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SUMMARY 

I .  The ex t inc t ion  coefficient a t  28o nm of charcoa l - t rea ted  lobster -muscle  
g lyce ra ldehydephospha te  dehydrogenase  is 0.80 cm 2. mg -1. 

2. The A2s 0 nm:A260 nm of  NAD+-free enzyme was found to be 1.99. 
3- Equi l ib r ium dialysis  showed tha t  4 moles of  NAD+ m a y  be bound  to the  

enzyme per  mole (tool. wt.  145 ooo). The first two molecules are b o u n d  stoicheio- 
met r i ca l ly  wi th in  the  exper imenta l  error  (KD < 5" 10-9 M), whereas the  th i rd  and  
four th  molecules are bound  with dissociat ion cons tants  of  respect ive ly  6.  lO -7 M and  
13 • IO 6 M. 

4. The  first three  NAD+ molecules con t r ibu te  equal ly  to the  absorp t ion  at  
360 nm, whereas the  four th  makes  l i t t le  if  any  contr ibut ion .  

5. On mixing  NAD + wi th  the  enzyme,  the  m a x i m u m  increase of absorp t ion  at  
360 nm is reached within 3-5 msec, i ndependen t ly  of the  amount  of N A D  + added.  
This corresponds to a second-order  ra te  cons tan t  of more than  I • lO l° M -1. sec -1. 

6. The reduct ion  of ace ty l  phospha te  b y  N A D H ,  and  its arsenolysis,  ca ta lysed  
b y  the enzyme,  require NAD +. NAD + has no effect on the  esterase ac t iv i ty .  

I N T R O D U C T I O N  

The enzyme g lyce ra ldehydephospha te  dehydrogenase  (n-g lycera ldehyde  3- 
p h o s p h a t e : N A D  + oxidoreductase  (phosphorylat ing) ,  EC 1.2.1.12) isola ted from 
lobs ter - ta i l  inuscle is a t e t r amer ,  composed of four ident ica l  pro tomers ,  each wi th  a 
molecular  weight  of 36 000 (ref. I).  The amino acid sequence has been e luc ida ted  b y  
DAVIDSON et al. ~, and X - r a y  s tudies  3 show tha t  it  possesses at  least  one 2-fold axis of  
symmet ry .  

The enzyme isola ted f rom rabb i t  muscle is also a t e t r a m e r  composed  of four 
ident ica l  p ro tomers  ~. Though there  are differences in amino acid  composi t ion  5, i t  has 
been shown tha t  the  amino acid sequence in the  ac t ive  centre  of the  two enzymes is 
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i d e n t i c a P &  Both  enzymes b ind  N A D  + firmly, wi th  fo rmat ion  of a b road  absorp t ion  
b a n d  wi th  a m a x i m u m  at  360 nm6,L 

Since research on the  s t ruc ture  of  this  enzyme has  been concen t ra ted  on the  
lobs ter  enzyme 1-3, i t  became desirable  to  ex tend  our previous  studiesS, 9 on the b ind ing  
of  N A D  + to the  r abb i t -musc le  enzyme to the  lobster-muscle  enzyme.  

RESULTS 

Protein determination and measurement of N A D  + content 
In  agreement  wi th  ALLISON 7 i t  was found t ha t  the  ex t inc t ion  coefficient a t  

280 n m  for the  NAD+-con ta in ing  enzyme (3,9 moles NAD + per  mole enzyme) was 
0.96 cm 2 .mg-L  For  the  cha rcoa l - t r ea ted  enzyme we found at  280 n m  an ex t inc t ion  
coefficient of 0.80 cm 2.rag -1. De te rmina t ions  of p ro te in  b y  the Kje ldah l  and  b iure t  
me thods  agreed wi th in  0 .5%.  

