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Summary 

Modffmahon of  12 argmme residues per molecule of formate dehydrogenase 
(formate NAD ÷ oxldoreductase, EC 1.2 1 2 ) from the methylotrophm bac- 
termm, A c h r o m o b a c t e r  p a r v u l u s  I, by 2,3-butanedmne results m complete 
mactlvatmn of  the enzyme. Inactlvatmn of the enzyme IS reversible and pro- 
ceeds m two steps wa formatmn of  the mtermedmte enzyme-butanedmne 
complex. Coenzymes but not  formate effechvely protect formate dehydro- 
genase from mactlvatmn Complete mmntenance of  enzyme actlwty and 
specffm protectmn of  one argmme residue per enzyme subumt are achmved on 
formatmn of  the binary complex, enzyme-NAD, or the ternary complex, 
enzyme-NAD-azlde. One argmme residue is supposed to be located at the NAD- 
binding site of the formate dehydrogenase active centre 

Introduct ion 

A systematm investigation IS being carrmd out  in our laboratory into the 
structure and reaction mechamsm of NAD-dependent formate dehydrogenase 
(formate : NAD ÷ oxldoreductase, EC 1 2 I 2) from the methanol-utlhzmg bac- 
termm, A c h r o m o b a c t e r  p a r v u l u s  I. To date, the basra physmochemmal and 
klnetm propertms of the enzyme have been studmd [1--5]. The role of  SH 
groups and hlstldlne residues m catalysis and substrate binding has been eluci- 
dated [6,7]. 

a-Dmarbonyl compounds such as phenylglyoxal, 2,3-butanedlone and 1,2- 
cyclohexanedlone are highly specific reagents used for the modlfmatlon of 
argmme residues m proteins [8--10]. The Important  role of the guanldmmm 
argmme group m the substrate and coenzyme binding has been discovered for 
a number of NAD(P)-dependent dehydrogenases [ 11 - -15 ] .  
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To elucidate the functmn of the argmme residues m a formate dehydroge- 
nase molecule we have studmd the enzyme reactivation under the actmn of 
2,3-butanedmne. 

Expernnental Procedure 

Materials 
Formate dehydrogenase was isolated from the methylotrophm bactermm, 

A parvulus I, m the presence of EDTA as the enzyme actlwty stabilizer [5]. 
The preparatmns obtmned were homogeneous according to electrophoresls m 
polyacrylamlde gels. The value of formate dehydrogenase specffm activity was 
9 0 ~mol/mm per mg. 

Freshly distilled 2,3-butanedmne solutmns (Sigma, U.S.A.) were prepared 
daffy. NAD and NADH (Reanal, Hungary) were used without  prelunmary pun- 
fmatmn. 

Methods 
Enzyme activity was measured m a Reaction Rate Analyzer, model 2086 

(LKB, Sweden) m 0.05 mM phosphate buffer, pH 7.0, at 37°C and at NAD and 
formate concentrations of 1.3 mM and 0.3 M, respectively The formate 
dehydrogenase concentration was determined at 278 nm on a Hitachi spectro- 
photometer,  model 200-20 (Japan), on the basis of the mlllunolar extraction 
coefflcmnt of 127 mM -1 cm -1 [5] The molecular weight of  formate dehy- 
drogenase was considered to be 80 000. F luonmetnc  measurements were per- 
formed m a Hitachi spectrofluorlmeter, model 512 (Japan), at 37°C. 

Modlfmatlon of formate dehydrogenase with butanedlone was camed out  m 
0.035 M borate buffer, pH 8.2, at 25°C. Buffer, protective agents when neces- 
sary and 0.01--0.20 ml butanedlone solution (0.356 M) were added to 0.25 ml 
of enzyme solution (1.35 • 10 -s M) to a total volume of 1 ml. At certmn tune 
intervals, 0.05 ml allquots were withdrawn and the enzymatm activity was mea- 
sured 

Determination of the total number and of essential SH groups m native and 
modlfmd formate dehydrogenase was performed with 5,5'-dlthlobls(2-mtro- 
benzoate) as reported earher [7] Tryptophan was determined spectrophoto- 
metrically [16]. 

