reaction was recorded at the same sensitivity. 
The instrument was set in balance at the transmission of the enzyme-NAD complex 
and the sensitivity increased to 5-IO reX- per scale division by using the vertical 
amplifier, before starting the reaction with new solutions by operating the syringe 
plungers. A typical tracing is shown in Fig. 9- A360 mu was calculated from the o~, 
transmission recorded on photographs of the storage oscilloscope. 

In control experiments with an extended time scale (i vertical division per 
I msec) in which water was mixed with dichlorophenol indophenol, the mixing time 
was found to be 3 msec. Since, in all cases, at least 7,'°'/o of the reaction was complete 
within this mixing time, the maximum value of the transmission recorded in the 
trace has been given the time of 3 msec. 
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