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Summary 

Initial velocity studies and product inhibition studies were conducted for the 
forward and reverse reactions of formaldehyde dehydrogenase (formaldehyde: 
NAD oxidoreductase, EC 1.2.1.1) isolated from a methanol-utilizing yeast 
Candida boidinii. The data were consistent with an ordered Bi-Bi mechanism for 
this reaction in which NAD ÷ is bound first to the enzyme and NADH released 
last. Kinetic studies indicated that  the nucleoside phosphates ATP, ADP and 
AMP are competitive inhibitors with respect to NAD and noncompetitive 
inhibitors with respect to S-hydroxymethylglutathione.  The inhibitions of the 
enzyme activity by ATP and ADP are greater at pH 6.0 and 6.5 than at neutral 
or alkaline pH values. 

The kinetic studies of formate dehydrogenase (formate:NAD oxidoreduc- 
tase, EC 1.2.1.2) from the methanol grown C. boidinii suggested also an 
ordered Bi-Bi mechanism with NAD being the first substrate and NADH the 
last product. Formate dehydrogenase the last enzyme of the dissimilatory 
pathway of the methanol metabolism is also inhibited by adenosine phos- 
phates. 

Since the intracellular concentrations of NADH and ATP are in the range of  
the K i values for formaldehyde dehydrogenase and formate dehydrogenase the 
activities of these main enzymes of  the dissimilatory pathway of methanol 
metabolism in this yeast may be regulated by these compounds. 
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Introduction 

Recent studies have shown that in methanol-utilizing yeasts the methanol is 
successively oxidized in the dissimilatory pathway to carbon dioxide by the 
inducibly formed enzymes: alcohol oxidase, catalase, formaldehyde dehydro- 
genase and formate dehydrogenase [1,2]. Since the dissimilatory and assimila- 
tory pathways of the methanol metabolism branch at formaldehyde the 
possible regulatory mechanism on the two dissimilatory enzymes formaldehyde 
dehydrogenase and formate dehydrogenase are of great interest. 

Formaldehyde dehydrogenase (EC 1.2.1.1) was purified and characterized 
from several methylotrophic yeasts [3--5] bacteria [6], and from human and 
animal livers [7--9], human and animal retinas [10] and baker's yeast [11]. 
Using highly purified formaldehyde dehydrogenase from Candida boidinii, 
Hansenula polymorpha and human liver it was demonstrated that the hemimer- 
captal spontaneously formed between formaldehyde and glutathione is the true 
substrate of this enzyme and that the reaction product is S-formylglutathione 
[4,5,10]. 

Formate dehydrogenase (EC 1.2.1.2) was isolated from some methylo- 
trophic yeasts [4,5,12] and bacteria [6,13] and was characterized. Recently, 
van Dijken et al. [ 5] reported that the partially purified formate dehydrogenase 
from Hansenula polymorpha has a 40-fold higher affinity for S-formylgluta- 
thione than for formate. Furthermore, it could be demonstrated that this 
enzyme hydrolyzes S-formylglutathione only in the presence of NAD ÷. It is 
therefore suggested that the hydrolysis of S-formylglutathione by the formate 
dehydrogenase may lead to the formation of enzyme-bound formate which is 
subsequently oxidized. 

The present paper is concerned with steady state kinetics of formaldehyde 
dehydrogenase and formate dehydrogenase from the methanol-utilizing yeast 
Candida boidinii. This study was undertaken to get a better understanding of 
the mechanism of control in the metabolism of methanol in this yeast strain. 

Materials and Methods 

Materials 
S-Formylglutathione was synthesized and determined according to van 

Dijken et al. [5]. All other chemicals used were of the highest purity available 
from commercial sources. 

Enzyme preparation 
Formaldehyde dehydrogenase and formate dehydrogenase were purifed from 

Candida boidinii (ATCC 32 195) grown on methanol as described previously 
[4]. 