Amino acid analysis was carned out as described m Ref 17 on a Hitachi 
amino acid analyzer (Japan), model KLA-3B The enzyme (total amount,  0.3 
mg), reactivated to a certmn degree (modffmatmn was stopped by the addltmn 
of an equal volume of 12 M HC1), was hydrolysed m vacuo m 6 M HC1 for 24 h 
at l l 0 °C .  To prevent regeneratmn of the modffmd argmme residues, thmglygo- 
hc acid was added to the samples m the proportmns of 8 pl/ml. 

The content  of argmme residues was calculated relative to the 68 alanme, 68 
leucme and 58 glycme residues found m the formate dehydrogenase molecule 
[5]. 

The pH dependence of the apparent mactlvatmn rate constant  was computed 
by a standard procedure on a PDP-8 apparatus (Digital, U.S.A.). 

The extent  of protectmn of formate dehydrogenase activity by NAD agmnst 
the mactlvatmn by butanedmne was calculated assuming the following mactlva- 
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tlon mechanism 

k0 
E + b u t a n e d l o n e  --> E* 

K N kl 
E + N A D  ~ -  E-NAD + b u t a n e d l o n e  --~ E* (1) 

where k0 is the apparent mactwatmn rate constant  of the free enzyme, kl the 
apparent mactlvatmn rate constant  of the complex enzyme-NAD and K N the 
dmsoclatmn constant  of the complex enzyme-NAD. 

The experimentally determined mactlvatmn rate constant of formate dehy- 
drogenase (k) is given by Eqn. 2 [19] 

[ N A D ]  
k 0 + k  I - -  

KN 
k 

[ N A D ]  
I + - -  

KN 

(2) 

The values of (k0 -- k,) and K s were determined graphmally using a lmear trans- 
formatmn (Eqn 3) 

1 1 K N 1 
- -  + -  (3) 

k o - k  ko--kl [NAD] k o - k  I 

Results 

In the presence of a 1000-fold molar excess of butanedlone, complete for- 
mate dehydrogenase reactivation is observed m 8 h. The reactivation process 
follows pseudo-hrst-order reaction kmetms up to 25--30% of mltlal enzyme 
activity (Fig. 1). The dependence of the apparent enzyme actwlty rate constant  
on butanedlone concentration is presented m the reset of Fig. 1. The pH value 
exerts the essential influence on the rate of the enzyme modlhcat lon,  decreas- 
mg the half-reactivation period from 12.5 mm (pH 8.0) to 1.5 mm (pH 9.5) at 
a 9000-fold molar excess of butanedlone. The slope of the dependence of the 
apparent mactwatlon rate constant  vs. pH is close to umty  m the pH range 
8.0--8.5 (Fig. 2) The pK value calculated on the basra of the data m Fig. 2 
equals 8 9 + 0.15 at 25°C. The pH dependence of the apparent reactivation rate 
constant  could not  be determined from the pK of argmme residues. Free 
argmme (characterized by the pK of  the guamdmmm group of greater then 12) 
easily undergoes mochfmatmn even at pH 7.5 [11]. The apparent pH profile 
probably can be explained by the mmzatmn of H3BO3 (pK ~ 9 0), smce stabill- 
zatmn of the postulated mtermedmte complex by BO33- [11] at alkaline pH 
should accelerate the modffmatmn reactmn. 

Formate dehydrogenase can be reactivated under the actmn of butanedmne 
even m the absence of BO33-. At an 8000-fold molar excess of the modifying 
agent, the half-mactlvatmn period of the enzyme is about  150 mm (pH 8.2, 
30°C). Under the same condltmns, BO33- at a concentratmn of 0.035 M essen- 
tially increases the mactlvatmn rate and substantially decreases r , n  to 4.5 ram. 

Formate dehydrogenase mactlvatmn under the actmn of butanedmne is 
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Fig 1 Kinet ics  of  f o r m a t e  d e h y d r o g e n a s e  mac tava t lon  wi th  b u t a n e d l o n e  C o n c e n t r a t i o n  of  m o c h f y m g  
agent  (raM) 0 69 (e) ,  2 83 (o),  19 2 (~),  35 6 ([]), 71 2 (A) E n z y m e  concent ra t*on ,  3 4 #M,  0 0 3 5  M 
borate buf fe r ,  p H  8 2, 25°C ( Inse t )  D e p e n d e n c e  of  the  a p p a r e n t  ra te  c o n s t a n t  of  f o r m a t e  d e h y d r o g e n a s e  
r eac t iva t ion  on  bu tanechone  c o n c e n t r a t i o n  

reversible. The regeneration of the specific activity (up to 80%) of partially 
inactivated enzyme preparations (20% of the lmtlal activity) is observed just 
after the removal of both the modifying agent and borate by gel filtration 
These results are m line with the previously proposed mechanism of modifica- 
tion of the argmlne residues with butanedlone in the presence of BO33- [9,18]. 

