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S u m m a r y  

The  reac t ion  ca ta lyzed  by  IMP dehydrogenase  (IMP: NAD ÷ ox ido reduc ta se  
EC 1.2 .1 .14)  f r om Aerobac ter  aerogenes has been  investigated kinet ical ly  at pH 
8.1 as a th ree  reac tan t  sys tem by  means  o f  s teady-s ta te  ve loc i ty  studies in the  
absence o f  p roduc t s ,  as well as b y  inhibi t ion studies using p roduc t s  and sub- 
s trate  analogues.  The  mechan ism appears  to  be a part ia l ly  r a n d o m  one in which 
IMP and K ÷ can bind r a n d o m l y  to  the  free e n z y m e  while NAD does  no t  reac t  
unless K ÷ or b o t h  K ÷ and IMP are present  on the  en zy m e .  While the  s teady-s ta te  
ve loc i ty  da t a  can be analysed adequa t e ly  on  the  basis t h a t  rapid equi l ibr ium 
cond i t ions  apply ,  this is on ly  an a p p r o x i m a t e  descr ip t ion  o f  the mechanism 
since p r o d u c t  inh ib i t ion  studies indicate  tha t  there  is a significant concent ra -  
t ion o f  an e n z y m e  • XMP ( e n z y m e  • K • XMP) c o m p l e x  in the  s teady-s ta te .  

I n t r o d u c t i o n  

IMP dehydrogenase  (IMP: NAD* ox ido reduc ta se ,  EC 1.2 .1 .14)  catalyses the 
reac t ion  

M ÷ 
IMP + NAD -* XMP + NADH2 

where  M ÷ represents  an essential  m o n o v a l e n t  ca t ion  which m ay  be K * or NH~ 
[1] .  In addi t ion ,  the  e n z y m e  f rom Aerobac ter  aerogenes requires  a reducing 
agent  fo r  its act ivi ty  [1] .  Some  of  the  kinet ic  p roper t ies  o f  the e n z y m e  f ro m  
this source  have been  r epo r t ed  by  H a m p t o n  and his co-workers  [2] .  Th ey  
main ta ined  a relat ively high, cons t an t  concen t r a t i o n  o f  K ÷ and cons idered  tha t  
the  reac t ion  involved on ly  IMP and NAD. F r o m  qual i ta t ive p r o d u c t  inhib i t ion  
studies it was conc luded  t ha t  the reac t ion  c o n f o r m e d  to  an o rdered  mechan ism 
with IMP adding to  the  e n z y m e  before  NAD. [2] .  
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in the present investigations on the mechanism of the IMP dehydrogenast~ 
reaction, consideration has been given also to the role of the essential mono- 
valent cation. Since preparations of the enzyme from Aerobacter aerogenes 
consist of a mixture of molecular weight isomers [3,4], it was necessary t() 
avoid the complications that  would arise by using a mixture of enzyme form~ 
with different kinetic parameters. Therefore, the kinetic experiments were per- 
formed under conditions where the enzyme exists essentially as one moleculm" 
species [4]. The investigation has been made at the opt imum pH for the reac- 
tion (pH 8.1), at which the reaction is essentially irreversible. 

The results of steady-state velocity, product  inhibition and dead-end inhibi- 
tion studies suggest that  the mechanism is a partly random one in which there 
is random addition of K ~ and IMP to the free enzyme while NAD reacts only 
with the E • K and E • K • IMP forms. Further it appears that  the rate of chemi- 
cal interconversion of the central complexes is sufficiently slow compared with 
all other steps of the reactant addition sequence that  rapid equilibrium con- 
ditions are approximated. 

Materials and Methods 

IMP dehydrogenase was prepared from A. aerogenes, strain P-14, by the pro- 
cedure of Brox and Hampton [3] and exhibited the properties described pre- 
viously [3]. NADH2, GMP and XMP were purchased from P-L Biochemicals 
Inc., nicotinic acid from Fluka AG (purum) and lithium chloride from British 
Drug Houses Ltd. All other reagents were as described earlier [4]. 

Measurement of  enzyme activity 
Assays were performed by continuously recording the increase in absorbance 

at 340 nm due to the formation of  NADH2, using cells of 1 cm light path in a 
Cary 14 spectrophotometer.  Assay mixtures contained, in a final volume of 3.0 
ml: 0.1 M Tris • HCI buffer (pH 8.1) containing dithiothreitol  (5 mM), and con- 
centrations of reactants as indicated in the figures. The assay mixtures were 
preincubated for 5 min at 37°C in the thermostat ted cell compartment  of the 
spectrophotometer,  and the reaction was then initiated by the addition of 20-- 
40 ttg of  enzyme. 

As NADH2 proved to be a poor product  inhibitor it was necessary to use rel- 
atively high concentrations of this compound to demonstrate inhibition. To 
avoid the artifactual results that  can be obtained under these conditions and 
which are attributable to stray light effects associated with wide slit openings 
[5,6,7], studies with NADH2 were made by using cells of 5 mm light path and 
by increasing the dynode voltage. 

Analysis o f  data 
Data were first plotted graphically to check the linearity of  double reciprocal 

plots and to determine the patterns given by families of such plots. An overall 
fit of  each set of data was then made to the appropriate rate equation by using 
one of the computer  programs of  Cleland [8] in conjunction with a Univac 
1108 computer.  This method yields the best estimates of the kinetic param- 
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eters which were used in connect ion with the drawing of  the lines illustrated in 
the figures. 

