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5’-Nucleotidase from Smooth Muscle of Small Intestine and 
from Brain. Inhibition by Nucleotides? 

Richard M .  Burgeri and John M. Lowenstein* 

ABSTRACT: 5’-Nucleotidase prepared from muscle of small 
intestine of pig is strongly inhibited by nucleoside di- and 
triphosphates and their phosphonate analogs. Substrate ki- 
netics approximate the Michaelis- Menten form for AMP,  
which shows a K ,  of 3-6 p M  at  pH 5.3-7.2. Inhibition is 
characterized as  partial competitive, except a t  p H  5.3, 
where inhibition by A T P  is noncompetitive. The Ki values 

T h e  purification and some general properties of 5/-nucleo- 
tidase from smooth muscle of small intestine were described 
previously. The enzyme is inhibited by nucleoside di- and 
triphosphates. The A D P  analog u,P-methylene adenosine 
diphosphonate (Myers et al., 1965)’ is the most effective in- 
hibitor found so far (Burger and Lowenstein, 1970). The 
enzyme is located primarily although not exclusively in or 
on the plasma membrane of the cell (Baer and Drummond, 
1968; Bajusz and Jasmin, 1964: Emmelot and Bos, 1965; 
Hardonk, 1968; Song and Bodansky, 1967; Song et al., 
1967), and the purification procedure adopted by us is con- 
sistent with this distribution (Burger and Lowenstein, 
1970). 5’-Nucleotidase is probably the enzyme responsible 
for the production of adenosine, a powerful vasodilator. The 
diameter of the blood vessels which are mainly responsible 
for controlling the rate of blood flow is determined by 
smooth muscle (Berne, 1963; Jacob and Berne, 1960; Thu-  
lesius. 1967; Rubio and Berne, 1969; Berne and Rubio, 
1973). The  present paper describes some kinetic properties 
of the enzyme from smooth muscle, in particular its inhibi- 
tion by ADP and AOPCP.  Some experiments on the inhibi- 
tion of the enzyme from brain are  also reported. 

Fxperimental Section 

Materials. Materials and methods were described pre- 
viously (Burger, 1968; Burger and Lowenstein, 1970). In 
most cases a continuous assay was used. Briefly, in this 
assay the adenosine formed from A M P  in the 5’-nucleotid- 
ase reaction was converted to inosine by an excess of adeno- 
sine deaminase. The reaction was followed and recorded 
spectrophotornetrical!y a t  262.5 nm, and was allowed to 
proceed to completion. The A M P  concentration was deter- 
mined a t  suitable intervals from the absorbance shown on 
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for several inhibitors have been determined, and their de- 
parture from completeness of competitive inhibition has 
been studied. Inhibitor cooperativity of the type reported 
for the enzyme from sheep brain (P. L. Ipata (1968), Bio- 
chemistry 7 ,  507) was not observed for the enzyme from 
gut. In addition we failed to confirm sigmoid inhibition ki- 
netics with 5’-nucleotidase from sheep brain. 

the chart recording, and the corresponding reaction velocity 
was determined from the slope of the curve a t  the same 
point. The absorbance of the completed reaction served as 
a n  internal reference. The reaction rates obtained in this 
manner were found to  be equivalent to initial rates. Details 
of this assay were given previously (Burger and Lowenstein, 
1970), when it was described as assay l a .  The  kinetic pa- 
rameters determined in this manner were checked by a 
computer method which required as  primary data only the 
A M P  concentration as a function of time. 

In assay l a ,  adenosine is removed by deamination to in- 
osine. The possibility of product inhibition by adenosine, in- 
osine, or orthophosphate was tested by observing the effects 
of these substances at  concentrations of 5, 10, and 20 p M  
on the initial reaction rate in the presence of 2.5 and 9.5 p M  
AMP,  equivalent to 0.5 and 2 times the K ,  for AMP,  re- 
spectively. No inhibition was detected under these condi- 
tions. 

