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SUMMARY 

Using the purified 2',3'-cyclic phosphodiesterase (3'-nucleotidase) of slightly 
halophilic Vibrio alginolyticus, the kinetics of the mutual inhibitions between the 
substrates and of the inhibitory effects of substrate analogs were studied. The following 
results were obtained: 

I. 3'-Ribonucleotides, 2',3'-cyclic ribonucleotides and p-dinitrophenyl phos- 
phate acted as linear competitive inhibitors. 

2. The 3'-ribonucleotides all were hydrolyzed at the same active site on the 
enzyme protein. 

3. The activities for 3'-ribonucleotides and for di-p-nitrophenyl phosphate were 
linear competitively inhibited by ribonucleosides and by 5'-ribonucleotides to a lower 
degree. The decreasing order of their effectiveness (cytidine, uridine, adenosine and 
guanosine) was similar to the decreasing order of affinities of the 3'-ribonucleotides 
(3'-CMP, 3'-UMP, 3'-AMP and 3'-GMP) for the 3'-nucleotidase site. 

4. The hydrolysis of di-p-nitrophenyl phosphate was simple linear noncompeti- 
tively inhibited by pyrimidine bases; the increasing order of effectiveness was 
thymine, uracil, and cytosine. In contrast, the hydrolysis of 3'-AMP is linear com- 
petitively inhibited by  these bases having a reverse order of effectiveness. 

With the results on the chloride modifications for this enzyme, it was considered 
that  di-p-nitrophenyl phosphate is not hydrolyzed exactly at either the 3'-nucleotidase 
or the cyclic phosphodiesterase site and that  the active sites for di-p-nitrophenyl 
phosphate and for 3'-nucleotidase possibly overlap at a locus where the ribonucleoside 
of the 3'-ribonucleotide molecule participates in binding. 

The patterns for the product inhibition for the active mechanism of the 3'- 
nucleotidase are incompatible with the Ordered Uni Bi mechanism established for 
the phosphatases, and the existence of a phosphorylated enzyme as an intermediate 
appears unlikely. 
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INTRODUCTION 

We previously described the purification and properties of 2',3'-cyclic phospho- 
diesterase having 3'-nucleotidase activity from slightly halophilic Vibrio alginolyticus. 
It  was discovered that C1- activates the 3'-nucleotidase and inhibits the 2',3'-cyclic 
phosphodiesterase activities of this enzyme 1. These modifications affected only the 
Michaelis constant for the substrate di-p-nitrophenyl phosphate. Since the two activities 
residing in the same protein molecule are inversely modified by CI-, it was considered 
that these activities might be located at different sites in the protein molecule. The 
active site for di-p-nitrophenyl phosphate, however, has not been characterized. 

Considering the effects of substrate analogs, ANRAKU 2 reported that the enzyme 
from Escherichia coli is inhibited by both soluble and ribosomal RNA's but neither 
by uridine nor by 5'-UMP. NEE 3 purified the corresponding enzymes of various mem- 
bers of Enterobacteriaceae and briefly noted the inhibitory effect of ribonucleosides 
and of 5'-ribonucleotides in addition to tRNA and ribopolynucleotides. Types of 
these inhibitors, however, have not been mentioned by these authors. 

Using the purified enzyme of V. alginolyticus, we found that the activity for one 
substrate is inhibited by the presence of another substrate and by several substrate 
analogs. In an at tempt to elucidate the relationships between active sites for various 
substrates, mutual inhibitions between substrates and the effects of the substrate 
analogs were examined. 