The results of the titration of the total number of SH groups m the native 
and butanedlone-modlfled formate dehydrogenase (Table I) show that  no SH 
group modification takes place during the enzyme lnactlvatmn. The process of 
enzyme inactivation'is correlated with the decrease in the concentration of the 
essential highly reactive SH groups (Fig. 3) 

The results of fluorlmetrlc tltratlons of native and reactivated (3% of lmtlal 
activity) formate dehydrogenase by NADH are presented m Fig. 4 No enhance- 
ment  of NADH fluorescence IS observed in the presence of reactivated enzyme. 
The coenzyme also does not  quench the protem fluorescence of modlfmd 
enzyme, Le., formate dehydrogenase reactivated with butanedlone is unable to 
bind cofactor. 

The rate of  enzyme mactlvatmn is slowed down by the increase in NAD con- 
centration Table II). Kinetic curves of formate dehydrogenase mactlvatmn under 

T A B L E  I 

Tl txat lon of  SH groups  of  na t ive  a nd  b u t a n e d l o n e - m o d l f e d  f o r m a t e  dehyd.rogenase  (8 M urea  m 0 05 M 
phosphate buffer, pH 7 0 ,  e n z y m e  c o n c e n t r a t i o n ,  0 404  #M, 5 , 5 ' - d l t h l o b l s ( 2 - m t r o b e n z o a t e ) ,  24  4 #M,  
b u t a n e d l o n e ,  1 83 raM) 

Degree of  e n z y m e  reac t iva t ion  (%) 0 29 2 46  8 72 7 

N u m b e r  of  SH groups  per  e n z y m e  mo lecu l e  12 0 11 9 12 0 12 1 
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Fig 2 (Top  left)  pH profi le  o f  the  apparent  react ivat ion rate constant  o f  formate  dehydrogenase  
E n z y m e  concentrat ion ,  3 4 /~M, butaned lone  concentrat ion ,  38 3 raM, 0 0 3 5  M borate  buffer ,  pH 8 2, 
25 ° C 

Fig 3 ( B o t t o m )  T l t r a h o n  of  the essentml SH groups  wi th  5 ,5 ' -d l th lobls (2-mtrobenzoate)  m native (1) 

and butaned lone-modf f l ed  (2-60% actlv~ty, 3--24% activity ,  respect ively)  formate  dehydrogenase  E n z y m e  
concentrat ion ,  3 67  ~tM, 5 ,5 ' -d l th lobm(2-mtroberzoate)  concentrat4on,  20 mM, 0 0 3 5  M borate  buffer,  
pH 8 0,  2 5 ° C  

Fig 4 (Top  right) E n h a n c e m e n t  o f  c o e n z y m e  f luorescence  b y  nat4ve (e )  and butanedlone-modlf~ed (o)  
(3% residual act ivi ty)  formate  dehydrogenase  ~ ,  N A D H  m the absence of  e n z y m e  Formate  dehydxogc-  
nase concentrat ion ,  3 8 #M, 0 0 3 5  M borate  buffer ,  pH 8 2,  25°C kex  = 3 5 0  nm,  kern ffi 4 5 0  n m  

T A B L E  II 

Dependence  o f  the apparent  mact4vat4on rate cons tant  o f  formate  dehydrogenase  on  N A D  concentrat ion  
( e n z y m e  concentra t ion ,  3 4 #M,  butaned lone ,  18 3 raM, 0 0 3 5  M borate  buffer ,  pH 8 2, 25°C)  

