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SUMMARY 

I. The kinetics of the salt modification on the alkaline phosphatase from a 
slightly halophilic marine Vibrio alginolyticus was greatly influenced by pH. The 
pH-dependent  variations in the type of salt modification were explained by the 
mechanism of single substrate-single modifier case described by Frieden. 

2. At pH 7.5, the activity was affected by the species of anions and more 
chaotropic anions decreased the apparent  Km for p-nitrophenyl phosphate more 
effectively. But when compared in V/Km, C1- was the most effective. The enzyme 
was not activated by SO4 ~-, which acted as a linear competitive inhibitor for the 
action of C1-. This anion dependence, however, was not observed at pH lO.3. 

3- On the other hand, alkaline phosphatase from Escherichia coli showed no 
anion dependence and the type of salt modification was unaffected by  pH. 

4. I t  was suggested that  the enzymes from halophilic bacteria are sensitive 
to anions and that  the hydrophobic interactions in the enzyme molecules are more 
important  than in those from non-halophiles, for the manifestation of their activities. 

INTRODUCTION 

Earlier studies in this laboratory have demonstrated that  periplasmic 2',3'- 
cyclic phosphodiesterase (3'-nucleotidase)l, " and membrane-bound 5'-nucleotidase a 
of a slightly halophilic marine Vibrio alginolyticus are modified by monovalent anions 
and that  the order of effectiveness in activating 3'-nucleotidase and 5'-nucleotidase 
follows a lyotropic series : C1- > Br -  > I -  > NOs-. Since the corresponding enzymes 
from a non-halophilic Escherichia coli showed no response to monovalent anions, 
anion specificity was considered to be characteristic of the enzymes from marine 
bacteria. Recently we found that  the alkaline phosphatase from V. alginolyticus is 
also affected by  monovalent anions and that  the type of salt modification varies 
depending upon pH. Alkaline phosphatases from E. coli 4,s and animals 6 have been 
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reported to be activated by increasing ionic strength. To compare the effect of salts 
on the alkaline phosphatases isolated from non-halophilic and slightly halophilic 
bacteria, we studied the effect of salts on the enzyme from V. algino@ticus together 
with that from E. coll. 

MATERIALS AND METHODS 

Materials 
p-Nitrophenyl phosphate was recrystallized from 87% ethanol, which con- 

tained less than 0.2% of inorganic phosphate. Alkaline phosphatase from E. coli 
(Type III)  was purchased from Sigma, and (NH~)eSO4 in the enzyme sample was 
removed by gel filtration before use. All other reagents were analytical grade. 

Bacterial growth 
To induce the formation of alkaline phosphatase, V. alginolyticus 138-2 was 

grown in a medium containing 0.2% Polypepton (Daigo-eiyo), IO mM K2SOa, 5 mM 
MgSO~, 0.2% glucose, 0.2% glutamate, 20 mM Tris-HC1 (pH 7.4) and 3.0% NaC1. 
This medium contained o.16 mM inorganic phosphate. The cells were harvested from 
a IO-1 culture at the logarithmic phase of growth by centrifugation at IO ooo × g 
for IO rain and were washed twice with I.O M NaC1 containing 5 ° mM Tris-HC1 

(pH 7-4)- 

Purification of alkaline phosphatase from V. alginolyticus 
All procedures were performed at 0- 4 °C and all the solutions used for enzyme 

purifications contained IO mM Tris-HC1 (pH 7.4) unless otherwise indicated. 
Alkaline phosphatase was released from the cells by the osmotic shock pro- 

