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Effects of Pyrophosphate, Triphosphate, and Potassium Chloride on 
Adenylate Deaminase from Rat Muscle? 

Thomas J. Wheeler* and John M. Lowenstein* 

ABSTRACT: Inorganic pyrophosphate and triphosphate inhibit 
adenylate deaminase from rat skeletal muscle with KI values 
of 10 and 1.5 pM, respectively, in the presence of 150 mM 
KC1 at pH 7. They act by reducing the apparent affinity of 
the enzyme for AMP, with relatively small effects on V,,,. 
The inhibitions are diminished by H', the KI values increasing 
two- to threefold in going from pH 7.0 to 6.2, and are relieved 
by ADP. These properties are similar to the inhibitions pro- 
duced by GTP and ATP, indicating that pyrophosphate and 
triphosphate act like analogues of the nucleoside triphosphates. 
Neither of these inhibitors shows relief of inhibition at  high 
concentrations as do ATP and GTP. These results suggest 
that nucleotides interact with the inhibitor site of the enzyme 

A d e n y l a t e  deaminase from muscle is regulated by nucleoside 
di- and triphosphates. ATP and GTP are inhibitors; ADP and 
GDP are activators (Lyubimova & Matlina, 1954; Ronca et 
al., 1968; Smiley & Suelter, 1967). Moreover, at  high con- 
centrations ATP and GTP reverse their own inhibition (Ashby 
& Frieden, 1978; Wheeler & Lowenstein, 1979b). Inorganic 
pyrophosphate and triphosphate also inhibit the enzyme from 
muscle (Nikiforuk & Colowick, 1956; Wheeler & Lowenstein, 
1979a) and other tissues (Setlow & Lowenstein, 1968; Yun 
& Suelter, 1978). We have studied their effects on enzyme 
activity in order to clarify certain aspects of the nucleoside 
di- and triphosphate specificity of the enzyme. 

The regulatory properties of adenylate deaminase are 
strongly dependent on the concentration and composition of 
added salt (Coffee & Solano, 1977; Ronca et al., 1972; 
Ronca-Testoni et al., 1970; Sammons et al., 1970). Previous 
investigators used 100-150 mM KCl as an approximation to 
intracellular conditions. We have examined the effects of H', 
ADP, and inhibitors on the activity of the enzyme at  different 
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primarily through their phosphate moieties and with the ac- 
tivator site primarily through their nucleoside moieties. As 
the concentration of KCl is increased from 25 to 300 mM, the 
apparent affinities of the enzyme for ATP, GTP, ortho- 
phosphate, pyrophosphate, and triphosphate are decreased 
8-100-fold. The cooperativity of the inhibitions is increased, 
with the Hill coefficient rising from 1.0 to 1.3-1.8, and the 
maximum inhibition approaches 100%. Maximum activation 
by ADP is reduced from 1800% at 25 mM KC1 to 80% at 200 
mM KC1. Experiments with (CH3),NC1 indicate that acti- 
vation of the enzyme by KC1 involves both specific K+ effects 
and ionic strength effects. 

KC1 concentrations in order to relate such studies to conditions 
in vivo and to better understand the regulatory properties of 
the enzyme. 

Experimental Procedures 
The purification of adenylate deaminase, assay procedures, 

and treatment of data were described previously (Wheeler & 
Lowenstein, 1979b). Sodium pyrophosphate was obtained 
from Fisher, sodium tripolyphosphate from Howe and French, 
and tetramethylammonium chloride from Eastman. 

