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Summary 

1. An NADH dehydrogenase, obtained from an extremely halophilic bac- 
terium, was activated by  various salts when enzyme activity was measured as 
the observed velocity, whereas the maximum velocity was unaffected by either 
the salt concentration or the nature of the salt. 

2. Two ion effects were observed; a quantitative cation effect, reflected in 
changes in the apparent Michaelis constant for 2,6-dichlorophenolindophenol,  
and a qualitative anion effect, reflected in the apparent Michaelis and dissocia- 
tion constants for NADH. 

3. The data suggest that cations act by neutralizing electrostatic charges 
surrounding the 2,6-dichlorophenolindophenol-binding site, whereas the anions 
affect the conformation of the enzyme by  altering the accessibility of the 
NADH-binding site to the bulk solvent. 

4. Thus, the apparent activation of this enzyme, obtained from an ex- 
tremely halophilic bacterium, is a reflection of  measuring enzyme activity at 
non-saturating substrate concentrations. 

Introduction 

The preceding paper in this series [1] described the purification and some 
properties of an NADH dehydrogenase (reduced NAD:2,6-dichlorophenolindo- 
phenol oxidoreductase,  EC 1.6.99.3) from an extremely halophilic bacterium 

Abbrev ia t ions :  DCIP, 2,6-dichlorophenolindophenol; DCIPH, reduced 2,6-dichlorophenolindophe- 
nol. 
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(strain AR-1). Like certain other enzymes obtained from extremely halophilic 
bacteria [2],  the NADH dehydrogenase activity from strain AR-1 was en- 
hanced by the presence of NaC1. However, considerable activity was observed 
in the absence of added salt (15 mM NaC1). While other enzymes obtained from 
halophilic bacteria have been reported to be active either at low salt concentra- 
tions or in their absence [ 3 - 6 ] ,  the NADH dehydrogenases from Halobacte- 
rium salinariurn, strain 1 [7],  and Halobacterium cutirubrum [8] were inactive 
in the absence of added salt. In order to clarify the discrepancy between these 
NADH dehydrogenases, the ionic activation of  the solubilized enzyme from 
strain AR-1 was studied in more detail. Particular at tention was devoted to the 
effect of  salts on the kinetic parameters of the enzyme since a previous study 
indicated that  failure to take this into account could lead to anomalous data 
[9]. 

Materials and Methods 

The enzyme employed in this study was the QAE fraction prepared as 
previously described [1 ]. It had a specific activity of  376 pmol DCIP reduced / 
min per mg protein when assayed in a standard reaction mixture. 

The standard reaction mixture contained the following additions in a total 
volume of 1 ml: imidazole hydrochloride, pH 7.0, (50 pmol); KCN (1 pmol); 
DCIP (70 nmol); NADH (100 nmol); bovine serum albumin (40 pg); NaC1 (2.5 
mmol). The assays were carried out at 30°C by the addition of 0.036 unit of 
enzyme, where a unit of  enzyme activity is that  amount  of enzyme catalyzing 
the reduction of  1 pmol of DCIP per min. Kinetic assays were carried out in 
standard reaction mixtures over a concentration range of from 25 to 71 pM 
DCIP and from 30 to 150 pM NADH. When Na ÷ was replaced by other cations, 
all solutions were made up with the cation supplied as the chloride salt. When 
CI- was replaced by other anions, they were supplied as the sodium salts, and 
the buffer was neutralized with the appropriate acid with the exception of 
thiocyanate,  where HC1 was employed. The amount  of NaC1 added with the 
enzyme was 30 pmol. The data were corrected for any non-enzymic reduction 
of DCIP by NADH; no NADH-independent reduction of  DCIP was observed. 

The results from the kinetic experiments were first plotted in double 
reciprocal form. If linear, the results were analyzed using a computer program 
for sequential kinetics made available by Dr V. Schramm (Department of Bio- 
chemistry, Temple University School of Medicine). 

