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The degree of heterogeneity of active Na* /K*-ATPases has been investigated in terms of ouabain sensitivity. A
mathematical analysis of the dose-response curves (inhibition of Na* /K *-ATPase) at equilibrium is consistent with the
putative existence of three inhibitory states for ouabain two of high (very high plus high) and one of low affinity. The
computed IC,, values are: 23.0 1+ 0.15 nM, 460 + 4.0 nM and 320 + 4.6 uM, respectively. The relative abundance of the
three inhibitory states was estimated as: 39%, 36% and 20%, respectively. Direct measurements of [>HJ]ouabain-binding
at equilibrium carried out on membrane preparations with ATP, Mg?* and Na™* also revealed two distinct high
affinity-binding sites, the apparent K, values of which were 17.0 + 0.2 nM (very high) and 80 + 1 nM (high),
respectively. Dissociation processes were studied at different ouabain concentrations according to both reversal of
enzyme inhibition and [>H]ouabain release. The reversal of enzyme inhibition occurred at three different rates,
depending upon the ouabain doses used (10 nM, 2 and 100 xM). When the high-affinity sites were involved (ouabain
doses lower than 2 pM) the dissociation process was biphasic. A similar biphasic pattern was also detected by
[*H]ouabain-release. The time-course of [>HJouabain dissociation (0.1 £ M) was also biphasic. These data indicate that
the three catalytic subunits of rat brain Na* /K*-ATPase al, a2 and a3 (Hsu, Y.-M. and Guidotti, G. (1989)

Biochemistry 28, 569-573) are able to hydrolyse ATP and exhibit different affinities for cardiac glycosides.

Introduction

The evidence for more than one kind of functional
Na* /K "-ATPase in several tissues including brain and
heart has arisen independently from different lines of
research in particular, gel electrophoresis, ouabain
sensitivity, and ¢cDNA cloning experiments. The conclu-
sions from these experiments favor a multigenic expres-
sion of Na*/K*-ATPase.

In brain, it was shown that there were two distinct
molecular forms of the catalytic subunit of the
Na*/K*-ATPase. They were resolved by gel electro-
phoresis and detected by [y-*?PJphosphorylation or im-
munoblotting [1,2]. These two isoforms were designated
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a2 and al (previously called a(+) and a, respectively).
In rat [1,2] and ox {3,4] brain membranes, differences in
affinity for cardiac glycosides in particular ouabain also
reflect the existence of different molecular forms of the
enzyme: a2 has a high-affinity and a1 has a low-affinity
for ouabain. In cardiac myocytes, these two isoforms
have been related to two distinct positive inotropic and
toxic responses in rats [5—8] and in mongrel dogs [9].

Very recently, in rat brainstem axolemma mem-
branes, Urayama et al. [10] isolated, together with a2,
an other isozyme which he termed o«3. Immunoblot
analysis of trypsin-treated Na* /K *-ATPase using iso-
zyme-specific antibodies showed that a3 was signifi-
cantly more resistant to trypsin digestion than «2. This
a3 isozyme would be of relatively high affinity for
ouabain: ICs, values of either 0.13 uM [10] or 1.0 + 0.14
pM [11). (For a review, see Ref. 12).

However, in brain, the physiological role of these
isoforms has not yet been established. By means of
cDNA technology, the existence of three distinct forms
of the Na* /K *-ATPase « subunit from adult rat brain
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has been demonstrated by Shull et al. [13]. According to
these authors, the three forms al, a2 and a3 are the
products of separate genes.

Furthermore, by photoaffinity labeling, Lowndes et
al. [14] have identified in rat brain a polypeptide which
represents a saturable, high affinity cardiac glycoside
binding site distinct from the previously reported al
and a2 sites. This polypeptide is refered to as a(—)
since it has a slightly lower apparent molecular weight
than « subunits by SDS-PAGE. In contrast Hsu and
Guidotti [11] reported that a3 had a lower mobility
than al and a2.

Thus, in adult rat brain, there exists several (i.e.,
more than two) functional Na*/K*-ATPases. From a
pharmacodynamical point of view, this greater hetero-
geneity would be suspected if one considers the wide
variabilities of the sensitivity of a2 form to ouabain.
Indeed, the K; values for the a2 high-affinity sites for
ouabain vary by 10-fold, from: 16 [15], 60 [16], 100
[1,17-21}, to 160 nM [22]. This isoform has been shown
to be present in high quantities in the newborn rat
brain. The wide variability for the a2 isoforms contrasts
the high reproducibility of the K; values for the low-af-
finity forms as measured by Na*/K*-ATPase activity:
100 {1,19] or 310 uM [22].