cedure as described previously 1, except that the washed cells were first suspended in 
a medium containing I.O M NaC1, 0.5 M sucrose and 50 mM Tris HC1 (pH 7-4). The 
osmotic shock fluid thus obtained was concentrated by ultrafiltration in the Amicon 
apparatus fitted with a type G-2o T membrane (Nippon Shinkuu Polymer) and salts 
were removed by gel filtration. This fraction (I) was applied to DEAE-cellulose 
column (1. 5 cm × 12 cm). The column was eluted by a linear gradient from o.oI to 
0. 5 M NaC1 in a total volume of 320 ml. The active fractions were eluted at a NaC1 
concentration of about o.15 M. They were combined, concentrated and desalted by 
ultrafiltration. This fraction (II) was then applied to a DEAE-Sephadex colmnn 
(0. 9 cm × 3.5 cm), which had been equilibrated with 0.o 5 M NaC1. A linear NaC1 
gradient elution from 0.05 to 0.5 M in a total volume of 55 ml was carried out. The 
active fractions were eluted at about 0.2 M NaC1, which were combined and concen- 
trated (Fraction III). This was further treated with Sephadex G-Ioo (2 cm × 4 ° cm). 
Results on the purification are summarized in Table I. As calculated from the crude 
extracts of the cells, the enzyme was purified 4oo-fold. 

Enzyme assay 
The hydrolytic activity of the enzyme was assayed at 37 °C by following the 

release of p-nitrophenol from p-nitrophenyl phosphate through the change in ab- 
sorbance at 4o5 nm, in a Hitachi two-wavelength double-beam spectrophotometer 
356 equipped with a thermostatically controlled chamber, using a o.oi or o.o 3 ab- 
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T A B L E  I 

PURIFICATION OF ALKALINE PHOSPHATASE FROM V, alginolyticus 

Enzyme  activity was assayed in a reaction mix ture  containing 1.o mM p-ni t rophenyl  phosphate ,  
0.2 M NaC1 and 20 mM cyclohexylaminopropanesulfonic  ac id -NaOH (pH 9.5). Crude cell ext racts  
prepared by  osmotic  lysis had a specific act ivi ty of 0.85 un i t /mg  protein. 

Fraction Volume Protein Enzyme activity 
(ml) 

mg/ml mg (units/ml) (units/rag protein) 
_ ._ 

I. Osmotic shock 
fluids, conc. i i o  1.19 I3I  5.71 4.8o 

IL  DEAE-cellulose 
fraction, cone. 16 o.58 9-3 2o.o 34.5 

i l l .  DEAE-Sephadex  
fraction, cone. 2.5 1.32 3.3 89.9 68. I 

iV. Sephadex G- ioo  
fraction lO.8 o.o32 o.35 lO.9 34 ° 

sorbance scale. The reaction was started by adding o.o2-o.o4 ml of enzyme solution 
in a total volume of 3.0 ml. The enzyme was diluted with 5 mM Tris-acetate (pH 7-4) 
containing 50/*g bovine albumin per ml before use. Buffers used were 20 mM veronal- 
HC1 between pH 6.5 and 9.0 and 20 mM cyclohexylaminopropanesulfonic acid-NaOH 
between pH 9.0 and lO.3. 

The molar extinction coefficient of p-nitrophenol was measured at each pH 
and the enzyme activity was expressed in/,moles of the substrate hydrolyzed in I rain. 

Salt solutions used were adjusted to the requisite pH before use. Protein was 
determined by the method of Lowry et al. 7 using bovine albumin as a standard. 

RESULTS 

Effect of pH on the salt modification of alkaline phosphatase from V. alginolyticus 

pH 7.,5 pH 8.0 
2001._ ( ~ 0  m M 801._ J O i n  M 

100 ~ X  ~50mM mM 

, _  , , , 

1.0 2.0 3.0 1,0 2,0 
(pM") (HM") 

pH 8.5 0 mM /p~H 9.__~0 / ~ ' 6 0 0  mM 
30 L 

I I ~ ~ I I I I ,  
0.5 1.0 0.1 0.2 0.3 

(~M -~) (~M") 

