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SUMMARY

In order to obtain information on the specificity of the ATP-binding site of
ATPase from brain microsomes, the influence of pyrophosphate, adenine, adenosine,
AMP, ADP, CTP, GTP and ITP on ATP binding was investigated by a rapid dialysis
rate technique previously described.

1. Pyrophosphate, adenine, adenosine and AMP in concentrations up to about 3
orders of magnitude higher than that of free ATP did not affect the binding of ATP.

2. Less ATP was bound in the presence than in the absence of ADP. Based on a
model for competitive binding the affinity of the ATP-binding site for ADP was found
to be 5 times smaller than for ATP.

3. CTP, GTP and ITP were only able to displace ATP from the ATP-binding site
in concentrations very high relative to that of free ATP. The affinity for these triphos-
phates was at least 250-850 times lower than for ATP, CTP having the highest affinity
of the three compounds examined.

4. The fact that the nucleotide specificity of the ATP-binding site is similar to
the substrate specificity of (Na+ + K+)-activated ATPase strongly suggests that this
binding site is identical with the substrate site of (Nat + Kt)-activated ATPase.

5. It is concluded that the 6-amino group of the purine and pyrimidine ring as
well as the S-phosphate group are essential for binding to the substrate site of (Na+ -+
K+)-activated ATPase, and that binding of ATP also involves a link between the -
phosphate group and the enzyme.

INTRODUCTION

In a previous paper! we have reported on the binding of ATP to (Mg?**+ 4 Na+t +
K+)-activated ATPase from ox brain microsomes. This report indicated that the ATP
molecule as such will form a complex with the enzyme, and that the ATP-binding
capacity is proportional to the (Mg?t 4+ Na*+ + K+)-ATPase and the (Nat+ 4 K+)-
ATPase activity, suggesting that the enzyme—~ATP complex formation is part of the
reaction scheme for ATP hydrolysis.

In order to gain information about the specificity of the ATP-binding site we
have investigated the influence of pyrophosphate, adenine, adenosine, AMP, ADP,
ITP, GTP and CTP on [**P]ATP binding. The results of this investigation are given in
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the present paper and are discussed in relation to earlier kinetic studies concerning the
interaction of these substances with the (Nat 4 K+)-activated ATPase.

MATERIALS AND METHODS

Reagents

The reagents were the purest obtainable and were purchased from Merck (imi-
dazole, HCl, EDTA and Na,P,0,), Sigma (Trizma base), Analar (sucrose), and
Boehringer (adenine, adenosine, AMP, trisodium salts of ADP, ITP, GTP and CTP
and disodium salt of ATP). ATP labelled with 3P in the y-position ([33P]ATP) was
obtained from The Radiochemical Centre, Amersham, England.

[32P]ATP, ATP and ADP were purified and converted to their Tris salts as des-
cribed previously!. ATPase from ox brain was prepared by the method of Skou AND
HILBERG? except that the final suspension was in 12.5 mM imidazole-HCl buffer
(pH 7.1 at 37°) containing 250 mM sucrosel. The concentration of protein, K+, Na+
and ATP-binding sites in the four enzyme preparations used in this investigation as
well as the specific activities were determined according to NgrBY AND JENSEN! and
are given in Table I.

TABLE I
CHARACTERISTICS OF THE ENZYME PREPARATIONS USED IN THE PRESENT INVESTIGATION

The parameters shown were measured as described by NorBY AND JENSENL.

Enzyme Protein K+ Nat Specific activity ATP-binding
prep. (mg/ml) (uM) (ud) (umoles Pijmg protein pey h) capacity, [E¢)
{(uM)

(Mg* +  (Mg*)-  (Na*+K+)-
Nat-+ K+t)- ATPase ATPase

ATPase
I 2.04 133 314 148 21 127 0.6*
11 2.46 55 127 169 31 138 0.95
ITI 3.36 179 448 171 22 149 1.20
v 2.83 170 366 220 36 184 1.20

* Calculated from the (Nat -- K+)-activated ATPase activity according to N@RBY AND
JENSENL.