NADH, NAD and DCIP were obtained from the Sigma Chemical Co. 
DCIPH was prepared in situ since it was rapidly auto-oxidized regardless of the 
reductant  employed. The desired amount  of DCIPH was obtained by adding 
sufficient DCIP to a standard reaction mixture so that reduction with an ap- 
propriate amount  of ascorbic acid resulted in the desired amounts of both 
DCIP and DCIPH. The concentration of DCIP was determined from the ab- 
sorbance at 600 nm prior to the addition of the enzyme (using 20 for the 
millimolar absorbance). The concentration of DCIPH was determined from the 
difference in absorbance at 600 nm prior to the addition of ascorbic acid and 
the absorbance at 600 nm before initiating the reaction by the addition of 
enzyme. In separate experiments, it was determined that  dehydroascorbic acid 
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did not  inhibit NADH dehydrogenase activity up to a concentration of at least 
140 pM. This was the maximum amount  ever present in the experiments re- 
ported in this paper. All other chemicals were obtained from the usual commer- 
cial sources. 

Results 

Substrate kinetics 
When initial velocity studies were carried out in the presence of 2.5 M 

NaC1, with DCIP as the variable substrate and NADH as the changing fixed one, 
a family of intersecting lines were observed in which both the ordinate inter- 
cept and the slopes changed (Fig. la) .  A similar pattern was observed when 
NADH was the variable substrate and DCIP was the changing fixed one (Fig. 
lb) .  In all cases, replots of the slopes and intercepts were linear and are shown 
in the insets. These results were consistent with the operation of a sequential 
mechanism in which both substrates add to the enzyme prior to the release of 
products. The kinetic constants obtained from these experiments are sum- 
marized in Table I and are those suggested by Cleland [10],  where K a and K b 
are the Michaelis constants equivalent to the concentrations of the appropriate 
substrates which give half of the maximum velocity, while Kia is the dissocia- 
tion constant of the appropriate binary complex. 

Product inhibition studies 
When NAD was used as the product inhibitor, competitive inhibition was 

observed with NADH as the variable substrate (Fig. 2a). Non-competitive in- 
hibition was observed when DCIP was used as the variable substrate in the 
presence of NAD (Fig. 2b). When DCIPH was used as the product inhibitor, 
non-competitive inhibitions were observed when either NADH (Fig. 2c) or 
DCIP (Fig. 2d) was present as the variable substrate. The results of the product 
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Fig. 1. Ini t ial  ve loc i ty  p a t t e r n s  for  N A D H  d e h y d r o g e n a s e .  R e c i p r o c a l  v e l o c i t i e s  are  p l o t t e d  as a fu n t i o n  of  
N A D H  (a) or  DCIP  (b) as  t h e  v a r i e d  s u b s t r a t e s  at  var ious  f ixed c o n c e n t r a t i o n s  of  DCIP (a) or  N A D H  (b).  
T h e  i n s e t s  r e p r e s e n t  s e c o n d a r y  plots  of  i n t e rcep t s  and slopes f r o m  t h e  r e l a t e d  p r i m a r y  plots.  Veloc i ty  
units  are  c h a n g e s  in  a b s o r b a n c e  at  6 0 0  n m / m i n .  
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T A B L E  I 

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  F OR N A D H  D E H Y D R O G E N A S E  IN 2.5 M NaCI 

The  k ine t i c  c o n s t a n t s  were  ob t a ined  f r o m  the  init ial  veloc i ty  da t a  in Fig. 1 and  were  ana lyzed  using a 
c o m p u t e r  p r o g r a m  for  sequent ia l  kinet ics .  The  uni t s  for  V are # tool  DCIP r e d u c e d / r a i n  p e r  m g  pro te in .  
Values  are m e a n s  ± S.E. 

P a r a m e t e r  Cons tan t s  

V 633 ± 15.0  
K a (pM)  25.4 ± 1.8 
K b (pM)  30.0  ± 1.4 
Kia (pM)  9.8 ± 2.6 

inhibition experiments suggested that an ordered BiBi mechanism most ade- 
quately described the behavior of  the NADH dehydrogenase from strain Ar-1 
since it is the only one which predicts one competitive and three non-competi- 
tive inhibition patterns [11] .  Assuming that the kinetic mechanism was order- 
ed BiBi, it was possible to associate the various kinetic constants with their 
substrates, since NADH must add first (Ka = KN A D H, Kia = KiN A D H ) and 
D C I P  s e c o n d  ( g  b = K D c i P ) .  