EJg. ~. The doub[e reciprocal 9lots (]/~ ~ s g s  ~/S) ~n t~e presence ~nd absence of N~C] w~th ~- 
n~tropheny] ~5osp~gte ~s subst;~te using 2o mM veron~]-HC] bu~eEs. T~e concentrations of 
N~C] ~nd ~ were ~d~cated J~ t~e 5~ure. ] ~ f i ~ ]  ve]oc~t7 (~) was expressed ~n mmo]es of the 
substr~te ~d ro ]~ged  ~e~ ~ n  ~er mg ~rotei~. ~ote t~e d~Ee~ence Jn t~e scales on eac~ graph. 
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Alkaline phosphatase from V. alginolyticus catalyzes a transphosphorylation 
reaction s , which is also activated by the addition of salts. In these experiments, the 
effect of salts on the hydrolytic activity was examined in the absence of any phos- 
phate acceptors, to avoid complications. 

Fig. i indicates the effect of NaC1 on the kinetics of the p-nitrophenyl phos- 
phate hydrolysis at several pH values. The double reciprocal plots (I/V versus i/s) in 
the presence and absence of NaC1 were linear at all pH values examined. The linear 
plots obtained by varying the concentrations of NaC1 had a common point, except in 
the case of pH 8. 5. An example is indicated in the case of pH 7.5. A point of inter- 
section, however, varied depending upon pH. At pH 7.5 and below, the reciprocal 
plots in the presence and absence of NaC1 crossed at the negative substrate concen- 
trations. Thus, the apparent  Km for the substrate was decreased and V was increased 
by increasing NaC1 concentrations. At pH 8.0, NaC1 increased V without appreciably 
affecting Kin. On the other hand, the reciprocal plots in the presence and absence of 
NaC1 were almost parallel with each other at pH 8.5, where NaC1 increased both Km 
and V. At pH 9.0, the reciprocal plots crossed close to the i /v axis. On close inspec- 
tion of the results obtained between pH 9.0 and lO.3, the intersection was found to 
be at the positive substrate concentrations. Thus, NaC1 increased Km with only a 
slight increase in V at pH 9.0 and above, and the initial velocity was inhibited by 
NaC1 at substrate concentrations below those of the intersection. These results clearly 
indicated that  the kinetics of the NaC1 modification are greatly influenced by pH. 
Although not shown here, the reciprocal plot over the entire range of substrate con- 
centrations gave two intersecting lines at pH 7.5 in the absence, but not in the 
presence, of NaC1 and the change in slope occurred at about o.oi mM. 

90 

~, 6C 

3C 

! ,,~ 

,_ / p H  7,~ 

~ pH 9.0 

10 20 3O 
1/NaC! (M -~) 

Fig. 2. Effect of NaC1 on the enzyme act ivi ty at  different p H  values. The subs t ra te  concentrat ion 
~vas i .o mM. z~v is the velocity corrected for the velocity wi thout  added NaC1 and was expressed 
in mmoles /min  per  mg protein. 

Fig. 2 indicates the effect of NaC1 on the activity at different pH values in the 
presence of a saturated concentration of the substrate. The activation by  NaC1 was 
saturated at about 400 mM with a slight inhibition at high concentrations. The 
apparent  Km obtained from Fig. 2 was 230 mM and it was unaffected by pH. 

Frieden 9 presented the useful method for the interpretation of the kinetic data  
in the single substrate-single modifier case. The modifications of the activity may be 
explained in the mechanism, 

k~ 
E + S ~-ES ES -~E + P (~) 
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E + M ~ E M  (2) 

k6 
ES + M ~- E MS  E M S  --~ E M  + P (3) 

E M  + S ~ - E M S  (4) 

where S is the substrate and M is the modifier. The general form of the equation for 
the above mechanism derived by rapid equilibrium t reatment  is as follows: 

Vo 

(E)o 

k~ (r + k~ M/k~ Ka) [ (i + MIKe) 

(i + KxlS ) [(i + MIKe) I (1 + M/Ka)] 

where K 1 - K  4 are the dissociation constants describing Steps 1- 4, and k 5 and k0 are 
the rate constants for the breakdown of the E S  and E M S  complex, respectively. 