Results 

Steady-state velocity studies in the absence of  inhibitors 
Steady-state velocity studies were performed by varying the concentrations 
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Fig .  1. E f f e c t  o f  v a r y i n g  d i f f e r e n t  r e a c t a n t  p a i r s  o n  t h e  v e l o c i t y  o f  t h e  r e a c t i o n .  V e l o c i t i e s  a r e  e x p r e s s e d  a s  
# t o o l  o f  N A D H  2 f o r m e d  p e r  r a i n  p e r  m g  o f  e n z y m e .  T h e  d a t a  o f  A ,  B,  E a n d  F w e r e  f i t t e d  t o  E q n .  7 o f  
r e f .  8. T h e  d a t a  o f  C a n d  D w e r e  f i t t e d  t o  t h e  e q u a t i o n  v = V A B / ( K i a K  b + K b A  + A B ) .  
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of  a pair of  reac tan ts  while holding the third r eac tan t  at  a f ixed concen t ra t ion .  
Each o f  the  doub le  rec iprocal  plots  thus  ob ta ined  showed an intersect ing pat- 
te rn  (Fig. 1), bu t  it should be no t ed  tha t  with NAD as the variable substrate  aL 
d i f fe ren t  f ixed concen t r a t i ons  o f  K +, the  in te rsec t ion  po in t  is on the ve r t i c~  
ord ina te  (Fig. l c ) .  

When NAD and IMP were varied in cons tan t  ra t io  at d i f fe ren t  f ixed concen-  
t ra t ions  o f  K ÷, a series of  curved doub le  rec iproca l  p lots  wi th  a c o m m o n  inter- 
sect ion po in t  on  the  vert ical  o rd ina te  is ob ta ined  (Fig. 2). Thus  the m a x i m u m  
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Fig. 2. E f f e c t  o f  K* c o n c e n t r a t i o n  o n  t h e  v e l o c i t y  o f  t h e  r e a c t i o n  w h e n  IMP and N A D  are varied in  c o n -  
s tant  rat io .  T h e  d a t a  w e r e  f i t t e d  t o  t h e  e q u a t i o n  
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V e l o c i t i e s  are e x p r e s s e d  a s / ~ m o l  o f  N A D H  2 f o r m e d  per  rain per  m g  o f  e n z y m e .  

F ig .  3 .  P r o d u c t  i n h i b i t i o n  b y  N A D H  2. V e l o c i t i e s  are e x p r e s s e d  a s / ~ m o l  o f  N A D H  2 f o r m e d  p e r  rain per  m g  
e n z y m e .  T h e  c o n c e n t r a t i o n s  o f  f i x e d  r e a c t a n t s  w e r e  KC1 1 0 0  raM, IMP 0 . 2  m M  and N A D  0 , 2 5  m M  in B 
and  0 , 5  m M  in C. T h e  data  w e r e  f i t t e d  t o  E q n .  10  o f  ref .  8. 
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T A B L E  I 

A P P A R E N T  K I N E T I C  C O N S T A N T S  A S S O C I A T E D  W I T H  T H E  R E A C T I O N  O F  K ÷ ( M ) ,  I M P  ( A )  A N D  

N A D  (B)  W I T H  I M P  D E H Y D R O G E N A S E  

V a l u e s  f o r  t h e  a p p a r e n t  k i n e t i c  c o n s t a n t s  w e r e  o b t a i n e d  b y  f i t t i n g  a t  l e a s t  t w o  s e t s  o f  d a t a  f o r  e a c h  

r e a c t a n t  p a i r ,  i n c l u d i n g  t h o s e  i l l u s t r a t e d  i n  F ig .  1 ,  t o  t h e  a p p r o p r i a t e  r a t e  e q u a t i o n  a n d  t a k i n g  t h e  
w e i g h t e d  m e a n  o f  t h e  v a l u e s  f o r  e a c h  a p p a r e n t  c o n s t a n t .  W h e n  A a n d  M o r  A a n d  B w e r e  v a r i e d ,  t h e  d a t a  
w e r e  f i t t e d  t o  Eq .  7 o f  re±. 8. F o r  e x p e r i m e n t s  w h e n  M a n d  B w e r e  v a r i e d  t h e  d a t a  w e r e  f i t t e d  t o  t h e  

e q u a t i o n  v = V A B / ( K i a K  b + K b A  + A B )  

V a r i a b l e  F i x e d  A p p a r e n t  k i n e t i c  c o n s t a n t  

s u b s t r a t e s  s u b s t r a t e  ( r a M )  

( m M )  . . . . . . . . . . . . . . . . . . . . .  

K i a  K a K i m  K m  

A , M  B ; 1 . 0  0 . 0 3 6  i 0 , 0 1 1  0 . 0 4 9  +- 0 . 0 0 5  7 .6  ± 2 .6  1 0 . 3  -+ 2 .7  

0 . 5  0 . 0 3 8  ± 0 . 0 0 4  0 . 0 3 9  ± 0 . 0 0 3  1 6 . 4  ± 2 . 2  1 6 . 9  + 0 . 8  

A , B  

M , B  

K i a  K a K i b  K b 
M ; 1 0 0  0 . 0 3 0  ± 0 . 0 0 2  0 . 0 6 2  ± 0 . 0 0 4  0 . 6 1  ± 0 . 0 6  1 . 0 8  + 0 . 0 4  

2 0  0 . 0 3 6  +- 0 . 0 0 4  0 . 0 6 6  ± 0 . 0 1 1  1 . 0 8  ± 0 . 2 0  2 . 0 0  + 0 . 1 7  

5 0 . 0 4 0 ±  0 . 0 0 4  0 . 0 9 0  ± 0 . 0 2 6  1 . 8 9  ± 0 . 4 7  4 . 2 5 ±  0 . 6 4  