The experiments with 5’-nucleotidase prepared from 
smooth muscle which are  reported below were carried out 
with preparations with specific activities in the range of 
5-10 pmol per mg of protein per min. 

5’-Nucleotidase from sheep brain was prepared accord- 
ing to the method of Ipata (1 968). The highest specific ac- 
tivity obtained by Ipata (1968) was 0.21 pmol per mg of 
protein per min (fraction V); however, most of the kinetic 
work reported in his paper was carried out with enzyme of a 
specific activity of about 0.013 pmol per mg of protein per 
min (fraction IV). The  experiments reported below which 
deal with 5’-nucleotidase prepared from sheep brain were 
carried out with a preparation of fraction IV. It had a spe- 
cific activity of 0.009 pmol per mg of protein per rnin a t  
24”.  

Results 
Substrate Kinetics. The relation of A M P  concentration 

to  reaction velocity approximates Michaelis-Menten kinet- 
ics. Double reciprocal plots are  linear, within the range 
1-10 p M  AMP,  in the presence of either 50 m M  Tris-HC1 
(pH 7.2) or of 50 m M  MES-Tris, p H  6.5, 6.2, 5.7, or 5.3. 
The K ,  values for A M P  fall between 3 and 6 pM in every 
case except in 50 m M  MES-Tris buffer ( p H  5.7), where the 
K, ,  is 15 wLM. W e  reported previously that  a second p H  op- 
timum occurs a t  p H  5.7 with this buffer (Burger and Low- 
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enstein, 1970). 
Effect of Inhibitors. The similarity in structure between 

the 5‘-nucleotidase substrates and its nucleoside di- and tri- 
phosphate inhibitors (Burger and Lowenstein, 1970) 
suggests that  the inhibition results from the competition of 
the inhibitors for the catalytic site of the enzyme. In appar- 
ent harmony with this, Baer et al. (1966) reported competi- 
tive inhibition kinetics for the inhibition of ra t  heart 5’-nu- 
cleotidase by ATP.  On the other hand, Edwards and Mag- 
uire (1 970) reported nucleoside triphosphates, including 
ATP,  to exhibit mixed competitive-noncompetitive kinetics 
for the same enzyme. W e  have attempted to distinguish 
kinetically between partial and complete competitive inhibi- 
tion, since only the latter is consistent with a direct competi- 
tion for the active site. The  two types of competitive inhibi- 
tion a re  distinguished from other kinds of inhibition by the 
alteration of the apparent Michaelis constant K ,  without a 
change in Vmax. They are  not readily distinguishable by 
plotting 1 / v  against 1/S.  However, they may be distin- 
guished by plotting 1/v against I (Dixon, 1953). In this plot 
complete competitive inhibition (as well as  noncompetitive 
inhibition) yields a straight line, whereas partial competi- 
tive inhibition yields a curve which is concave downwards 
(Webb, 1963a). Complete and partial competitive inhibi- 
tion also differ from each other in the functions describing 
the change in K,’. In the case of complete competitive inhi- 
bition, K,’ rises without bound; in the case of partial com- 
petitive inhibition, K,’ approaches some upper limit. In 
simple examples of complete competitive inhibition K,’ 
rises linearly with inhibitor concentration; in simple exam- 
ples of partial competitive inhibition K,’ rises according to 
a Langmuir adsorption isotherm of inhibitor concentration. 
Partial inhibition may result from the binding of inhibitor 
to  a special site on the enzyme, whence it indirectly lessens 
the affinity of the enzyme for substrate (Gerhart and Par- 
dee, 1964). 