This scattering of K, values of a2 might be interpre-
ted as variable contributions of two types of sites with
relatively close ouabain affinities as recently shown by
Hsu and Guidotti [11]. To investigate the putative pres-
ence of a third active Na*/K*"-ATPase form in adult
rat brain membranes, three discriminatory criteria have
been used: the direct measurement of [*H]ouabain-
binding at equilibrium and the dissociation processes at
different drug concentrations according to both rever-
sion of enzyme inhibition and [*H]ouabain release. Our
data, consistent with the mathematical analysis of the
dose-response curves of Na*/K*-ATPase to ouabain,
show that there are three active forms, two of high
affinity and one of low affinity for ouabain.

Thus, the three subunits ol, a2, a3 [11] of rat brain
Na*/K*-ATPase are able to hydrolyse ATP.

Materials and Methods

Isolation of membranes from rat brain

Membrane fractions enriched in Na*/K*-ATPase
activity were purified from newborn (6 h after birth)
and adult (6 weeks) Wistar rat brains according to the
method of Jergensen [23] used by Sweadner [1]. The
only modification to this protocol was buffering of all
the solutions with 30 mM imidazole-HCl (pH 7.2).
Moreover, for complete tissue homogenization and
maintenance of enzyme activity, five strokes of a
Teflon-glass homogenizer were necessary for the adult
rat brain whereas only one stroke was required for the
neonatal brain. In the two cases the last pellet (130000
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X g (Beckman SW54 Ti) for 30 min) constitute the
microsomal fraction.

The protein content was determined by the method
of Lowry et al. [24].

Enzyme assays

(a) Sensitivity of Na™ /K *-ATPase to ouabain. En-
zyme activities were measured at 37°C as a function of
time and amount of microsomal proteins (from 0.1 to 2
1g). The relationships were linear. The enzymatic assays
were carried out either with native vesicles or with
vesicles permeabilized by SDS (sodium dodecyl sulfate)
treatment (0.3 mg SDS/mg of proteins for 30 min at
20°C [25,26]. Before and after an SDS treatment the
ouabain-insensitive activity was, in adult rat brain, less
than 35% and 3%, respectively. The specific activity of
the Na*/K*-ATPase was 135415 pumol inorganic
phosphate liberated per hour per mg of protein (units)
in adult rat brain. The yield in enzyme activity was
eighty percent, it was similar to that found in ox brain
membranes [27]. In newborn (6 h after birth) rat brain
preparations the specific activity of the Na*/K™-
ATPase was 24 + 3 units. In homogenates from new-
born rat brain, the specific activity of the ouabain-sensi-
tive Na* /K *-ATPase represented about 10-20% of the
basal Mg2*-ATPase activity. This was too low to allow
any calculation of the yield in Na* /K “-ATPase activity
in our membrane fractions.

The Na*/K*-ATPase activity was determined using
the coupled assay method as previously described
[28,29]. The activity was measured in an ATP regener-
ating medium by continuously recording NADH oxida-
tion, using a Varian DMS70 spectrophotometer.

Each cell contained (final volume 0.6 ml) 100 mM
NaCl, 2 mM of phosphoeno/pyruvate, 10 mM KCl, 4
mM ATP, 4 mM MgCl,, 30 mM imidazole-HC1 (pH
7.2), 04 mM NADH, 3.5 units pyruvate kinase, and 5
units of lactate dehydrogenase. The enzymatic reaction
was initiated by the addition of microsomal proteins.
When the decrease in absorbance was linear versus time
(about 5 min), various amounts of ouabain were added
(ouabain from Calbiochem and Nativelle laboratories).
The corresponding values of NADH oxidation were
continuously monitored for up to 35 minutes. The lin-
earity versus time indicated that a new steady-state level
between digitalis and Na*/K*-ATPase had been re-
ached. All the results presented here have been obtained
from experiments in which enzyme activity was linear
versus time, i.e. from 10 to 30 min. The inhibition levels
induced by a single dose of ouabain remained stable
during at least 30 min. In the assay, the maximum final
concentrations of digitalis receptors vary from 0.01 to 1
nM, with final concentrations of ouabain varying from
0.1 nM to 2 mM. Inhibition percentage was calculated
by comparing the activities in the presence or absence
of ouabain after correcting for the ouabain-
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insensitive ATPase activity measured in the presence of
2 mM ouabain.

