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Summary 

D-mannonate:NAD oxidoreductase (D-mannonate:NAD ÷ 5-oxidoreductase, 
EC 1.1.1.57 ) f rom Escherichia coli  normally catalyzes the reaction: D-fructuro- 
n a t e +  NADH ~ D-mannonate + NAD ÷ [4,5].  It can also catalyze the reduct ion 
of  D-glucuronate according to the equation:  D-glucuronate + NADH -~ L-gulo- 
nate + NAD ÷. Kinetic evidence is given for the second reaction to proceed in 
two steps: (i) NADH binds reversibly the free enzyme to form a binary com- 
plex E • NADH; (ii) D-glucuronate reacts subsequently with the binary complex 
to give products ,  wi thout  format ion of  an intermediary ternary complex E • 
NADH glucuronate. The rate of the overall reaction obeys the classical 
Michaelis-Menten law with respect to NADH concentra t ion (K, = 0.03 mM) but  
is proport ional  to D-glucuronate concentra t ion in the range 0--100 mM. 

Results concerning the action of  several inhibitors on D-glucuronate reduc- 
t ion were interpreted satisfactorily by developing models based on mechanism 
involving an enzyme carrying one binding site for  the alternative substrate D- 
mannonate  and one binding site for  the coenzyme NADH (Table I). In any case 
the experimental  values of  the dissociation constants for  the complexes enzyme- 
effector  were deduced.  NAD and ATP act as strict competi t ive inhibitors (K2 = 
0.60 mM and 20 mM) able to bind the free enzyme only. In the case of  ATP, a 
second binding site with a high affinity (K3 = 0.20 mM) is unmasked when the 
first binding site is saturated. Mannonate and altronate behave as strictly non- 
competit ive inhibitors able to bind equally the free enzyme and the binary 
complex E • NADH. L-Gulonate acts as a mixed non-competi t ive inhibitor able 
to bind much easily the free enzyme (K4 = 0.41 mM) than the complex E • 
NADH (K2 = 131 mM). In no case was D-glucuronate shown to be able to react  
with complexes other  than E • NADH. Such an unusual mechanism for a two- 
substrate enzyme looks similar to the sequence found by Chance for horse- 
radish peroxidase [6].  



Introduction 

In Escherichia coli, the first step in the degradation of D-glucuronate is an 
isomerization catalyzed by D-glucuronate-ketol isomerase (EC 5.3.1.12) con- 
verting D-glucuronate into D-fructuronate [1,2]. We have isolated mutants  of 
E. coli which are lacking in the uronic isomerase but were still found able to 
grow on D-glucuronate as the sole source of  carbon and energy [2,3]. We gave 
evidence reported elsewhere [3] that  the subsequent enzyme in the pathway, 
D-mannonate:NAD oxidoreductase (D-mannonate: NAD ÷ 5-oxidoreductase, 
EC 1.1.1.57), responsible for the reduction of  D-fructuronate into D-manno- 
nate according to the reaction: 

D-fructuronate + NADH + H ÷ ~ D-mannonate + NAD ÷ (1) 

is able to reduce D-glucuronate into (most probably) L-gulonate according to: 

D-glucuronate + NADH + H ÷ -~ L-gulonate + NAD ÷ (2) 

In this study we will assume that  the reaction product  is L-gulonate though its 
identity has not  been firmly established yet  [3]. 

D-mannonate:NAD oxidoreductase was partly purified by Portalier and 
Stoeber [4] and was shown to be a two-substrate enzyme obeying a "rapid- 
equilibrium random BiBi with dead-end EBQ complex" mechanism, according 
to the nomenclature of Cleland [5]. In contrast, experimental results presented 
in this paper indicate that  the reduction of  D-glucuronate catalyzed by D-man- 
nonate:NAD oxidoreductase follows a completely different and unusual mech- 
anism. Kinetics performed in the presence of several inhibitors support a model 
where D-glucuronate is reduced by the binary complex enzyme • NADH with- 
out  formation of  an intermediary ternary complex enzyme.  NADH • D-glucuro- 
hate. This type of  reaction is to be compared to the mechanism of horseradish 
peroxidase described in 1943 by Chance [6]. 

Materials and Methods 

Bacterial strain. The source of enzyme was the strain GRS84, a derivative of 
the strain AU128 of E. coli K-12 [2,3]. It carries a mutat ion in the structural 
gene coding for the uronic isomerase (uxaC-) [7] and requires thiamine and 
methionine for growth. 

