MOLECULAR PHARMACOLOGY, 18, 43-48

Effects of Pb** and other Divalent Cations on Ouabain Binding to
E. electricus Electroplax (Na* + K*)-Adenosinetriphosphatase

GEORGE J. SIEGEL AND SuzANNE K. FoGT

Neurology Research Laboratory, Neurology Department, University of Michigan Medical School,
Ann Arbor, Michigan 48109

(Received May 15, 1978)
(Accepted August 10, 1978)

SUMMARY

SIEGEL, GEORGE J. & FoGT, SUZANNE K. (1979) Effects of Pb** and other Divalent
Cations on Ouabain Binding to E. electricus Electroplax (Na* + K*)-Adenosinetri-
phosphatase. Mol. Pharmacol. 15, 43-48.

PbCl; reduces the level of [*H]ouabain binding to (Na* + K*)-adenosinetriphosphatase
in E. electricus electroplax microsomal preparations in the presence of Mg** and ATP
with or without Na*. The inhibition is competitive with ATP, and Na* is cooperative
with Pb** in reducing the affinity for ATP at a site involved in ouabain binding. The
ATP site involved in ouabain binding is not the substrate site since no such cooperative
interactions among Pb**, Na*, and ATP could be observed with regard to phosphorylation
or inhibition of hydrolysis. ADP also stimulates ouabain binding, which is inhibited
competitively by Pb**. Cd**, Cu**, Hg**, and Zn*" also inhibit ouabain binding in the
presence of Mg**, ATP, with or without 50 mM Na* but only the inhibition by Cd** is
potentiated by 50 mm Na*. BaCl,;, FeCl;, CaCl;, MnCl;, NiCl;, CoCl;, and SrCl; at

concentrations of 60 uM did not inhibit drug binding.

INTRODUCTION

The rate of ouabain binding to (Na* +
K*)-ATPase from various tissues can be
accelerated in two different pathways of
enzyme reactions: (1) Na'’-stimulated,
Mg** plus nucleotide-dependent and (2)
Na*-inhibited, Mg** plus P;-dependent
(1-4). These and related studies (5, 6) in-
dicate complicated effects of ligands on
multiple conformational properties or re-
straints of the enzyme. In any attempt to
assign effects on the enzyme to specific
ligand sites, those effects that are obligato-
rily dependent on the production of phos-
phoenzyme need to be identified. There has
been some controversy as to the role of
ATP in ouabain binding (5).

Recent studies have shown that Pb**,
while an inhibitor of ATP hydrolysis (7, 8),
stimulates phosphorylation by ATP of the
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catalytic polypeptide of E. electricus elec-
troplax (7, 9) and of rat brain (10) (Na* +
K*)-ATPase in the absence of Na*. The
Na*- and Pb**-dependent [**P]peptides in
proteolytic digests of labeled electroplax
enzyme are electrophoretically identical
(11). The present study investigates
whether Pb** stimulates ouabain binding.
The results describe inhibition by Pb** and
other divalent cations of ouabain binding
and lead to the conclusion that ouabain
binding does not depend on enzyme phos-
phorylation.

METHODS AND MATERIALS

Tritiated ouabain was a product of New
England Nuclear Co., Boston, and Tris nu-
cleotides were obtained from Sigma Chem-
ical Co., St. Louis. Microsomal preparations
of (Na* + K*)-ATPase were prepared from
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electroplax of E. electricus as described (9).
Binding of [*H]Jouabain to microsomes was
assayed by the method of filtration as re-
ported earlier (4). Microsomes were rou-
tinely exposed at twice the final concentra-
tion of PbCl; for 10 min at 2° prior to
addition of reaction mixtures. In the usual
assay, [°’H]ouabain bound to microsomes
was measured after incubation of 40 ug
microsomal protein for 15 min at 23° in 40
ul in media containing, in final concentra-
tions, 75 mm imidazole (pH 7.4), 0.01 mMm
[*H]ouabain (0.5 Ci/mmol), 2.5 mM MgCl,,
1.25 mMm ATP, and other additions, includ-
ing NaCl, as noted. Where other divalent
cations were tested, microsomes were first
exposed to the indicated chloride salt in
twice the final concentration for 10 min at
2°,