Binding studies

Binding of ATP to the enzyme preparations was measured by the dialysis rate
technique of CoLowick AND Womack®. The equipment, the experimental conditions
and the counting procedure were as described previously?. The influence of adenine,
adenosine, AMP, PP;, ADP, GTP, ITP and CTP on the binding of ATP was investi-
gated by comparing ATP binding in the absence and presence of these compounds at
constant ATP concentration. Experimental details will appear in RESULTS.

THEORY

The results of these experiments were evaluated according to the model des-
cribed below in which it is assumed that the substance in question competes with ATP
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for the same binding site
E 4 ATP = EATP
E 4+ X =EX

in which X symbolizes one of the above compounds, and E = free ATP-binding sites.
At equilibrium

(E]-[ATP]

[EAT] A (x)
[E][X] .,

Ex) - XX (2)
[E] = [E] + [EATP] + [EX] T 3)
[X{] = [X] + [EX] (4)

Measuring [EATP] and [ATP] in the absence of X (called B, and F, respectively) and
in the presence of X (Bx and Fx) we are able to calculate [EX].
Combination of Eqn. (1) and (3) gives

([E] —Bx —[EX])-Fx _ ([E{ — Bo)-Fo

Ky = Bx = Bo (5)
from which

EX] = [Eq] — Bx — X 2% (E] — B 6

[EX] = [E¢] — X_Fx-Bo([ +] — Bo) (6)
Furthermore,

[X] = [X¢] — [EX] (7)

(E] = [Ef] —Bx—[EX] (8)

Eqgns. 6, 7 and 8 are now substituted into Eqn. 2

. ([B+g] —Bx—[EX]) ([X4] — [EX])
Kx' = [EX] (9)

K'x can now be calculated from Eqns. g and 6 since [Ey] is known (Table I).

RESULTS

Adenine, adenosine, and AMP

It appears from Fig. 1 that an increase in the concentration of adenosine or AMP
from o to 3.2 uM and further to 51 M does not change counts/min per sample of the
effluent from the lower chamber®. This means that the ATP binding is unaffected by
adenine, adenosine and AMP in concentrafions which are about 500 times that of
ATPiota1 (1500 times that of free ATP). In this connection it should be recalled that

* The same held true for adenine at a concentration of 50 uM (experiment not shown).
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liberation of [32PJATP from the EATP complex is mirrored by an increase in counts/
min per samplel. The steady, although slow, increase in counts/min per sample with
time has previously been shown to be due to a slow hydrolysis of [3P]ATP in the upper
chamber?.

1500t
3,2}.1M 51}JM AMP
1000 ¥ v L
.....l.QOOOOOOOOOOOOAAAAAAA a6
€ 500t
<
"2 0 1 L L .
3
81500f
32pM 51yM  adenosine
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’...ol.'oooooooooo a
500}
0 : v 'A 1
10 20 30 T
Sample No.

Fig. 1. [®*P]ATP binding in the absence and presence of adenosine {lower curve) or AMP (upper
curve). Adenosine and AMP dissolved in 300 mM Tris (pH 6.3) (37°) were added to the upper
chamber solution (1.56 ml) in 5-ul aliquots. Points of addition (indicated by arrows) and concen-
trations achieved are shown in the fignre. Enzyme preparation I {Table I) was used. ATP concen-
tration in both experiments o.115 uM of which about 2/3 were bound to the enzyme. Temperature
2°, ionic strength 0.073 M, pH (37°) 7.05.

ADP

Preliminary experiments of the kind shown in Fig. 1 revealed that addition of
ADP did cause an increase in free [¥PJATP in the upper chamber. In order to evaluate
the effect of ADP quantitatively, two separate experiments were performed, one of
which is shown in Fig. 2.