The  i so la ted  enzyme conta ined  3.9 moles NAD+ per  mole, as was also found b y  
TRENTHAM 1°. When  all ( <  0.02 mole remaining)  of NAD + was r emoved  wi th  charcoal ,  
the  A~s 0 nm:A260 nm ra t io  was 1.99, which is close to  the  value  (2.00-2.03) prev ious ly  
found b y  DE VIJLDER AND SEATER 8 for the  rabb i t -musc le  enzyme.  This  ra t io  is nmch  
lower t han  the  value  of  2.13 found b y  ~¢[URDOCH AND KOEPPE 11 for rabb i t -musc le  
enzyme and b y  KIRSCHNER et al. 12 for yeas t  enzyme.  

Stability 
The lobster  enzyme is much less s table  in d i lu te  solut ion t han  t ha t  i so la ted  from 

r a b b i t  muscle.  At  a concent ra t ion  of IO #g /ml  in 5 mM E D T A  (pH 7-4) the  enzyme is 
t o t a l l y  i nac t i va t ed  in about  I h at  o °, even in the  presence of i mg/ml  serum albumin.  
Rabb i t -musc l e  enzyme lost about  15 % of i ts  a c t i v i t y  under  the  same condit ions.  
Charcoa l - t rea ted  lobster  enzyme in a concent ra t ion  of  3 mg/ml  in 5 mM E D T A  (pH 7.4) 
lost  about  1 .5% of i ts  a c t i v i t y  in I h at  o°; wi th  NAD+-conta in ing  enzyme there  was 
p rac t i ca l ly  no inac t iva t ion  under  these condi t ions,  even af ter  IO h. 

Binding of N A D  + to charcoal-treated enzyme as measured by equilibrium dialysis and 
ultracentrifugation 

By equi l ib r ium dialys is  and  u l t r acen t r i fuga t ion  i t  was found t ha t  the  lobster-  
muscle enzyme can b ind  4 molecules N A D  + per  molecule enzyme.  Even  on add i t i on  
of  excess NAD+ (11.3 moles/mole of  enzyme) 3.9 moles NAD+ per mole of enzyme were 
bound.  

The b ind ing  showed the  same charac ter i s t ics  as wi th  the  rabb i t -musc le  en- 
zymeS, 13. W i t h  up  to two moles added  N A D  + per  mole of enzyme no N A D  + was 
de tec tab le  in the  d ia lysa te  and  the  e s t ima ted  dissociat ion cons tan t  was less t han  
5" lO-9 M. The th i rd  and  the  four th  molecule  were more  loosely bound  as can be  seen 
in Table  I (column I).  In  Table  I the  dissociat ion cons tan ts  measured  are compared  
with  those prev ious ly  r epor t ed  for the  rabb i t -musc le  enzymeS,13, la. 

Titration with N A D  + 
The change in absorp t ion  at  360 nm as a funct ion of the  added  and  b o u n d  N A D  +, 

as shown in Fig.  I,  is s imilar  to t ha t  ob ta ined  for the  rabb i t -musc le  enzyme (cf. refs. 8, 
15). Up  to 2 moles N A D  + per  mole enzyme cause a l inear  increase in absorp t ion  wi th  
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T A B L E  I 

DISSOCIATION CONSTANTS OF N A D +  BOUND TO GLYCERALDEHYDEPHOSPHATE DEFIYDROGENASE 

Dissociation Lobster Rabbit 
constant* (equilibrium 

dialysis) Ultracen- Equilibrium 
trifugation s dialysis18,14 

K I  (M) < 5"  1 ° -9  < 5 " 1 ° -8  < I • IO -11 
K 2 (M) < 5 '  1 ° -9  < 5"  IO 8 < I "  lO -9 
K 8 (M) 6 '  lO -7 4"  I ° - 6  3"  1° -7  
K~ (M) 13"  IO-e  3 5 "  1 ° -6  26"  lO -6 

* A s  d e f i n e d  in  r e f .  8. 

