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Erythrosin B inhibits high affinity ouabain binding in
guinea-pig heart Na*-K*-ATPase without influence on
cardiac glyoside induced contractility

Uwe Fricke

Pharmakologisches Institut der Unversitit zu K6ln, Gleueler Str. 24, D-5000 K61n 41, Federal Republic of

Germany

1 Binding of [’H]-ouabain to guinea-pig heart membranes enriched in Na*-K *-ATPase revealed two
different cardiac glycoside binding sites. High affinity binding was obtained at a Kp =2.2 x 1077
moll~" (B,,,, = 16.8 pmol ouabain mg~' protein) whereas low affinity ouabain binding occurred at a
Kp>10"%mol 17",

2 To discover whether the two ouabain binding sites are functional in guinea-pig heart muscle,
erythrosin B, an inhibitor of the high affinity ouabain binding in rat brain tissue, was tested in guinea-
pigisolated heart muscle preparations. Erythrosin B proved to be a potent inhibitor of the Mg?* (Na*)-
dependent-, as well as Na*-K *-activated ATPase (IDs, = 9 x 10~%mol 1~ "). Contractility of guinea-
pig isolated papillary muscles, however, was not influenced by erythrosin B in concentrations up to
1 x 10~*moll1~". Only very high concentrations (4 x 10-*mol1~") resulted in a slightly negative
inotropic effect (about 20%).

3 Erythrosin B dose-dependently inhibited [*H]-ouabain binding to the Na*-K*-ATPase (Kp=-
3.6 x 10"®mol17"). In a concentration of 1 x 10->moll~! the dye abolished high affinity [*H]-
ouabain binding without affecting the low affinity binding sites.

4 In contrast, in guinea-pig isolated atria, no functional antagonism between erythrosin B
(5 x 10~3mol1~') and ouabain was observed.

5 As there is a coincidence between the high affinity binding (Kp =2.2 x 10~"mol1~") and the
concentration for half maximum inotropic effects of ouabain (EDs, = 1.6 x 10~"mol 1™"), the lack of
effect of erythrosin B on ouabain-induced inotropy may be caused by an inaccessibility of the dye to the

(internal) ATP-site of the Na*-K*-ATPase.

Introduction

The Na*-K*-ATPase is generally accepted as the
most specific binding site (‘receptor’) for cardiac
glycosides in the heart. However, the coupling of this
interaction with the inotropic effect is still the subject
of discussion. A highly favoured theory is the causal
relationship between the binding to and inhibition of
the Na*-K*-ATPase by cardiac glycosides. This
results in an increase in the intracellular Na*-concen-
tration which, via the Na*/Ca?* -exchange, is linked to
an increase in the intracellular Ca?* concentration,
thereby accounting for the positive inotropic effect of
these drugs (for references see Schwartz et al., 1975;
Akera & Brody, 1977). However, there is some
evidence, that cardiac glycosides in low but positive

inotropic concentrations do not inhibit Na* ,K *-tran-
sport in intact heart muscle preparations (Cohen et al.,
1976; Noack et al., 1979; Godfraind, 1981; Brown &
Erdmann, 1982, Fricke et al., 1982).

Recent results indicate that, under different ex-
perimental conditions in different species and tissues,
at least two cardiac glycoside binding sites may exist
(Inagaki et al., 1974; Fricke & Klaus, 1977; 1978;
Erdmann er al., 1980; Silbergeld, 1981; Erdmann,
1983; Lazdunski et al., 1983). It has been suggested
that the high affinity, low capacity binding of cardiac
glycosides may be related to the positive inotropic
action of these drugs, whereas the low affinity, high
capacity binding of cardiac glycosides is connected to
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Figure 1 Structure of erythrosin B.

the inhibition of the Na*-K *-ATPase and hence to an
impairment of the Na* ,K*-homeostasis resulting in
arrhythmias and contracture (Erdmann et al., 1980;
- Erdmann, 1983; Werdan et al., 1983).