Enzyme preparation. Bacteria were grown in a minimum medium containing 
glycerol (4 mg/ml), L-methionine (100 ug/ml), thiamine hydrochloride (0.5 ug/ 
ml) and D-glucuronate (4 mg/ml) as an inducer for D-mannonate:NAD oxido- 
reductase, as described previously [3]. Crude enzymatic fractions or Sephadex 
G-200 chromatography eluted fractions {purification factor: 25) were prepared 
according to the procedure detailed elsewhere [3]. Residual isomerase activity 
was found negligible in either fraction. Protein concentration was estimated 
according to the method of  Lowry et al. [10] with bovine serum albumin as a 
standard. 

Enzyme assay. The decrease of  the NADH absorbance at 340 nm was fol- 
lowed upon addition of the enzyme preparation at a suitable dilution into a 
standard reaction medium similar to that  used by Portalier and Stoeber [4] and 



containing in a i ml final volume: sodium phosphate buffer,  pH 6.3 (50 mM), 
NADH (0.20 mM), potassium D-glucuronate (50 mM) and other components  
as indicated for each experiment.  The final protein concentration was 20--40 
pg per ml for crude extracts and 0.5 pg per ml for purified fractions. Tempera- 
ture was equilibrated at 30°C. A double beam spectrophotometer  coupled to a 
recorder (Unicam SP1805) was used to moni tor  absorbance changes at 340 nm. 
Non-specific NADH oxidation was automatically corrected with a reference 
cuvette containing the reaction medium without  D-glucuronate. Absorbance 
changes were linear for 2--3 min and initial rates were proportional to the 
amount  of  added enzyme under the above-mentioned conditions. One unit  of  
enzyme activity (U) is defined as the amount  of  enzyme catalyzing the oxida- 
tion of  1 pmol  NADH per min in the standard conditions described above. 
Rates are expressed in U per ml of  reaction medium. 

Chemicals. D-altronate, potassium salt, was synthesized according to the 
method of Pratt and Richtmeyer [8,9].  NADH and NAD ÷ were obtained from 
Boehringer France and ATP from Schwartz Bioresearch. D-glucuronic acid was 
purchased from Sigma and L-gulono-~-lactone from Fluka. Lactones were neu- 
tralized with KOH to pH 7.2. Other reagents were of the highest purity com- 
mercially available. 

Results and Discussion 

1. D-glucuronate reduction in the absence of effector 
By drawing Lineweaver-Burk plots the initial rates of D-glucuronate reduc- 

tion catalyzed by  D-mannonate :NAD oxidoreductase,  for a given concentration 
of  substrate (D-glucuronate) and for varying concentrations of coenzyme 
(NADH), straight lines were obtained (Fig. 1). The Km for NADH (Kin = 0.030 
+ 0.003 mM) is identical to the value found previously by Portalier and Stoeber 
[4] when measuring the reduction of  D-fructuronate. In addition we observed 
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Fig.  1. In i t ia l  ra te  of  D - g l u c u r o n a t e  r e d u c t i o n  as a f u n c t i o n  of  N A D H  c o n c e n t r a t i o n .  L i n e w e a v e r - B u r k  
plo t s  are g iven for  the  fo l l owing  D - g l u c u r o n a t e  c o n c e n t r a t i o n s :  e ,  40 raM; m, 50 raM;  A 60 raM. T h e  s tan-  
daxd r e a c t i o n  m e d i u m  d e s c r i b e d  in Materials  and  M e t h o d s  c o n t a i n e d  20 /Jg p r o t e i n  of  c r u d e  e x t r a c t  Per 

ml .  



an inhibition of enzymatic activity for high NADH concentrations,  beyond  
0.25 mM. The same Km value for NADH was obtained whether using crude or 
purified enzyme preparations. In contrast ,  for a saturating concentrat ion of  
NADH (0.20 mM) initial rates of  D-glucuronate reduction were linearily depen- 
dent  upon  the D-glucuronate concentrat ion in the range 0--100 mM (Fig. 2). 
These results were reproduced several times using crude or purified extracts and 
were taken to indicate that  D-mannonate:NAD oxidoreductase by itself appar- 
ently exhibits no affinity for D-glucuronate. The unusual kinetic behaviour of  
D-glucuronate reduction catalyzed by D-mannonate:NAD oxidoreductase led 
us to investigate two-substrate enzyme models described in the literature. Horse- 
radish peroxidase was found by Chance in 1943 [16] to form a binary complex 
with hydrogen peroxide which subsequently decomposes to give products in 
the presence of  an oxygen acceptor such as ascorbate. Indeed, initial rates 
obeyed the Michaelis-Menten law with respect to hydrogen peroxide concentra- 
tion bu t  a linear law with respect to the acceptor  concentration. Therefore, by 
analogy with the mechanism of the peroxidase, we proposed the model depict- 
ed in Fig. 3 for the mechanism leading to D-glucuronate reduction. The coen- 
zyme NADH binds reversibly the free enzyme to form a binary complex E • 
NADH and a bimolecular reaction between this complex an=l the substrate (D- 
glucuronate) gives the products.  The pecularity of  this enzyme model is that no 
ternary complex E • NADH • D-glucuronate is involved. For the sake of simplic- 
ity, we assumed the occurrence of  a unique binary complex. 