Results 
Inhibition by Pyrophosphate and Triphosphate. Adenylate 

deaminase activity in the presence of 20 pM AMP and 150 
mM KC1, pH 7.0, is inhibited 58 and 92% by 12 and 60 p M  
inorganic pyrophosphate, respectively. Under the same con- 
ditions it is inhibited 61 and 94% by 2 and 10 pM inorganic 
triphosphate, respectively. The inhibition is cooperative ( n  = 
1 .l-1.6) and becomes weaker as the pH is decreased from 7.0 
to 6.2, the KI increasing from 10 to 33 pM in the case of 
pyrophosphate and from 1.5 to 2.7 pM in the case of tri- 
phosphate. ( K ,  is defined as the concentration of inhibitor 
required for half-maximal inhibition.) ADP relieves the in- 
hibition produced by both substances. For example, about 100 
pM ADP completely reverses the inhibition produced by 100 
pM pyrophosphate or 10 pM triphosphate. The effects of H" 
and ADP on the inhibition by pyro- and triphosphate are 
similar to those observed for the inhibitions caused by GTP, 
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FIGURE 1: Effects of ortho-, pyro-, and triphosphate on the AMP 
saturation curve. Assays contained 150 m M  KCI, 50 mM imidaz- 
ole-HCI buffer, pH 7.0, and 0.2 fig/mL enzyme. The reaction was 
followed by measuring the decrease in absorbance at  262.5 nm, where 
the largest difference in absorbances of AMP and IMP occurs (AtmM 
= 8.8) (Tornheim & Lowenstein, 1972). The curves are drawn by 
using the equation u = V,,,[[AMP]"/([AMP]" + Kap/)] with the 
indicated values of V-, n, and K, . The values for V ,  were obtained 
from plots of u vs. u/[AMP] anfthose for n and Kapp from plots of 
log [V/(V,,, - v)] VS. log [AMP]. 
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FIGURE 2: Effect of KC1 concentration on adenylate deaminase activity 
in the presence of 20 p M  AMP. The experimental conditions were 
as described for Figure 1 except that [KCI] was varied as indicated. 

ATP, and orthophosphate (Wheeler & Lowenstein, 1979b). 
Effects of Inorganic Phosphates on the Substrate Satura- 

tion Curve. The effects of 10 mM orthophosphate, 100 pM 
pyrophosphate, and 10 p M  triphosphate on the AMP satu- 
ration curve of adenylate deaminase in the presence of 150 
m M  KCl and at  pH 7.0 are shown in Figure 1. The effect 
of each inhibitor is to convert the curve from a hyperbolic to 
a sigmoidal form and to reduce the reaction velocity at low 
[AMP]. The Hill coefficient, n, increases from 1.05 to 1.9-2.5. 
There is an apparent decrease of V,,, by 10-30%; however, 
the extrapolation to V,,, is relatively inaccurate. ATP and 
G T P  have similar effects (Coffee & Solano, 1977). 

Effects of KCI and Tetramethylammonium Chloride. We 
established previously that in the presence of 20 pM AMP, 
150 mM KCl, and various effectors adenylate deaminase 
activity is proportional to enzyme concentration in the range 
0.02-1.0 pg/mL (Wheeler & Lowenstein, 1979b). For the 
purposes of the present paper we also measured the specific 
activity at  low [KCl]. In the presence of 20 pM AMP and 
25 mM KCl at pH 7.0, the specific activity did not decrease 
between 1 .O and 0.1 pg of enzyme/mL. In all experiments 
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FIGURE 3:  Effects of KCI concentration on inhibition of adenylate 
deaminase by GTP and ATP. Assays contained 10 fiM AMP, [KCI] 
as indicated, 50 m M  imidazole-HC1 buffer, pH 7.0, and 0.2 fig of 
enzyme/mL. The temperature was 20 OC. The solid lines are drawn 
according to the equation I = I,,,[[L]"/([L], + Kc)], where [L] is 
the inhibitor concentration, using the parameters listed in Table I. 
The values for Z,,, were obtained from plots of I vs. I / [L]  and those 
for n and K,  from plots of log ]Z/(Imax - Z)] vs. log [L]. The broken 
lines were not drawn by using the equation. The point drawn below 
the x axis in the ATP graph corresponds to 10% activation. 

reported here the enzyme was used at a concentration of 0.2 

Adenylate deaminase activity in the presence of 20 pM 
AMP is maximum at KC1 concentrations between 100 and 
150 mM (Figure 2). Inhibition of activity at higher KCl 
concentrations is probably due to chloride ion (Ronca et al., 
1972). Potassium acetate and sulfate were tested in the same 
concentration range at pH 7.0, but the activity was less than 
that observed with potassium chloride for all concentrations 
of potassium ions. 