Reports that erythrosin B (Figure 1), an artificial
food dye, can specifically inhibit the high affinity
ouabain binding in rat brain tissue (Silbergeld, 1981;
Swann, 1982; Hnatowich & La Bella, 1982), indicated
that this drug might be a useful tool to unravel the
functional significance of the two ouabain binding
sites found in isolated heart muscle preparations. For
this reason, the effects of erythrosin B and its interac-
tion with ouabain was studied in guinea-pig heart
muscle preparations and Na*-K*-ATPase.

Methods

Preparation of Mg**-dependent, Na*-K* -activated
ATPase

Microsomes enriched in cardiac Mg?* Na*-K*-
ATPase from guinea-pigs of either sex (200-300 g)
were freshly prepared before use as previously des-
cribed (Fricke & Klaus, 1974). The final enzyme
preparation, stored in an imidazole-HCl buffer
(100 mmol 1! imidazole HCI, 1 mmol1~! Na,-EDTA,
pH 7.4), was used for the experiments.

The Na*-K*-ATPase activity was in the range of
5—8 umol ATP hydrolyzed per h and mg protein at
37°C. About 80-90% of the total activity was in-
hibited by 1 x 10~>mol1~! ouabain.

ATPase activity assay

Mg?*-dependent and Na*-K*-stimulated ATPase
activities were determined at 37°C in the presence of
increasing concentrations of erythrosin B. Usually
10pug of protein was preincubated for 10min in
100 mmol 1=} imidazole HCI buffer, pH 7.4, contain-
ing: (mmol1-') MgCl, 5, NaCl 100, KCI 5 and Na,-
EDTA 1. The reaction was started by the addition of

ATP, the final concentration being 2mmol1~!. An
identical assay was performed in the absence of KCl
(Mg?*(Na*)-dependent ATPase activity). After
30 min, inorganic phosphate was determined by the
method of Eibl & Lands (1969). Each assay was
performed in duplicate. Na*-K *-ATPase activity was
calculated as the difference between total and Mg?*
(Na*)-dependent activity.

[’H]-ouabain binding

The binding studies were carried out as described by
Erdmann & Schoner (1973, 1974). Briefly, the ex-
periments were performed by incubation of the Na*-
K*-ATPase (0.15mg protein) in the presence of
Smmoll~' MgCl,, 3mmoll~' imidazole/PO2",
5.5nmol1~! PH]-ouabain and increasing amounts of
unlabelled ouabain (5-4000 nmol 1~ ') in 100 mmol 1-!
imidazole HCI buffer, pH 7.4 (total volume = 2 ml).
After 30 min of incubation (steady state condition),
bound ouabain was separated from free drug by a
rapid filtration technique (Whatman GF/C glass filter
membranes). After washing the filter twice with 10 ml
of ice-cold distilled water the filters were added to a
scintillation mixture (0.3% PPO, 25.7% Triton X-100,
74% xylene) and counted for radioactivity in an
Intertechnique SL 30 liquid scintillation spectrometer.
Non-specific binding was determined in the presence
of high concentrations of unlabelled ouabain
(1 x 10~ *mol 1~') and was found to be less than 1% of
total radioactivity. All experiments were performed in
duplicate assays.

Measurement of inotropic action

Inotropic action was evaluated on electrically
stimulated right papillary muscles (60 min~', 3 ms,
50V) or left atria (120min~', 6ms, 2 x threshold
voltage), isolated from guinea-pig hearts (guinea-pigs
of either sex, 200-250g). Contractile force was
measured isometrically by means of a force-dis-
placement-transducer and recorded after amplifica-
tion (Fleck, Mainz, F.R.G.) on a thermorecorder
(Hellige Servomed, Freiburg, F.R.G.). The atria (rest-
ing tension: 1.0g=9.8mN) or papillary muscles
(resting tension: 0.5g=4.9mN) were allowed to
stabilize at 30°C for about 60 min in an organ bath
containing 10ml of a modified Tyrode solution
(mmol1~'): Na* 149, K+ 5.4, Ca®* 0.9, Mg?* 1.05,
Cl~ 144, HCO,™ 11.9, H,PO,™ 0.42 and glucose 10.0,
which was equilibrated with 95% O,, 5% CO, to give a
pH of 7.4.