If we make the assumption that the second step is rate-limiting in the 
sequence, the overall reaction velocity is given by:  

v = k • [E • NADH] [Glucuronate] (3) 

Square brackets indicate concentrations. When the steady-state theory of  Briggs 
and Haldane [12] is applied to the model  depicted in Fig. 3, the following rate 

f 
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F i g .  2 .  Init ial  rate o f  D~. . lucuronate  r e d u c t i o n  as  a f u n c t i o n  o f  D - g l u c u r o n a t e  c o n c e n t r a t i o n ,  T h e  s tandard  
r e a c t i o n  m e d i u m  d e s c r i b e d  in M a t e r i a l s  a n d  M e t h o d s  c o n t a i n e d  a sa turat ing  N A D H  c o n c e n t r a t i o n  ( 0 . 3 2  
r a M )  a n d  2 0  # g  p r o t e i n  o f  c r u d e  e x t r a c t  p e r  m l .  
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E + ~DH . ~ E-RADH ~ E • I~D ÷ L-Gulonate 

k-i / 

D-Gluourona~e 

Fig. 3. Kinetic model proposed for the D-glucuronate reduction catalyzed by D-mannonate:NAD oxido- 
reductase. Symbols: E, free enzyme; NADH, NAD, r e d u c e d  a n d  oxidized eoenzymes; k+l, k_l,  k, rate c o n  
s t a n t s .  

expression results: 

k [ET] [NADH] [Glucuronate] 
v = g m + [NADH] (4) 

where [ET] represents the to ta l  enzyme concentrat ion and Kin, given by: 

k_ 1 + k • [Glucuronate] 
K m  - k+ 1 ( 5 )  

represents the Michaelis constant  for  NADH. 
Results presented in Fig. 1 indicated that  the Km for NADH does not  change 

appreciably with the concentra t ion of  D-glucuronate, so that  the term: k • 
[Glucuronate]  is negligible compared to k_ I and the Km is given by: 

k _ l  

K m  - k .1  = K N A D H  (6) 

KNADH is the dissociation constant  for the complex E • NADH. Eqn. 4 predicts 
that  the rate is a saturable function of NADH concentrat ion and a linear func- 
t ion of D-glucuronate concentrat ion,  in agreement with the results obtained in 
Figs. 1 and 2. The maximum rate of the reaction, V = k • [ET] is given by the 
slope of  the line v = f ([glucuronate]) ,  for  a saturating NADH concentrat ion.  V 
is 0.008 U/mg protein with the crude extract  (Fig. 2) and 0.50 U/mg protein 
with the purified enzyme fraction (not shown). 

2. D-glucuronate reduction in the presence of  effectors 
2.1. Theoretical considerations. One methodological  approach to test the 

plausibility of  the mechanism involved in D-glucuronate reduct ion (Fig. 3) is 
to measure the activity in the presence of known inhibitors of  D-mannonate:  
NAD oxidoreductase.  We took  advantage of the fact that  NAD ÷, ATP, manno- 
nate and altronate inhibit D-fructuronate-catalyzed reduct ion as demonstrated 
by Portalier [5].  In order  to facilitate the interpretat ion of our results, a num- 
ber of  kinetic models were devised starting from the assumption that  an effector  
molecule could bind the free enzyme (E), the binary complex (E • NADH) or 
both (see Fig. 3). For the different  cases under study,  a classical steady-state 
t rea tment  enabled us to derive the incomplete rate equation and then pert inent  
graphical representations (Lineweaver and Burk, Dixon, variation of  Km and 
maximal rate V with NADH or inhibitor concentrat ion) .  This t rea tment  led us 
to discriminate easily the eight models shown in Table I. The interesting conse- 
quence is that  the dissociation constants of the various enzyme-effector  com- 
plexes can be deduced in most  cases. 
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T A B L E  I 

k + n ,  / Z _ n :  f o r w a r d  a n d  b a c k w a r d  r a t e  c o n s t a n t s  o f  s t e p  n ,  w i t h  n = 1, 2,  3 o r  4 .  1% /Z': r a t e  c o n s t a n t s  o f  

D - g l u c u r o n a t e  r e a c t i o n  w i t h  t h e  e n z y m e  • N A D H  c o m p l e x e s  i n  a b s e n c e  a n d  i n  p r e s e n c e  o f  i n h i b i t o r  

r e s p e c t i v e l y .  