Inhibition by A T P  and isoAMP. Inhibition of 5’-nucleo- 
tidase by ATP,  using A M P  as substrate and 50 m M  Tris- 
HC1 ( p H  7.2) as  buffer, is competitive. The  Ki is about 0.15 
y M .  Plots of K‘,,,, against inhibitor concentration, and of 
1 / v  against inhibitor concentration (Dixon, 1953) show 
that  the inhibition is of the partial competitive type (Figure 
1). Similar experiments showed that the inhibition of the 
enzyme by A T P  a t  p H  6.5, in 50 m M  MES-Tris buffer, is 
also of the partial‘competitive type, with a Ki of 0.08 y M .  

In contrast to its behavior a t  p H  7.2 and 6.5, inhibition of 
5’-nucleotidase by A T P  in 50 m M  MES-Tris buffer (pH 
5.3) is noncompetitive and the Ki is 0.6 y M .  It has been re- 
ported that the inhibition of 5’-nucleotidase from ascites 
cells by A T P  is competitive (Ki a t  p H  7.5 = 0.4 yM), 
whereas UTP,  GTP,  and CTP show mixed competitive and 
noncompetitive inhibition (Murray and Friedrichs, 1969). 

Inhibition of the enzyme by isoAMP is of the complete 
competitive type, with a Ki of 5 y M .  

Inhibition by ADP. W e  reported previously that  A D P  is 
a strong competitive inhibitor of 5’-nucleotidase (Burger 
and Lowenstein, 1970). The  method of Dixon yields a Ki for 
A D P  of 0.022 pA4 (Figure 2). In the low range of A D P  con- 
centrations used in the experiment, namely below 0.8 p M ,  
the inhibition approximates the kinetics of complete com- 
petitive inhibition, that  is to  say the data  replotted accord- 
ing to  Dixon (Figure 2B) yield straight lines (Webb, 
1963a). However, when the range of A D P  concentrations 
examined is extended to  3 y M  (Figure 3A) partial competi- 
tive kinetics is evident in the curvature of the Dixon plot 
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FIGURE 1: Effect of ATP on 5’-nucleotidase from smooth muscle at 
pH 7.2. Reaction mixtures contained 50 mM Tris-HCI buffer (pH 
7 . 2 ) ,  26.4 pg/ml of 5’-nucleotidase (specific activity 0.25), 1 ,ug/ml of 
adenosine deaminase, and AMP and ATP as indicated. Reactions were 
started by addition of AMP and run  at 24’. Top: the K ,  values ob- 
tained from a double reciprocal plot of the primary data are plotted as 
a function of ATP concentration. Bottom: the data are plotted accord- 
ing to the method of Dixon (1953). 

(not shown). At  higher concentrations still, the Dixon plot 
becomes linear, suggesting complete competitive inhibition 
a t  high inhibitor concentrations. The  situation is even clear- 
er when the E-type plot of Webb (1 963b) is employed (Fig- 
ure 3). Here v / ( v  - vl)  ( l / i  in the nomenclature of Webb) 
is plotted against l/[inhibitor]. An intercept of 1.0 indi- 
cates complete inhibition, while a higher value indicates a 
partial inhibition. When the data are  replotted in this way 
the points for [ADP] < 3 p M  define a straight line with a 
v / ( v  - v l )  intercept of 1.4. However, a t  sufficiently high 
concentrations of A D P  a weaker but completely competi- 
tive inhibition is manifest by an abrupt curvature toward an 
intercept of I .  

Tests f o r  Multiple Enzyme Species. I t  might be argued 
that the same result would be obtained if our preparation 
contained two different phosphatases subject to different 
types of inhibition. This possibility was largely ruled out by 
substrate specificity tests conducted previously (Burger and 
Lowenstein, 1970). T o  investigate this point further, the ex- 
periment shown in Figure 3 was repeated in the presence of 
3.3 m M  glucose I-phosphate, with the same results as  those 
shown in Figure 3 (a v / ( v  - vi) intercept of 1.4). This 
shows that glucose 1-phosphate does not act as  a competi- 
tive substrate, and that the results shown in Figure 3 were 
not due to a combination of 5’-nucleotidase and a nonspe- 
cific phosphatase. It does not rule out the presence of two 
distinct 5’-nucleotidases with different inhibition character- 
istics. W e  consider this possibility unlikely on the basis of 
heat inactivation studies (Burger and Lowenstein, 1970). 
The heat treatment resulted in parallel inactivation of 5’- 
nucleotidase activity measured a t  p H  6.5, 5.8, and 5.2, in 
the absence and presence of 17 y M  A D P  or 33 y M  ATP. 