K i m  K b 
A ; 1 . 0  2 5 . 3  -+ 1 .7  0 . 6 9  +- 0 . 0 5  

0 . 5  2 3 . 9  + 2 . 2  0 . 7 6  ± 0 . 0 7  

0 .1  2 8 . 6  ± 3 . 3  0 . 6 2  + 0 . 0 7  

TABLE II 

KINETIC CONSTANTS FOR PRODUCT INHIBITION OF THE IMP DEHYDROGENASE REACTION 

The concentrations of fixed substratcs are shown in Figs. 3 and 4. The data, including those illustrated in 

Figs. 3 and 4, were analyzed according to Eqs, I 0  and 8 of Reference 8, for non-competitive and com- 

petitive inhibition, respectively. Where more than one experiment of each type was performed, the 

weighted mean value of the apparent constants is recorded. Values for true K i for XMP were calculated 

from apparent K i values assuming that XMP functions as an analogue of IMP and using the kinetic con- 
stants from Table IV. 

I n h i b i t o r  V a r i a b l e  A p p a r e n t  K i ( r a M )  T r u e  K i ( m M )  
s u b s t r a t e  . . . . . . . . . . . . . . .  

K i s l o p  e K i i n t e r c e p  t K i  a K I  a 

N A D H  2 N A D  0 . 7 9  -+ 0 . 0 8  0 . 5 3  + 0 . 0 4  
I M P  1 . 1 1  +- 0 . 2 5  1 . 4 1  +- 0 . 1 1  

KC1 0 . 5 0  + 0 . 0 5  1 . 1 0  ± 0 . 0 7  

X M P  N A D  1 . 4 6  ± 0 . 0 6  2 . 3 5  ± 0 . 0 2  0 . 2 1  + 0 . 0 2  a 0 . 5 4  -+ 0 . 0 5  a 
I M P  0 . 2 1  + 0 . 0 1  

( 0 . 2 8  ± 0 . 0 3 )  b 

KC1 1 . 1 0  -+ 0 . 1 8  1 . 8 7  ± 0 . 1 6  0 . 1 6  +- 0 . 0 3  
( 1 . 6 7  + 0 . 1 8 )  b 

a I t  w a s  a s s u m e d  t h a t  t h e  d i s s o c i a t i o n  c o n s t a n t s  f o r  t h e  r e a c t i o n  o f  t h e  i n h i b i t o r  X M P  w i t h  t h e  E 
a n d  E M  c o m p l e x e s  w e r e  t h e  s a m e  ( K i )  b u t  d i f f e r e n t  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  f o r  i t s  r e a c t i o n  
w i t h  E M B  ( K I ) .  

b W h e n  c a l c u l a t i o n  o f  t h e  v a l u e  f o r  a t r u e  i n h i b i t i o n  c o n s t a n t  w a s  p r e c l u d e d  b e c a u s e  t h e  e x p r e s s i o n  
f o r  t h e  a p p a r e n t  i n h i b i t i o n  c o n s t a n t  c o n t a i n e d  b o t h  K i a n d  K I ,  a c o m p a r i s o n  w a s  m a d e  b e t w e e n  
t h e  e x p e r i m e n t a l  a n d  c a l c u l a t e d  v a l u e s  f o r  t h e  a p p a r e n t  i n h i b i t i o n  c o n s t a n t .  T h e  l a t t e r  v a l u e s ,  

w h i c h  a r e  g i v e n  i n  b r a c k e t s  b e l o w  t h e  e x p e r i m e n t a l  v a l u e s ,  w e r e  c a l c u l a t e d  b y  s u b s t i t u t i n g  v a l u e s  
f o r  t h e  v a r i o u s  k i n e t i c  c o n s t a n t s  i n t o  t h e  a p p r o p r i a t e  r e l a t i o n s h i p .  
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z y m e .  T h e  c o n c e n t r a t i o n s  o f  f i x e d  r e a c t a n t s  w e r e  KCI 1 0 0  r aM,  I M P  0 . 2  m M  a n d  N A D  0 . 5  r a M .  T h e  d a t a  
o f  A w e r e  f i t t e d  to  Eqn .  8 a n d  t h o s e  o f  B a n d  C t o  E q n .  10  o f  re f .  8. 

velocity appears to be independent of  the concentration of  K ÷ (cf. Fig. l c ) .  The 
curvature of  these plots and the intersecting patterns of  Fig. 1 indicate that all 
three reactants combine with the enzyme before either product is released. The 
apparent kinetic constants obtained from analysis of  the data of  Fig, 1 are 
recorded in Table I. When NH~ was used as the activating cation instead of  K ÷, 
the initial velocity patterns were similar to those illustrated in Fig. 1. 
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Product inhibition 
The inhibition by NADHz was linear non-competitive with respect to each 

of the three reactants (Fig. 3). The linearity of the slope replot of  the data ob- 
tained with NAD as the variable substrate (Fig. 3a) contrasts with the parabolic 
slope replot reported by Brox and Hampton [2] which may have been an arti- 
factual result caused by stray light effects with NADH2 at relatively high con- 
centrations [ 5,6,7 ]. 
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Fig.  5. I n h i b i t i o n  b y  GMP. Ve loc i t i e s  are  e x p r e s s e d  as  .umol o f  N A D H  2 f o r m e d  p e r  ra in  pe r  m g  e n z y m e .  
The  c o n c e n t r a t i o n s  o f  f i xed  r e a c t a n t s  we re :  (A)  N A D  1.0 m M  and KCI 50  raM,  (B) IMP 0 .2  m M  and  

KCI  100  m M ,  (C) IMP 0 .2  m M  and  N A D  1.0 raM. The  d a t a  o f  A w e r e  f i t t ed  to  Eqn.  8 and  t hose  o f  B and  
C to  Eqn.  10 o f  ref.  8. 
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XMP acts as a l inear compe t i t i ve  inh ib i to r  wi th  respec t  to IMP a n d  as a l inear 
n o n - c o m p e t i t i v e  inh ib i to r  wi th  respec t  to  b o t h  NAD and K + (Fig. 4). The 
kinet ic  cons t an t s  der ived f r o m  the p r o d u c t  inh ib i t ion  d a t a  are recorded  in 
Table  II .  