MATERIALS AND METHODS 

Materials and methods for enzyme purification and assays were those previously 
described 1. The composition of the reaction mixture is given in the legends. Incubation 
was for IO rain at 37 °. 2',3'-Cyclic phosphodiesterase of V. alginolyticus possessed the 
specific activity of about 175/,moles of P i  released/rain per mg protein with 3'-AMP 
as the substrate. Concentrations of ribonucleosides and ribonucleotides were checked 
by measuring their absorbances. 
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Fig. I. Compet i t ive  correla t ion be tween  3 ' -AMP and  d i -p -n i t ropheny l  p h o s p h a t e  hydro lyses .  The  
reac t ion  m i x t u r e  ( i .o ml) con ta ined  20 m M  Tr i s -H2SO 4 (pH 8.3), 200 m M  NaC1, 0.025/~g of  
e n z y m e  a n d  va r ious  concen t r a t ions  of  3 ' -AMP and  d i -p -n i t ropheny l  phospha t e .  The  concen t r a t ions  
o f  t he  inhibitor(E/J) added  were ind ica ted  in t he  figures (a). Effect  of  d i -p -n i t ropheny l  p h o s p h a t e  
(I) on t he  hydro lys i s  of  3 ' -AMP.  Velocities (v) were expressed  in #mo le s  of  Pi  released per  io  m in  
per  0.025/~g of  enzyme.  (b) Effect  of  3 ' -AMP (I) on t he  hydro lys i s  of  d i -p -n i t ropheny l  phospha t e .  
Velocities were expressed  in #mo l e s  of  p -n i t ropheno l  re leased per  IO min  per  o.o25/*g of  enzyme .  
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R E S U L T S  

Mutual  inhibition between the substrates 

As shown in Fig. I ,  the  hydro lys i s  of 3 ' -AMP is compet i t ive ly  inhib i ted  b y  the  
presence of  d i -p-n i t rophenyl  phospha te  and vice versa. Exper imen t s  s imilar  to those 
shown in Fig. I were carr ied out  using different concent ra t ions  of the  enzyme and of 
NaC1. The values  of Km/vmax with and wi thout  var ious  inhib i tor  concent ra t ions  were 
ob ta ined  from the ver t ica l  in tercepts  of [Sl/v versus ES 1 plots.  As shown in Fig. 2, these 
values are rep lo t t ed  agains t  the  concent ra t ions  of the  inhibi tor .  The plots  are l inear  in 
all cases indica t ing  tha t  the  inhibi t ion is l inear compet i t ive ,  according to  the  nomen-  
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Fig. 2. (a) Effect of di-p-nitrophenyl phosphate (I) on the 3'-AMP hydrolysis. (b) Effect of 3'-AMP 
(I) on the di-p-nitrophenyl phosphate hydrolysis. The values of Km/Vmax in the presence and 
absence of the inhibitor were obtained from the vertical intercepts of ESI/v versus ES] plots, and 
they were plotted against inhibitor concentrations. The amounts of enzyme and NaC1 used are: 
(i) of a and b, o.05/~g of enzyme and 200 mM NaC1; (2) of a and b, 0.025 t*g of enzyme and 200 mM 
NaC1; (3) of a, 0.025 Fg of enzyme and 4 ° mM NaC1. Other conditions are the same as shown in 
Fig. i. Different symbols used for the same experimental conditions denote values obtained from 
the independent experiment. 

c la ture  proposed  b y  CLELAND 4. Fig. 2a shows tha t  the  inhibi tor  cons tan t  of d i -p-ni t ro-  
phenyl  phospha te  for 3 ' -AMP hydrolys is  is unaffected b y  NaC1 concentra t ions .  

The ac t iv i ty  for d i -p-n i t rophenyl  phospha te  was also l inear compet i t ive ly  inhi- 
b i ted  b y  o ther  3 ' - r ibonucleot ides  and b y  2 ' ,3 ' -cyclic r ibonucleot ides .  The inh ib i to ry  
effects of  3 ' - r ibonucleot ides  were about  the  same as the  corresponding cyclic ribo- 
nucleotides,  and  the  order  of effectiveness was found to be as follows: 3 '-CMP > 
3 ' -UMP > 3 ' -AMP > 3 ' -GMP. 