(b) Release of ouabain from the enzyme. Dissociation
of ouabain from the enzyme was initiated by a
100-120-fold dilution of the incubation medium in the
same buffer but without ouabain. 30 ug of membrane
vesicles were incubated for 30 min at 37°C in 30 pl of
the assay medium containing either 10 nM, 2 uM or 100
uM ouabain. To ensure the equilibrium ATPase-oua-
bain interaction had been reached, the preincubation
time was 30 min (see Results). By diluting 5 or 6 pl of
this medium with 600 pl of the ouabain-free assay
mixture, the final concentrations of the drug dropped
from 10 nM to 0.08 nM, from 2 pM to 0.02 pM and
from 100 pM to 0.8 uM, respectively. Ouabain bound
to the enzyme dissociated via a pseudo-first-order pro-
cess when chased by a 100 or 120-fold dilution. The
apparent dissociation rate constants k_, were calcu-
lated from a plot of log percent of maximum activity
inhibited versus time.

[’H]Ouabain binding

Ouabain binding studies were carried out using
[’H]ouabain (DuPont-New England Nuclear) with a
specific radioactivity ranging from 18 to 20 Ci/mmol.
The binding medium consisted of 4 mM MgCl,, 4 mM
ATP, 100 mM NaCl, and 40 mM imidazole-HC1 (pH
7.4). These ligands plus [*H]ouabain were incubated at
37°C for 10 min in a final volume of 10 ml.

To study the equilibrium binding and dissociation
processes, two different protocols have been designed.

(a) Equilibrium binding. In the presence of increasing
concentrations of labeled ouabain from 10 nM to 600
nM (specific radioactivity varying from 19 to 1.6
Ci/mmol), the reaction was initiated by the addition of
40 pg of microsomal fractions permeabilized by the
same SDS treatment as described above. The final
receptor concentration was 0.8 nM. After 60 min,
duplicate aliquots of 4.5 ml were removed and filtered.

(b) Dissociation process. Once equilibrium binding
had been achieved, 10 ml of the prewarmed binding
medium supplemented with 0.2 mM unlabeled ouabain,
were added to the same volume of incubation medium
containing 100 nM labeled ouabain. The final con-
centration of unlabeled ouabain was 0.1 mM. At vari-
ous times, aliquots of 0.9 ml were removed and rapidly
filtered.

Whatever the experimental conditions, all the aliquots
were filtered under vacuum on HAWP Millipore filters
(0.45 pm) and rinsed three times with 4 ml of the same
ice-cold buffer. The radioactivity bound to the filters
and the specific binding measurements were determined
as previously described [30]. Non specific binding, at 0.6
uM [*Hlouabain, accounted for 15% of total radioactiv-
ity bound to the membranes.

Modeling of enzyme titration curves
The following model was used:

v,
T 0
10 D41

where: V is the observed velocity at a given inhibitor
concentration, V. is the maximal velocity observed in
the absence of inhibitor, I is the decimal logarithm of
inhibitor concentration, K, is the decimal logarithm of
the I1C,.

This model may be viewed as a simplified version of
the general logistic function used by De Lean et al. [31]

which may be written with the above conventions:

V= Vmax_d d
T j00-F ey @

where d is the residual enzyme activity at infinite
inhibitor concentration and b is a ‘slope factor’ that
may deviate from 1 if some cooperation or threshold
effects or any other phenomenon causes the system to
depart from first-order kinetics.

In our model we assumed that d =0 which is justi-
fied since ouabain-dependent activities were considered
and b= —1 thus making the hypothesis that the inhibi-
tion is strictly of the first order.

Activities being expressed as relative to the maximal
activity in the absence of ouabain (constraint the total
activity to 100% of control). The program used did not
allow such a constraint, thus V,_,, is itself an output of
the fitting procedure.

The experimental data were fitted with a sum of 1 to
3 functions as shown in Table I, i.e., assuming the
presence of 1 to 3 sites of different affinity for ouabain.
This was achieved by means of a FORTRAN IV pro-
gram, run on a PDP 11/23 t for the non-linear least-
squares iterative adjustment using the method of
Marquardt as designed by Bevington [32].