Inhibition by substrate analogues 
GMP func t ioned  as an inhib i tory  analogue of  IMP giving rise to  inhibit ions 
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Fig. 6. I n h i b i t i o n  by  n i co t in i c  ac id .  Ve loc i t i e s  are  e x p r e s s e d  as  htmol o f  N A D H  2 f o r m e d  pe r  m i n  pe r  m g  
e n z y m e .  The  c o n c e n t r a t i o n s  o f  f i x e d  r e a c t a n t s  we re :  (A)  I M P  0 . 2  m M  and  KCI 100  raM,  (B) N A D  0 .25  
rnM and  KCI 100  raM, (C) IMP 0.5  rnM and  N A D  0 .25  raM. The  d a t a  o f  A were  f i t t e d  to  Eqn.  8 and  t h o s e  
of B and C to  Eqn .  10 o f  ref .  8. 
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which are linear competi t ive with respect to IMP and linear non-competi t ive in 
relation to both  NAD and K ÷ (Fig. 5). Nicotinic acid acted as an inhibi tory 
analogue of  NAD, causing linear competi t ive inhibition with respect to this 
substrate and linear non-competi t ive inhibition with respect to IMP and K ÷ 
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F i g .  7. I n h i b i t i o n  b y  n i c o t i n i c  a c i d  w i t h  r e s p e c t  t o  I M P  a n d  K +, s i m u l t a n e o u s l y  v a r i e d .  V e l o c i t i e s  a r e  e x -  
p r e s s e d  as  p m o l  o f  N A D H  2 f o r m e d  p e r  r a i n  p e r  m g  o f  e n z y m e .  T h e  c o n c e n t r a t i o n  o f  N A D  w a s  0 . 2 5  r a M .  

T h e  d a t a  w e r e  f i t t e d  t o  t h e  e q u a t i o n  

V x  2 
y -  

b + c I +  d I  2 + e x + g x I +  x 2 + r a 2 1  

F ig .  8. I n h i b i t i o n  b y  L i  +. V e l o c i t i e s  axe e x p r e s s e d  a s  /~moi  o f  N A D H  f o r m e d  p e r  r a i n  p e r  m g  o f  e n z y m e .  

T h e  c o n c e n t r a t i o n s  o f  f i x e d  r e a c t a n t s  w e r e :  ( A )  I M P  0 . 5  m M  a n d  N A D  1 . 0  r a M ,  ( B )  I M P  0 . 5  m M  a n d  K C I  

1 0  r a M ,  (C)  N A D  1 0 0  m M  a n d  KC1 1 0  r a M .  T h e  d a t a  o f  A a n d  B w e r e  f i t t e d  t o  E q n .  8 a n d  t h o s e  o f  C t o  
.Eqn .  1 0  o f  r e f .  8.  
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(Fig. 6). The inhibition by nicotinic acid was also investigated by varying th~, 
concentrations of IMP and K* in constant ratio, at a fixed concentration of 
NAD. The result (Fig. 7) shows that  the ordinate intercept varies as a linear 
function of the concentration of nicotinic acid. A number of other potentiaii 
analogues of NAD which did not cause significant inhibition included ADF- 
ribose, ADPribose plus nicotinamide, desaminoNAD, isonicotinic hydrazide, 
tetrahydronicotinamide,  AMP and ADP. Three other analogu,~,, ",:~I', NADP 
and thioNAD, functioned as very poor substrates. 

T A B L E  I i i  

K I N E T I C  C O N S T A N T S  F O R  I N H I B I T I O N  O F  T H E  IMP D E H Y D R O G E N A S E  R E A C T I O N  BY SUB-. 

S T R A T E  A N A L O G U E S  

The  da ta ,  i nc lud ing  t hose  i l lus t ra ted  in  Figs. 5, 6 and  8, w e r e  a n a l y z e d  a c c o r d i n g  t o  Eqns.  10 and  8 of  ref.  
8, fo r  n o n - c o m p e t i t i v e  (NC) and  c o m p e t i t i v e  (C) inh ib i t i on ,  r e spec t ive ly .  Where  m o r e  t h a n  one  exper i -  

m e n t  of  each t y p e  was  p e r f o r m e d ,  the  w e i g h t e d  m e a n  value of  t he  a p p a r e n t  k ine t i c  c o n s t a n t s  is r eco rded .  

True  K i va lues  were  ca lcu la ted  f r o m  the  a p p a r e n t  K i va lues  us ing  the  a p p r o p r i a t e  r e l a t i onsh ip s  t o g e t h e r  
w i t h  the  c o n c e n t r a t i o n s  o f  f i xed  s u b s t r a t e s  w h i c h  are s h o w n  in the  f i gu re s  and  the  va lues  of  the  k ine t i c  
c o n s t a n t s  g iven  in Table  IV. 

I n h i b i t o r  A p p a r e n t  K i ( raM) True K i ( raM) Var iab le  T y p e  of  

subs t ra t  e i nh ib i t i on  . . . . .  