The chloride inhibition complicates the KCl curve, making 
it difficult to assess the degree to which the enzyme is activated 
by a given concentration of potassium ions. However, the 
enzyme appears more readily saturated by K+ at pH 6.2-6.5 
than at pH 7.0, in agreement with the results of Campbell & 
Suelter (1977). 

The effect of KCl on the inhibition of the enzyme by GTP 
and ATP is shown in Figure 3. Values for maximum in- 
hibition (Zmx), K1, and n obtained in these experiments, as well 

cLg/mL. 
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Table I: Effect of [KCl] on Inhibition Parameters at 
1 b 2 0  pM AMP and pH 7.0 

c n  

[KC11 (mM) param- 
inhibitora eterb 25 50 100 150 200 300 

GTP I,,, 0.70 0.81 0.94 0.97 0.97 0.97 
n 1.0 1.1 1.25 1.4 1.7 1.8 
K ,  CUM) 0.1 0.1 0.2 0.7 1.5 6 

ATP I,,, c 0.75 0.88 0.94 0.94 
n c 1.0 1.3 1.4 1.3 
K I  @M) c 0.7 0.7 2.0 5.6 

orthophosphate I,,, 0.96 0.99 1.00 1.00 
n 1.0 1.0 1.5 1.7 
KI (mM) 0.4 0.4 1.2 3.4 

pyrophosphate I,,, 0.92 
n 1.0 
K I  @M) 1.1 

0.98 0.99 
1.5 1.6 
8 65 

triphosphate I,,, 0.9 1 0.99 0.99 
I 1  1.3 1.5 1.6 
K I  &M) 0.12 1.4 13 

a [AMP] was 10 pM for the experiments with GTP and ATP and 
20 pM for the others. Orthophosphate was added as potassium 
phosphate, pH 7, and KC1 was added to give the indicated con- 
centration of Kt. Imax is the extrapolated maximum inhibi- 
tion, n the Hill coefficient, and K I  the inhibitor concentration 
producing half-maximal inhibition. 
biphasic curve. 

Not determined because of 

Table 11: Effect of Added Salts on GTF' Inhibitiona 

activity @mol mg-l min-') 

[KCl] [Me,NCl] O p M  0.6 AIM 6 PM 
(mM) (mM) GTP GTP GTP 

0 50 0.6 0.4 
0 150 0.3 0.3 0.2 
0 300 0.3 0.2 0.2 

50 0 11.9 1.7 (85) 
50 100 20.0 9.0 (45) 
50 250 20.8 22.3 (0) 

150 0 24.7 18.3 (36) 1.7 (93) 
150 150 20.7 20.1 (3) 7.7 (61) 
300 0 22.5 22.2 (2) 15.3 (32) 

a Assays contained 20 pM AMP, 50 mM imidazole-HCl buffer, 
pH 7.0, and 0.2 pg/mL enzyme. Percent inhibition is indicated in 
parentheses. 

as in similar experiments with ortho-, pyro-, and triphosphate, 
are listed in Table I. For each inhibitor, K I  increases with 
increasing [KCI] . This effect can be very large; for example, 
the Kl for triphosphate increases 100-fold between 25 and 300 
m M  KCI. Moreover, the inhibition shows little cooperativity 
a t  25-50 mM KC1 but becomes progressively more cooperative 
as the KCI concentration increases. Z,,, falls between 70 and 
95% a t  low [KCI], increasing to nearly 100% at high [KCI]. 
The enzyme is inhibited by low concentrations of ATP and 
GTP, but reversal of this inhibition occurs a t  high ATP and 
GTP concentrations (Ashby & Frieden, 1978; Wheeler & 
Lowenstein, 1979b). Ronca et al. (1972) reported that the 
biphasic effects of ATP seen at low [KCI] disappear at higher 
[KCI]. Comparison of the results shown in Figure 3 with our 
previous results (Wheeler & Lowenstein, 1979b) shows that 
the reversal of the inhibition does not disappear with added 
KCI but is shifted to higher concentrations of ATP and GTP. 