Inhibition by AOPCP and IDP. The A D P  analog 
A O P C P  is an extremely powerful competitive inhibitor of 
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5’-nucleotidase. Graphical determination of the inhibition 
constant by the method of Dixon (1953) yields a Ki of 
about 0.002 wM.  This determination was done just as that 
depicted in Figure 2, except for the use of 0.0005-0.005 W M  
A O P C P  instead of ADP. In the low range of inhibitor con- 
centration used in this experiment, the inhibition approxi- 
mates kinetics of complete competitive inhibition (Webb, 
1963b). However, when a more extended range of A O P C P  
concentrations is examined, namely the region of 0.010- 
0.20 wM,  partial competitive inhibition becomes evident 
(Figure 4). Partial competitive inhibition is also shown by 
I D P  (K i  = 0.37 w M ) ,  which is a very much weaker inhibitor 
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F l G L R E  3: Effect of ADP on 5’-nucleotidase from smooth muscle at 
pH 6.5 over a wider range of inhibitor concentrations. Conditions werc 
as described for Figure 2, except that the 5’-nucleotidase concentration 
was 1.23 pg/ml (specific activity 7.0) and the initial A M P  concentra- 
tion was I00 pM. The velocity of each reaction was measured spectro- 
photometrically before the addition of ADP. When the A M P  concen- 
tration had fallen to 80 g M ,  ADP was added in the amounts shown and 
the assay was continued. (A) Plot of fractional activity as a function of 
[ I ] ;  L’ is the uninhibited activity, and vi is inhibited activity, both at  the 
same substrate concentration. (B) Plot of reciprocal fractional inhibi- 
tion as a function of ] / [ I ]  (Webb, 1963b). 

than A O P C P  (Figure 4). These results confirm the ex- 
tremely low Ki for A O P C P  reported previously for the en- 
zyme from smooth muscle (Burger and Lowenstein, 1970). 
The  enzyme from mouse liver has also been reported to be 
inhibited by AOPCP, but to a much weaker extent. I n  this 
case the Ki was 63 W M  and the inhibition was noncompeti- 
tive (Evans and Gurd, 1973). 

Tests for Inhibitor Cooperativity. According to Ipata 
(1967, 1968) the inhibition of 5’-nucleotidase from sheep 
brain by A T P  is a sigmoidal function of inhibitor concen- 
tration. This is not seen in the case of the inhibition of 5’- 
nucleotidase from smooth muscle by A D P  (Figure 3) or 
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FIGURE 4: Effect of AOPCP and IDP on 5’-nucleotidase from smooth 
muscle at pH 6.5. Conditions were as described for Figure 2 except 
that the 5’-nucleotidase concentration was 0.62 gg of protein/ml (spe- 
cific activity 9.3). (0) AOPCP; (0) IDP. 

A T P  (not shown). O u r  observations taken in conjunction 
with those of Ipata suggested a fundamental difference be- 
tween the enzymes from smooth muscle and brain. This led 
us to  test the  effects of A D P  and A T P  on the enzyme pre- 
pared from sheep brain according to the method of Ipata 
(1968). Neither A D P  nor A T P  was found to yield sigmoidal 
inhibition curves when tested over concentration ranges of 
0.002-0.20 gLM A D P  or 0.1-4.5 pM ATP, which cover the 
inhibition range of 5-70% (Figure 5). 