Enzyme assays 
Enzyme activities were assayed spectrophotometricaUy at 340 nm using a 

Zeiss PM QII photometer equipped with a constant temperature bath set at 
30°C _+ 0.05°C and a recorder. The assay mixture for the forward reaction of 
the formaldehyde dehydrogenase was 33 mM sodium phosphate buffer (pH 
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8.0), 2 m M  GSH, l m M  NAD ÷, l m M  fomaldehyde and about 5 mU/ml 
enzyme. The assay mixture for the reverse reaction contained 33 mM sodium 
phosphate buffer (pH 8.0), 0.12 mM NADH, 1 mM S-formylglutathione and 
about 20 mU/ml enzyme. The formate dehydrogenase was measured in a mix- 
ture of 50 mM potassium phosphate buffer (pH 7.5), 1.5 mM NAD ÷, 150 mM 
sodium formate and about 5 mU/ml enzyme. For studies of CO2 inhibition 
various volumes of  a saturated solution of NaHCO3 were added to the reaction 
buffer. The concentration of dissolved CO2 was calculated to be 8.4 mM [14]. 
One unit of enzyme activity is defined as the amount  of enzyme required to 
form 1 pmol NADH/min. The nomenclature and equations used for analysis of 
the data are those of Cleland [15,16]. 

Concentration of  S-hydroxymethylglutathione 
The concentration of  S-hydroxymethylglutathione was calculated by using 

the dissociation constant determined to be 1.5 + 0.3 mM of pH 8.0 by Uotila 
and Koivusalo [10]. 

Results 

(A ) Kinetic studies of  formaldehyde dehydrogenase 
Initial velocities. Initial velocity studies on the forward reaction of formal- 

dehyde dehydrogenase were performed with respect to NAD ÷ at fixed concen- 
trations of S-hydroxymethylglutathione.  As shown in Fig. 1 the intersecting 
patterns are consistent with a sequential mechanism. The replots for slopes and 
intercepts were linear. These data are fitted to the following equation: 

v V [S---] (1) 

where v is the initial velocity, [A] and [B] are substrate concentrations, V is 
the maximum velocity and the K values are constants [ 15]. From the secondary 
plots, the Michaelis constants for NAD ÷ (Ka) and S-hydroxymethylglutat ione 
(Kb) are 0.043 and 0.070 mM, respectively, and the dissociation constant for 
E • NAD ÷ (Kia) is 0.095 mM. 

The results of the initial velocity of  the reverse reaction with respect to 
NADH at fixed concentrations of S-formylglutathione are illustrated in Fig. 2. 
Linear intersecting patterns were obtained which gave also linear replots. The 
Michaelis constants were calculated to be 0.025 mM for NADH and 0.12 mM 
for S-formylglutatione. 

Product inhibition. Product inhibition studies indicated that  NADH is a 
competitive inhibitor with respect to NAD* in the presence of  S-hydroxy- 
methylglutathione at levels approaching saturation and a noncompetitive 
inhibitor with respect to S-hydroxymethylglutathione at unsaturated levels of  
NAD ÷. As shown in Fig. 3,. S-formylglutathione is a noncompetitive inhibitor 
with respect to both NAD ÷ and S-hydroxymethylglutathione.  These data are 
consistent with an ordered Bi-Bi mechanism with NAD ~ being the first sub- 
strate and NADH being the last product.  Furthermore it was also shown that  
NADPH is a competitive inhibitor with respect to NAD ÷. However, the inhibi- 
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Fig. 1. Doub le  rec iproca l  p lo t s  of  the  f o r w a r d  r eac t i on  of  f o r m a l d e h y d e  d e h y d r o g e n a s e .  I n i t i a l  veloc i ty  
versus  N A D  + c o n c e n t r a t i o n  at  v a r i o u s  c o n s t a n t  levels of  S - h y d r o x y m c t h y l g l u t a t h i o n e  (S-HMG).  S t a n d a r d  
r e a c t i o n  c o n d i t i o n s  w e r e  u s e d  d e s c r i b e d  i n  M a t e r i a l s  a n d  M e t h o d s .  I n s e t :  Rep lo t  of  the  slopes a n d  i n t e r -  
c e p t s  v e r s u s  t h e  r e c i p r o c a l  c o n c e n t r a t i o n  of S - h y d r o x y m e t h y l g l u t a t h i o n e .  

t/on constant was found to be 1.1 mM which is much higher than that of  
NADH (Table I). 