K n = k _ _ n / k + n  

E :  f r e e  e n z y m e .  N A D H ,  N A D :  r e d u c e d  a n d  o x i d i z e d  s t a t e s  o f  n i c o t i n a m i d e - a d e n i n - d i n u c l e o t i d e .  I :  i n h i b -  
i t o r .  G L U :  D - g l u c u r o n a t e ,  P :  p r o d u c t  o f  D - g l u c u r o n a t e  r e d u c t i o n .  [ ] i n d i c a t e s  c o n c e n t r a t i o n ,  v, V :  i n i t i a l  

a n d  m a x i m a l  v e l o c i t i e s .  V o :  m a x i m a l  v e l o c i t y  i n  a b s e n c e  o f  i n h i b i t o r .  K i n :  a p p a r e n t  M i c h a e l i s  c o n s t a n t  
f o r  N A D H .  , : in  D i x o n  p l o t s ,  t h e  d i r e c t i o n  o f  t h e  a r r o w  i n d i c a t e s  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  N A D H .  

I n h i b i t i o n  types 

Case ZA z mixed compet i t ive-non competitive. , i nh ib i t ion~h~berbo l i c~  

E ~ E-HADH ) ~D + P 

k+2(I) k.a k_ 3 k+3(l) 

k2+ 

E.I L. E-I-NADH ~ ) NAB + P 

zl # x2 '~ 5 # z~ k .  k, 

KI.K % = K2.K ~ 

Case IB : mixed competitive-non competitive inhibition (linear) 

idea case IA with k' = O 

C4ao IIA : y a r t i a l l y  non-competi t ive i n h i b i t i o n  

Idsm case Ia  , i t h  ~ - K ~  

K 2 m K~ 

Case I I B :  8 t r i c t l ~  non-compet i t ive i n h i b i t i o n  

ido~ case IA with ~ = 

K 2 = K~ 

k' = 0 



12 

T A B L E  I c o n t i n u e d  

ANAL~SlS or INHZ~ZTXO~ KlSeTICS ~S~ OH T~ 

Graphical reprosentatiom P~ameterl of the rate 

Linoweaver and B u r k  Dixon ~6 

i I ,  = f ( l l [ m ~ ] )  i I ,  = f ( [ I ] )  ~ p p a r e n t  V 

non linear non linear 

'/V ~ ~  IL~ ~ I ~  ~ 

- !/K 1 -I/Kin l / [NADH 1 -K 2 [I] 

if K2<K ~ Straight lines hate a common intercept 

l o c a t e d  i n  t h e  ~ p p e r  l e f t  q u a d r a n t  

- ] / K  I I / ~NADH] 

non linear 

I ÷ - -  • _ _  

k K 2 K4 

[ I ]  K1 
I + - -  

K 2 K 4 

V o 

[ I ]  K| 
I + - -  

K 2 K 4 

I + k_L [ i ]  
k :<2 

"go 
+ [~__A_] 

K 2 

I + - -  

V o 

[ I ]  

K 2 
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RF~CTI~N MODEL DEPICTED IN F I Q . ]  

e q u a t i o n  : v = V [~ADH~ 

a p p a r e n t  

[i] 
I + 

K 2 

K, Il l  z 
] 

] + - -  . - -  

K 2 14 

[~ 
I +-- 

K 2 
K! 

If] K, 
] + - -  

K 2 K 4 

% 

C r i t e r i a  f o r  i d e n t i f y i n g  t h e  i n h i b i t i o n  came 

- non l ~ n e a r  g r a p h i c a l  r e p r e e o n t a t i o n 8  

- V ,  d e c r e a s i n  K h y p e r b o l i c  f u n c t i o n  o f  [ I ] ;  t e n d s  

t o w ard 8  k t / ~  uhen  [ l ] - - ~ e ~  

. ~ ,  d e o r e a e i u  K h y p e r b o l ± c  r u c t i o n  o f  [ l ]  | t e n d s  

- d i e e o o i n t i o n  c o n s t a n t s  non d e d u c i b l e  f rom 

L ± n e w e a v e r - B u r k  and  Dixon  p l o t e  

- l i n e a r  g r a p h i c a l  r e p r e m e n t n t i o n e  

- V, d e o r e a s i n  8 h y p e r b o l i c  f u n c t i o n  o f  [ I ] ;  

t e n d 8  t o w a r d e  0 when [ I ] - - - -~+~ 

- Y~, i n c r c a e i n 8  h y p e r b o l e  f u n c t i o n  of  [ I ]  i 

tends tow.de K~/K i when [I-~--~÷~ 

- I~ l d e d u c e d  f r o m  L a n e w e n v e r - ~ a r k  p l o t s  

- K2, K) an d  ~ d e d u c e d  f r o m  Dixon  p l o t s  

- non  l £ n e a r  D ixon  p l o t s  

- V,  d e c r e a s i n g  h y p e r b o l i c  f u n c t i o n  o f  [ I ]  ; 

t e n d s  t o w a r d s  km/k when [ l ] - - ~ + ~  

. I ~  = l ~  = ~ ( I , ~ L n e w e n v e r - ~ k )  