Erythrosin B and ouabain were dissolved in distilled
water and usually added in a cumulative manner at
30min intervals until toxic effects (contracture,
arrhythmias) were observed. The time intervals were
chosen such as to allow a steady state of drug action.
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Miscellaneous

Protein concentrations were determined by the
method of Lowry et al. (1951) using Labtrol (Merz &
Dade, Miinchen, F.R.G.) as a standard.

Kp values for direct binding studies with [*H]-
ouabain were calculated according to Wellstein &
Palm (1984) using a nonlinear least square fitting
procedure or to Noel & Godfraind (1984), using a
derivative-free nonlinear regression programme
(PAR, BMDP Statistical software, Inc., U.S.A.).
Furthermore, Scatchard-plots were used for purposes
of comparison (Scatchard, 1949). Indirect K, values
were calculated according to Erdmann & Schoner
(1974). The concentrations for half maximum in-
otropic response (EDs) and half maximum inhibition
of the Na*-K*-ATPase (IDs,) were calculated from
the individual concentration-effect-curves as
proposed by Hafner er al. (1977). All data were
analysed by standard statistical methods (mean value
and s.e.mean, regression analysis).

Materials

[*H]-ouabain, sp. act. 666 GBq mmol ~' was purchased
from New England Nuclear (Dreieich, F.R.G.).
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Figure 2 Effects of increasing concentrations of eryth-
rosin B on the Mg?* (Na*)-dependent- (A), Mg?* ,Na* -
K*-dependent- (O) and on the Na*-K*-dependent
ATPase activity (@) from guinea-pig heart. Enzyme
activities were assayed for 30 min at 37°C in the presence
of MgCl, 5mmoll~', NaCl 100mmoll~' and ATP
2mmol1~! (Mg?*(Na*)-ATPase) or MgCl, S mmol1~',
NaCl 100 mmol1~', KCl 5 mmol 1-' and ATP 2 mmol 1™’
(Mg?*, Na*—K*-ATPase) and are expressed in pmol-
P,mg~' protein x h. The means of 3 different ex-
periments are given.

Erythrosin B and Na,-ATP were obtained from Serva
(Heidelberg, F.R.G.). All other chemicals were of
analytical grade and were purchased from Merck
(Darmstadt, F.R.G.).

Results
Erythrosin B

Inotropic action In guinea-pig isolated papillary mus-
cles erythrosin B in a concentration range of S x
10""mol17" to 1 x 10~*mol1~" did not significantly
alter contractile force. Higher concentrations resulted
in a slightly negative inotropic effect (up to about
20%) at the highest concentration tested
(4 x 10~ *mol17Y).

Mg?* -dependent, Na*-K*-ATPase The effects of
erythrosin B on myocardial Mg?*-dependent, Na*-
K*-activated ATPase were tested in a concentration
range of 10~¥mol 17! to 5 x 10~>*mol1~". Erythrosin
B dose-dependently inhibited the Na*-K*-ATPase
activity as well as the Mg?* -dependent enzyme activity
(Figure 2). From these experiments in either case a
concentration for half maximum inhibition (IDs;) of
9 x 10-°mol1~" was calculated.