Inhibitor cooperativity can also be evaluated by compar- 
ing the effects of various inhibitors separately and in combi- 
nation. Such a comparison was carried out by Ipata (1968), 
who found that  the inhibitory effect of pairs of different nu- 
cleoside triphosphates used together was greater than that 
predicted from their separate effects using models which 
did not involve cooperative interaction. H e  concluded that 
two different nucleoside triphosphates can be bound to the 
same enzyme molecule simultaneously, and that the inhibi- 
tors show cooperative interaction. 

Table I shows that a n  explanation of the inhibition of 5’- 
nucleotidase from smooth muscle by pairs of different nu- 
cleoside diphosphates does not require a model entailing 
their cooperative interaction. Three models which did not 
involve cooperative interaction were considered by us and 
their prediction tested. The  strongest noncooperative inhibi- 
tion will result when each inhibitor affects a special site 
which is specific for each inhibitor. The predicted fractional 
activity is 

(1) 

where v is the uninhibited activity, vI1  and v,* are  the inhib- 
ited activities in the presence of inhibitors 1 and 2 ,  and 
v I ,  + is the inhibited activity in the presence of both inhibi- 
tors. This is referred to as  model 1 in Table I. By contrast, 
in the case of two complete competitive inhibitors acting a t  
a single site of a n  enzyme which obeys the Michaelis-Men- 

V I ,  + 2 / v  = (v11/v)(vu/v) 
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FIGURE 5: Effects of ADP and ATP on 5’-nucleotidase from sheep 
brain. Reaction mixtures involving tests with ADP (A)  contained 67 
pM ADP, 50 mM MES-Tris buffer (pH 6.5),  .49 mg/ml of 5’-nucleo- 
tidase (specific activity 0.0145), and I wg/ml of adenosine deaminase. 
The incubations were run at 37’. Reaction mixtures involving tests 
with ATP (A) were similar except that the buffer used was Tris-HCI 
(pH 7.2) and that the temperature was 24’ (specific activity 0.009). 

Table I: Noninteraction of Nucleoside Diphosphate Inhibitors. 

Percent of Uninhibited Activity0 

Predicted by Model Inhibitor 1 Inhibitor 2 
(UM) (wM Found 1 2 3  

ADP 1.44 47 
AOPCP 0.05 55 
CDP 3.3 58  
GDP 3.3 71 
IDP 6.7 72 
TDP 1.0 41 
UDP 1.0 61  
ADP 1.44 CDP 3.3 40 27 35 41 
ADP 1.44 TDP 1.0 33 20 28 35 
ADP 1.44 UDP1.O 43 28 37 42 
AOPCP0.05 IDP 6.7 45 39 45 50 
AOPCP0.05 TDP 1.0 35 23 31 37 
CDP 3.3 GDP3.3  54 41  47 52 
CDP 3.3 UDP1.O 49 36 42 50  
GDP 3.3 IDP 6.7 59 51 55 58  
IDP 6.7 UDP1.O 54 44 49 54 

UEnzyme activity was measured as described for Figure 3. “Unin- 
hibited activity” refers t o  the activity of the enzyme in the presence 
of 80 p M  AMP without addition of the inhibitor(s). The activity ob- 
served in the presence of pairs of inhibitors is compared with the 
activities predicted by three noncooperative models described in de- 
tail in the text. The models are: 1, maximum noncooperative inhibi- 
tion additivity; 2, inhibitor additivity following kinetics of complete 
competitive inhibition; and 3, inhibitor additivity obeying the partial 
competitive kinetics of ADP. 

ten relation 

4 = a/(l + u + L )  (2) 

where 4 = v/Vmax; o = S/K,; and L = I/Ki (Dixon and 
Webb, 1964), one obtains 

v/vii +2 = (v/vil) + (v/viJ - 1 ( 3 )  

where the symbols have the same meaning as above. This is 
referred to  as model 2 in Table I. Another simple model as- 
sumes that the inhibition obtained with any nucleoside di- 
phosphate can be related to a concentration of A D P  which 
yields the same degree of inhibition, and that the effect of 
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Table 11: Summary of Ki and K ,  Values.0 