TABLE II 

SUMMARY OF KINETIC CONSTANTS AT DIFFERENT p H  

pH K 1 Kz Ka K4 k~ k~ Case 
(tiM) (M) (M) (tiM) (units/mg protein) 

7.5  1 .29 0 .44  0 .23  0 .67  19.2 66.  7 
8 .0  1 .39 o .22  o .23  1.43 43-3 lO5 
8. 5 2 .00  o .14  0 .23  3 .23  116  192 
9 .0  3.7 ° o . i i  0 .23  8 .00  2 3 4  239  

K~]Kt > ks/k~, K~ > Ka 
K~/Kt  > k~/k~, K ,  ~ K i  
Kx/K~ ~ k~/k~, K ,  < K,~ 
K~/K~ < k~/k~, K~ < K 4 

When the mechanism is applied to the present results, the values of the kinetic 
constants are obtained from Figs I and 2 (see Table II). The value of K 2 was calcu- 
lated from the relationship that  in this mechanism, K 1 / K  4 = K 2 / K  s. I t  is apparent  
that  the kinetic constants except for K s are greatly influenced by  pH. The ratio of 
the Michaelis constant for the substrate in the absence of the saturated concentration 
of the modifier to that  in its presence, i.e. KI /K4 ,  increased with decreasing pH. On 
the other hand, the ratio of rate constant for the breakdown of E S  to that  of E M S ,  
i.e. ks/k o, decreased with decreasing pH. The dissociation constant for NaC1 to the 
free enzyme (K~) decreased with increasing pH,  whereas that  to the E S  complex (Ks) 
~as  unaffected by  pH, indicating tha t  the binding of the substrate to the enzyme 
makes the affinity of NaC1 independent of pH. In the last column of Table II ,  the 
relationships between these kinetic constants are indicated. From these, pH-de- 
pendent variations in the type of NaC1 modification may  well be explained from 
changes in the kinetic constants, due to pH. Since the type of NaC1 modification 
below pH 7.5 and above pH 9.0 is identical to that  at pH 7-5 and at pH 9.0, re- 
spectively, the variations in the type of salt modification were observed only be- 
tween pH 7.5 and 9.0. 

I on  specificity and effect o f  anions on the kinetic constants 
Since the modification of the act ivi ty by  NaC1 was markedly influenced by 

pH, the effect of salt was examined at both neutral and alkaline pH values. Although 
the opt imum pH of this enzyme is lO.3, an activating effect of salt was manifested, 
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especially at neutral pH. Chloride salts of monovalent cations such as Li +, Na +, K ~ 
and Rb + could be substituted for one another except that, at pH 1o.3, the presence 
of ~nore than o.~ M Li + caused enzyme inactivation. 

~ 30C 
._ 
.> 
.~ 

~ 20o 
>~ 

._ 

~ 100 
~:. 

pH 7.5 

~ ~ F  CI-  

~o~ ~ 
._> ~ 0 0  ~ 

5 
>~ 

~5 5 O  

- 

0 
200 400  600  0 

Conch (mM) 

pH 10.3 

x SCN- 
, I , I ~ I , 

2.00 400 600  
Concn (rnM) 

Fig. 3. Effects  of severa l  sa l t s  on the enzyme  a c t i v i t y  a t  pH 7.5 and  ~o. 3. The s u b s t r a t e  con~:en 
t r a t i on  was ~.o mM a t  p H  7.5 and  ~.o mM a t  p H  ~o. 3. Sod ium sa l t s  of an ions  ind ica ted  in the  
figure were used. A va lue  of [oo was ass igned to  the  a c t i v i t y  in the  absence  of sal ts  which corre- 
sponded  to  ~9.9 and  79o u n i t s / m g  p ro te in  a t  p H  7.5 and  lO.3, respect ive ly .  