RESULTS AND DISCUSSION

Table 1 shows that the Pb** inhibition
of ouabain binding depends to some extent
on the length of time the microsomes are
first exposed to Pb**; this relationship is
observed for up to 10 min at 2°. The addi-
tion of Na* to the reaction mixture in-
creases the per cent inhibition produced by
Pb** (Table 1). In other experiments, the
order of exposure of microsomes to Mg*™,
ATP, and Pb** did not alter the subsequent
inhibition of ouabain binding. The presence
of Na*, however, in the Pb** exposure me-
dium containing Mg** and ATP increased
the inhibition effect of Pb** when ouabain
was subsequently added. In some experi-

ments this potentiating effect of Na* was
about 20% greater when Na* was added to
microsomes after the Pb** as compared to
the effect of Na* added at the same time as
the Pb**. In all following experiments, mi-
crosomes were first exposed to Pb** for 10
min at 2° prior to addition of reaction mix-
tures.

As expected, incubation for 15 min at 23°
under the conditions studied in Table 1
produces maximum or saturation levels of
ouabain binding even in the absence of Na®,
(4). In order to determine whether the ef-
fect of Pb** is on the rate or on the satu-
ration level of binding, incubations with
ouabain were performed as indicated in Ta-
ble 1 but the intervals were varied. Micro-
somes were first exposed to Pb** for 10 min
at 2° prior to addition of reaction mixtures.
Levels of ouabain binding with or without
Na* were found to vary less than 10% dur-
ing incubations for 15, 30, and 60 min while
the inhibition due to Pb** was 94, 94, and
90% in the presence of Na*, and 40, 50, and
49% in the absence of Na*. The effect of
Pb** is, therefore, on the level of binding.
Rates of Pb** dissociation and association
must be very much faster than the rate of
ouabain binding.

Figure 1 shows the inhibition produced
by chloride salts of Cd**, Hg**, Cu**, and
Pb** in the absence of Na*. The [I]os val-
ues are 15 to 20 um for Cd**, Hg** and
Cu**, and 28 uM for Pb**. In other experi-
ments ouabain binding measured as in Fig-
ure 1 was not inhibited by 60 um BaCl,,

TaBLE 1
Effects of Pb** exposure time and Na* on inhibition of [*H]ouabain binding
Microsomes, 40 pg protein, were exposed to 55 uM PbCl. at 2° for the indicated times and then diluted with

an equal volume of reaction mixture containing 0.01 mM ouabain, 3 mm MgCl,;, 1 mM ATP plus or minus 125
mM NaCl in final concentrations. Other conditions were as in METHODS

Pre-exposure PbCl, No Na* 125 mM Na*
time
[*H]bound inhibition [*H]bound inhibition
min pmoles-mg™' % pmoles-mg™' %
2 - 762 777
2 + 599 21 252 78
5 - 738 747
+ 498 33 159 79
10 - 752 847
10 + 422 44 122 86
20 - 786 844
20 + 433 45 154 82
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FeCl;, CaCl;, MnCl,, NiCl;, CoCl,, or SrCl..
ZnCl;, 60 pM, produced 30% inhibition.
Zn**, undoubtedly, is a more potent inhib-
itor than indicated in these results since
imidazole, which binds Zn**, was used in
this study.

In earlier studies, increasing the concen-
tration of microsomes in assay mixtures
was found to reduce the apparent potency
of Pb**, presumably because of Pb** bind-
ing to nonenzyme sites (9). Therefore, the
[PbCl:)os of 28 uM for inhibition of ouabain
binding (performed with 40 ug microsomal
protein) represents an affinity for Pb** that
may be 1.5 to 2 times lower than that rep-
resented by the value of 20 uM (9) obtained
for stimulation of phosphorylation or inhi-
bition of hydrolysis (performed with 100 ug
microsomal protein). Although the poten-
cies of Pb** as measured by effects of oua-
bain binding and phosphorylation are close,
the data do not allow the two effects to be
assigned to the same Pb** binding site.