Ki or K ,  (&I a t  pH 

Substance Tested 5.3 6.5 7.2 

Ki 
AOPCP 0.002 
ADP 0.022 0.040* 
ATP 0.60 0.080 0.15 
IDP 0.37 
isoAMP 5.0 
IMP 14.0” 

AMP 5.3 6.0 3.0 
Kln 

a K i  and K ,  values were determined as described in the text,  using 
data shown in Figures 1, 2, and 4,  and results mentioned in the text. 
Values marked with an asterisk (*) are not  mentioned elsewhere. 
The continuous assay was used with 50  mM Tris-HC1 buffer (pH 7.2) 
or 50  mM MES-Tris buffer, pH 6.5 or 5.3, at 25”.  Adenosine and 
orthophosphate did not inhibit at concentrations as high as 20 ILM. 

two different nucleoside diphosphates is equal to that re- 
sulting from the sum of two equivalent ADP concentrations. 
This is referred to as model 3 in Table I. In applying this 
model we used the data in Figure 3 to determine the equiva- 
lent ADP concentrations. 

The results shown in Table I agree most closely with the 
predictions made by model 3, which of the models corisid- 
ered, predicts the lowest inhibition by combinations of in- 
hibitors. Our results do not support the hypothesis of Ipata 
(1 968) that the inhibition of 5’-nucleotidase by Aucleoside 
diphosphates involves positive cooperativity between the in- 
hibitors, and that different nucleoside diphosphates act a t  
different sites. 

Slight deviations from straight lines were observed in  
some plots of 1 / v  against 1/S, both in  the presence and ab- 
sence of inhibitors. These deviations were all in the same di- 
rection, namely from the straight line toward the abscissa a t  
low values of S (Figure 2). The deviations were quite small 
under all conditions employed by us, but they were observed 
ui th  both the smooth muscle and sheep brain enzyme. This 
type of deviation is diagnostic of negative cooperativity with 
respect to the substrate (Conway and Koshland, 1968). 

Discussion 

A summary of K ,  values of various inhibitors a t  three dif- 
ferent pH values is given in Table 11. The particular pH 
values were chosen for the following reasons. At pH 5.3 the 
enzyme activity is near its low pH optimum, and its inhibi- 
tion by ATP is near maximum. At pH 6.5 the enzyme 
shows maximum inhibition by ADP. At pH 7.2 the activity 
of the enzyme in the absence of Mg2+ ions is a t  its second 
optimum (Burger and Lowenstein, 1970). The table indi- 
cates the remarkably low K ,  values for AOPCP and ADP. 
The K ,  values of two substrates, isoAMP and IMP, and the 
K ,  value for A M P  are shown for comparison. They are two 
to three orders of magnitude greater than the K ,  values for 
AOPCP and ADP. 

The results shown in Figures 2 and 3 and in Table I indi- 
cate that  the preparation of 5’-nucleotidase from smooth 
muscle studied by us does not show cooperativity wi th  re- 
spect to nucleoside di- and triphosphate inhibitors. This is in  
contrast to the results obtained by Ipata (1967, 1968) and 
Ipata and Cercignani (1970) with the enzyme from sheep 
brain. We were also unable to observe inhibitor cooperativ- 
ity with enzyme from sheep brain (Figure 5 ) .  The enzyme 

from rat heart also does not show cooperativity with respect 
to nucleoside diphosphate (Sullivan and Alpers, 197 1 )  and 
nucleoside triphosphate (Edwards and Maguire, 1970; Sul- 
livan and Alpers, 1971) inhibitors. 

The possible physiological significance of 5’-nucleotidase 
in smooth muscle and its regulation were discussed pre- 
viously (Burger and Lowenstein, 1970). 
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