The fit is generally improved when one component
(as function (1)) is added to the model. To test whether
this improvement is significant, we performed a F test
in the following form: a first model with n components
(thus n X 2 parameters) yields a X2 value named X,
with N — (n X 2) degrees of freedom, a second model
having »# + 1 components and thus (n + 1) X 2 parame-
ters gives a lower X2 value (X2, ) with N — (n+ 1) X2
where N is the number of experimental data points. The
F value was calculated as:

X

(Xr%_ X3+1)/2
X2 /(N —(n+1)x2)

The improvement was considered as significant when
the above F value exceeded the theoretical F value for
2 and N — (n + 1) X 2 degrees of freedom with P = 0.01.



Results

In an attempt to determine whether two or three
ouabain sensitivities could be discriminated in our pre-
paration, we have privilegiated the highly sensitive en-
zymatic test.

Sensitivity of Na* /K *-ATPase activity to ouabain

The dose-response curves of Na® /K *-ATPase activi-
ties to ouabain in adult and newborn rat brain prepara-
tions are depicted in Fig. 1 and Fig. 2, respectively.
These curves exhibited a complex pattern. Up to 70% of
the activity was inhibited with about 1 uM ouabain, and
a complete inhibition occurred with 1-2 mM drug. The
curves spanned over at least six logarithmic units indi-
cating the presence of more than one class of enzyme.

The experimental data were fitted with a sum of one
to three functions assuming the presence of one, two
(high and low) affinity, or three, two high (very high,
high) and a low affinity, independent, non interconvert-
ible, saturable inhibitory processes exhibiting different
affinities for ouabain.

As shown in Table IA, in adult rat brain, the F value
for testing the significance of the improvement brought
about by the two-site model versus the one site model
was F =35 with 2 and 51 degrees of freedom. Thus, the
improvement was highly significant. The F Table value
for p=0.01 was 5.18 for 2 and 40 degrees of freedom.
The improvement of fit for the three site-model versus
the two site-model was F = 6.6 with 2 and 49 degrees of

m%H\f

S

\

A \
\ \ \
20k e\ Y f §
A\ \
\
\ \\\ \T
\\ \\ L_‘
Sy S ! &
-8 6 1 2

Residual (Na, K)- ATPase activity {percent)
e

O 1
<10

Log I:Ouabaln] (M)

Fig. 1. Dose-response curve of adult rat brain Na*/K*-ATPase to
ouabain (®). Three-site model fit. The theoretical titration curve for
each site was plotted as - ~-—- for very high affinity sites, — — — for
high-affinity and - ---- for low-affinity sites. The F values for the
improvements of fit are listed in Table IA. The dose-response curve
remained unaffected when the enzyme preparations were treated by
SDS in order to render the vesicles leaky to ligands. Each point
represents the mean of 21 to 42 observations with bars denoting S.E.
computed from percentage inhibition in each experiment. Each ex-
periment was performed at least three times with at least seven
different membrane preparations. For clarity, the 42 values found
with 2 mM ouabain are represented by one symbol.
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Fig. 2. Dose-response curve of newborn rat brain Na*/K *-ATPase to
ouabain (W). Two-site model fit. The theoretical titration curve for
each site was plotted as -~-—- for high affinity sites and ------ for
low-affinity sites. The F values for the improvements of fit are listed
in Table IB. The improvement when including a third component was
not significant. Results are means + S.E. of 4-10 determinations on
seven membrane preparations (with 30—38 animals per preparation).

freedom. Thus, the addition of a third, high-affinity,
binding component seems statistically valid.

According to the computed parameters presented in
Table IA the three sites would be:

(i) a very high affinity site with an apparent ICs,
value of 23 nM and a contribution of 39.4%,

(ii) a second high-affinity site exhibiting an apparent
IC,4 equal to 460 nM and associated with 35.7% of the
total enzyme activity, and

(iii) a low-affinity site (apparent ICg,= 320 uM)
representing 20.1% of the total activity.

Although the statistical analysis shows that it is very
unlikely that a third component would have appeared
by chance, these data could only suggest the existence
of a third active enzyme site of either high or very high
affinity. The dose-response curve found here was simi-
lar to that observed with genins.

As a control, we have tested the validity of the
assertion: three possible sites in adult brain by analyz-
ing the dose-response curve in newborn rat brain (Fig.
2, Table IB) known to have two active sites [33].