Product inhibition studies were also conducted with NAD ÷ for the reverse 
reaction. With NADH as the varied substrate and S-formylglutathione non- 
saturating, competitive inhibition was observed. When S-formylglutathione was 
the varied substrate inhibition by NAD ÷ appeared to be noncompetit ive.  These 
data are cons/tent with those of  the forward reaction. 

Inhibition by ATP, ADP and AMP. Since in Candida boidinii formaldehyde 
dehydrogenase is a key enzyme of  the dissimilatory pathway of  the methanol 
metabolism a possible regulatory effect o f  ATP, ADP and AMP on the enzyme 
activity was investigated. Kinetic studies indicated that these nucleoside phos- 

400 

20C . l l  4 

,,¢° i 
L m ~" 

200 

i l 

5 10 15 / 

S FG (raM) 

o 
0.30 

l l i  I / __of=.~,....O ' ' ' "  / O - -  045 

~ i  i . - i  ''''~ 
/ O  

30 40 
[NADH] -1 mM -1 

Fig. 2. Doub le  r ec ip roca l  plo~s fo r  t h e  r e v e r s e  r e a c t i o n  of  f o r m a l d e h y d e  d e h y d r o g e n a s e .  I n i t i a l  ve loc i ty  
versus  N A D H  c o n c e n t r a t i o n  at  v a x i o u s  c o n s t a n t  levels of  S - f o r m y l g l u t a t h i o n e  (S-FG).  Inset :  Rep lo t  of  t h e  
slopes a n d  i n t e r c e p t s  v e r s u s  t h e  r e c i p r o c a l  c o n c e n t r a t i o n  of S - f o r m y l g l u t a t b i o n e .  
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F i g .  3 .  D o u b l e  r e c i p r o c a l  p l o t s  s h o w i n g  n o n c o m p e t i t i v e  i n h i b i t i o n  o f  f o r m a l d e h y d e  d e h y d r o g e n a s e  b y  t h e  
p r o d u c t  S - f o r m y l g l u t a t h i o n e  ( S - F G ) .  A ,  S - f o r m y l g l u t a t h i o n e  i n h i b i t i o n  a t  c o n s t a n t  S - h y d r o x y m e t h y l -  

g l u t a t h i o n e  c o n c e n t r a t i o n  o f  0 .1  m M  a n d  v a r y i n g  N A D  + c o n c e n t r a t i o n s .  B ,  S - f o r m y l g l u t a t h i o n e  i n h i b i t i o n  

a t  c o n s t a n t  N A D  + c o n c e n t r a t i o n  o f  0 .1  m M  a n d  v a r y i n g  S - h y d r o x y m e t h y l g l u t a t h i o n e  c o n c e n t r a t i o n s .  

phates are competitive inhibitors with respect to NAD ÷ and noncompeti t ive 
inhibitors with respect to S-hydroxymethylglutathione.  As shown in Table II, 
the K i value of  each nucleoside phosphate is markedly dependent  on the pH of 
the assay system. The inhibition is greater at slightly acidic pH than at neutral 
or alkaline pH values, the activity of  formaldehyde dehydrogenase may be 
regulated by  these nucleoside phosphates. 

(B) Kinetic studies of formate dehydrogenase 
Initial velocities. Initial velocity studies on the forward reaction of  formate 

dehydrogenase were performed at pH 7.5 with respect to NAD ÷ at fixed con- 
centrations of  formate. As shown in Fig. 4, intersecting lines in the double 

T A B L E  I 

I N H I B I T I O N  O F  F O R M A L D E H Y D E  D E H Y D R O G E N A S E  

R e a c t i o n  I n h i b i t o r  S u b s t r a t e  v a r i e d  P a t t e r n  K i ( m M )  

S l o p e  I n t e r c e p t  

S - H y d r o x y m e t h y l -  N A D H  N A D  + c * 0 . 0 2 0  - -  
g l u t a t h i o n e  o x i d a t i o n  N A D H  S - H y d r o x y m e t h y l -  n c  **  0 . 0 3 2  0 . 0 5 4  

g l u t a t h i o n e  
S - H y d r o x y m e t h y l -  S - F o r m y l g l u t a t h i o n e  N A D  + nc  0 . 0 7 5  0 . 0 4 0  
g l u t a t h i o n e  o x i d a t i o n  S - F o r m y l g l u t a t h i o n e  S - H y d r o x y m e t h y l -  n c  0 . 0 2 0  0 . 0 8 0  