Binding to Na*-K*-ATPase On the assumption that
unlabelled compounds bind to the same binding sites
as their labelled analogues, the inhibition of [*H]-
ouabain binding to the Na*-K*-ATPase by un-
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Figure 3 Inhibition of [*’H]-ouabain binding to guinea-
pig heart Na* -K*-ATPase by unlabelled ouabain (O)
and erythrosin B (@). Cardiac cell membranes (0.15m,
protein) incubated for 30 min at 37°C in 100 mmol 1~
imidazole HCl pH 7.4, MgCl, Smmol1~!, imidazole/
PO~ 3mmol 1!, ’H]-ouabain 5.5 nmol 1~ ! and increas-
ing concentrations of the drugs indicated. Non-specific
[*H]-ouabain binding in the presence of 10~*moll™'
unlabelled ouabain was subtracted. Dissociation con-
stants (Kp) calculated according to Erdmann & Schoner
(1974): ouabain Kp = 1.9 x 10-"moll~'; erythrosin B
Kp = 3.6 x 10~%mol1~'. Means of 6 different assays are
given.
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labelled ouabain or other unlabelled compounds can
be used to calculate the concentration for half max-
imum binding (Kp) (Erdmann & Schoner, 1974).
The Kp value for ouabain (high affinity binding)
obtained in this way was 1.9 x 10""moll~' and
corresponds to the Kp value of 2.0 x 10~ "mol1~},
which was obtained directly by the analysis according
to Scatchard (1949) from the same experiments.
Erythrosin B in a concentration range of
5% 107 "moll~" to 1 x 10~*mol1~! dose-dependent-
ly inhibited [’H]-ouabain binding. From these com-
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Figure 4 Binding of [*H]-ouabain to guinea-pig heart
Na*-K*-ATPase. Cardiac cell membranes (0.15 mg
protein) incubated for 30 min at 37°C in 100 mmol 1~
imidazole HCl pH 7.4, Smmoll~! MgCl,, 3mmoll~!
imidazole/PO,*~, 5.5 nmol 1~ ! *H]-ouabain, and increas-
ing concentrations of unlabelled ouabain (5 x 107°-1073
moll~!, [*H]-ouabain binding in the presence of
10~*mol1~" unlabelled ouabain considered to be non-
specific). Further conditions as described under Methods.
(a) Saturation binding of ouabain; (b) Binding of [*HJ-
ouabain as a competition isotherm, demonstrating two
different populations of ouabain binding sites (as cal-
culated by the method of Wellstein & Palm, 1984). A high
affinity bindin% site (B, = 16.8pmolmg~' protein,
Kp=2.2x10""mol1"") and a low affinity binding site
indicating a Kp value of > 10~®mol1~". Open symbols
represent total binding, closed symbols the non-specific
binding of ouabain. The means of 6 different assays are
given.

petition-curves an indirect Kp, value for erythrosin B of
3.6 x 10-%mol1~! was obtained (Figure 3).

Erythrosin B — ouabain interactions

Binding to Na*-K*-ATPase Incubation of guinea-pig
heart microsomes with 5.5 nmol 1~ [*H]-ouabain and
increasing concentrations of unlabelled ouabain
(5 x10~°moll~! to 1 x 10 *mol1~") resulted in a
saturable cardiac glycoside binding, which is not
monotonic over the whole ouabain concentration
range studied. These data analysed according to the
method described by Wellstein & Palm (1984) were
compatible with the existence of two specific ouabain
binding sites (Figure4): one binding site, evident at
low ouabain concentrations, had a Kp value of
2.2 x 10~"mol1~! and a maximum binding capacity
(B,.x) of 16.8 pmol ouabain mg~! protein (‘high affin-
ity binding site’). The other binding site representing
about 10% of the [*H]-ouabain bound was obtained
only at rather high ouabain concentrations. The Kp
value which cannot be quantified exactly, was above
1 x 10~®mol1~! (‘low affinity binding site’). Similar
results were obtained when the data were analysed
according to the method described by Noel & God-
fraind (1984). Two populations of binding sites are
also apparent in a Scatchard plot (1949). However, as
this transformation can give erroneous interpretations
(Munson & Rodbard,1983; Klotz, 1983), nonlinear
analysis of the untransformed data is preferred (Well-
stein & Palm, 1984).

Erythrosin B at concentrations that inhibited [*H]-
ouabain binding by about 50—80%, only inhibited the
high affinity, low capacity cardiac glycoside binding
site, and did not affect the low affinity component
(Figure 5). Nonlinear analysis of the untransformed
data according to Wellstein & Palm (1984) resulted in
a Kp, value of the high affinity ouabain binding in the
absence of erythrosin B of 1.4 x 10~"mol 17}, (B,,,. =
7.3 pmolmg ' protein). Erythrosin B in a concentra-
tion of 5x 107 %moll~' shifted this Kp value to
39x 10" "moll”! and in a concentration of
1 x 10~°moll~! almost abolished high affinity
ouabain binding (Kp = 8.0 x 10~ "mol1~"). The max-
imum binding capacities under these conditions varied
between 8.9pmolmg~' protein (5 x 10~ moll™!
erythrosin B) and 10.9pmolmg™' protein
(1 x 10”3 mol 1~ ! erythrosin B). Analysis of the same
data according to the proposal of Noel & Godfraind
(1984), yielded similar results, indicating erythrosin B
to be a specific inhibitor of the high affinity ouabain
binding in guinea-pig heart.