- K 2 non  d e d u c i b l e  f r om D~xon p l o t s  

- 1 4 n e a r  g r & p h i c n l  r e p r e n e n t n t i o n e  

- V,  d e c r e a s i n g  h y p e r b o l i c  f u n c t i o n  of  [I31 
t e n d e  t o w n r d a  0 when [ 1 3 - - ~ +  

- ~ = ~ = K~ ( I A n e w e u v o r - ~ r k )  

- K 2 d e d u c e d  f rom Dixon  p l o t e  

- 5 - x 2  
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T A B L E  I c o n t i n u e d  

Case I I I A :  p a r t i a l l y  competitive inh ib i t ion  

Idem case IA with k = k' 

Case IIIB : strictly com~etitlvs inhibi%ion (linear) 

k.2 i lFk  
'e_'r 

k+l (NAI)ll) _J k (GLU) 
E ,~ ", S.i~Dli 

k _  1 

Case I I I C  : s t r i c t l y  competitive inh ib i t ion  (h~merbolia) 
k+l (NdkDR) { k (OLI{) 

E ~ ~ F--~&DH - -  ~ NAD + p 

k+2 ( "[ ) k~ 

I-I 

I1r 2 

Cass IV  : insom~etit±vo inh ib i t ion  

k+l (NADH) 
11 : ". I~.NADH 

M_ 1 

'e,..NADH.X 

k I .O 

k (OL{I) 
>KLD + p 

2.2. Experimental results. All the assays were carried out  at a fixed D-glucu- 
ronate concentration (50 mM) and varying concentrations of  NADH and effec- 
tot .  

2 .2.1.  Inhibition by NADH analogues. Lineweaver and Burk plots obtained 
in the presence of either NAD ÷ or ATP are linear and compatible with a com- 
petitive inhibition since V = V0 and K~  is variable (Figs. 4A,  5A). However 
Dixon plots are linear in the case of  NAD ÷ (Fig. 4B) but hyperbolic in the case 
of ATP (Fig. 5B) as are the relationships between the Michaelis constant Km 
and the concentration of  effector (Figs. 4C, 5C). 

When referring to Table I, NAD ÷ inhibition would be consistent with the 
strict competitive type  (Case IIIB) where the effector is able to bind the free 
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I/v 

"I/K I - J / l ~  

n o n  linear 

"/5 -'/~ I dS~H] -K2 [~] 

- ' /~ j  - t /~, , ,  -, ~AD.} [I] 

-1/~ -,/z I I~NADH] Ill 

V o 

V o 

¥o 

[i3 
l + - -  

e n z y m e  only .  As shown in Table  II the  dissocia t ion cons tan t  fo r  the  c o m p l e x  
e n z y m e  • NAD + (K 2 = 0 .60  mM) is o f  the  same o rde r  o f  magn i tude  as the  value 
d e t e r m i n e d  by  Por ta l ie r  (0.41 mM) [5] t hough  slightly higher.  

Results  ob t a ined  wi th  ATP are in ag reement  wi th  hype rbo l i c  s tr ict  compe t i -  
t ive inh ib i t ion  (Table  I, case IIIC) where  the  free  e n z y m e  and the  !binary com-  
p lex  e n z y m e  • ATP are able to  b ind  one  ATP molecule .  Such a conc lus ion  is 
s t r eng thened  by  two  fu r t he r  observat ions :  (i) t he  K m is a quadra t ic  func t ion  o f  
ATP c o n c e n t r a t i o n  and obeys  to  fo l lowing equ a t i o n  (Fig. 5D):  

g m 

K~ 1 + 1 
[ATP~--T = K-~ ~ [ATP]  

(7) 
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T A B L E  I c o n t i n u e d  

[i] 
I + - -  

"2 
K] 

[ q  K, 

I + 

K 2 K 4 

Ill l 
K I 1 + 

~2 ] 

LIL. l K 1 1 + - - +  

K2 K2 g3] 

[ i ]  
] + - -  

K 2 

- non linear DiXOn plots 

. V . V 0 

- Km, increasing hyberbolic function of El2 ; 

tends tow,=ds K~/X 1 ,ban [ I ] - - , + ~  
- K 1 deduced from L inewesve r -Burk  p l o t s  

- K2, K3, K~ non deducible from Dixon plots 

- l i n e a r  g r a p h i c a l  r e p r e s e n t a t i o n s  

- V = V ° 

- ~ ,  l i n e a r  f u n c t i o n  of I l l  

- K 1 deduced from Lineweaver -Burk  p l o t s  

- K 2 deduced from Dixon p l o t s  

- h y p e r b o l i c  Dixon plots 

- V = V ° 

- Km, q u a d r a t i c  f u n c t i o n  of [ I ]  