Fig. 3 indicates the effect of several salts on the activity at pH 7.5 and Io.3 
At pH 7.5, the enzyme was activated to the same extent by the sodium salts of mono- 
valent anions within the salt concentrations exhibiting no inhibition. However, 
chaotropic anions such as C104- and SCN became inhibitory at high concentrations. 
The presence of above o.4 M C104 inactivated the enzyme during assay. Therefore, 
the extent of enzyme activation was affected by the species of monovalent anions, 
the order of effectiveness in activation being C1- >~ NO3 > C104- > SCN . How- 
ever, SO42 showed no activation even at low concentrations. On the other hand, 
activation by monovalent anions was only slight at pH Io. 3 and the inhibitory effect 
by SCN was also less than that at pH 7.5- SOs 2- showed no significant effect on the 
activity and the presence of above 0.2 M C104- caused the enzyme inactivation. 

On a molar basis, MgCli was much more effective than NaC1 at pH 7.5, but 
when compared with the ionic strength, both NaC1 and MgCI~ activated the enzyme 
to the same extent, indicating no particular effect of divalent cations on the activity. 

Table I I I  indicates the effect of anions on apparent Km and V. Monovalent 
anions decreased Km at pH 7.5, the order of effectiveness being C1 < NOa % SCN-. 
On the contrary, these anions increased Km at pH lO.3 and only a slight difference 
was observed in their effectiveness. SO4 ~ increased Km at both pH values. Since 
SO4 ~- is the most lyotropic among the anions examined, the effectiveness in decreasing 
Km follows a chaotropic series of the anions at pH 7.5. 

The effect of anions on V, however, could not be explained from their cha- 
otropic series. At pH 7.5, V was increased by C1- and NO3-, but was decreased by 
SCN- and SOs "-. These anions exhibited only a slight effect on V at pH IO. 3. Since 
SCN decreases Km at pH 7-5, the inhibitory effect of SCN- is due to the inhibition 
of the rate of breakdown of the enzyme-substrate complex. 

When the effects of anions were compared in V/Km, which corresponds to the 
first-order rate constant at substrate concentrations sufficiently below the Kin, mono- 
valent anions increased, but SO4 "- decreased, V/Km at pH 7.5. The order of effec- 
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TABLE [ l I  

EFFECT OF ANIONS ON APPARENT ~ m  AND g AT p H  7.5 AND IO. 3 

The salt concentrat ion added was o.2 M except t ha t  66. 7 mM Na,SO, was used to adjust  the 
ionic s t rength equivalent  to tha t  of the mono-monovalent  salts. Wi th  o.2 M Na,SO4, the effects 
on Km and V were more evident than  with 66. 7 mM. 

Salt pH 7.5 pH zo.3 
added . . . . . . . . . . . . . . . . . . . . . . . . .  

Km* V" V/Igm Km" V* V/Km 
( I~ M ) (units/rag) ( I~M ) (units/rag) 

None 1.23 ± o.16 2o.4 ± ~.95 16.6 227 ± 2o.3 943 - 34 .2 4.I5 
NaCI o.62 -__ o.o8 59.8 ± a.96 96. 5 288 ± 23.6 lO5O = 46.5 3.65 
NaNO a o.59 +_ o.o 3 56.9 ± o.8o 96. 4 374 ± 31.7 lO25 ~ 41.7 2.74 
NaSCN o.'z 3 ± 0.02 8.52 ± 0.54 37.0 418 ± 24.8 931 ~ 30.4 2.2z 
NazSO~ 1.56 ± O.IO I3.5 / 0-92 8"65 345 :/ 12.O 949 ~. 19.5 2.75 

*Mean 'v_ S.D. (n = 4). 

t i v e n e s s  in  i n c r e a s i n g  V/Km is as  fo l lows :  C1- ~> NO~-  > SCN > n o  s a l t  > SO42- 

T h e s e  an ions ,  h o w e v e r ,  d e c r e a s e d  V/Km a t  p H  lO.3. F r o m  these ,  i t  is a p p a r e n t  t h a t  

t h e  ef fec t  o f  m o n o v a l e n t  a n i o n s  is m a n i f e s t e d  e spec i a l l y  a t  n e u t r a l  p H  a n d  t h a t  C1 

is t h e  m o s t  e f f ec t i ve  a m o n g  m o n o v a l e n t  a n i o n s  for  t h e  a c t i v a t i o n .  