Table 2 shows the effect of Na* on the
inhibition produced by the metal ions. Only
the inhibition produced by Pb** and Cd**
is potentiated by Na*. We could not explain
the grouping, as measured by their effects
on ouabain binding, of all the metal ions
used in this study by the order of their
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F1G. 1. Divalent cation inhibition of ouabain
binding

The experiment was performed as described in
Methods except that reaction mixtures contained 3
mM MgCl,, 1 mM ATP, and no NaCl. @——@, PbCl;;
O—-C0, CuCl,; B, HgCly; O, CdCl..
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affinities for sulfide or other possible en-
zyme functional groups (12) or for chelators
(13) or from their effects on phosphoryla-
tion. Of these divalent ions, only Pb** stim-
ulates phosphorylation (10).

Figure 2 shows that Na* is cooperative
with Pb** in producing inhibition of oua-
bain binding. The Pb** response curve is
sigmoidal and is shifted by Na* toward
lower concentrations of Pb**. Values for
[PbClz]os are 23 and 36 um with and without
125 mM NaCl, respectively, under the con-
ditions of this experiment.

Decreasing the concentration of MgCl; in

TABLE 2

M** inhibition of ouabain binding: interactions

with Na*

Chloride salts were used. Reaction mixtures con-
tained 3 mmM MgCl,, 1 mmM ATP plus or minus 50 mM
NaCl in final concentrations. Other conditions were as
in METHODS except that incubation with ouabain was
for 2 min at 23°. Differences due to Na* in the presence
of Cu** and Hg** are not significant. Control values
for ouabain binding were 0.31 and 0.49 umol.-mg™’
without and with Na*, respectively. These are
amounts of binding obtained in 2 min and are not
saturation levels. Thus the effect of Na* on the rate of
binding is discernible in the control data.

M** added No Na* 50 mMm Na*

uM % inhibition
Pb** 28 34 99
Cd** 15 46 96
Cu**t 15 60 65
Hg** 15 43 37
Zn** 125 75 50
100 T T T T T T T T 7T
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FiG. 2. Effect of Na* on Pb** inhibition of oua-
bain binding

Conditions were as described in METHODS.
O—-0, no Na*; @&—@, 125 mm NaCl.
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the reaction mixtures reduces the percent
of inhibition due to PbCl.. In the presence
of 1 mMm ATP, 27.5 um PbCl,, and no NaCl,
inhibition of ouabain binding measured as
in METHODS, was 58, 32, 16, and 0% in the
presence of 3, 2, 1, and 0.5 mm MgCl,,
respectively. This effect of reducing [Mg**]
can be accounted for by the increasing for-
mation of PbATP", although an additional
competitive effect of Mg** cannot be ex-
cluded.

The cooperative effects of Pb** and Na*
on the apparent affinity for ATP are shown
in Figures 3 and 4. The [ATP]o5 values for
ouabain binding are less than 0.05 mM un-
der these conditions in the presence or ab-
sence of Na*, provided that Pb** is ex-
cluded. The inclusion of 27.5 um PbCl; in-
creases the [ATP)o5 to about 0.1 mM in the
absence of Na* (Fig. 3) and to about 0.5 mm
in the presence of Na* (Fig. 4). Of course,
a portion of the ATP reversal of Pb** in-
hibition is related to chelation of Pb** but
this could not account for the almost com-
plete reversal when 1 mm ATP is added in
the presence of 3 mm MgCl. (Fig. 3) or the
difference due to Na*. Pb** also increases
the [ADP]o; value as measured by ouabain
binding in the absence of Na* from about
0.05 to about 0.5 mm (Fig. 5). The ADP
stimulation of ouabain binding could not be
accounted for by presumed conversion to
ATP since the adenylate kinase activity in
these microsomal preparations as detected
by the formation of [*C]JAMP from [*C]-
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F1G. 3. Pb** inhibition of ATP-dependent oua-
bain binding in the absence of Na*

The experiment was performed as described in
METHODS except that MgCl; was 3 mM and various
ATP concentrations were used without added Na*.
O—0, no PbCl;; &—@, 27.5 umM PbCl,.