The effect of  cations 
The effect of  NaC1 on  the kinetic parameters was investigated at several 

salt concentrations. The results, summarized in Table II, indicated that the 
maximum velocity (V) was not significantly affected by the concentration of 
NaC1. Of the kinetic constants measured, only K D c iP was affected by the salt 
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Fig, 2. Inh ib i t ion  pa t t e rns  for  N A D H  dehydrogenase .  (a) P ro d u c t  inh ib i t ion  b y  N A D  wi th  N A D H  as the 
var ied subs t ra te ;  DCIP  c o n c e n t r a t i o n  was  70 #M. (b) P rodu c t  inh ib i t ion  b y  NAD wi th  DCIP as the  var ied 
subs t ra te ;  N A D H  c o n c e n t r a t i o n  was  150 #M. (c) P roduc t  inh ib i t ion  b y  DCIPH wi th  N A D H  as the  var ied 
subs t ra te ;  DCIP  was  70 pM. (d) P roduc t  inh ib i t ion  by  DCIPH wi th  DCIP as the  var ied subs t ra te ;  N A D H  
was 150 #M. Veloci ty  uni ts  are changes  in abso rbance  at 600 n m / m l n .  
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T A B L E  II  

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  F O R  N A D H  D E H Y D R O G E N A S E  A T  V A R I O U S  C O N C E N -  

T R A T I O N S  O F  NaC1 

T h e  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  f r o m  in i t ia l  v e l o c i t y  d a t a  a n d  w e r e  a n a l y z e d  u s i n g  a c o m p u t e r  

p r o g r a m  for  s e q u e n t i a l  k ine t i c s .  T h e  u n i t s  f or  V are  p m o l  D C I P  r e d u c e d / r a i n  p e r  m g  p r o t e i n .  V a l u e s  are  
m e a n s  ± S.E.  

P a r a m e t e r  N a C l  c o n c e n t r a t i o n  

1 0 0  m M  2 5 0  m M  5 0 0  m M  1 .0  M 

V 7 2 3  +- 3 7 , 0  6 3 5  + 5 1 . 0  6 1 6  -+ 3 4 . 0  5 7 9  + 5 1 . 0  

K D C I P  ( # M )  79 .5-+  6 .5  7 6 . 8  ± 1 0 . 0  3 4 . 6  -+ 8 .2  4 1 . 6  ,+ 8 .4  

K N A D H  ( ~ M )  2 7 . 8  -+ 4 .6  19 .1  -+ 5.9 18 .1  ~ 5 .0  2 1 . 5  ± 8.1 

K i N A D  H ( p M )  1 2 . 8  -+ 2 .2  1 0 . 0  -+ 3 .3  13.,4 ± 4 .4  1 1 . 4  ± 7 .9  

concentration. Thus, in the presence of  2.5 M NaC1, the value observed was 28 
gM, whereas in the presence of  100 mM NaC1 the value for K D c iP was 79 pM. 
Neither the apparent Michaelis constant nor the dissociation constant for 
NADH was affected by the NaC1 concentration.  

The nature of  the cation had no significant effect on any of  these param- 
eters when the ions were present at a concentration of  2.5 M (Table III). When 
the monovalent cations were assayed at low concentrations (100 mM), the only  
parameter affected was K D c iP. In all cases the values of K D c iP were indistin- 
guishable from those observed in the presence of  100 mM NaC1. 

The effect of anions 
Four anions, added as the sodium salts, were examined for their effects on 

NADH dehydrogenase activity. As shown in Fig. 3, sulfate, chloride and nitrate 
stimulated enzyme activity; the extent  of stimulation was greatest with sulfate 
and least with nitrate. The results with thiocyanate were ambiguous since it 
inhibited NADH oxidation at all concentrations tested. If, like other NADH 
dehydrogenases [ 1 2 - - 1 4 ] ,  the NADH dehydrogenase from strain AR-1 contains 
iron, then it is not  clear whether the inhibition produced by thiocyanate is a 
consequence of  ion chelation or an extreme extension of  the anion effect. 