We tested whether the effect of KCI on the GTP inhibition 
of adenylate deaminase is due to K+, CI-, or ionic strength. 
The activity of the enzyme was measured in the presence of 
various combinations of KCI and (CH,),NCI (Table 11). 
(CH3),NC1 reduces the inhibition produced by G T P  in the 
presence of 50 or 150 m M  KCI, indicating that the reversal 

I 
10 c 1 

~ 

1 _1 i 
0 50 I O 0  150 200 2 5 0  300 

[ K C I ]  ( m M )  

I /  
0- ' 

FIGURE 4: Effect of KCI concentration on the activation of adenylate 
deaminase by ADP in the presence of 20 pM AMP. The experimental 
conditions were as described for Figure 1 except that the pH was 7.0 
and [KCI] was varied as indicated. Extrapolated values for maximum 
activation at  various KCI concentrations are listed. 

of the inhibition by higher amounts of KCI is not due solely 
to K+. Note that in the presence of (CH3),NC1 the enzyme 
is activated a t  lower levels of KCI, even though (CH3),NC1 
itself is not an  activator. Thus, (CH3),NC1 increases the 
effectiveness of K+ as an activator, presumably by providing 
an increase in ionic strength. The inhibition produced by 6 
pM GTP is much weaker in the presence of 300 mM KCI than 
in the presence of 150 m M  KCI plus 150 m M  (CH3),NCI, 
indicating effects specifically due to K+. 

The activating effect of ADP was reported to be greatest 
a t  low concentrations of KC1; little or no activation was seen 
a t  100 mM KC1 (Coffee & Solano, 1977; Ronca et al., 1972; 
Ronca-Testoni et al., 1970). The dependence of the activation 
on the concentration of KCI is shown in Figure 4. Although 
the maximum activation decreases greatly with increasing 
[KCI], significant activation is still seen a t  [KCI] as high as 
200 mM. The decrease in activity with increasing [KCI] is 
most apparent a t  high concentrations of ADP. 

Discussion 
Inorganic pyrophosphate is a powerful inhibitor of adenylate 

deaminase, with a KI of about 10 p M  in the presence of 20 
pM AMP and 150 mM KCI, pH 7.0 (Table I). Pyrophosphate 
levels of several micromolar have been detected in liver (Guynn 
et al., 1974). Thus, if the liver enzyme is equally sensitive to 
pyrophosphate, or if pyrophosphate occurs at similar levels in 
muscle, pyrophosphate could contribute to the inhibition of 
adenylate deaminase. 

The inhibition of adenylate deaminase by inorganic pyro- 
phosphate and triphosphate is similar to that produced by low 
concentrations of ATP and GTP in the following respects. The 
inhibitions have similar p H  dependence and are relieved by 
ADP and Mg2+ (not shown), have similar KC1 dependence 
(Table I), and produce similar effects on the AMP saturation 
curve (Figure 1).  Thus, these two compounds appear to act 
as analogues of GTP and ATP and can be used as tools for 
studying the regulatory properties of the enzyme. 

The KI for inorganic triphosphate is 1.4 p M  in the presence 
of 150 m M  KCI, which is similar to the KI for ATP and only 
twice that for GTP (Table I). This suggests that most of the 
binding specificity of the inhibitory site is for the triphosphate 
moiety of the nucleoside triphosphate molecule. The obser- 
vation that UTP, CTP, and ITP inhibit adenylate deaminase 
(Ronca et al., 1968; Ronca-Testoni et al., 1970) supports this 
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interpretation. In the presence of 20 pM AMP and 150 mM 
KCl, adenylate deaminase shows biphasic ATP and GTP in- 
hibition curves (Wheeler & Lowenstein, 1979b). It is max- 
imally inhibited by 50 p M  ATP, but the inhibition decreases 
above 100 pM ATP. Reversal of the inhibition by ATP is 
presumably due to ATP binding to an activator site. The 
inhibition by GTP shows similar behavior, but reversal of the 
inhibition begins to occur only above 300 pM GTP. Moreover, 
ADP is a better activator than GDP. Thus, adenine nucleo- 
tides bind more tightly to the activator site than guanine 
nucleotides (Wheeler & Lowenstein, 1979b). Hypoxanthine 
nucleotides can also function as activators (Ashby & Frieden, 
1978). No relief of inhibition by pyrophosphate and tri- 
phosphate is observed upon raising their concentrations as high 
as 1 mM (not shown). Taken together these observations 
indicate that the activator site interacts primarily with the 
nucleoside moieties of nucleoside di- and triphosphates. 