- ~ deduced from Lineweaver -Durk  p l o t s  

- Kz, x~ deduced from : 

Km 

K 1 

[i] 

1 1 

. . . . .  [ I ]  

K:3 

- p a r a l l e l  s t r a i g h t  l i n e s  i n  L ineweaver -Burk  

and Dixon p l o t s  

- Vo, d e c r e a s i n g  h y p e r b o l i c  f u n c t i o n  of [ I ]  ; 

t e n d s  towards  0 when [ I ] - - - ~ + ~  

- Km, d e c r e a s i n g  h y p e r b o l i c  f u n c t i o n  of [ I ] ;  

t e n d s  towards  0 when [ I ] - - -~  * 

- K 1 deduced from L i n e w e a v e r - ~ r k  p l o t s  

- K 2 deduced from Dixon p l o t s  ( c o n s t a n t  e l o p e  = 

I/K2.V o ) 

The dissociation constants of the three complexes as deduced from Fig. 5 are 
given in Table II. Since the dissociation constant  of the ternary complex en- 
zyme • (ATP)2 is about  two orders of magnitude smaller than the dissociation 
constant  of the binary complex enzyme • ATP, one has to imagine that  the 
binding of  the first ATP molecule on the enzyme greatly enhanced the binding 
of  the second ATP molecule; (ii) a strong positive cooperat ivi ty between the 
ATP binding sites on the enzyme molecule is indicated by Hill's plot (Fig. 5E) 
where the slopes of the straight lines obtained in the presence of different  
NADH concentrat ions are close to 2. 
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Fig.  4.  I n h i b i t i o n  o f  D - g l u c u r o n a t e  r e d u c t i o n  by  N A D .  The  s t a n d a r d  r e a c t i o n  m e d i u m  c o n t a i n e d  D-glucu-  
r o n a t e  (50 raM)  and  40  ~g  P r o t e i n  o f  c r u d e  e x t r a c t  p e r  ml .  (A)  L i n e w e a v e r - B u r k  p lo ts .  Var iab le  s u b s t r a t e :  
N A D H .  N A D  was  p r e sen t  a t  the  fo l l owing  c o n c e n t r a t i o n s :  m, n o n e ;  o, 0 .5  raM/ O, 1 m M ;  4 2 raM. (B) 
D i x o n  plo ts .  N A D H  was  p r e s e n t  a t  the  f o l l o w i n g  c o n c e n t r a t i o n s :  u, 0 . 0 2 9 2  m M ;  o, 0 . 0 4 3 8  m M ;  o, 0 .058  

m M ;  A 0 .12  m M ;  v ,  0 . 1 7 5  m M .  (C) K m v a r i a t i o n  as a f u n c t i o n  o f  N A D  c o n c e n t r a t i o n .  K m va lues  were  
d e d u c e d  f r o m  the r e p r e s e n t a t i o n  A. 
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Fig. 5. Inh ib i t i on  of  D-g lucu rona te  r e d u c t i o n  by  ATP.  The  s t a n d a r d  r eac t i on  m e d i u m  c o n t a i n e d  D-glucu- 
r o n a t e  (50 raM) and  40  pg p r o t e i n  of  c rude  e x t r a c t  pe r  ml .  (A) L ineweave r -Burk  plots .  Var iable  subs t ra te :  
N A D H .  A T P  was p re sen t  a t  the fo l lowing concen t r a t i ons :  m, n o n e ;  e ,  1 m M ;  o, 2 raM; A, 3 m M ;  ~, 4 raM; 
a,  6 m M.  (B) D i xon  plots .  N A D H  was  p r e s e n t  at  the  fo l lowing  c o n c e n t r a t i o n s :  w, 0 . 0 2 9 2  m M ;  e ,  0 . 0 4 3 8  
raM; o, 0 . 0 5 8  raM; a 0 .12  raM; ~, 0 . 1 7 5  m M .  (C) K m var i a t ion  as a func t ion  of  A T P  c o n c e n t r a t i o n .  K m 
values  were  d e d u c e d  f r o m  r e p r e s e n t a t i o n  A. (D) Var ia t ion  o f  K m / K I - - 1 / [ A T P ]  versus  A T P  c o n c e n t r a -  
t ion  (see Eqn .  7 in the  t ex t ) .  (E)  Hill p lo ts  : log vi/(vo--Vi)  = f ( log [ A T P ]  ) for  the  fo l lowing  N A D H  con-  
cen t ra t ions :  e ,  0 . 0 4 3 8  raM;  o, 0 . 058  m M ;  A 0 .12  m M .  v 0 and  u i r ep r e sen t  init ial  ra tes  in the  absence  and  
p resence  o f  A T P  respec t ive ly .  
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Fig. 6. I nh ib i t i on  of  D-g lucu rona t e  r e d u c t i o n  by  D - m a n n o n a t e .  Th e  s t a n d a r d  r eac t i on  m e d i u m  c o n t a i n e d  
D-g lucu rona t e  (50  raM)  a nd  40  ~g p r o t e i n  of  c rude  e x t r a c t  pe r  ml.  (A)  L i n e w e a v e r - B u r k  plots .  Var iable  
subs t ra t e :  N A D H .  D - m a n n o n a t e  was  p r e s e n t  at  the  fo l lowing  c o n c e n t r a t i o n s :  m, n o n e ;  e ,  5 raM; o,  10 
m M ;  A, 15 m M .  (B) D i xon  plots .  N A D H  was  p r e s e n t  a t  the fo l lowing  co n cen t r a t i o n s :  m° 0 . 0 2 9 2  raM; e0 
0 . 0 4 3 8  m M ;  O, 0 . 0 5 8 m M ; A  0 . 1 2 m M ; A ,  0 . 1 7 5 m M .  
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T A B L E  II 