30001
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2000}
£
£
£
8 e e em - SgrgrO-Orpg-Digy0-O- O.135PM ATR, EBBPM ADP
© 1000+
Femmemmem Sgopoogaomros 0135uM ATP, 144 uM ADP
roos twwaatwot-tr 0135 UM ATP, O72uM ADP
o 0135uM ATP, no ADP
1 1 L
o 10 20 30
Sample No.

Fig. 2. The effect of ADP on ATP binding by enzyme preparation II (Table I). The composition of
the upper chamber solution (z.56 ml) with regard to ATP and ADP is given for each curve. Apart
from the ADP concentration, the upper chamber solutions were identical in the five experiments?,
except that in the standard experiment (upper curve) no enzyme was present. Temperature 2°,
ionic strength 0,073 M, pH (37°) 7.05.
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Fig. 2 shows that increasing concentrations of ADP lead to increasing concen-
trations of free ATP. The concentration of free (F) and bound ATP (B) in each experi-
ment was calculated from the total ATP concentration and the extrapolated value for
counts/min per sample of effluent at zero time! obtained from the experimental curve
and the standard curve (no enzyme).

The enzyme-ADP dissociation constant, K'app, was then calculated from
Eqns. g and 6 in the THEORY section by inserting By, Fy, [E¢] (Table I) and corres-
ponding values of Bx, Fx and [ADP]ota1. The results of this and a similar experiment
with enzyme preparation III ([ATP]ita1 = 0.195 uM) are given in Table II together
with the K+ concentration in the upper chamber and the apparent dissociation con-
stant of EATP determined separately under identical experimental conditions.

It appears from Table II that K’ ,pp seems to be independent of the concentra-
tion of ADPjota1, and that K’ ppp is 5 times K’ ,rp in both experiments.

TABLE I1I

APPARENT DISSOCIATION CONSTANT OF ENZYME-ADP COMPLEX, K’ s1p, DETERMINED AS DESCRIBED
IN THE TEXT

The data obtained with enzyme preparation II originate’from the experiments illustrated in Fig. 2.
K’ srp is given for,comparison.

Enzyme [K*] inthe K arp [ADPq] K’ 4pp
rep. upper chamber M M
pree (’51{’4) () M) Individual Mean - S.E.
(uM) (ud)

II 49 0.20 0.72 1.06
1.44 1.04 1.06 4- 0.01
2.88 1.08

III 161 0.26 0.29 1.58
0.8¢9 0.82 1.20 4 0.22
2.93 1.21

GTP, ITP and CTP

In experiments like those shown in Fig. 1 with 0.135 or 0.547 uM ATP in the
upper chamber, GTP, ITP or CTP in concentrations up to 5 uM were without effect on
the ATP binding.

However, when these triphosphates were present in concentrations zoo times
that of ATP an effect on ATP binding was observed, less ATP being bound than in
the absence of GTP, ITP or CTP. This is apparent from Fig. 3 which gives the results
of binding experiments with 0.25 uM ATP without and with 50 uM GTP, ITP or CTP.
For comparison an experiment without these triphosphates but with 1.12 uM ATP is
included.

Table III gives for each curve the value of the intercept and the slope. It is seen
that inclusion of GTP,ITP or CTP leads to a significant increase in the intercept-value
which means that less ATP is bound. Furthermore, GTP and ITP significantly decrease
the slope suggesting that these two nucleotides decrease the rate of hydrolysis of ATP
in the upper chamber.

The concentrations of free ATP (F) and bound ATP (B) corresponding to each
curve in Fig. 3 were calculated as described in the section dealing with ADP (see also
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TABLE III

THE EFFECT OF GTP, ITP AND CTP onN ATP BINDING AND HYDROLYSIS, ILLUSTRATED BY THE VALUES
FOR INTERCEPT AND SLOPE OF THE CURVES SHOWN IN FIG. 3

For further explanation see text.