g l u t a t h i o n e  
S - H y d r o x y m e t h y l -  N A D P H  N A D  + c 1 . 1 0  - -  
g l u t a t h i o n e  o x i d a t i o n  
S - F o r m y l g l u t a t h i o n e  N A D  + N A D H  c 0 . 0 5 0  - -  
r e d u c t i o n  N A D  + S - F o r m y l g l u t a t h i o n e  n c  0 . 0 3 2  0 . 0 3 8  
S - F o r m y l g l u t a t h i o n e  S - H y d r o x y m e t h y l -  N A D H  nc  0 . 0 7 2  0 . 0 8 3  
r e d u c t i o n  g l u t a t h i o n e  

S - H y d r Q x y m e t h y l -  S - F o r m y l g l u t a t h i o n e  n c  0 . 0 5 4  0 . 0 7 6  

g l u t a t h i o n e  

* c:  c o m p e t i t i v e .  
**  nc :  n o n c o m p e t i t i v e .  
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T A B L E  n 

I N H I B I T I O N  O F  F O R M A T E  D E H Y D R O G E N A S E  BY A T P ,  A D P  A N D  AMP A T  D I F F E R E N T  p H  
V A L U E S  

N A D  + w a s  the  variable subs tra te  ( 0 . 0 5  to  0 . 2 0  raM)  at f i x e d  c o n c e n t r a t i o n s  o f  f o r m a t e  (10 ,  1 2 . 5  a n d  20  
raM) .  

I n h i b i t o r  K i at  p H  (mM)  

6 .0  6 .5  7 .0  7 .5  8 .0  

A T P  0 . 0 7 0  0 . 1 8  0 . 4 0  1 .8  2 .0  
A D P  0 . 1 5  0 . 1 2  0 . 3 0  0 . 7 5  1 .8  
AMP 0 . 4 0  0 . 2 5  0 . 3 5  1 .3  1 .8  

reciprocal plots indicate a sequential mechanism for the enzyme reaction and 
the data are fitted also to Eqn. 1. From the secondary plots,  the Michaelis con- 
stants for NAD ÷ (Ka) and formate (KD) were calculated to be 0.10 and 16 mM. 
The dissociation constant for E • NAD ÷ (Kia) is 0 .25 mM. The reverse reaction 
of  formate dehydrogenase could be demonstrated. However, it was difficult to 
perform kinetic analysis, since the reaction rate was very low [4] .  

Product inhibition. Product inhibition studies were conducted with NADH 
and CO2. NADH is a competitive inhibitor with respect to NAD ÷ in the pres- 
ence of  a saturation level of  formate (50 mM) and a noncompetit ive  inhibitor 
with respect to formate. However, no inhibition was observed at the saturation 
level of  NAD ÷ (1.0 mM) and with various levels of  formate and NADH. Inhibi- 
t ion studies with CO2 were conducted with NAD* as the variable substrate and 
constant formate concentrations (10- -30  mM). It was found that under these 
condit ions CO2 is a noncompetit ive  inhibitor and the Ki(slope ) and Ki(inter.) 
values were constant over the range of  formate concentrations (Table III). With 
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Fig.  4.  D o u b l e  r e c i p r o c a l  p l o t s  for  f o r m a t e  d e h y d r o g e n a s e .  Init ial  v e l o c i t y  versus  N A D  + c o n c e n t r a t i o n  at 
var ious  c o n s t a n t  levels  o f  f o r m a t e .  Inset :  R e p l o t  o f  t h e  s l o p e s  and  i n t e r c e p t s  versus  t h e  rec iproca l  c o n c e n -  
t ra t ion  o f  f o r m a t e .  
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T A B L E  I I I  

I N H I B I T I O N  O F  T H E  F O R W A R D  R E A C T I O N  O F  F O R M A T E  D E H Y D R O G E N A S E  

I n h i b i t o r  S u b s t r a t e  v a r i e d  P a t t e r n  K i ( m M )  

S l o p e  I n t e r c e p t  

N A D H  N A D  + c * 0 . 0 3 0  - -  
N A D H  F o r m a t e  n c  **  0 . 0 3 0  0 . 0 3 8  

N A D P H  N A D  + c 1 . 2 0  - -  

C O  2 N A D  + n c  1 . 5 6  1 . 4 0  
C O  2 F o r m a t e  n c  1 . 6 8  1 . 7 0  

* c:  c o m p e t i t i v e .  
**  n c :  n o n c o m p e t i t i v e .  