I N H I B I T I O N  OF D - G L U C U R O N A T E  R E D U C T I O N  C A T A L Y Z E D  BY D - M A N N O N A T E : N A D  OXIDO-  
R E D U C T A S E  BY D I F F E R E N T  E F F E C T O R S  

Inh ib i to r  * Variable  Inh ib i t ion  t y p e  Case 
subs t ra te  

Dissociat ion cons t an t s  of  the  e n z y m e -  
e f f ec to r  c o m p l e x e s  (raM) 

KI* K~** K~** ~;*** 

NAD N A D H  Str ic t ly  c o m p e t i t i v e  I I IB 0 .028  0 .60  
(l inear) 

ATP  N A D H  Str ic t ly  c o m p e t i t i v e  I I IC  0 .033  20 0 .2  
(hyperbo l i c )  

Mannona t e  N A D H  Str ic t ly  n o n - c o m p e t i -  I IB 0 .031 5.5 5.5 
t ive (l inear) 

A l t rona t e  N A D H  Str ic t ly  n o n - c o m p e t i -  l IB 0 .029  5.2 5.2 
tive (l inear) 

Gu lona t e  N A D H  Mixed n o n - c o m p e t i -  IB 0 .033  131 1 6 4 0  
t ive (l inear) 

0 .031  

0 .029  

0.41 

* Vary ing  c o n c e n t r a t i o n s  of  inh ib i to r  were  used  for  each  e x p e r i m e n t .  
** K 1 ,  d issocia t ion c o n s t a n t  of  the  e n z y m e  • N A D H  c o m p l e x ,  was d e d u c e d  f r o m  L ineweave r -Burk  

plots .  
*** K 2 and K 3 were  d e d u c e d  f r o m  Dixon  plots  excep t  in the  case of  ATP wh e re  r e p r e s e n t a t i o n  given 

in Fig. 5D was used.  
**** K 4 was ca lcu la ted  f r o m  the  re la t ion  i m p o s e d  by  t h e r m o d y n a m i c s :  K 1 • K 3 = K 2 • K 4. 
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Fig. 7. Inh ib i t ion  of  D-g lucu rona te  r e d u c t i o n  by  D-a l t rona te .  The  s t a n d a r d  r e a c t i o n  m e d i u m  c o n t a i n e d  
D-g lucurona te  (50  raM) a nd  40 #g p ro t e in  of  c rude  e x t r a c t  pe r  ml .  (A)  Lineweaver -Bu~k plots .  Var iable  
subs t ra te :  N A D H .  D-a l t rona te  was  p re sen t  at  the  foBowing co n cen t r a t i o n s :  m, n o n e ;  e ,  5 raM; o, 10 raM; 
A 20 raM. (B) D i xon  plots .  N A D H  was p re sen t  at  the  fo l lowing co n cen t r a t i o n s :  i ,  0 . 0 2 9 2  raM;  e,  0 ,0438 
raM; o, 0 . 058  raM; A, 0 .12  raM; ~, 0 . 175  raM. 
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Fig. 6B and 7B are also linear and have a common intercept located on the 
abscissa axis, indicating that  inhibition is strictly non-competitive (Table I, case 
IIB) and also that  K2 = K3. Dissociation constants for the enzyme-effector  com- 
plexes given in Table II are similar for mannonate  and altronate suggesting that  
these two molecules bind equally well either the free enzyme or the enzyme • 
NADH complex. In agreement with the results obtained previously by Porta- 
lier [5] the binding of mannonate  or altronate to the enzyme • NADH complex 
leads to a dead-end enzyme • NADH • effector  complex. 