0.25 uM ATP 50 uM GTP  50uyM ITP  50uMCTP  r1.12uMATF
0.25uMATP 0.25uMATP o0.25uM ATP

Intercept,
counts/min per sample 316 L 8 379 +5 359 +3 448 £ 7 500 + 7
Slope,
counts/min per min 15.9 4 1.0 6.6 4 0.6 7.2 4 0.4 17.2 4 0.8 15.3 4 0.8
7501
112uM ATP
/ 0.25uM ATP, S0uM GTP
- 2 -
c 500,_—":,“ 025uM ATP
3 [ " 22 025uM ATP, 50uM GTP
g | .- L 025uM ATP, 50uM 1TP
3 [T
S .-
250F
A s 1
0 1IO 20 30
Sample No.

Fig. 3. The effect of GTP, ITP and CTP on [*?P]ATP binding by enzyme preparation I'V. The com-
position of the upper chamber solution (1.56 ml) with regard to ATP and the nucleotides in ques-
tion is given for each curve. For clarity, the points corresponding to the GTP and ITP regression
lines shown, are omitted from the figure. The extrapolated intercept with the ordinate axis of the
standard curve (no enzyme, 0.25 uM ATP), which is not shown, was 1230 counts/min per sample.
Temperature 2°, ionic strength o.073 M, pH (37°) 7.05.

ref. 1). Based on the model for competitive binding (THEORY section), GTP-, ITP-
and CTP-enzyme dissociation constants (K'gtp, K'rTp and K'crp) were now calcu-
lated from Eqn. 9. The results are shown in Table IV.

TABLE IV
APPARENT DISSOCIATION CONSTANTS (uM) oF THE GTP-, ITP- AND CTP-ENZYME COMPLEXES

Calculated from the data given in Fig. 3 and Table III as described in the text. K’srp is given for
comparison.

Enzyme [K+]in the K q7p K'grp K'rrp K'crp
prep. upper chamber

{(pM)
v 153 0.28 161 242 70
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Pyrophosphate

The influence of PP; on ATP binding was investigated as described for GTP,
ITP and CTP, but no effect was observed even in the experiment where the concen-
tration of PP; was 50 uM and that of ATP 0.25 uM. Neither the intercept, nor the
slope was changed by PP;.

DISCUSSION

It is obvious from the above results that adenine, adenosine, AMP, and pyro-
phosphate even in concentrations very high relative to that of ATP are without effect
on ATP binding. Thus, if binding of these compounds to the ATP-binding site can take
place at all, the dissociation constants of the formed complexes must be several orders
of magnitude higher than that of the enzyme-ATP complex. The observation that
AMP and PP; are not hydrolyzed by (Na+ + K+)-stimulated ATPases from a variety
of tissues?—19, and that AMP does not inhibit ATP hydrolysis by such preparations!1,12,
is in agreement with our present results and our previous suggestion! that the binding
of ATP studied is confined to the (Na+ 4- K+)-activated ATPase.

ADP, on the other hand, was able to displace ATP from the binding site and it is
proposed that this observation reflects competition between ADP and ATP for the
site. This assumption is supported by the results in Table IT which indicates that the
dissociation constant, K’ ,pp, calculated as described in the THEORY section is inde-
pendent of the ADP concentration (and the [ADP;]/[ATP;] ratio). In both experi-
ments the affinity of the enzyme for ADP was found to be about 5 times lower than for
ATP.

The inhibition of ATP binding by ADP is probably the mechanism for the ADP-
inhibition of ATP hydrolysis in the presence of (Nat+ + K+*)-activated ATPase8,11-18
(and J. C. Skou, personal communication). ADP inhibition of hydrolysis is, however,
also found for other ATPases (for refs. see NgrBY'?).

GTP, ITP and CTP in concentrations 1040 times that of ATPita; did not in-
fluence ATP binding significantly. Only when these triphosphates were present in con-
centrations 200 times that of ATP a slight inhibition of ATP binding by GTP and ITP
was observed, CTP having a somewhat greater effect. The experiments revealed an-
other difference between the effect of GTP and ITP on one hand and CTP and ATP on
the other, namely that GTP and ITP both, and to the same extent, reduced the rate
of hydrolysis of [*2P]ATP (decrease in slope, Table I1I), an effect not obtained with
CTP or ATP (Fig. 3).