The hydrolys is  of 2 ' ,3 ' -cyclic r ibonueleot ides  to the  corresponding 3 ' - r ibo-  
nucleot ides  was inhib i ted  b y  the presence of 3 ' - r ibonucleot ides .  Fig. 3 is the  effect of 
3 '-CMP on the  hydro lys i s  of Urd-2 ' ,3 ' -P .  The hydro lys i s  of Cyd-2 ' ,3 ' -P  was also l inear  
compe t i t ive ly  inhib i ted  b y  3'-CMP. I t  was found t ha t  the  3 ' - r ibonucleot ides  became 
less inh ib i to ry  for the  cyclic phosphodies te rase  ac t iv i ty  in the  order :  3 '-CMP, 3 ' -UMP,  
3 ' -AMP and 3 ' -GMP. 
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Fig. 3" Effect of 3'-CMP on the hydrolysis of Urd-2',3'-P. The hydrolysis of Urd-2'3'-P was 
measured by  the increase in absorbance at  286 m#. The reaction mixture  (2. 5 ml) contained 
20 mM Tris-H~SO 4 (pH 8.6), o.I ttg of enzyme per ml and 3'-CMP(I) as indicated above. Velocities 
(v) were expressed in #moles of Urd-2 ' ,3 ' -P  hydrolyzed per min per  o.i  #g  of enzyme. (a) [S]/v 
versus IS] plots in the presence and absence of 3'-CMP(I). (b) Km/Vmax versus [I 1 plots. 

Table I indicates the Michaelis and inhibitor constants for several substrates. 
With respect to the mutual  effects between 3'-AMP and di-p-nitrophenyl phosphate, 
the inhibitor constant of di-p-nitrophenyl phosphate for 3'-AMP hydrolysis does not 
coincide with the Michaelis constant for di-p-nitrophenyl phosphate and vice versa. 

This might indicate that  these two substrates are not hydrolyzed at exactly the same 
active site on the enzyme protein. 

Mutual effects of the 3'-ribonucleotides were examined by  measuring the initial 
velocities of the mixed substrates. I f  two substrates are assumed to be hydrolyzed at 
the same active site on the enzyme protein, the initial velocities of the mixed substrates 
should follow this rate equation~: 

a. V d K a  + b. Vb/Kb 
Vt ~ Va -- Vb 

I + a/Ka + b /Kb 

T A B L E I  

LINEAR COMPETITIVE INHIBITION BETWEEN TWO SUBSTRATES 

Substrate Kra Inhibi tor Velocity K t  
( raM)  determined ( raM)  

3'-AMP 0.08 Di-p-ni t rophenyl  PI 0.40 
phospha te  

Di-p-ni t rophenyl  0.20 3'-AMP p-Ni t rophenol  o.o26 
phospha t e  

Cyd-2 ' ,3 ' -P o. IO 3'-CMP Increase in 0.06 
absorbance 
at 290 m# 

Urd-2",3'-P 0.36 3"-CMP Increase in o.oi6 
absorbance 
at  286 m# 
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Fig. 4. I/V versus I/[S] plots for single and an equimolar  mixture  of 3'-ribonucleotides. The 
reaction mixture  (i .o ml) contained 5 ° mM Tris HC1 (pH 8.3), 2oo mM NaC1, o.o2 ,ug of enzyme 
and the various concentrat ions of the substrate .  Velocities(v) were expressed in #moles of Pi 
released per io min per o.o2 fig of enzyme. In  an equimolar mixture  of the substrates ,  ES] repre- 
sents the concentrat ions of the each subs t ra te  mixed. (a) Q - - O ,  3'-AMP; O- - C) ,  3'-GMP; x ,  
plots for the equimolar mixture  of J - A M P  and 3'-GMP; - - - - - - ,  theoretical lines calculated 
from Vma x and Km values for 3'-AMP and 3'-GMP. (b) 0 - - 0 ,  3'-AMP; © (2), 3 '-UMP; X, 
plots for the equimolar mixture  of 3'-AMP and 3'-UMP; - - ,  theoretical lines calculated. 

vt velocity of total activity; va, vb velocities for the substrates A and B; a, b --  
substrate concentrations for the substrates A and B; Ks, Kb Michaelis constants; 
Va, Vb = maximal velocities. In an equimolar mixture of A and B, i.e., a = b -- [SI, 
vt becomes (Va/Ka + Vb/Kb)/(I/IS) + I/Ks + I/Kb). In this case, the maximal ve- 
locity attainable is (Va 'Kb  + Vb 'Ka) / (Ka  + Kb), and the Michaelis constant is 
Ka" Kb/(Ka + Kb). Fig. 4 shows I/V versus I/[SI plots for respective and an equimolar 
mixture of 3'-ribonucleotides. Theoretical lines for the mixed substrates were cal- 
culated from the former equation using the Michaelis constants and the maximal 
velocities for the respective substrates and are in good agreement with the experimental 
results obtained for the mixed substrates. 