Kis lope 

GMP N A D  NC 0 ,96  ~ 0 .04  

K + NC 1.15 + 0.21 

IMP C 0.17 + 0 . 0 1 c  

(0 .19  ÷ 0 .02 )  

C 0 .31 + 0 .01 
(0.21 + 0 .02 )  

Li + 

K i in t e r c e p  t Ki a KI a 

0 .14  ± 0 .01 
1.31 ± 0 .12  0 .30  ± 0 .03  

0 .17 ± 0 .03  

1.80 + 0.35 

(1.15 + 0.10) b 

Nicotinic 

Acid 

NAD C 62.8 ~ 1.7 45 -~ 3 

K + C 33.5 +- 1.4 34 ± 1 

C 42.5 ± 2 . 6 d  43 +- 3 

IMP NC 81 ~ 18 36 ± 8 

90 + 5 48 + 3 

NAD C 59 + 2 

(71 ± 5) 

K + NC 70 ± 10 70 +- I0  (Kil) 

91 ± 6 
(106 ± 8) 

IMP NC 54 ~ 7 34 ± 5 (Ki3)  
104  + 7 88 ± 8 (Ki4)  

a (i) T h e  d i s s o c i a t i o n  c o n s t a n t  fo r  t he  i n t e r a c t i o n  of  GMP w i t h  f ree  E o r  the  EM c o m p l e x  is rep-  
r e s e n t e d  by  K i, whi le  t h a t  fo r  the  i n t e r a c t i o n  w i t h  t h e  EMB c o m p l e x  is r e p r e s e n t e d  by  K I. (ii) T h e  
d i s so c i a t i o n  c o n s t a n t  fo r  t h e  i n t e r a c t i o n  o f  Li ÷ w i t h  E and EA is r e p r e s e n t e d  by  K i. (ili) N i c o t o n i c  
acid has  b e e n  a s s u m e d  to  interact  w i t h  th e  E and EA c o m p l e x e s  equal ly  w e l l  (d i s soc ia t ion  c o n s t a n t  
K i l ) ,  and  also w i t h  t h e  EM and  EMA c o m p l e x e s  (d i s s oc i a t i on  c o n s t a n t s  K i3  and  Ki4  respec t ive ly ) .  

b When  ca l cu la t ion  o f  t he  va lue  fo r  a t rue  i n h i b i t i o n  c o n s t a n t  w a s  prec luded  b e c a u s e  t h e  e x p r e s s i o n  
for  the  a p p a r e n t  i n h i b i t i o n  c o n s t a n t  c o n t a i n e d  t w o  d i f f e r e n t  t rue  i n h i b i t i o n  c o n s t a n t s ,  a c o m p a r i s o n  
was  m a d e  b e t w e e n  t h e  e x p e r i m e n t a l  and  ca l cu l a t ed  va lues  f o r  t he  a p p a r e n t  i n h i b i t i o n  c o n s t a n t .  

The  l a t t e r  values ,  w h i c h  are g iven  in  b r a c k e t s  b e l o w  the  e x p e r i m e n t a l  values,  w e r e  ca l cu l a t ed  b y  
s u b s t i t u t i n g  va lues  fo r  t he  v a r i o u s  k ine t i c  c o n s t a n t s  in to  the  a p p r o p r i a t e  r e la t ionsh ip .  

c Co n ch s .  f i xed  r e a c t a n t s :  100  m M  KCI,  0 .5  m M  N A D .  
d Co n cn s .  f i x e d  r e a c t a n t s :  0 .5  m M  IMP and  0 .5  m M  N A D .  
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Li ÷ acted as an inhibitory analogue of  K ÷ in that  it caused linear competi t ion 
with respect to K ÷. The inhibition was also linear competitive with respect to 
NAD while linear non-competitive in relation to IMP (Fig. 8). Analysis of the 
data of Fig. 5, 6 and 8 gave the results which are recorded in Table III. 

Discussion 

From the intersecting steady-state velocity patterns obtained with the three 
reactants (Fig. 1) it follows that  the IMP dehydrogenase reaction must proceed 
via a sequential mechanism which can be ordered, random or partly ordered -- 
partly random. Of the six possible ordered mechanisms, only those for which 
reactants add in the order: (a) K ÷, NAD, IMP, or (b) IMP, K ÷, NAD could 
yield the equilibrium ordered pattern (Fig. lc ,  l d  and the common intercept 
in Fig. 2). However, the competitive inhibition by XMP with respect to IMP 
(Fig. 4A) rules out  (a) while the failure to obtain any uncompetitive inhibitions 
with inhibitory analogues of  the reactants {Fig. 5, 8) eliminates both (a) and 
(b). In considering possible random mechanisms it is necessary to note that  
random mechanisms where the rate-limiting step is not  solely the interconver- 
sion of  two central complexes can resemble rapid equilibrium random mech- 
anisms [9]. Nevertheless, none of the double reciprocal plots exhibited non- 
linearity and it will be considered that  any random addition of reactants occurs 
under what approximates to rapid equilibrium conditions. A completely ran- 
dom combination of  K ÷, IMP and NAD with the enzyme is not  in accord with 
the equilibrium ordered pattern (Fig. l c  and d). Partly random mechanisms 
involving the compulsory addition of one reactant, followed by random addi- 
t ion of the other two or the random combination of two reactants followed by 
the ordered addition of the third can also be eliminated. When rapid equilib- 
rium conditions apply, the latter mechanism requires that  equilibrium ordered 
patterns be obtained with two pairs of reactants while no equilibrium ordered 
patterns would be obtained with the former mechanism. All six possible se- 
quences for these two basic mechanisms would yield dead-end inhibition pat- 
terns at variance with those obtained. 