The lesser binding of ATP in the presence of GTP, ITP or CTP might arouse the
suspicion that the commercial triphosphate preparations used were contaminated with
ATP. A content of 0.5 % ATP in the GTP and ITP preparations and about 1.5 % ATP
in CTP can exclusively explain the observed decrease in binding of [3P]ATP. For these
reasons and for reasons discussed below the dissociation constants for the GTP-, ITP-
and CTP-enzyme complexes listed in Table IV must be considered as minimum values.

The lower rate of hydrolysis of [3?P]ATP in the presence of GTP or ITP cannot
be explained by a displacement of ATP from the site which is responsible for practi-
cally all the ATP binding observed in our studies!. A likely explanation for this ob-
servation is that GTP and ITP as such compete with ATP for a site which, under the
experimental conditions used, binds only a small fraction of total ATP bound and has
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a relatively high turnover rate. A possible candidate for such a site is the unspecific,
Mg-activated (ouabain-insensitive) purine nucleoside triphosphatase known to be pre-
sent in microsomal preparations 5 7-9,11,13,18-2¢

The above results disclose a pronounced specificity of the ATP-binding site, ATP
and ADP being bound with a much higher affinity than the other compounds tested.

If the GTP, ITP and CTP preparations are free of ATP, our results furthermore
indicate the following order as to the affinity of the site for these compounds: CTP >
GTP > ITP.

As far as we are aware, nucleotide—-ATPase dissociation constants are not avail-
able in the literature. Several investigators have, however, under various conditions,
studied the nucleotide preference of (Na+ 4 K+)-activated ATPase in experiments on
nucleosidetriphosphate hydrolysis? 4-13,15,18,20,21,23-25 inhibjtion of ATP hydrolysis
by nucleotides!?,13,15 (for refs. concerning AMP and ADP, see above), phosphorylation
of the enzyme® %15 and on the di-triphosphonucleotide exchange reaction?8.%’, The
general picture emerging from the just mentioned literature is that ATP and ADP are
the nucleotides greatly preferred by the substrate site of the (Nat+ 4- K+)-activated
ATPase. Judged from the hydrolysis experiments, the (Nat+ + K+)-activated ATPase
seems to have a higher affinity for CTP than for ITP, GTP or UTP5,7.8,10,13,20,24,25

In this connection the studies of RoBINsON%, who showed that only ATP and
CTP but not GTP, ITP or UTP were able to induce structural changes in brain micro-
somes, are of interest. Furthermore, it seems important to note that the Na*+-transport
system of human red cell ghosts only uses ATP as substrate, the ouabain-sensitive
outflux in the presence of ITP, GTP, UTP or CTP being very small or absent2®30,

It appears from the above discussion that the nucleotide specificity of the bind-
ing site with which we are primarily concerned in the present study is similar to the
substrate specificity of (Na+ 4 K+)-activated ATPase. This, together with the pre-
viously demonstrated proportionality between ATP-binding capacity and (Nat + K+)-
ATPase activity?!, strongly suggest that this binding site is identical with the substrate
site of (Nat + K+)-ATPase.

Moreover, we feel justified to conclude that the 6-amino group on the purine or
pyrimidine ring as well as the S-phosphate group is essential for binding. The fact
that the dissociation constant of the enzyme-ADP complex is five timesthat of the
enzyme—-ATP complex, presumably indicates that binding of ATP also involves a link
between the y-phosphate group and the enzyme. Similar conclusions can be drawn
from studies on the interaction of nucleotides with myosin ATPase® and heavy
meromyosin®2,

ACKNOWLEDGEMENT

The skilled technical assistance by Mrs. Annie Sand is gratefully acknowl-
edged.