SO42- s h o w e d  n o  a c t i v a t i n g  ef fec t  on  t h e  e n z y m e  a n d  w h e n  c o m p a r e d  w i t h  

CI- ,  i t  i n v e r s e l y  m o d i f i e d  Km a n d  V a t  p H  7.5. T h u s  t h e  ef fec t  of  SO,  2 o n  t h e  a c t i -  

v a t i o n  d u e  to  C1- w as  e x a m i n e d .  As  i n d i c a t e d  in  Fig .  4, SO~ ~- a c t e d  c o m p e t i t i v e l y  

a g a i n s t  C1- in  a s i m p l e  l i n e a r  r e l a t i o n s h i p .  T h e  i n h i b i t o r  c o n s t a n t  for  SO~ ~- w a s  93 raM. 

T h e r e f o r e ,  i t  is pos s ib l e  to  c o n s i d e r  t h a t  SO~ ~- a f fec t s  t h e  e n z y m e  a c t i v i t y  b y  a c t i n g  

a t  a s i t e  w h e r e  C1- i n t e r a c t s ,  t h e r e b y  p r e v e n t i n g  b o t h  t h e  a s s o c i a t i o n  of  t h e  s u b s t r a t e  

to  t h e  e n z y m e  a n d  t h e  r a t e  of  b r e a k d o w n  of  t h e  e n z y m e - s u b s t r a t e  c o m p l e x .  

, I  

[ct / 2 0 0  mM 66.7 mM b 

, - -  / 3 3 . 3 m M  ~. 8001 -  ,,oor //...¢ 
r ..o, t 

~ 50 

. 

r ~  , I , ~ , .  ~ I , I , I , 
10 20 100 200 

1/NeC [ (M -~) Ne~S06 (raM) 

Fig. 4. Effect of Na,SO 4 on the act ivat ing effect of NaC1. (a) The reaction ~vas carried out  in the 
presence or absence of Na,SO 4 indicated in the figure, using i.o mM substrate  and 2o mM veronal-  
HC1 (pH 7.5). The expression of Av is the same as in Fig. 2. (b) Apparent  Km(Kapp) for NaC1 
obtained from Fig. (a) was plot ted against Na~SOa concentrations. 

Comparison ",~'ith alkaline phosphatase from E. coli 
Fig.  5 i n d i c a t e s  t h e  ef fec ts  of  NaC1 o n  t h e  k i n e t i c s  of  t h e  e n z y m e  f r o m  E. coli 

a t  d i f f e r e n t  p H  va lues .  T h e  d o u b l e  r e c i p r o c a l  p l o t s  in  t h e  a b s e n c e  of  NaC1 g a v e  t w o  

i n t e r s e c t i n g  l ines  a n d  t h e  c h a n g e  in  s lope  w as  o b s c u r e d  b y  t h e  p r e s e n c e  o f  NaCl .  

S u c h  a s u b s t r a t e  a c t i v a t i o n  h a s  b e e n  r e p o r t e d  b y  H e p p e l  et al. 4 a n d  b y  S i m p s o n  a n d  

Va l l ee  TM. As m e n t i o n e d  ear l ie r ,  t h e  s n b s t r a t e  a c t i v a t i o n  was  also o b s e r v e d  w i t h  t h e  
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/ ~ ~'s p~ ~.o 

,oo  

. , , , i - " ~  t I I i I ~ I ~ I I I 
m z.~ ~.~ ~.Z~ ~ . ~  

( p M - ' )  ( ~ M " )  

Fig. 5. I/V versus I/Splots in the presence and absence of NaC1 at pH 7.5 and 9.o for the enzyme 
from E. coli. The concentrations of NaC1 and pH were indicated in the figure. The expression of 
v is the same as in Fig. i. 

enzyme from V. alginolyticus at  pH 7.5 in the absence of NaC1. In  contrast  to the case 
of V. alginolyticus, the addi t ion of NaC1 increased both Km and  V between pH 7.5 
and  lO.3 and the type of salt modification was unaffected by  pH (see also Fig. 6). But  
NaC1 decreased V without  appreciably affecting Km at pH 6.5. 