The simplest mechanism that  can best account for the results in both qualita- 
tive and quantitative terms is that  illustrated in Scheme I where M, A and B 
represent the activating metal ion (K ÷ or NH~), IMP and NAD, respectively. It is 
envisaged tha t  on the addition side of the reaction sequence K ÷ and IMP can 
add randomly to the free enzyme and that  NAD does not  react unless K ÷ or 
both K ÷ and IMP are present on the enzyme. Thus, K ÷ induces a conforma- 
tional change permitting the binding of  NAD which then locks K ÷ onto the 
enzyme. It is proposed initially that  the interconversion of  the central qua- 
ternary complexes is sufficiently slow compared with the steps on the addition 
side of the reaction sequence tha t  rapid equilibrium conditions are approxi- 
mated. It is assumed now and justified later that  combinations of M and A are 
independent,  but that  the combination of B with EM differs from that  with 
EMA. 

The initial rate equation for the proposed mechanism can be expressed as: 

VMAB 
V = K i r a K i a g  b + giaKbM + KimKbA + KbMA + K,MB + MAB (1) 
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Each of  the kinetic parameters represents a dissociation constant for a reaction 
denoted in scheme 1. The denominator  terms represent respectively the pr(> 

SCHEME 1 

M B 

E " Kim EM ~ K i  b ---~ EMB 

i 
A Kia A Kia A I Ka 

EA.  M , EMA .- B ~ E M A B - *  Products 
Kim Kb 

portion of  total enzyme present as free enzyme (E), EM, EA, EMA, EMB and 
EMAB. The rate equation may be rearranged according to which pair of  sub- 
strates is varied to give Eqns. 2, 3 and 4. M and A varied, B fixed: 

V B 

v= K, mKla K b ~  + Ka/Kib +B~ -+ / Kb 4 +- . . . .  (2) 

A and B varied, M fixed: 

VAB 
v . . . . . . . .  / K,-m~ - /  K ; :~  . . . . . . . .  (3) 

KiaK b ~I +--M--) + K b ~I + M ) A + KaB + AB 

M and B varied, A fixed: 

v {Kia +A 1 {Kia +A) (4) 
KimKb \Kaa + A / + Kb \Ka + -~ M + MB 

It follows from Eqns. 2 and 3 that  when A and B or M and A are varied, sym- 
metrical steady-state velocity patterns would be expected and such patterns are 
obtained (cf. Fig. la ,  b, e and f). Eqn 4. predicts that  when M and B are varied 
the steady-state velocity pattern would be asymmetric,  and this pattern is also 
observed {Fig. l c  and d). The data of  Fig. 2 also provide evidence for the 
equilibrium ordered addition of  K ÷ and NAD. 

The relationships between apparent and true kinetic constants may be de- 
rived from Eqns. 2, 3 and 4, and these have been used to calculate the true 
values for the parameters associated with the reaction {Table IV). The good 
agreement between the various values for Ki , ,  K, ,  Kib and K b lends quanti- 
tative support  for the conclusion reached about  the reaction mechanism. On 
the basis that the reaction mechanism is independent  of  the identity of  the 
activating cation, the values for Kia , representing the dissociation constant for 
the reaction of  IMP with free enzyme,  should be the same in the presence of  
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T A B L E  IV 

K I N E T I C  C O N S T A N T S  F O R  T H E  I N T E R A C T I O N  O F  R E A C T A N T S  W I T H  IMP D E H Y D R O G E N A S E  

Substrate  Kinet ic  Apparent  value True value Weighted m e a n  
c o n s t a n t  ( raM)  ( raM) ( m M )  

K + (M)  K i m  2 5 . 3  ± 1 .3  a 2 5 . 3  + 1 .3  2 5 . 3  +- 1 .3  

IMP (A)  Kia  0 . 0 3 8  ± 0 . 0 0 4  b 0 . 0 3 8  ± 0 . 0 0 4  0 . 0 3 4  ± 0 . 0 0 2  

0 . 0 3 3  + 0 . 0 0 2  b 0 . 0 3 3  ± 0 . 0 0 2  

K a 0 . 0 6 3  + 0 . 0 0 4  c 0 . 0 6 3  + 0 . 0 0 4  0 . 0 6 0  ± 0 . 0 0 3  

0 . 0 4 9  + 0 . 0 0 5  d 0 . 0 6 3  ± 0 . 0 0 7  

0 . 0 3 9  + 0 . 0 0 3  d 0 . 0 5 5  ± 0 . 0 0 5  

N A D  (B) K ib  0 . 6 1  ± 0 . 0 6  e 0 . 4 9  +- 0 . 0 5  0 . 4 5  ± 0 . 0 4  

1 . 0 8  ± 0 . 2 0 e  0 . 4 8  + 0 . 0 9  

1 .89  ± 0 . 4 7  e 0 . 3 1  + 0 . 0 8  

K b 1 . 0 8  ± 0 . 0 4 e  0 . 8 6  ± 0 . 0 3  0 . 8 1  ± 0 . 0 2  

2 . 0 0  ± 0 . 1 7 e  0 . 8 8  ± 0 . 0 8  

4 . 2 5  ± 0 . 6 4 e  0 . 7 0  + 0 . 1 1  

0 . 6 9  ± 0 . 0 5 e  0 . 7 1  + 0 . 0 5  

0 . 7 6  ± 0 . 0 7 e  0 . 8 0  -+ 0 . 0 7  

0 . 6 2  + 0 . 0 7  e 0 . 7 5  -+ 0 . 0 9  

a Weighted m e a n  o f  K i m  values  g iven  in Table  I. 