Effects of substrate analogs 
The hydrolyses of 3'-AMP and p-dinitrophenyl phosphate, respectively, were 

inhibited by ribonucleosides and 5'-ribonucleotides. The effects of these substances 

T A B L E  I[  

SUMMARY OF INHIBITOR CONSTANTS OF LINEAR COMPETITIVE INHIBITORS 

Linear 
competitive 
inhibitor 

K,  (raM) for the hydrolysis of 

3'-d M P  Di-p-nitrophenyl 
phosphate 

Cytidine 0.020 0.0056 
Uridine 0.023 0.009 
Adenosine 0.045 o.o18 
Guanosine o.32 o.o95 
5'-CMP 0.04 0.02 
5 '-UMP 0.22 0.095 
5'-AMP 0.30 o.165 
5'-GMP 0.32 o.165 
2'-AMP o.16 0.075 
p-Ni t rophenyl  

phosphate  - -  6.5 
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T A B L E  I I I  

COMPARISON OF THE EFFECTS OF RIBONUCLEOSIDES FOR TItE HYDROLYSIS OF 3~-RIBONUCLEOTIDES 
AND OF DI-p-NITROPHENYL PHOSPHATE 

T h e  r e a c t i o n  m i x t u r e  ( i . o  ml)  c o n t a i n e d  5 ° m M  T r i s - H C 1  ( p H  8.3) ,  200  m M  NaC1,  0. 5 m M  s u b -  
s t r a t e ,  0 .2  m M  i n h i b i t o r  a n d  o . 0 2 5  # g  o f  e n z y m e .  A c t i v i t i e s  w e r e  e x p r e s s e d  in  r e l a t i v e  a c t i v i t i e s .  
V a l u e s  in  p a r e n t h e s e s  i n d i c a t e  t h e  Miche l i s  c o n s t a n t  in  m M  f o r  t h e  r e s p e c t i v e  s u b s t r a t e s .  

Inhibitor Relative activity 
added 

3'-CMP 3'-UMP f - A M P  3'-GMP p-Dinitro- 
(o.oi) (0.o5) (o.08) (o.Io) phenyl 

phosphate 
(o.2o) 

N o n e  i oo  i o o  i oo  i oo  i oo  
C y t i d i n e  80 59  4 ° 25 8-5 
U r i d i n e  84 64 44 29 13 
A d e n o s i n e  88 77 60  4 ° 22 
G u a n o s i n e  9 9  95  92  82 62 

were examined by a method similar to those in Figs. I and 2 and they all proved to be 
linear competitive inhibitors. The inhibitor constants obtained for both substrates are 
summarized in Table I I  which shows that  the ribonucleosides are more inhibitory than 
the corresponding 5'-ribonucleotides and that  the order of effectiveness is Cyd > 
Urd > Ado > Guo. Deoxyribonucleosides were found to act as linear competitive 
inhibitors, and their effectiveness was similar to the corresponding ribonucleosides. 

In Table I I I  the effects of the ribonucleosides on the hydrolyses of 3'-ribonu-- 
cleotides and of di-p-nitrophenyl phosphate are compared. The order of their effective- 
ness is the same as above for all substrates examined. In addition, the respective 
ribonucleosides become more inhibitory for the substrates in the order 3'-CMP, 
3'-UMP, 3'-AMP, 3'-GMP and di-p-nitrophenyl phosphate. This order coincides with 
the increasing magnitudes in the Michaelis constants for the respective substrates. 
These results suggest a close correlation between the active sites for 3'-ribonucleotides 
and di-p-nitrophenyl phosphate. 

In contrast to the results reported for the enzymes of Enterobacteriaceae 3, this 
enzyme is unable to hydrolyze p-nitrophenyl phosphate at an appreciable rate, and 
it was found that  p-nitrophenyl phosphate is a linear competitive inhibitor of the 
di-p-nitrophenyl phosphate hydrolysis. The inhibitor constants obtained are listed in 
Table II .  