Inotropic action The interaction of erythrosin B with
ouabain was studied in guinea-pig isolated left atria. In
the absence of erythrosin B ouabain dose-dependently
increased contractility in this preparation in a concen-
tration range of 5 x 10"®mol1~! to 4 x 10~ "mol 1!
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Figure 5 [*H]-ouabain binding to guinea-pig heart Na* -K*-ATPase in the absence (O) and the presence of
5% 10"%mol1~! (O) or 1 x 10~°mol1~! (A) erythrosin B. Cardiac cell membranes (0.15 mg protein) incubated for
30 min at 37°C in 100 mmol1~' imidazole HCI pH 7.4, MgCl, 5 mmol 1-!, imidazole/PO,*~ 3 mmol1-', ’H]-ouabain
5.5nmol1~!, and increasing concentrations of unlabelled ouabain (5 x 10~°-10~3mol1~"). [’H]-ouabain binding in
the presence of 10~>mol 1~! unlabelled ouabain (@) considered to be non-specific. Plotting the data as a competition
isotherm according to the method of Wellstein & Palm (1984), the inhibition of the high affinity ouabain binding by
increasing concentrations of erythrosin B is evident (see also insert). So calculated Kp, value of ouabain in the absence of
erythrosin B was Kp=1.4 x 10-"mol1~! (B, =7.3pmolmg™' protein). Erythrosin B in concentrations of
5% 10"¢mol1~" and 1 x 10~*mol1~" shifted this value to Kp=3.9 x 10~"mol1~! (B,.,, = 8.9 pmolmg~" protein)
and Kp = 8.0 x 10" "mol 17" (B,.,, = 10.9 pmol mg™~" protein), respectively. The low affinity ouabain binding seemed
to be unaffected. Means of 3—4 different experiments are given.
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Figure 6 Increase in contractile force (ordinate scale, in
mN) by ouabain (abscissa scale, in moll~') in the
presence (@) and absence (O) of 5 x 10~*mol 1~ eryth-
rosin B in guinea-pig isolated left atria. In either case a
concentration of ouabain for half maximum response of
1.6 x 10-"mol1~! could be calculated. Means of 4 dif-
ferent experiments, each, are given; s.e.means shown by
vertical lines.

with a maximum inotropic effect obtained of
25+20.5mN (n =4).

Ina second series of experiments ouabain was added
to the atria after preincubation with erythrosin B,
5 x 10~°mol1~!, which at this concentration exerted
no significant change in contractile force. Erythrosin B
pretreatment did not modify ouabain-induced con-
tractility (maximum effect =2.9% 0.3mN, n=4).
nor did it alter the effective concentration range of the
cardiac glycoside (Figure 6).

Discussion

Although most studies on the binding of cardiac
glycosides result in a saturable binding which involves
one single class of binding sites (for references see
Wallick et al., 1979; Erdmann, 1981), recent reports on
different species and tissues have focussed on the
possible existence of at least two populations of
cardiac glycoside binding sites (e.g. Inagaki et al.,
1974; Fricke & Klaus, 1977; Heller & Beck, 1978;
Sweadner, 1979; Erdmann et al., 1980; Erdmann,
1983; Lazdunski et al., 1983). In heart muscle, the
functional significance of these two binding sites has
been related to the positive inotropic action of cardiac
glycosides (‘high affinity, low capacity binding’) and
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to the toxic action of these drugs (‘low affinity, high
capacity binding’), respectively (Erdmann, 1983; Wer-
dan et al., 1983). In contrast Lazdunski et al. (1983),
who in cultured chick heart cells could also demon-
strate two ouabain binding sites, suggested that the
low affinity ouabain binding, which was related to the
inhibition of the cardiac Na*-K *-ATPase, was proba-
bly responsible for both the cardiotonic and car-
diotoxic effects of this drug. Finally, an intermediate
interpretation is given by Adams et al. (1982) and
Finet et al. (1983), who postulated from experiments
onratisolated heart muscle preparations, that the high
affinity and the low affinity ouabain binding sites were
involved in the inotropic action of this drug: low
cardiac glycoside concentrations could cause an in-
creased mobilization of intracellular calcium and
higher ouabain concentrations result in an inhibition
of the Na*-K*-pump and consequent activation of
the Na*-Ca’*-exchange mechanism.