T A B L E  I I I  

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  F O R  N A D H  D E H Y D R O G E N A S E  IN T H E  P R E S E N C E  O F  

V A R I O U S  C A T I O N S  

T h e  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  f r o m  in i t ia l  v e l o c i t y  d a t a  a n d  w e r e  a n a l y z e d  u s i n g  a c o m p u t e r  
p r o g r a m  f o r  s e q u e n t i a l  k i n e t i c s .  T h e  u n i t s  f o r  V axe p m o l  D C I P  r e d u c e d / r a i n  p e r  m g  p r o t e i n .  V a l u e s  axe 
m e a n s  ± S.E.  

C a t i o n  C o n c e n t r a t i o n  V K N A D H  ( p M )  K D C I P  ( p M )  K i N A D  H ( p M )  

Li  + 2 . 5 M  5 6 1 ±  6 1 . 0  19 .6  + 9 .2  2 7 . 2  + 7 .8  1 8 . 2  + 6 .1  

K + 2 . 5 M  6 0 6  ± 1 7 . 0  1 7 . 9  +- 1.9 16 .5-+  1 .4  1 2 . 0  ± 1 .8  

Cs + 2 .5  M 6 5 6  -+ 3 3 . 0  1 6 . 5  +- 1 .4  2 0 . 4  ± 3.1 10 .3  +- 2 .6  

L i  + 1 0 0  m M  7 3 3  +- 117  3 5 . 2  +- 1 4 . 8  77 .9  -+ 19 .9  8 .9  -+ 2.9 

K + 1 0 0  m M  6 1 7  ± 5 0 . 0  2 5 . 5  ± 6 .6  7 5 . 5  +- 1 6 . 4  1 1 . 8  -+ 3 .4  
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Fig. 3. T h e  e f f e c t  o f  a n i o n s  o n  N A D H  d e h y d r o g e n a s e  ac t iv i ty .  E n z y m e  ac t iv i ty  was  d e t e r m i n e d  in stan- 
dard r e a c t i o n  m i x t u r e s  in w h i c h  the  salt  c o n c e n t r a t i o n  was  varied as i n d i c a t e d .  T h e  a n i o n s  w e r e  a d d e d  as 
the  s o d i u m  salts.  In the  a b s e n c e  o f  a dde d  NaCI, the  NaCI c o n c e n t r a t i o n  w a s  30 mM,  d u e  to  carryover  w i t h  
the  e n z y m e .  T h e  v e l o c i t y  un i t s  are c h a n g e s  in a b s o r b a n c e  at 600 n m / m i n .  ~, Na2SO4;  • NaCI; ~, NaNO3;  
I ,  NaCNS. 

In order  to  ascertain w h e t h e r  the  an ion  e f fec t  was  a c o n s e q u e n c e  o f  
e n z y m e  act ivat ion ,  or  d u e  to  an e f fec t  o n  s o m e  kinet ic  parameter ,  a series o f  
e x p e r i m e n t s  were  carried o u t  at various  a n i o n  c o n c e n t r a t i o n s  in w h i c h  the  
c o n c e n t r a t i o n  o f  b o t h  substrates  was  varied. The  results  o f  such e x p e r i m e n t s  
are s u m m a r i z e d  in Table  IV. When the  assays  were  carried o u t  in the  presence  
o f  2.5 M Na ÷, the  o n l y  parameters  a f f ec ted  were  KN A D H and KiN A D H, w i th  
the  values  being least in the  presence  o f  sulfate ,  and greatest  in the  presence  o f  
nitrate.  N o  s ignif icant  d i f ferences  were  observed  in the  values  for  V o r  K D c IP. 
When the  assays  were  carried o u t  in the  presence  o f  1 0 0  mM Na ÷, there  was  no  
e f fec t  o n  V. K N A D H exh ib i t ed  a less p r o n o u n c e d  response ,  a l though  the  value  
for  sul fate  was  still s igni f icant ly  l ower  than t h o s e  for  ch lor ide  and nitrate.  S ince  
the  assays  were  carried o u t  in the  presence  o f  l o w  ca t ion  c o n c e n t r a t i o n s ,  the  
increased values  in K D c I P were  n o t  u n e x p e c t e d .  