N A D  c o n c e n t r a h o n  ( m M )  0 0 327  0 6 5 4  1 31 

Inachvat lon  rate cons tant  (s -1 )  (× 104)  7 8 3 73 2 17 1 08 
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Fig 5 Kmetacs  of  f o r m a t e  d e h y d r o g e n a s e  r eac t iva t ion  wi th  b u t a n e d l o n e  m the  presence  of  p ro t ec t ive  
agents  e ,  con t ro l  and f o r m a t e ,  0 3 M, ~, N A D H ,  16 5 #M,  m N A D ,  0 65 mM,  o, ( N A D  + azlde) .  (0 78 + 
0 04)  m M  E n z y m e  c o n c e n t r a t i o n ,  3 4 pM,  b u t a n e d l o n e  c o n c e n t r a t m n ,  18 3 mM,  0 035  M b o r a t e  buf fe r ,  
pH 8 2, 25°C  

the action of butanedlone in the presence of various compounds  are presented 
in Fig. 5. Coenzymes as well as NAD in the presence of KN3 effectively protect 
the enzyme agmnst mactlvatmn. In the presence of NAD + azide, practically 
complete protectmn of the enzyme activity dunng  modlfmatlon is observed. 

T A B L E  I I I  

A M I N O  A C I D  C O N T E N T  ( R E S I D U E S  PER MOL)  OF N A T I V E  A N D  M O D I F I E D  F O R M A T E  D E H Y -  
D R O G E N A S E  
Mod l hed  e n z y m e  e n z y m e  c o n c e n t r a t i o n ,  4 2 #M, b u t a n e d l o n e ,  6 7 mM,  4 h i n c u b a t i o n  m 0 035  M 
b o r a t e  b u f f e r ,  pH 8 0,  25°C P ro t e c t e d  e n z y m e  the  r eac t iva t ion  was p e r f o r m e d  m the  presence  of  N A D  
(0 6 m M )  and  azlde (0 36 m M ) ,  o the r  cond i t ions  as for  t he  m o d i f i e d  e n z y m e  

A m i n o  amd Nat ive  e n z y m e  Modif ied e n z y m e  P ro t ec t ed  e n z y m e  
(100% ac t iv i ty )  6% a c t l w t y )  (100% a c t l w t y )  

Ala 68 68 68 
Asp 82 81 81 
Glu 58 57 58 
GIy 58 59 58 
C y s *  12 12 12 
H ~  26 26 26 
n e  28 29 28 
Leu  68 67 68 
Lys  34 34  34 
Met 14  14  14 
Phe 16 18 18 
Pro 46  46 46 
Set  34  34 35 
Thr  44  46 46 
Trp  ** 20  20 20 
Tyr 30 31 32 

V~ 48 48 48 

ArE 4 0  2 8  3 0  

* D e t e r m i n e d  by  t i t r a t ion  wi th  5 ,5 ' - d l t h lob l s (2 -mt rogenzoa t e )  m 8 M u rea  [7]  
** D e t e r m i n e d  s p e c t r o p h o t o m e t n c a l l y  [16 ]  
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Sodmm formate does not  affect the rate of formate dehydrogenase mactlva- 
tmn 

Modffmatmn of the enzyme with butanedmne is strmtly specffm. The results 
presented m Table III lndmate that  no change m the number of free ammo amd 
residues (except argmme residues) takes place dunng mactlvatmn. As follows 
from Table III, up to 12 argmme residues can be modffmd by butanedmne m 
the absence of protecting agents. At the same time, the number of modffmd 
argmme residues m the presence of coenzyme and azlde is reduced to 10. Thus, 
ternary complex formatmn (enzyme-NAD-azlde) affords specffm protectmn of 
two argmme residues per formate dehydrogenase molecule. 

Dlscussmn 

Formate dehydrogenase from the methylotrophm bactermm, A. parvulus I, 
hke many other NAD<iependent dehydrogenases is mactlvated under the 
action of an excess of butanedmne, a reagent whmh speclhcally blocks arg, nme 
residues m protems 

The pseudo-first-order mactlvatmn lunetms of formate dehydrogenase (Fig. 
1) suggest that  enzyme mactlvatmn is achmved by the bloclung of one argmme 
residue susceptible to the actmn of butanedmne. In other words, mactlvatmn is 
assocmted with the mcorporatmn of a smgle molecule of the modifying agent 
per subumt of  the formate dehydrogenase duner. Complete dmappearance of 
enzyme actwlty during the course of modffmatmn testffms to the absence of 
enzyme forms characterized by a partial loss of catalytm actwlty. 