This enzyme was not inhibited by  the presence of Pi. With 0.5 mM of di-p-nitro- 
phenyl phosphate as the substrate, 5-o mM of Pi inhibited only 3 % of the activity. The 
activi ty for 0. 5 mM of f - A M P  was unaffected by I.O mM of Pi. NEE 3 has reported no 
inhibitory effect of Pi with the enzymes of Enterobacteriaceae. 

Inhibitory effects of pyrimidine and purine bases 
The activity for di-p-nitrophenyl phosphate was inhibited by  pyrimidine bases. 

Fig. 5 demonstrates the effect of uracil; the values of I/Vmax and Km/vmax in the 
presence and absence of uracil were obtained from the vertical intercepts of Figs. 5a 
and 5b, respectively. As shown in Fig. 6, these values are replotted against the concen- 
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Fig. 5. Effect  of  uracil  on the  hydro lys i s  of  d i -p -n i t ropheny l  phospha te .  The  reac t ion  m i x t u r e  
(I.o ml) con ta ined  5 ° m M  Tris  HC1 (pH 8.3), 20o m M  NaC1, o.o 3 jug of  e n z y m e  and  the  va r ious  
concen t ra t ions  of d i -p -n i t rophenyl  p h o s p h a t e  (ES]) and  uracil  (I) as ind ica ted  above.  Velocities (v) 
were expressed  in /~nloles of  p -n i t ropheno l  re leased/ io  rain per  o.o 3/~g of enzyme.  (a) I/v versus 
I / I S  1 plots.  (b) ISl/v versus IS] plots.  

trations of uracil. The Kintercep t and/(slop e which are obtained from the horizontal 
intercepts of Figs. 6a and 6b are in excellent agreement indicating that uracil is a 
simple linear noncompetitive inhibitor. This was also confirmed for thymine and 
cytosine. In contrast to di-p-nitrophenyl phosphate, the pyrimidine bases were less 
inhibitory for 3'-AMP, and it was found that they act as linear competitive inhibitors. 

The inhibitory effects of purine bases were slight for both substrates. Adenine 
was found to act as a linear competitive inhibitor for 3'-AMP. For the hydrolysis of 
di-p-nitrophenyl phosphate, plots of I/Vmax versus  EI] and K m / v m a x  versus  [I 1 were 
linear, but the values of Ki(lntereept) and Ki(slope) were not in agreement, indicating 
that adenine is a linear noncompetitive inhibitor. Guanine showed no appreciable 
effect on the activities of both substrates. Similar patterns of inhibition have been 
observed with the enzyme of Serratia marcescens 6. 

Table IV summarizes the types of inhibition and the inhibitor constants of 

40 a =" 10 

I I I 

0.03 0.06 0.09 0 0.03 0.06 0.09 

Uracil {raM) Ur a~il (raM) 

Fig. 6. Effect  of  uracil  on t he  h y d r o l y s i s ' o f  d i -p -n i t ropheny l  phospha te .  The  va lues  of  I/Vmax 
and  Km/vmax in the  absence  and  presence of the  var ious  concen t r a t ions  of uracil  were ob ta ined  
f rom the  vert ical  in te rcepts  of  Figs. 5a and  5b, respect ively,  and  t h e y  were p lo t ted  aga ins t  the  
concen t r a t ions  of uracil  .(a) I/Vmax versus EII plots.  (b) Km/Vmax versus Ell plots.  
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TABLE IV 

P Y R I M I D I N E  A N D  P U R I N E  B A S E S  O N  T H E  H Y D R O L Y S I S  O F  3'-AMP A N D  D I - p - N I T R O -  EFFECT OF 

PHENYL PHOSPHATE 

Inhibitor K, (mM).for 

3'-A MP Di-p-nitrophenyl phosphate 

Type of Ki Type of inhibition K~lstope) Ki(intercept) 
inhibition 

Thymine linear competitive 
Uracil linear competitive 
Cytosine linear competitive 
Adenine linear competitive 

2.0 simple linear noncompetitive 0.036 0.036 
1.5 simple linear noncompetitive o.o45 o.o45 
o. 4 simple linear noncompetitive o. 15 o. 15 
1.27 linear noncompetitive o.5o 4.o 

pyrimidine and purine bases. I t  shows that  the inhibitory effects of pyrimidine bases 
are in the order of cytosine > uracil > thymine for 3'-AMP hydrolysis. In contrast, 
the reverse order is true for di-p-nitrophenyl phosphate. 