an emM (at 36o nm) - -  I.O2 per  mole N A D  + for this  por t ion  of  the  t i t ra t ion .  On fur ther  
add i t ion  of  NAD+ the  absorbance  increase per  mole added  N A D  + declined.  The  inter-  
Section poin t  of  the  t i t r a t i on  wi th  lobster-muscle  enzyme was found at  3.o moles NAD+ 
per  mole enzyme.  F r o m  the plot  of  Ase 0 nm agains t  bound  N A D  + (as ca lcu la ted  from 
added  NAD+ b y  the  use of t he  dissociat ion cons tan ts  given in Table  I) i t  can be seen 
t ha t  the  absorbance  b a n d  at  360 nm is a lmost  en t i re ly  caused b y  three  NAD + mole- 
cules, the  four th  molecule mak ing  only a sl ight  cont r ibu t ion ,  i f  any.  This is also the  
case wi th  the  rabb i t -musc le  enzyme. The effect of N A D  + concent ra t ion  on the  ra te  
of  ox ida t ion  o fg lyce ra ldehyde  at  25 ° was also s imilar  to the  resul t  ob ta ined  wi th  r abb i t -  
muscle e n z y m e  s , n , l s , 1 7 .  

Kinetics of N A D  + binding to charcoal-treated enzyme 
Because o f  the  lower s t ab i l i t y  of  the  lobster  enzyme the  incorpora t ion  s tudies  

were done at  IO °. Fo r  compar ison the ra te  of  incorpora t ion  of  N A D  + into rabb i t -musc le  
enzyme at  this  t empe ra tu r e  was also measured.  

The course of  the  reac t ion  between NAD + and the  enzyme was followed at  
360 nm in a s topped-f low appara tus .  As can be seen in Fig. 2 the  reac t ion  wi th  lobster-  
muscle enzyme was v i r t ua l ly  complete  in about  3-5 msec, the  mix ing  t ime  of  the  
ins t rument ,  independen t  of  the  amoun t  of  NAD+ added.  The ca lcu la ted  second-order  
ra te  cons tan t  for this  reac t ion  mus t  be grea ter  t han  I • lO l° M -1. sec -I .  

0.15 

E 
c 
0 

o.lo 
,< 

i I J I I I / /  I 

o bound NAD 

0 0 5  ~ 2 3 4 5 

moles N A D  * p e r  m o l e  e n z y m e  

Fig .  I.  T i t r a t i o n  a t  360  n m  w i t h  N A D +  o f  c h a r c o a l - t r e a t e d  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  (28. 3/~M) i s o l a t e d  f r o m  l o b s t e r  m u s c l e .  T h e  e n z y m e  w a s  d i s s o l v e d  in  lOO m M  T r i s - H C 1  
b u f f e r  ( p H  8.2) c o n t a i n i n g  5 m M  E D T A .  T e m p . ,  23 °. D ,  a d d e d  N A D + ;  C), b o u n d  N A D  + ca l -  
c u l a t e d  f r o m  t h e  d i s s o c i a t i o n  c o n s t a n t s  in  T a b l e  I. 
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Fig. 2. React ion of NAD + with  lobster-muscle glyceraldehydephosphate  dehydrogenase as meas-  
ured in the  D u r r u m  stopped-flow appara tus .  One of the two syringes contained 46/~M enzyme in 
o.I  M Tris-HC1 buffer-- 5 mM E D T A  (pH 8.2), and the other  various amoun t s  of NAD + (indicated 
on the lines) in the same buffer with 0. 5 % serum albumin.  Temp.,  io°;  light path,  2 cm. 

Fig. 3. React ion of NAD + with  rabbi t -muscle  glyceraldehydephosphate  dehydrogenase as meas- 
ured in the D u r r u m  stopped-flow appara tus .  The exper iment  was carried out  in the same way  as 
described in Fig. 2 wi th  99/~M enzyme in o.I  M Tris-HC1 buffer-  5 mM E D T A  (pH 8.2) and 
var ious NAD + concentrat ions.  Temp.,  lO% 

Fig. 3 shows the reaction course with rabbit-muscle enzyme at IO °. The results 
are similar to those obtained at 25 ° (ref. 8). With less than I mole NAD + per mole 
enzyme the end-value was practically reached within the mixing time of the instru- 
ment. With 2 moles NAD + added per mole of enzyme 80% of the final value was 
reached in 3-5 msec, and completion of the reaction required more than I sec. 