SIEGEL AND FOGT

04— . 1
o\ ———
I -
£
Em o :

R E— 2 5']/—4

[Tns ATP] mM

F16. 4. Pb** inhibition of ATP-dependent oua-
bain binding in the presence of Na*

The conditions were as described in METHODS, ex-
cept that various ATP concentrations were used in
the presence of 126 mM NaCl. O—O, no PbCls;
@—@©, 27.5 uMm PbCl..
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F16. 5. Pb** inhibition of ADP-dependent oua-
bain binding in the absence of Na*
The experiment was performed as in Figure 3.
O—0, no PbCl;; @&—@, 27.5 um PbCl..

ADP is less than needed to convert 2% of
the ADP to ATP under the present condi-
tions (11). Experiments with Na* and ADP
were not performed for further comparison.
The parsimonious assumption that ATP
and ADP act at the same site, while not
obligatory, is consistent with the fact that
both nucleotides support Na*-stimulated
ouabain binding (4). This could be tested
with additional experiments. This assump-
tion suggests that the cooperativity be-
tween Na* and Pb** would be stronger with
ADP than with ATP because of the lower
affinity for ADP.

Prior studies have shown that PbCl; in
concentrations less than 60 uM stimulates
and produces no inhibition of phosphoryl-
ation, whether or not Na* is present (7, 9).
Moreover, Na* does not potentiate Pb**
inhibition of hydrolysis (9) and there is no
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evidence for interaction between Pb** and
ATP as measured by hydrolytic activity
(9). Therefore, the nucleotide site interac-
tive with Na* and Pb** and involved in
ouabain binding is not the substrate site
involved in phosphorylation or hydrolysis.

The strongest evidence that phosphoryl-
ation is necessary for ouabain binding is the
absent or inhibitory effects of nonphos-
phorylating ATP analogues on ouabain
binding (14, 15). Differences in metal ion
chelation (16) or in conformation could ex-
plain these results with ATP analogues
(17). On the other hand, other studies show-
ing that ADP supports Na*-stimulated oua-
bain binding almost as well as ATP suggest
that enzyme phosphorylation is not critical
for Na*-stimulated ouabain binding (4).
The present findings add further support to
this conclusion. An alternative explanation
could be that Na* and nucleotides produce
conformational effects on the enzyme apart
from any consequent to enzyme phospho-
rylation. The nucleotide site, in sity, is on
the cytoplasmic surface while the ouabain
site is on the external surface of the cell (18,
19). These presumed locations, together
with the data provided here, suggest that
these nucleotide-produced conformational
effects are transmitted through the cell
membrane. While these effects are impor-
tant for ouabain binding, it is not known
whether the identical effects are important
in regulation of cation translocation. ATP
may have activating influence, as indicated
in studies measuring hydrolytic activity
(20).

REFERENCES

1. Albers, R. W, Koval, G. J. & Siegel, G. J. (1968)
Studies on the interaction of ouabain and other
cardioactive steroids with sodium-potassium-ac-
tivated adenosine-triphosphatase. Mol. Phar-
macol. 4, 324-336.

2. Schwartz, A., Matsui, H. & Laughter, A. H. (1968)
Tritiated digoxin binding to (Na* + K*)-acti-
vated adenosine triphosphatase: possible allo-
steric site. Science. 160, 323-325.

3. Sen, A. K,, Tobin, T. & Post, R. L. (1969) A cycle
for ouabain inhibition of sodium- and potas-
sium-dependent adenosine triphosphatase. J.
Biol. Chem. 244, 6596-6604.

4. Siegel, G. J. & Josephson, L. (1972) Ouabain re-
action with microsomal (Na* + K*)-activated
ATPase. Characteristics of substrate and ion

10.

11

12.

13.

14.

15.

16.

17.

18.

47

dependencies. Eur. J. Biochem. 25, 323-335.

. Glynn, I. M. & Karlish, S. J. D. (1975) The sodium

pump. Annu. Rev. Physiol. 37, 13-55.