REFERENCES

1 J. G. NerBY AND J. JENSEN, Biochim. Biophys. Acta, 233 (1971) 104,

2 J. C. Skou anND C. HILBERG, Biochim. Biophys. Acta, 185 (1969) 198,

3 S. P. CoLowick AND F. C. WoMack, J. Biol. Chem., 244 (1969) 774.

4 R. L. Posrt, C. R. MERRITT, C. R. KiNsoLVING AND C. D. ALBRIGHT, J. Biol. Chem., 235 (1960)

1796.

Biochim. Biophys. Acta, 233 (1971) 395—403



SPECIFICITY OF ATP-BINDING SITE OF (Nat 4 K+)-ATPase 403

5 M. R. Hoxkin, Biockim. Biophys. Acta, 77 (1963} 108.

6 C. R. KiNsoLvING, R. L. Post aND D. L. BEAVER, [. Cell. Comp. Physiol., 62 (1963) 85.

7 J. S. CuarRNOCK AND R. L. Post, dustralian J. Exptl. Biol., 41 (1963) 547.

8 R. RENDI AND M. L. UHR, Biochim. Biophys. Acta, 89 (1964) 520.

¢ K. P. WHEELER AND R. WHITTAM, Biockem. J., 93 (1964) 349.

10 T. Nakao, Y. TasuiMa, K. NaGaNo aND M. Nakao, Biochem. Biophys. Res. Commun., 19
1965) 755.

II ( . F. H. WaLLacH aAND D. ULLREY, Biochim. Biophys. Acta, 88 (1964) 620.

12 S. FanN, G. J. KovaL axD R. W. ALBERS, J. Biol. Chem., 243 (1968) 1993.

13 R. Giss, P. M. Roppy anD E. Titus, j. Bwl Chem., 240 (1965) 2181.

14 W. ScCHONER, R. KRaMER AND W. SEUBERT, Biochem. Biophys. Res. Commun., 23 (1966) 403.

15 W. ScHONER, R. Beuscu AND R. KRAMER, European [. Biochem., 7 (1968) 102.

I6 HEXUM F. E. Samson, Jr. anp R. H. HiMEs, Biochim. Bzophys Acta, 212 (1970) 322.

17 J. G. NorBY, to be published.

18 J. C. Skou, Biochim. Biophys. Acta, 42 (1960) 6.

19 J. JARNEFELT, Biochim. Biophys. Acta, 59 (1962) 643.

20 H. MATSUI AND A. SCHWARTz, Biockim. Biophys. Acta, 128 (1966) 380.

. L. StaHL, J. Neurochem., 15 (1968) 499.
TZAGOLOFF K. H. BYINGTON AND D. H. MACLENNAN, J. Biol. Chem., 243 (1968) 2405.

23 Y. E. SHAMoO0 aND W. A. Bropsky, Biochim. Biophys. Acta, 203 (1970) I1I.
24 D. W. TowLE aND J. H. COPENHAVER, Jr., Biochim. Biophys. Acta, 203 (1970) 124.
25 G. G. BERG AND J. SZEKERCZES, J. Cell Physiol., 67 (1966) 487.
26 S. Fan
. L.

N, G. J. KovaL aND R. W. ALBERS, J. Biol. Chem., 241 (1966) 1882,

N
«—Huuémoc.<>éml—u—ou—n-]€€wmc

27 StaHL, J. Neurochem., 15 (1968) 511.

28 J. D. ROBINSON, Arch. Biochem. Biophys., 118 (1967) 649.

29 J. F. HoFFMAN, Federation Proc., 19 (1960) 127.

30 I. M. GLy~N AND J. F. HOFFMAN J. Physiol., 207 (1970) 34 P.
-J.

BLuwM, Arch. Biochem. Bwphys 87 (1960} 104.

32 A G. SzENT-GYSRGYL, in P. L. MILLER, Aspects of Cell Motility, London and Cambridge Uni-
versity Press, 1968, p. 17.

Biochim. Biophys. Acta, 233 (1971) 395-403