b Each value  represents  the  w e i g h t e d  m e a n  o f  t h o s e  o b t a i n e d  at d i f f e r e n t  f ixed  c o n c e n t r a t i o n s  o f  B 
or M (Tab le  I). 

c Weighted  m e a n  o f  the  three  values  for K a o b t a i n e d  at d i f f eren t  f ixed  c o n c e n t r a t i o n s  o f  M ( T a b l e  I). 

d V a l u e s  ca lcu la ted  us ing th e  re lat ionship:  K a = a p p .  K a [ K  b + B ] / [ K i b  + B] as w e l l  as K b and Kib 
values  o f  0 . 8 5  -+ 0 . 0 3  m M  a n d  0 . 4 5  ± 0 . 0 4  m M ,  respect ive ly .  The  lat ter  t w o  values  w e r e  d e t e r m i n e d  
using t he  re lat ionships:  K b = a p p  K b • M / ( K i m  + M) and Kib = app Kib • M / ( K i m  + M). 

e V a l u e s  t a k e n  f r o m  Table  I. 

K ÷, or  N H ~ .  The  values  ob ta ined  for  the  k ine t i c  parameters  in the  presence  o f  
NH~ were  as f o l l ows :  K a = 0 . 0 8 0  + 0 . 0 0 8  raM, Kia = 0 . 0 2 5  + 0 . 0 0 4  mM,  K b -- 
1 .08  + 0 .07  m M ,  Kib - 0 . 3 3  + 0 .08  m M ,  Kim -- 13 .6  -+ 0.8 mM.  C o m p a r i s o n  o f  
these  values  w i th  t h o s e  given in Table  IV indicates  that  the  nature  o f  the  
m o n o v a l e n t  ca t ion  has l itt le e f f e c t  o n  the  k inet ic  c o n s t a n t s  assoc ia ted  wi th  the  
substrates .  H o w e v e r ,  NH~ binds to  the  e n z y m e  m o r e  s trongly  than  d o e s  K +. 

The  inh ib i t ion  pat terns  e x p e c t e d  for ana logues  o f  each o f  the  three  reactants  
in the  m e c h a n i s m  represented  by  S c h e m e  1 are s h o w n  in Table  V. The  results  
i l lustrated in Figs. 5, 6 and 8 are qual i tat ive ly  in accord  wi th  the  predicted  pat- 
terns w i t h  o n e  e x c e p t i o n ,  i.e.,  the  inh ib i t ion  by n i c o t o n i c  acid w i th  respect  to  
K ÷ is observed  to  be n o n - c o m p e t i t i v e  rather than  u n c o m p e t i t i v e  (Fig. 6c ) .  The  
latter result  cou ld  be a c c o u n t e d  for  o n  the  a s s u m p t i o n  that  n i co t in ic  acid can 
react n o t  o n l y  w i th  the  E • K and E • K • IMP c o m p l e x e s  but  also w i t h  E a n d / o r  
t h e  E • IMP c o m p l e x .  Quant i ta t ive ly  the  results  are m o r e  c o n s i s t e n t  w i t h  the 
addi t iona l  c o m b i n a t i o n  o f  n i c o t o n i c  acid w i t h  E • IMP or  E and E • IMP than 
w i t h  E a lone .  The  d i s soc ia t ion  c o n s t a n t  for  the  in terac t ion  o f  n i co t in i c  acid 
wi th  the  e n z y m e  • K • IMP c o m p l e x  c o m e s  d irect ly  f r o m  the  Ki in tercept  o f  
Fig. 7. This value o f  89  + 11 is in g o o d  a g r e e m e n t  w i th  that  o f  88  -+ 8 m M  cal- 
culated for  the  same  c o n s t a n t  f r o m  the  data  o f  Fig. 6 (cf .  Table  III). In this  
c o n n e c t i o n  it shou ld  be n o t e d  that  N A D  causes  substrate  inh ib i t ion  at higher 
c o n c e n t r a t i o n s ,  probab ly  by  c o m b i n i n g  wi th  the  E a n d / o r  E A  c o m p l e x e s .  The  
f inding  that  Li ÷ acts  as a c o m p e t i t i v e  inhib i tor  w i th  respec t  to  b o t h  K + and 
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T A B L E  V 

I N H I B I T I O N  P A T T E R N S  F O R  T H E  M E C H A N I S M  IN  S C H E M E  I 

C, N C  a n d  U C  d e n o t e  c o m p e t i t i v e ,  n o n c o m p e t i t i v e  a n d  u n e o m p e t i t i v e  i n h i b i t i o n ,  r e s p e c t i v e l y .  

I n h i b i t o r  S u b s t r a t e  f o r  

w h i c h  i n h i b i t o r  

is a n  a n a l o g u e  

G M P  I M P  

L i  + K ÷ 
N i c o t o n i c  a c i d  N A D  

T y p e  o f  i n h i b i t o r  

V a r i e d  s u b s t r a t e  

K + I M P  N A D  

N C  C N C  
C N C  C 

U C  N C  C 

NAD offers good support  for the idea that  t he  combinat ion of  K* and NAD 
conforms to a rapid equilibrium ordered sequence. The competit ive inhibition 
by Li ÷ with respect to  NAD also shows that  NAD does not  combine with an 
enzyme • Li complex as it does with an enzyme • K complex.  The true Ki values 
associated with the inhibition of  the reaction by GMP and Li * could be cal- 
culated f rom different  sets of  data. The quantitative consistency demonstra ted 
throughout  Table VI supports the conclusions concerning the reaction mech- 
anism. 