The hyperbohc character of the concentratmn dependence of the apparent 
mactlvatmn rate constant  proposes mtermedmte complex formatmn between 
the enzyme and modifying agent prmr to mactlvatmn according to the scheme: 

K k 
E + b u t a n e d m n e -  -~ E - b u t a n e d l o n e  ~ E * - b u t a n e d l o n e  (4) 

where K is the dissociation constant  of the enzyme-butanedlone complex. The 
hneanzat lon of the observed concentration dependence m the double-rempro- 
cal plot makes it possible to evaluate k and K values as 1.3 10 -3 s -1 and 0.010 
M, respectwely (pH 8.2, 25°C). 

The protection studms on formate dehydrogenase m the presence of sub- 
strates show that  absolute preservation of enzyme activity m achmved on 
blnany and ternary (Fig. 5) complex formation with coenzymes, but  no t  with 
formate. From the hnearlzatlon of the data of Table I I m  a double-remprocal 
plot (Fig. 6), values of ( k 0 -  kl) and KN (Eqn. 3) are obtmned whmh equal 
7 9 • 10 -4 s -1 and 3.0 • 10 -4 M, respectwely. Comparmon of the (k0 - - k l )  value 
with that  of k0 obtmned m the absence of protective agents (7.8 • 10 -4 s -1) 
shows that  the value of k l is close to zero. 

The ternary complex formation m accompamed by speclfm protection of one 
argmme residue per subumt and retention of enzyme activity (Table III). These 
data together, with the observatmn that  modffmd formate dehydrogenase does 
not  brad coenzymes, mdmates that  the argmme residue essential for catalytm 
actawty is situated at the formate dehydrogenase active centre and m located on 
or near the coenzyme bmdmg site. 
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Fig 6 T he  d e t e r m i n a t i o n  of  the  e x t e n t  of  p r o t e c t i o n  of  the  f o r m a t e  d e h y d r o g e n a s e - N A D  c o m p l e x  
against  r eac t iva t ion  wi th  b u t a n e d m n e  k 0 and  /e l ,  m a c t l v a t m n  ra te  cons tan t s  of  the  free e n z y m e  and 
e n z y m e - N A D  c o m p l e x ,  r espec t ive ly ,  k, t n a c t l v a t m n  ra te  cons t an t  d e t e r m i n e d  e x p e r i m e n t a l l y ,  KN,  d~-  
soc la t lon  c o n s t a n t  of  the  c o m p l e x  e n z y m e - N A D  

It should be noted that  the modification of  argmme residues not  only mac- 
tlvates the enzyme, but also leads to the alteration of its native structure A 
rather sensitive test for the degree of preservation of the native structure of 
formate dehydrogenase dunng modification is the reactivity of two essential 
SH groups of the enzyme towards 5,5'<hthlobls(2-mtrobenzoate). Blocking of 
argmme residues by butanedlone reduces the apparent concentration of the 
highly reactive SH groups of the enzyme actwe centre (Fig. 3). At the same 
time, the total number of formate dehydrogenase thlol groups is preserved 
during the course of modlfmatlon (Table I). The same changes m the concen- 
tration of the essential SH groups take place during modlfmatlon of the hlstl- 
dine residues of formate dehydrogenase by dmthyl pyrocarbonate [6]. The 
results obtmned show that  m the modffmd formate dehydrogenase, the active 
centre of the enzyme is a m distorted conformatmn.  

For a number of NAD(P)-dependent dehydrogenases, pyndme nucleotldes 
were shown to protect enzymes from mact~vatmn by argmme-specffm reagents 
[11--15,19]. These results were interpreted by a majority of authors as mdmat- 
mg the partmlpatmn of one or more argmme residues m coenzyme bmdmg m 
dehydrogenases. In the case of enzymes such as hver alcohol dehydrogenase 
and lactate dehydrogenase [20,21], the data of X-ray analysis showed that  
argmme residues interact with the pyrophosphate coenzyme momty.  Taking 
into account the extensive homology In the structure and functmn of the 
coenzyme-bmdmg domain of NAD(P)-dependent dehydrogenase [22], the 
essential argmme residues of bacterial formate dehydrogenase are supposed to 
partmlpate m cofactor binding, lnteractmg with its pyrophosphate momty.  

Thus, we have shown that  mactlvatmn of bacterial formate dehydrogenase 
with butanedmne depends on blocking of the single argmme residue located at 
the active centre of the enzyme. By analogy with other NAD-dependent dehy- 
drogenases, it is supposed that  this ammo acid residue is located m the coen- 
zyme-bmdmg domain of the active centre and interacts with the pyrophosphate 
group of the coenzyme. 
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