These controversial viewpoints of the mechanism of
cardiac glycoside-induced positive inotropy may only
be evaluated if specific inhibitors of either of the two
ouabain binding sites can be established in heart
muscle preparations. Recent reports on the partial
antagonism of [*H]-ouabain binding by erythrosin Bin
rat brain tissue (Silbergeld, 1981; Swann, 1982; Hnat-
owich & LaBella, 1982) offered such an opportunity.
The present study proves erythrosin B to be an
inhibitor of the Mg?*-dependent as well as the Na*-
K*-activated ATPase isolated from guinea-pig heart.
The concentration for half maximum inhibition of the
enzyme (ID5) is somewhat higher than that obtained
with ouabain in the same preparation (IDs,=
3 x 10~®mol1~'; Fricke, 1978). However, in guinea-
pig isolated papillary muscles, erythrosin B, in con-
trast to ouabain, did not influence contractile force.
Very high erythrosin B concentrations (about
1 x 10~*mol1~") resulted in a decrease of contractile
force.

On the basis of these results the interaction of
erythrosin B with ouabain was studied on Na*-K*-
ATPase-enriched membrane preparations and on left
atria isolated from guinea-pig hearts. As has been
demonstrated recently in different tissues and species
(Heller & Beck, 1978; Sweadner, 1979; Erdmann et al.,
1980; Silbergeld, 1981; Hnatowich & LaBella, 1982;
Erdmann, 1983; Lazdunski ez al, 1983) ouabain
binding resulted in two different binding sites with the
Kp value of the low affinity, high capacity ouabain
binding being over 10 times higher than the Ky, value
of the high affinity, low capacity binding site. The
effect of increasing concentrations of erythrosin B (up
to 1 x 107> mol17) on the cardiac glycoside binding to
myocardial Na*-K*-ATPase was to inhibit progres-
sively the high affinity ouabain binding without
affecting the low affinity ouabain binding site. These
results confirm those of Silbergeld (1981) and Hnat-

owich & LaBella (1982) in rat brain membranes.
However, in guinea-pig isolated atria a functional
antagonism between ouabain and erythrosin B could
not be found at concentrations that selectively in-
hibited the high affinity ouabain binding to cardiac
Na*-K*-ATPase in the above studies.

If it were assumed that the high affinity ouabain
binding in guinea-pig heart muscle is responsible for
the inotropic action of this drug and that the low
affinity binding corresponds to the inhibition of the
Na*-K *-ATPase, the lack of effect of erythrosin B on
whole tissue functions might appear to indicate that
the high affinity binding is not involved in ouabain-
induced inotropy and the low affinity cardiac
glycoside binding is responsible for both the car-
diotonic and cardiotoxic action of ouabain. This
interpretation corresponds to the conclusion drawn by
Lazdunski et al. (1983). However, the coincidence of
the high affinity binding (Kp = 2.2 x 10~ "mol1~", cf.
Figure 4) with the ouabain concentration for half
maximum inotropic effects (EDs=1.6x 1077
moll~!, cf. Figure 6) argues against that interpreta-
tion. An alternative proposal is that the site of action
of erythrosin B is intracellular. In the beating heart
preparation, this is not accessible to the dye because of
its limited permeability, whereas in broken cell
preparations there is no such permeability barrier. An
interaction of erythrosin B with the (internal) ATP-site
of the Na*-K*-ATPase has already been postulated
by Swann (1982).

The nonlinear least square analysis of the binding data was
kindly performed by Dr A. Wellstein, Frankfurt (F.R.G.),
whom I also thank for many helpful discussions. Further-
more, I have to thank Dr E. Godehardt, Kéln (F.R.G.), for
providing the BMDP nonlinear regression programme. Last
but not least I thank Miss Sabine Bayer and Miss Iris Brebeck
for their skilful technical assistance.
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