With  respect to anion specificity, the addi t ion of 0.6 M each of the sodium salt 
of CI-, NO3- and  SO42-, respectively, increased the ac t iv i ty  1.8-fold and  C104 , 1.5- 
fold, at  pH 7.5- The ac t iv i ty  was inhibi ted 25% by  0.6 M NaSCN. At pH Io.3, 0.6 M 
each of these salts increased the ac t iv i ty  1.7-fold. Thus  no significant anion specificity 
was observed for the act ivat ion of the E. coli enzyme except for the slight inhibi t ion 
by  SCN at neut ra l  pH. Monovalent  cations such as Li +, Na +, K + and  Rb + could 
be subs t i tu ted  for one another  and Li ÷ showed no inhibi t ion even at pH lO.3. I t  has 
been reported tha t  the E. coli enzyme is nonspecifically act ivated by  salts and tha t  
the ac t iva t ion  is caused by  their ionic s t rength ~,s. 

Fig. 6 indicates the comparison between the two enzymes for the effect of NaC1 
on Km and  V/Km at various pH values. In  the case of V. alginolyticus, the addi t ion 

6 

4 

V. alg/noiyt/cus 

% 
i , i I 
7 8 9 10 

pH 

7 8 9 10 
pH 

3 I I I 
7 B 0 

pH 

F 5 0  40 

0 0 I I [ 
7 8 9 

pH 

E, col/ 

6 

I 
~0 

I 
lO 

Fig. 6. Comparison between the enzymes from V. alginolyticus and E. coli in the effect of NaCl 
and pH on Km and V]Km. pKm represents --log Km in M and V, in units/mg protein. NaC1 was 
used at the optimum concentrations, that is, 0.6 M at pH 8.0 and above, 0. 4 M at pH 7.0 and 
7.5 and o.2 M at pH 6.5. © C), in the absence of NaC1; ~ O, in the presence of NaC1. 
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of NaC1 decreased Km below pH 8.o and increased V/Km especially at neutral pH, 
indicating the specific effect of NaC1 in increasing the efficiency of the enzyme at 
neutral pH. With the enzyme from E. coli, NaC1 increased Km and the opt imum pH 
for V/Km was unaffected by  the presence of NaC1. 

DISCUSSION 

I t  was shown that  the kinetics of the salt modification on the alkaline phos- 
phatase from a marine V. alginolyticus are greatly influenced by pH. Assuming that  
salt modifies the activity by  binding to a site other than the active site of the enzyme, 
the variations in the type of salt modification were well explained by the mechanism 
of single substrate-single modifier case proposed by Frieden 9. As indicated in Table II ,  
all the kinetic constants except for K 3 were influenced by pH and the type of salt 
modification at a definite pH was determined by  the relative values of these kinetic 
constants. Based on this mechanism, a remarkable activation by  NaC1 especially at 
neutral pH may  be understood by considering that  the substrate is more tightly 
bound to the enzyme in the presence of NaC1 than in its absence (K 1 > K4) and that  
k s is much larger than k 5. On the other hand, at alkaline pH, the presence of NaC1 
decreases the affinity of the substrate to the enzyme (K1 < K4) and there is no 
significant difference between k5 and ks, thus rendering NaC1 ineffective for the 
activation. Indeed, NaC1 inhibited the activity at unsaturated substrate concen- 
trations at pH 9.0 and above. Recently, the mechanism of the reaction of E. coli 
alkaline phosphatase has been extensively studied n-la. Reid and Wilson n and Hal- 
ford ~3 postulated two enzyme conformations differing in the affinity to the substrate 
in their mechanisms and the effect of high ionic strength was considered to affect 
the equilibrium between, or the reaction pathway through, the two enzyme confor- 
mations. Since the mechanism used in the present experiments is a rapid equilibrium 
treatment,  with k~ and k 6 representing rate-determining steps, what steps in the 
course of the reaction are actually modified by  NaC1 remains unexplained. 