The KI for all inhibitors listed in Table I increases when the 
KCl concentration is raised from 25-50 to 250-300 mM.' At 
the same time the Hill coefficient increases significantly, and 
the extrapolated maximum inhibition approaches 100%. The 
change in I,,, with KC1 concentration occurs because at  low 
KCl concentrations the residual activity is a greater fraction 
of the uninhibited activity. Previous studies with a small 
number of inhibitor concentrations showed that the inhibitory 
effects of GTP, ATP, and orthophosphate are reduced at high 
KCl concentrations (Coffee & Solano, 1977; Ronca et al., 
1972; Smiley & Suelter, 1967). The results in Table I1 show 
that an increase in [K+] at constant [Cl-] reduces the inhibition 
produced by GTP, indicating a specific role of K+. In contrast, 
Ronca et al. (1972) concluded that the reduced inhibition 
observed at high salt concentrations was primarily due to the 
anion. 

Potassium ions decrease the extent of the activation of the 
enzyme by ADP, but significant activation is still observed at 
200 mM KC1 (Figure 4). This is in contrast to Coffee & 
Solano (1977), who observed no activating effect of ADP at 

ATP forms complexes with K+, and this could contribute to reduced 
inhibition by nucleoside triphosphates at increased [KCl]. Using the 
equations [KATP3-]/([K+] [ A T P ] )  = 10 M-' (Melchior, 1954) and 
[HATP3-]/([H+][ATPd-]) = 8.9 X lo6 M-' (Smith & Alberty, 1956), 
it can be calculated that at pH 7.0 and 25, 150, and 300 mM KC1 the 
amount of ATP not complexed with K+ is 88, 56, and 39% of the total, 
respectively. We assume GTP is complexed to a similar extent. Thus, 
formation of KATP and KGTP may be involved in reducing the inhib- 
ition by these nucleotides. However, the change in K, values with [KCI] 
is much greater than the change in [nucleoside triphosphate] not com- 
plexed with K+; thus, additional factors must be involved in reducing the 
inhibition by raising [KCl]. Moreover, if a decrease in the amount of 
free nucleotide were solely responsible for the reduced inhibition, then 
increasing K+ would simply shift the inhibition curves to higher nucleo- 
tide concentrations, without affecting the cooperativity of inhibition. 
However, Table I indicates that the cooperativity is increased at higher 
[KCl]. 

KC1 concentrations above 20 mM and concluded that it seems 
likely that at in vivo levels of K+, ADP plays an insignificant 
role in the regulation of AMP deaminase. Our previous results 
indicate that the primary role of ADP may be to relieve the 
inhibition produced by GTP and orthophosphate (Wheeler & 
Lowenstein, 1979b). 

Adenylate deaminase from muscle is activated by K+ and 
Na+ ions at low concentrations of AMP but not by (CH3)4N+ 
and Tris' ions (Smiley & Suelter, 1967). However, because 
the enzyme is inhibited by all anions that have been tested, 
the precise contribution made by K+ ions cannot easily be 
evaluated. Although (CH3)4N+ ions do not activate the en- 
zyme, they enhance the activation by K+ and reduce the in- 
hibition by GTP in the presence of K+ (Table 11). These 
findings indicate that activation and inhibition of the enzyme 
are sensitive to ionic strength. 
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