. Dahl, J. L. & Hokin, L. E. (1974) Sodium-potas-

sium-adenosinetriphosphatase. Annu. Rev. Bio-
chem. 43, 327-356.

. Siegel, G. J. & Fogt, S. K. (1976) Lead ion activates

phosphorylation of electroplax (Na,K)-ATPase
in the absence of sodium ion. Arch. Biochem.
Biophys. 174, 744-746.

. Nechay, B. R. & Saunders, J. P. (1978) Inhibitory

characteristics of lead chloride in sodium-de-
pendent and potassium-dependent adenosine-
triphosphatase preparations derived from kid-
ney, brain, and heart of several species. J. Tox-
icol. Environ. Health. 4, 147-159.

. Siegel, G. J. & Fogt, S. K. (1977) Inhibition by lead

ion of electrophorus electroplax (Na* + K*)-
adenosine triphosphatase and K*-p-nitrophen-
ylphosphatase. J. Biol. Chem. 252, 5201-5205.

Siegel, G. J., Fogt, S. K. & Hurley, M. J. (1977)
Lead actions on sodium-plus-potassium-acti-
vated adenosinetriphosphatase from electro-
plax, rat brain, and rat kidney, in Membrane
Toxicity. (Miller, M. W. & A. E. Shamoo, eds.),
Plenum Press, New York, 465-493.

Siegel, G. J., Fogt, S. K. & lIyengar, S. (1978)
Characteristics of lead ion stimulated phospho-
rylation of electrophorous electricus electroplax
(Na* + K*)-adenosinetriphosphatase and inhi-
bition of ATP-ADP exchange. J. Biol. Chem.
253, 7207-7211.

Madsen, N. B. (1963) Mercaptide forming agents,
in Metabolic Inhibitors: A Comprehensive
Treatise. (Hochster, R. M. & J. H. Quastel,
eds.), Academic Press, New York, 119-143.

Hewitt, E. J. & Nicholas, D. J. D. (1963) Cations
and anion: inhibitions and interactions in me-
tabolism and in enzyme activity, in Metabolic
Inhibitors: A Comprehensive Treatise (Hoch-
ster, R. M. & J. H. Quastel, eds.). Academic
Press, New York, 331.

Tobin, T., Akera, T., Hogg, R. E. & Brody, T. M.
(1973) Ouabain binding to sodium- and potas-
sium-dependent adenosine triphosphatase: in-
hibition by the 8, y-methylene analogue of aden-
osine triphosphate. Mol. Pharmacol. 8,278-281.

Tobin, T., Akera, T., Lee, C. Y. & Brody, T. M.
(1974) Ouabain binding to (Na* + K*)-ATPase-
effects of nucleotide analogs and ethacrynic-
acid. Biochim. Biophys. Acta. 345, 102-117.

Grisham, C. M. & Mildvan, A. S. (1974) Magnetic-
resonance and kinetic studies of mechanism of
sodium and potassium ion-activated adenosine-
triphosphatase. J. Biol. Chem. 249, 3187-3197.

Fagan, J. B. & Racker, E. (1977) Reversible inhi-
bition of (Na*, K*)ATPase by Mg**, adenosine
triphosphate, and K*. Biochem. 18, 152-158.

Perrone, J. R. & Blostein, R. (1973) Asymmetric



48 SIEGEL AND FOGT

interaction of inside-out and right-side out into a well defined in vitro transport-system. J.

erythrocyte membrane vesicles with ouabain. Biol. Chem. 252, 5630-5642.

Biochim. Biophys. Acta. 291, 680-689. 20. Post, L., Hegyvary, C. & Kume, S. (1972) Activa-
19. Goldin, S. M. (1977) Active-transport of sodium tion by adenosine triphosphate in the phospho-

and potassium-ions by sodium and potassium rylation kinetics of sodium and potassium ion

ion-activated adenosine-triphosphatase from transport adenosine triphosphatase. J. Biol.

renal medulla-reconstitution of purified enzyme Chem. 247, 6530-6540.