T A B L E  IV 

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  F O R  N A D H  D E H Y D R O G E N A S E  IN T H E  P R E S E N C E  OF 
V A R I O U S  A N I O N S  

The  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  f r o m  init ial  v e l o c i t y  data  and  w e r e  a n a l y z e d  us ing  a c o m p u t e r  
p r o g r a m  for  s e q u e n t i a l  k ine t i c s .  T h e  un i t s  for  V are #tool  DCIP r e d u c e d / r a i n  per  m g  p r o t e i n .  V a l u e s  are 
m e a n s  + S.E. 

Parameter  [Na  +] = 100  m M  [Na  +] = 2.5 M 

SO4 2- NO3-  SO4 2- NO3- 

V 570  + 30.0  633 +- 52.0 706 -+ 13 .0  
K N A D H  (/aM) 12.3 ± 3.5 32 .5  ± 5.9 10.2 -+ 1.1 
K D C I P  ( p M )  72.3 +- 5.2 61 .2  ± 5.9 22 .8  ± 1.2 
K i N A D  H (#M)  3.5 ± 3.3 14.2 +- 5.3 2.7 ± 1.8 

6 1 2  -+ 26 .0  
50.1 ± 5.4 
3 1 . 3  ± 2.9 
24.5 ± 4.3 
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Discussion 

There have been few kinetic studies with enzymes obtained from extreme- 
ly halophilic bacteria. McParland [6] described the effect of salt concentration 
on Mn2÷-activated alkaline phosphatase obtained from H. salinariurn, strain 1. 
V was observed to increase with increasing concentrations of NaC1, with maxi- 
mum activity observed in 1 M NaC1. At higher concentrations of NaC1, V 
decreased so that  in the presence of 4 M NaC1, the value was about 60% that  in 
1 M NaC1. The apparent Michaelis constant for Mn 2÷ was also shown to increase 
with increasing salt concentration, while the apparent Michaelis constant for 
the substrate, p-nitrophenyl phosphate, decreased. These results were inter- 
preted to suggest that  salt interacted with the enzyme in two ways: by shield- 
ing electrostatic interactions which distorted the active site, and by affecting 
the electrostatic interactions between Mn 2÷ and its binding site. In the case of 
the isocitric dehydrogenase obtained from a colorless strain of H. salinarium 
[4],  V was affected by the salt concentration, passing through a maximum 
value at about 1 M salt. Both apparent Michaelis constants were also affected 
by the salt concentration; however, each increased with increasing salt concen- 
tration. In addition, there appeared to be a qualitative ion effect since the 
enzyme exhibited greater activity in the presence of NaC1 than in KC1, while 
the apparent Michaelis constants were significantly less in the presence of KC1 
rather in NaC1. It was proposed that  the isocitric dehydrogenase existed in two 
forms. In the presence of high concentrations of NaC1 (but  not KCI) the pre- 
dominant  form of the enzyme was that  for which the binding of substrates was 
inhibited by NaC1. 

The NADH dehydrogenase from strain AR-1 exhibited considerable activ- 
ity in the absence of added NaC1. Increasing the concentration of NaC1 en- 
hanced enzyme activity, with a maximum observed at about 2 M NaC1. A 
similar enhancement was observed when NaC1 was replaced with LiC1, KC1, or 
CsC1 (Hochstein, L.I., unpublished data). If the maximum rather than the 
observed velocities were determined, the dependency of enzyme activity on the 
NaC1 concentration disappeared. The effect of NaC1 concentration was to in- 
crease the apparent Michaelis constant for DCIP (g  D ciP).  Replacing Na ÷ with 
other monovalent cations did not affect any of the kinetic parameters of the 
enzyme when the assays were carried out in the presence of 2.5 M monovalent 
cation. At lower monovalent cation concentrations, again the only kinetic 
parameter affected was KDC~P. Thus, it is possible to account for the depen- 
dency of  V on salt concentration as probably a reflection of the dependency of 
enzyme activity on the dye concentration, since the amount  of DCIP employed 
in the standard reaction mixture was only 2.7 g D c iP- 