T A B L E  I V  

I N H I B I T I O N  O F  F O R M A L D E H Y D E  D E H Y D R O G E N A S E  B Y  A T P ,  A D P  A N D  A M P  A T  D I F F E R E N T  
p H  V A L U E S  

N A D  ÷ was  t h e  variable subs tra te  ( 0 . 0 3  to  0 . 1 2  r a M )  a t  f i x e d  c o n c e n t r a t i o n s  o f  S - h y d r o x y m e t h y l g l u t a -  
t h i o n e  ( 0 . 0 6 7 ,  0 .1  a n d  0 . 2  r a M ) .  

I n h i b i t o r  K i a t  p H  ( r a M )  

6 . 0  6 . 5  7 .0  7 . 5  

A T P  0 . 8 0  0 . 8 5  1 . 6 5  3 .1  

A D P  0 . 1 2  0 . 2 5  0 . 4 0  0 . 7 5  
A M P  6 . 0  2 .8  4 . 0  1 . 6  

formate as the variable substrate and NAD ÷ concentrations in the range of 
0.066 to 0.2 mM noncompetitive inhibition was observed (Table III). The 
initial velocity studies and product  inhibition patterns are consistent with an 
ordered Bi-Bi mechanism with NAD ÷ being the first substrate and NADH the 
last product.  

Inhibition o f  ATP, ADP and AMP. It was also found that  formate dehydro- 
genase the last enzyme of  the dissimilatory pathway of the methanol metab- 
olism in this yeast is inhibited by adenosine phosphates. Kinetic studies indi- 
cated that  these nucleoside phosphates are competitive inhibitors with respect 
to NAD ÷ and noncompetitive inhibitors with respect to formate. As shown in 
Table IV, the inhibition by each nucleoside phosphate is also pH dependent.  
The inhibitions by ATP and ADP are greater at acidic pH than at neutral. 

Discussion 

The results of  the initial velocity and product inhibition studies described in 
this paper demonstrate that the reaction mechanism of  formaldehyde dehydro- 
genase from Candida boidinii is an ordered Bi-Bi one [15 ,16]  in which NAD ÷ 
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(A) is bound before S-hydroxymethylglutathione (B), and S-formylglutathione 
(P) is released first and then NADH (Q). 

(Reaction 1) 

A B P Q 
f 

E EA (EAB-EPQ) EQ E 

Since P is a noncompeti t ive inhibitor with respect to both  A and B in the for- 
ward reaction and B is a noncompeti t ive inhibitor with respect to both  P and Q 
in the reverse reaction, the two other  sequential mechanisms for two substrates, 
the Theorell-Chance and rapid equilibrium random mechanism may be 
eliminated for this enzyme reaction. Although, unfor tunately,  no dead-end 
inhibitor has been found for this enzyme reaction, only the ordered Bi-Bi 
mechanism of those listed by  Cleland [15--17] is compatible with the inhibi- 
tion patterns. 

On a similar basis, the reaction mechanism of formate dehydrogenase from 
Candida boidinii seems also an ordered Bi-Bi mechanism in which NAD ÷ (A) is 
bound first and NADH (Q) is released last. In this case B is for formate and P 
for CO2 in reaction 1. For the bacterial formate dehydrogenase,  Rodionov et al. 
[13] have postulated a rapid equilibrium random mechanism in which NADH is 
a competit ive inhibitor with respect to formate.  The inhibition pattern is differ- 
ent from that of  the yeast  enzyme. 

The intracellular concentration of  NADH and ATP are in the range of  the Ki 
values for formaldehyde dehydrogenase and formate dehydrogenase [18].  Thus 
the activities of  these enzymes may be regulated by the intraceUular levels of  
NADH and ATP during growth of  Candida boidinii on methanol.  Since the Ki 
values for NADPH are more than 100 times higher than the intracellular con- 
centration of  this compound,  it seems improbable that  under physiological con- 
ditions the activities of  these enzymes are affected by NADPH. 
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