According to the F values, it is clear (Table IB) that
the best fit corresponded to a two-site model with:

(1) a high-sensitivity enzyme form associated with
41.4% inhibition of activity and an apparent affinity
ICs, of 100 nM, and

(ii) a low-sensitivity enzyme form with an IC;, value
equal to 40 pM and associated with 43.4% inhibition.

Including a third site did not cause a significant
improvement of fit at P = 0.01 (Table IB).

Direct [*H]ouabain-binding measurements
Since in adult rat brain, there would probably coexist
two high affinity active sites for ouabain, they could be
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TABLE 1
Mathematical analysis of inhibition versus dose curves

Results of model adjustments and comparisons on the plots of ouabain-sensitive activity versus dose for ouabain inhibition. The data were those of
Figs. 1 and 2. Final values of inhibition constants (ICs,) are expressed in mole/liter (M), the percentage of blockage at saturation is given in
brackets for every site. The value of the F parameter calculated to test the significance of the improvement of fit when passing from 1 to 2 sites
(F1 - 2) or from 2 to 3 sites (F2 — 3) are given with the associated couple of degrees of freedom (see Methods for F computation). The theoretical
F value for degrees of freedom nearest to the experimental ones was read out of F-tables in Bevington (1969) for P = 0.01.

TABLE 1A

Adult rat brain ATPase inhibition

The fit was significantly improved when introducing a second site and also when assuming the presence of a third site for ouabain inhibition. Note
that the significance is ascertained for P < 0.01.

Model 1 site 2 sites 3 sites

ICs, (M) 7.95-107 2 M (67.2%) 2.3-107% M (39.4%)

and proportional 3.1-1077 M (88%) 461077 M (35.7%)

contribution 1.25-107% M (25.5%) 3.2-107% M (20.1%)

F value F1-2)=35 FQ2-3)=66
(2,51) (2,49)

Theoretical F value

P <0.01 F (2,40)=5.18
TABLE IB

Newborn rat brain ATPase inhibition

The fit was largely improved when a second site was introduced into the model, whereas including a third site did not cause a significant
improvement of fit at P = 0.01. However, the improvement would have been considered significant if P is chosen at 0.05, since the corresponding

F value is F(2,60) = 3.05.

1 site 2 sites 3 sites
ICsy (M) and 2-107% M (76.8%) 1-1077 M (41.4%) 2:1078 M (24.6%)
proportional 4-107° M (43.4%) 9.3-1077 M (32.9%)
contribution 8.3-107° M (30.9%)
F value F(1-2)=137 FQ-3)=31
(2,60) (2,58)
Theoretical F value
P <001 F(2,60) = 4.98
TABLE 11

Apparent affinities for ouabain (ICs,) and K values, respective contributions and binding capacity, dissociation rate constants (enzymatic and binding
assays) of very high-, high- and low-affinity digitalis receptor forms

Enzyme form

very high affinity high-affinity low-affinity

1C5 (M) (2.30+0.01)-1078 (4.6+0.04)-1077 (3.240.046)-107*
K (M) (1.70£0.02)- 1072 (8+0.1)-1078
Contribution (%) 394 35.7 20.1
B, .. (pmol/mg protein) 123+3 87.5+22
Dissociation rate constant (k_, in 1073 s~ 1) determined by:

Enzymatic assay 11+0.1 TH1** 3914 ***

Binding assay 0.22 14

** P <001

*** P <0.005.



300r,
L

250l
(=]
=4
g
5 200}
<
8%
%E 1501
D~
°3
"T't 100F
Ly <
o
g sor
& L .

ole
e 1 1! e i J
g 7 -6

8
Log |:[3H] Quabain | (M)

153

.\
) 1;. .‘H?T.:b\ﬁ

.
. o oo
50 100 150 200

[3H] Ouabain bound (pmol / mg)

Fig. 3. (A) Dose-response curve for specific [*H]ouabain binding and, (B) Scatchard plot of [*H]ouabain saturation curve with adult rat brain
membranes enriched in Na*/K*-ATPase activity. Points represent the means of six experiments on three different preparations.

studied by radiolabeled ouabain-binding measurements.

Thus, we have examined [’H]ouabain-binding with
the same microsomal vesicles as for Na* /K *-ATPase
assays, under experimental conditions (ATP, Mg, Na)
similar to those used for the enzyme assay, (except that
K was omitted).