Since DCIP is an anionic dye, a possible interpretation of  the data is that  
the dye-binding site on the enzyme is cationic and surrounded by a region 
relatively rich in negative charges. This assumption is not too unreasonable in 
view of the observation that  bulk proteins from extremely halophilic bacteria 
[15] and an alkaline phosphatase from H. salinarium [6] are characterized by 
the presence of a relative excess of acidic amino acids. This interpretation then 
suggests that  cations act by neutralizing negative charges near the dye-binding 
site and allow the approach of the anionic dye. In solutions of low ionic 
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strength, such an approach would be hindered by the presence of identical 
charges which would repel the approach of the dye. This interpretation was 
also consistent with the observation that  K D c IP and V were independent of 
the nature of either the cation or anion. 

An entirely different response was observed when NADH dehydrogenase 
activity was determined in the presence of different anions. The observed veloc- 
ities were dependent  on the nature of the anion, with the greatest activity 
observed in the presence of  sulfate, intermediate activity observed in the pre- 
sence of  chloride, and least activity observed in the presence of nitrate. 

When V was determined in the presence of these anions, the dependency 
of enzyme activity on the nature of the anion disappeared. Instead, the only 
parameter affected w a s  g N A D H and KiN A D H" The magnitude of the constants 
was greatest in the presence of nitrate and least in the presence of sulfate. Since 
the magnitude of K N A D H and KiN A D H was independent of the concentration 
of the anion, and since earlier studies demonstrated that  NADH was probably 
bound to the enzyme via the 6-amino nitrogen of the adenosine moiety of  
NADH [1], it seemed unlikely that the anions functioned by neutralizing 
locally high concentrations of positive charges so as to allow the approach of 
the positively charged NADH to its binding site. This hypothesis seems particu- 
larly unattractive in view of the acidic nature characteristic of halophilic pro- 
teins [14].  

Recent data have pointed to the importance of hydrophobic forces for 
stabilizing halophilic enzymes and the role of certain anions in destabilizing 
such interactions [16].  Assuming that  a similar situation exists in the case of 
the NADH dehydrogenase from AR-1, and that  the various conformational 
states are catalytically active, then the NADH-binding site may be contained 
within a region of the enzyme whose accessibility to bulk solvent, and hence 
substrate, is a function of the conformational state of the enzyme. Those ions 
which favor the most compact form of the enzyme may produce a conforma- 
tion in which the NADH-binding site has maximal access to the bulk solvent, 
while those ions which favor the least compact form of the enzyme also result 
in removing the binding site from ready access to the solvent. These effects are, 
in turn, reflected in the K N A D H and KiN A D H values and suggest that, as in the 
case of the cation effect on enzyme activity, the stimulation of activity due to 
anions reflects the inability to saturate the enzyme with substrate in the pre- 
sence of certain anions. 

At the present time it is not possible to explain the apparent discrepancy 
in the behavior of the NADH dehydrogenases from strain AR-1 H. cutirubrum 
[8],  and H. salinarium [7].  In a further at tempt to understand these differ- 
ences, we have recently undertaken a study of the NADH dehydrogenases from 
a number of extremely halophilic bacteria. Preliminary data indicate that  those 
enzymes which are solubilized from the membrane in 2 M NaC1 and stable at 
this salt concentration behave in a manner similar to the enzyme obtained from 
AR-1, whereas those which are not apparently solubilized but remain mem- 
brane bound (the NADH dehydrogenases from H. salinarium and H. cutiru- 
bruin), do not. It is interesting that all of the strains that  possess a membrane- 
bound NADH dehydrogenase capable of being solubilized in 2 M salt also 
utilize one or more carbohydrates (Hochstein, L.I. and Tomlinson, G., unpub- 
lished data}. 
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