2.2.3. Inhibition by L-gulonate. Since L-gulonate is the most likely product  
of D-glucuronate reduction catalyzed by D-mannonate:NAD oxidoreductase 
(see Eqn. 1) as reported elsewhere [3], we also analyzed L-gulonate as a possi- 
ble inhibitor of  D-glucuronate reduction.  As shown in Fig. 8A, Lineweaver- 
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10 20  30  

1/[NADH] (raM)" 

~ 1  . J ' J  

0 5o fO 0 

[Gu Ionate] (m 0 
Fig. 8. Inh ib i t i on  o f  D-g lucu rona te  r e d u c t i o n  by  L-gulona te .  Th e  s t a n d a r d  r eac t ion  m e d i u m  c o n t a i n e d  
D-g lucu rona te  (50 raM) and  0 .5  /~g Pro te in  o f  pur i f ied  e n z y m e  per  ml .  (A) L in eweav e r -Bu rk  plots .  Vari-  
able  subs t ra t e :  N A D H .  L-gulona te  was p re sen t  at  the  fo l lowing  co n cen t r a t i o n s :  m, n o n e ;  e ,  50 m M ;  
o, 75 raM; 4 100 m M .  (B) Dixon  plots .  N A D H  was p r e s en t  at  the  fo l lowing c o n c e n t r a t i o n s :  m, 0 . 0 2 9 2  
raM; e ,  0 . 0 4 3 8  raM; o, 0 . 058  raM; 4, 0 .12  raM; ~, 0 . 1 7 5  raM. 
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Burk plots are linear and have a common intercept located in the upper left 
quadrant,  in agreement with a linear mixed competitive inhibition (Table I, 
case IB). Dixon plots are also linear (Fig. 8B) and have a common intercept 
located in the upper left quadrant, the abscissa (--K2) corresponding to the dis- 
sociation constant of the enzyme-gulonate complex, the ordinate being equal 
to: (1--K2/K3)/Vo. The comparison of the dissociation constants for the four 
complexes involved (Table II) suggests that  the affinity of D-mannonate:NAD 
oxidoreductase for L-gulonate is very low (K: = 131 mM) and also that  reci- 
procal negative interaction occurs between the NADH-and L-gulonate-binding 
sites. Indeed when comparing K1 with K4 and K2 with K3, each binary complex 
(enzyme • NADH, enzyme • gulonate) appears to exhibit a reduced ability to 
bind another ligand compared to the corresponding ability of the free enzyme. 

Conclusion 

The experimental results taken as a whole bear out that  the model proposed 
in Fig. 3 by analogy with the mechanism of horseradish peroxidase [6] is likely 
to hold for D-glucuronate reduction catalyzed by D-mannonate:NAD oxido- 
reductase. The analysis of several inhibitors of the enzyme based on models 
depicted in Table I are perfectly in agreement with known inhibitions occurring 
in the case of one-substrate enzymes. Therefore, the pecularity of D-glucuro- 
nate reduction consists in the fact that  D-mannonate:NAD oxidoreductase 
behaves as a two-substrate enzyme when catalyzing D-fructuronate reduction 
[5] but as a one-substrate enzyme when catalyzing D-glucuronate reduction. 
The accurate mechanism taking place when the binary complex E • NADH 
reacts with D-glucuronate to give products cannot be known from the present 
work. However the finding that  none ternary complex E • NADH • effector was 
able to react with D-glucuronate suggests that  either some conformation of the 
complex E • NADH is required or that  D- glucuronate needs to have access to 
a "binding site" on the enzyme molecule which is hindered by the binding of 
the effector. This "hit-and-run" mechanism [13] seems to be of widespread 
occurrence in the case of peroxidases and catalases [14] but was never de- 
scribed in the case of oxidoreductases. It would be of interest to use fast reac- 
tion techniques, as applied for instance to lactate dehydrogenase by Stinson 
and Gutfreund [15], in order to evaluate the rate constants k÷l, k_ 1 and k (Fig. 
3) and elucidate the mechanism of D-glucuronate reduction. 

The occurrence of two binding sites for NADH is inferred from the fact that  
high NADH concentrations lead to inhibition (Fig. 1) and also from the hyper- 
bolic competitive inhibition caused by the analogue ATP (Fig. 5B, C). Interac- 
tion between binding sites located on the enzyme molecule are likely to occur 
(Fig. 5D, E) but the monomeric or polymeric nature of D-mannonate:NAD 
oxidoreductase remains to be assessed. The inhibition elicited by L-gulonate 
(Table II) is also consistent with the view that:  (i) it may be the product of D- 
glucuronate reduction [3]; (ii) during D-glucuronate reduction, no ternary 
complex E • NADH • glucuronate is formed. L-gulonate was found previously 
to be slowly oxidized by D-mannonate:NAD oxidoreductase in the presence of 
NAD ÷ [31. 
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