With respect to ion specificity, monovalent cations such as Li +, Na +, K + and 
Rb + could be substituted for one another. But the activation of the enzyme was 
affected by the species of monovalent anions. The anionic effects on macromolecular 
systems have been studied by several investigators ~5-19, and a wide variety of salt 
effects on biological systems has been found to give rise to the same sequence ob- 
served by Hofmeister ~°. Chaotropic anions such as SCN and C10~- are considered 
to favor the transfer of apolar groups to water and weaken the hydrophobic inter- 
actions in the macromolecules. Therefore, it is conceivable that  the alkaline phos- 
phatase of V. alginolyticus is influenced by monovalent anions through the effects 
on the hydrophobic interactions in the enzyme molecule. More chaotropic anions 
decreased the apparent  Km more effectively. Thus, the binding of the substrate to 
the enzyme may  be enhanced by  weakning the hydrophobic interactions around the 
active site of the enzyme. But  these chaotropic anions do not increase the enzyme 
activity. When the effect of anions was compared in V/Km, C1- was the most effective. 
Since V/Km corresponds to the first-order rate constant at very low concentrations 
of the substrate, it becomes clear that  the physiological efficiency of the enzyme is 
most effectively increased by C1-. Inabili ty of SO~ 2 , which is more lyotropic than 
CI-, to activate the enzyme suggested that  lyotropic anions do not always activate 
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the enzyme and  there is an op t imum anion for the most effective main tenance  of the 
enzyme structure.  In  fact, SO, 2- acted as a compet i t ive  inhibi tor  for the action of C1 . 

The fact tha t  anion dependence is not  observed at alkaline pH may  be related 
to the ionic state of the enzyme molecule. Recently,  S luy te rman  and  de Graaf 2. 
indicated tha t  the inhib i tory  effects by  monova len t  anions are observed only on the 
acidic side of the op t imum pH with na t ive  papain  bu t  not  with succinyl-papain.  
Since positive charges in the molecule are much greater in neut ra l  than  in alkaline pH, 
it is possible to consider tha t  the enzyme may  become more susceptible to the species 
of anions at  neu t ra l  pH. 

In  contrast  to the case of V. a lg inoly t icus ,  the enzyme from E.  coli showed no 
anion dependence and the type of salt modification was unaffected by  pH. Even  
SO, ~- acted as an act ivator  with this enzyme, indicat ing non-specific act ivat ion by 
salts. Thus, the enzyme from non-halophil ic bacteria  seems to have a s tructure 
relat ively insensit ive to the act ion of lyotropic and  chaotropic anions. 

Lanyi  and  Stevenson ~ pointed out the importance of hydrophobic interact ions 
in the ac t iv i ty  and  s tabi l i ty  of menadione reductase from extreme halophiles. Two 
mechanisms for the action of salts, namely  a charge-shielding effect at low concen- 
t ra t ions  and  a sal t ing-out  effect at high concentra t ions  have been discussed in cyto- 
chrome oxidase ~a and in threonine deaminase ca. Earlier studies in this labora tory  
have demonst ra ted  the anion dependence of the ac t iva t ion  of 3 '-nucleotidase and 
5 '-nucleotidase from marine V.  a lg i~oly t icus .  These results suggested a possibility 
tha t  the enzymes from halophilic bacteria  are sensitive to anions, thereby rendering 
the hydrophobic interact ions in the molecule more impor tan t  than  in the enzymes 
from non-halophiles,  for the manifes ta t ion  of their activities. 
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