For  a truly rapid equilibrium random mechanism, inhibition by products  
occurs only because they  act as inhibi tory analogues of  the substrate and thus 
give rise to dead-end complexes.  The observed inhibition patterns with XMP 
(Fig. 4) and the results obtained by analysis of  the inhibition data (Table II) are 
in accord with the idea that  XMP (Q), like GMP, acts as an inhibitory analogue 
of  IMP to form dead-end E • XMP (EQ), E • K • XMP (EMQ) and E • K • NAD • 
XMP (EMBQ) complexes and that  only the presence of NAD (B) on the en- 
zyme affects its combinat ion.  The data obtained with NADH2 were not  as ex- 
pected for a rapid equilibrium random mechanism because the inhibition pat- 
terns were all linear noncompet i t ive ,  rather than linear competi t ive with re- 
spect to  NAD and linear uncompet i t ive  with respect to K ÷. Because of  the 
structure similarity between the substrates, it might be considered that  the non- 
competi t ive inhibitions could be due to dead-end combinations of  NADH2 
with the E • K • NAD complex at the IMP site and the E • IMP complex at the 
NAD site. However,  this explanation is ruled out  since intercept  variation is ob- 
served with a double reciprocal plot of  data obtained by varying IMP and NAD 
in constant  ratio in the presence of  different  fixed concentrat ions of  NADH~. 
Such a finding might be due to the presence of a noncompet i t ive  inhibitor in 
the preparat ion of  the pyridine nucleotide and in this connect ion it should be 
noted  that  the concentrat ions of  NADH2 required for the inhibition of  IMP 
dehydrogenase are considerably higher than those required to inhibit other  de- 
hydrogenases [10,11] .  However,  the results obtained with NADH2 are also 
consistent with the postulate that  there is a rapid release of NADH2 from the 
quaternary enzyme • K • XMP • NADH: complex and that  the dissociation of  
XMP from the resulting ternary complex is no t  rapid compared with the inter- 
conversion of  the quaternary complexes.  Thus there would be a significant 
steady-state concentra t ion of  E • K • XMP. NADH2 would then give rise to non- 
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competitive inhibition with respect to each reactant by virtue of its ability to 
combine with the E • K • XMP complex and to reverse steps in the reaction se- 
quence. The poor inhibition by this nucleotide would suggest that  the NADH2 
is bound weakly to the enzyme .  K .  XMP complex or that  the steady-state 
concentration of the complex is low. 

The results of the analysis of the steady-state velocity and dead-end inhibi- 
tion data certainly offer good support for the idea that, in the absence of added 
NADH2, the steady-state concentrations of enzyme-product complexes are suf- 
ficiently low that,  for all practical purposes, the interconversions of central 
complexes can be regarded as the rate limiting step. The competitive inhibition 
by XMP with respect to IMP indicates that, in the event of random release of 
products, the steady-state concentration of e n z y m e - K .  NADH2 must be 
negligible as otherwise the inhibition would be noncompetitive. The relative 
magnitude of rates for the interconversion of central complexes and product 
release steps will have a marked effect on the rates of isotope exchange at 
chemical equilibrium. The results of such studies on this system are reported in 
the following paper [12]. 

From Scheme I it is apparent that  at concentrations of K ÷ which are high 
relative to its Kim value, the mechanism reduces to one involving the random 
addition of IMP and NAD, rather than to an ordered mechanism with IMP 
adding before NAD and XMP dissociating after NADH2 (cf. 2). When the 
inhibition data obtained with XMP and NADH2, in the presence of 100 mM K ÷, 
were analysed on the assumption that  the reaction conformed to an ordered 
mechanism, discrepancies were found for the inhibition constants associated 
with XMP but not  for those associated with NADH2. The latter result may be 
simply fortuitous in view of the other evidence which indicates that  there is a 
random addition of IMP and NAD. 

Most dehydrogenases have an ordered reaction mechanism with NAD as the 
first substrate to add and NADH2 as the last product to be released. But IMP 
and isocitrate [13] dehydrogenases are different in that  they combine with 
their reactants in a random manner. IMP dehydrogenase is also not  typical in 
having a relatively high Km for NAD. The requirement of IMP dehydrogenase 
for a monovalent  cation is again unusual, although glycerol dehydrogenase 
from A. aerogenes [14] also has the requirement. 

This is an unusual dehydrogenase reaction in that  it involves the addition 
of oxygen at carbon atom 2 of XMP. The source of the oxygen atom must 
be water, because in the present work it has been observed that  the rate of the 
reaction is the same whether it is carried out  aerobically or under nitrogen in solu- 
tions which have been deoxygenated by passing oxygen-free nitrogen through 
them. The role of water as a reactant is usually not  considered by kineticists 
because of the difficulty in controlling its concentration in order to elucidate 
its function. Nevertheless, Brox and Hampton [2] have commented on some 
possible kinetic effects of the addition of an oxygen source in their proposed 
mechanism, and Hampton [15] has proposed a chemical mechanism for the 
reaction in which water would react after IMP. Some further comments  can 
be made in relation to the mechanism in Scheme 1, assuming rapid equilibrium 
conditions. Thus, if water forms a Michaelis-type complex with the enzyme 
and is effectively saturating it must add before K ÷ and NAD; if it added be- 
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tween them the steady state velocity plots in Fig. 1 (c,d) would be parallel, and 
if it added after them the steady state velocity would not  be a function of the 
concentrations of K ÷ and NAD. Even if at unsaturating concentrations water 
and IMP could add randomly,  when water is saturating it will add before IMP. 
On the other hand, if water is non-saturating it could be adding at any point in 
the reaction sequence. A third possibility is that  water reacts from solution, 
wi thout  affecting the form of Eq. 1. 
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