DISCUSSION 

In the previous paper 1, we have reported that  the 2',3'-cyclic phosphodiesterase 
of V. alginolyticus catalyzes the hydrolyses of 2',3'-cyclic ribonucleotides, 3'-ribo- 
nucleotides and di-p-nitrophenyl phosphate and that  these substrate activities are 
associated with the same protein molecule. The present results on the mutual effects 
of the substrates showed that  they interact as linear competitive inhibitors (Table I). 
These competitive correlations indicate that  the active sites for these substrates are 
not independent of one another. With respect to the 3'-ribonucleotide activities, they 
are hydrolyzed at the same active site of the enzyme protein (Fig. 4). Similarly, all 
2',3'-cyclic ribonucleotides may  be suppossed to hydrolyzed at the cyclic phosphodi- 
esterase site. 

However, the kinetic results on the mutual  inhibition between 3'-AMP and 
di-p-nitrophenyl phosphate showed that  they are not hydrolyzed exactly at the same 
active site (see text). This was supported by  the facts that  the inhibitory effects of 
pyrimidine and purine bases differ not only in the types of inhibition but also in the 
order of their effectiveness (Table IV). Moreover, it has been pointed out 1 that  the 
activity for the lat ter  substrate is modified by C1- in a manner quite different from 
3'-nucleotidase and the cyclic phosphodiesterase. 

On the other hand, the hydrolysis of di-p-nitrophenyl phosphate is linear 
competitively inhibited by  ribonucleosides and by ribonucleotides, the order of 
effectiveness being the same as that  for 3'-nucleotidase (Tables I I  and III) .  These 
results may  be explained by  considering that  a part  of its active site is common and 
overlapped with the 3'-nucleotidase site possibly at a locus where the base and sugar 
parts of the 3'-ribonucleotide molecule participate in binding. Since pyrimidine and 
purine bases inhibit 3'-AMP hydrolysis linear competitively, they will probably com- 
bine at a part  of this common locus in a manner showing no effect on the Michaelis 
constant for di-p-nitrophenyl phosphate. 

Since 3'-nucleotidase and cyclic phosphodiesterase activities are inversely 
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modified by  CI- (ref. I), the two active sites are not exactly identical. ANRAKU 2 has 
suggested different sites for the two activities of the E.  coli enzyme. The linear com- 
petitive inhibition of the latter activity by  the 3'-ribonucleotides may result from 
product inhibition. In this case, the increasing order of inhibitory effects of the 3'-ribo- 
nucleotides coincides with the increasing order of their affinities for the 3'-nucleotidase 
site. Therefore, the binding locus of the two active sites corresponding to the ribo- 
nucleoside part  of the substrate may have a similar structure. Whether this binding 
locus is included as a common structure in each active site could not be clarified at 
present. 

On the active mechanism of nonspecific phosphatase, Hso  et al. 7 performed a 
full kinetic study on potato phosphatase with p-nitrophenyl phosphate and 3-glycero- 
phosphate as substrates; a mechanism has been established for the ordered release of 
products, the alcoholic product first and P i  second. This mechanism was thought to 
be general for other phosphatases s. Similar patterns in competitive inhibition by P i  

and in noncompetitive inhibition by the alcoholic product, however, were not observed 
with the 3'-nucleotidase of this enzyme. For the hydrolysis of 3'-AMP, adenosine is a 
linear competitive inhibitor, and Pi does not affect the activity. In addition, the 
3'-nucleotidase activity is not inhibited by  I.O mM of diisopropyl phosphofluoridate. 
Therefore, the action mechanism for 3'-nucleotidase may  be different from that  for 
the above phosphatases. Although a precise mechanism for the 3'-nucleotidase could 
not be established at present, the existence of a phosphorylated enzyme as an inter- 
mediate seems unlikely. 
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