Requirement for NA  D + for catalytic activities 
The reduction of acetyl phosphate by NADH in the presence of the lobster 

enzyme shows a distinct initial lag, as previously reported by HILVERS AND WEENEI~ Is 
for the rabbit-muscle enzyme, and shown by them to be due to a requirement for NAD + 
for this reaction. It  may be concluded that the lobster enzyme also has this require- 
ment. Also in agreement with the experience with the rabbit enzyme 1~, NAD + is 
required for the arsenolysis of acetyl phosphate catalysed by lobster enzyme. The 
esterase activity was not affected by NAD +, in accordance with our experience with 
the rabbit-muscle enzyme (J. J. M. DE VIJLDER AND A. G. HILVERS, unpublished 
experiments) but in disagreement with PARK et al3 ° who found NAD+ inhibitory. 

DISCUSSION 

As was to be expected, glyceraldehydephosphate dehydrogenase isolated from 
lobster muscle resembles more closely the enzyme of rabbit muscle than the yeast 
enzyme. I t  contains 3.9 moles NAD + per mole enzyme compared with 3-6-3.7 moles 
for the rabbit enzyme. The yeast enzyme as isolated contains only a trace of NAD+ 
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(refs. 21, 22). The most  in teres t ing  difference be tween  the enzyme from different  
sources relates  to the  kinet ics  of the  reac t ion  of NAD+-free enzyme wi th  NAD+. All  
three molecules of NAD + react  comple te ly  with the  lobster  enzyme wi thin  3-5 msec 
at  IO ° (Fig. 2). No slow phase  is present .  In  the  case of  the  r abb i t  enzyme, two phases  
are de tec ted  with  more than  I mole NAD+, bo th  at  IO ° (Fig. 3) and  25 ° (ref. 8). The 
slow phase has only  a r e l a t ive ly  sl ight  t empe ra tu r e  dependency  (t ~ = 250-300 msec 
at  5 °, 7 ° msec at  35°; J. J. M. DE VIJLDER, unpubl i shed  observat ions) .  The slow phase  
is much slower wi th  the  yeas t  enzyme and i t  has a high t e m p e r a t u r e  coefficient (t ~ 
IOO sec at  o ° and  1.2 sec at  4 o°, ca lcu la ted  from refs. 23 and 24, respec t ive ly ;  I I  sec 
at  8.5 ° and  2.4 sec at  25 ° (ref. 23). 

Since the  slow phase is not  found wi th  the  r abb i t  enzyme af ter  p re - incuba t ion  
wi th  1-2 moles NAD+ per mole enzyme,  we concluded t ha t  b ind ing  of I molecule  of 
NAD + affects the  conformat ion  of the  second protomer .  The absence of a slow phase  
wi th  the  lobster  enzyme,  even wi thout  pre- incubat ion ,  suggests  e i ther  t ha t  there  is a 
difference in in te rac t ion  between the  two pro tomers  in the  two enzymes or t ha t  the  
change of conformat ion  is ve ry  rap id  wi th  the  lobster  enzyme. 

A second difference between the lobster  and r abb i t  enzymes is the  much grea ter  
i n s t ab i l i t y  of  the  former in di lute  solution. This m a y  be re la ted  to  the  difference in 
thiol  groups.  The lobster  enzyme contains  5 cyste ine  residues per  p ro tomer  2, compared  
wi th  4 and 2 for the  r abb i t  and  yeas t  enzyme,  respect ive ly  2'~. The yeas t  enzyme is the  
most  s table  of  the  three ~6. 

A p a r t  from these differences, the  lobster  and  r abb i t  enzymes are ve ry  similar .  
The intensi t ies  of the  charge- t ransfer  bands  at  360 nm obta ined  on combina t ion  of  
the  enzymes with  the  first three  molecules of NAD+ are identical ,  and  in both cases 
fur ther  add i t ion  of NAD + causes only  a sl ight  increase in in tens i ty  of the  band.  CONWA'Z 
AND KOSHLAND 14 have shown tha t  b inding  of the  four th  molecule to the  r abb i t  enzyme 
has no effect on the  viscosi ty,  ind ica t ing  l i t t le  if  any  effect on pro te in  conformat ion.  
The  dissociat ion cons tants  of  the  four molecules of  N A D  + bound  to lobster  and  r abb i t  
enzyme are also qui te  s imi lar  (Table I). 

I t  seems l ikely,  then,  t ha t  the  ' sequent ia l '  model  prev ious ly  appl ied  to the  r abb i t  
muscleS, 14 is also appl icable  to the  lobster .  On the o ther  hand,  the  al losteric model  of 
MONOD et al. ~7 has been appl ied  to the  yeas t  enzyme 12. 

EXPERIMENTAL 

Glyce ra ldehydephospha te  dehydrogenase  was isola ted from lobs ter - ta i l  muscle 
(Homarus europednsis) b y  essent ia l ly  the  me thod  of ALLISON 7 with  the  difference t h a t  
the  f i l t ra t ion s teps were replaced b y  cent r i fugat ion  at  36 ooo × g. The enzyme was 
recrys ta l l ized  1-2 t imes  from 98-1oo ~o satd.  (NH4)2SO a solut ion (pH 7.0) conta in ing 
I mM/~-mercaptoethanol  and  I mM EDTA*. NAD + was removed  b y  s t i r r ing a solut ion 
conta in ing 4 ° mg prote in  per  ml in 5 mM E D T A  with  20% (w/v) charcoal  for 4 rain 
at  0-2 ° (cf. ref. 28). 

The ac t i v i t y  was measured  spec t ropho tomet r i ca l ly  at  22 ° in the  reac t ion  mix ture  
descr ibed b y  DE VIJLDER AND SLATER 8. The specific ac t i v i t y  ob ta ined  under  these 
condi t ions was 130 ~= I0/~moles N A D H  per rain per  mg protein.  In  order  to minimize  

Crys ta l l i za t ion  of the lobs ter  enzyme was more difficult  t h a n  of the r abb i t  enzyme.  This  
procedure  was  followed in  order to min imize  i na c t i va t i on  on prolonged s tanding .  
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inactivation, the enzyme was diluted to about 15 #g/ml in o.I M Tris-HC1 buffer 
(pH 8.o), containing I mg/ml serum albumin and 2 mM EDTA, I rain before the reaction 
was initiated by adding this enzyme solution to 20 times its volume of reaction mixture. 

NAD + determinations were made enzymically with ethanol and alcohol dehy- 
drogenase (EC I . I . I . I ) .  I f  enzyme was present, protein was first denatured in 6% 
HCIO,. A molecular weight of 145 ooo was assumed 1. Acetyl phosphate was determined 
by the method of LIPMANN AND TUTTLE ~9. 

Equilibrium dialysis was carried out by placing a dialysis sac, containing 1. 5 ml 
of the enzyme (80/zM) in o.I M Tris-HCl buffer (pH 8.2)-5 mM EDTA and 20-900 #M 
NAD+, in atube containing 6. 5 ml of the Tris-EDTA solution. The contents of both 
the dialysis sac and the tube were continuously mixed. Control experiments with 
protein-free NAD + solutions showed that equilibrium was reached within 5-6 h. 

In order to remove traces of heavy metals, the membranes were boiled three 
times in a o.I M EDTA solution before use. 

The dissociation constants given in Table I were calculated from the smooth 
curve drawn by hand through points obtained with 2.9, 3.4, 3.8, 4.6, 6.5, 9.1 and 11.3 
moles NAD + added per mole enzyme. The amount of bound NAD + was calculated from 
the amount added minus the amount of dialysable NAD + determined enzymically. 
Allowance was made for NAD+ adsorbed to the dialysis membrane. For the calculation 
of Ka, the portion of the curve between 2.5 and 3.0 moles added NAD + per mole 
enzyme was used. It  was assumed that the first two sites were fully occupied and the 
fourth site not occupied. For the calculation of K4, the portion of the curve between 
5 and 7 moles added NAD + per mole enzyme was used. It  was assumed that the first 
three sites were fully occupied. 

Ultracentrifugation was carried out in an MSE No. 65 centrifuge. The stopped- 
flow experiments were performed with an instrument of the Durrum Instrument 
Corporation following the method as described by DE VIJLDER AND SLATER 8. 
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