With drug concentrations varying from 3 to 600 nM,
analysis of specific ouabain-binding showed two high
affinity binding sites: a very high affinity site (apparent
K,: 17 nM) and a second site of lower affinity so called
high (apparent K, : 80 nM) (Table 1I, Fig. 3A). The
binding capacity was 123 + 3 and 87.5 + 2.2 pmoles per
mg of proteins for the very high and high affinity sites,
respectively (Table II, Fig. 3B). As a result, in the
presence of 600 nM [*H]ouabain, the high-affinity sites
represent 51% of the sites occupied. Due to the high
level of non-specific binding (up to 50%) at higher
ouabain concentrations (6 uM), it was not possible to
characterize the low-affinity subunit (apparent IC,, =
320 uM) detected by the Na* /K *-ATPase assays.

Dissociation process

(a) [°H]Ouabain enzyme dissociation. Following a 60
min preincubation with 0.1 pM of drug at the end of
which equilibrium had been reached, the dissociation
process of [*H]ouabain was initiated by addition of a
large excess of unlabeled ouabain (100 pM). As predic-
ted by the apparent IC,, and K, values found here, at
this dose of ouabain (0.1 pM) both types of high-affin-
ity sites are involved. If one takes into account both the
ouabain concentration and the apparent K, values
found, most (68%) of the occupied sites were of very
high affinity and 31.6% of high affinity for ouabain.

The time course of [*H]ouabain dissociation was not
a simple exponential process but the sum of two
exponentials. The dissociation occurred according to a
two phase phenomenon (Fig. 4); a rapid initial phase
associated with the sites of the lowest affinity and a
second slower phase corresponding to the sites of the

highest affinity [34]. Two apparent rate constants could
be calculated: the first apparent rate constant repre-
senting the initial phase was that of the high affinity
sites (computed k _,;; = 1.4-107% s™1). The second ap-
parent rate constant (i.e. the second phase) with (k_,yy
=0.22-1073s7') corresponds to the very high affinity
sites.

By determination of the intercept for the second
slope with the ordinate [35], the contribution of the
high-affinity sites represented 21 +4% of the total
amount of [*HJouabain bound at 0.1 pM. According to
the enzyme response to ouabain (Fig. 1) at 0.1 uM, the
percent of maximal inhibition was 60% and thus, the
high-affinity sites represented ((21 + 4%)/60%) x 100,
i.e. about 35% of the total process. This is consistent
with the data found by mathematical analysis (35.7%
see Table IA).

Time {min)
of$ B 20 20 Z
90-*&&
80F
Q\i

:: ?\f\%

Maximum [3H:|Ouabc|n bound (percent)

Fig. 4. Dissociation of [*HJouabain-enzyme complex. Binding in the
presence of ATP, Mg?*, Na*, plus 100 nM [*H]ouabain (®) was
carried out for 30 min at 37°C. At this time (time 0 of dissociation
experiment), excess unlabeled ouabain (0.1 mM final concentration)
was then added and aliquots were removed, filiered and washed as
described under Experimental procedures. Amounts of bound ouabain
(log scale) are plotted versus time. Under these conditions the loss of
radioactive label bound to the enzyme shows a biphasic first-order
kinetic. The two apparent rate constants of this process of dissocia-
tion were calculated from the slopes of these representations. Results
depicted in this figure are the average of four separate experiments on
two different microsomal preparations.
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(b) Dissociation of ouabain from the enzyme-ouabain
complex. The interactions between ouabain and the
specific high-affinity sites are characterized by fast as-
sociation and slow dissociation processes. For the low-
affinity sites, the association of the drug is slow, whereas
the dissociation is fast [34]. By studying the kinetics of
enzyme reversal from inhibition, it is possible to accu-
rately determine the dissociation processes for the three
types of sites, that is not possible by [*H]ouabain-bind-
ing measurements. Indeed, the time course of relief
from inhibition parallels the release of ouabain from the
enzyme. Since the dissociation is a first-order reaction,
the relief from inhibition may be evaluated by the ¢, ,
value, which represents the time required to recover 50%
of the Na”/K*-ATPase activity available between the
two ouabain doses used (Table II).

When ouabain concentration was shifted from 100
eM to 0.8 uM, the semilogarithmic representation of
the enzyme recovery was not linear versus time. The
k_, values were (39+4)-1073 s~ ! and (7 + 11)-107?
s~! for the low- and high-affinity sites, respectively
(Table II). Assuming that the proportional contri-
butions and apparent IC,, values of the three putative
sites, in adult rat brain, were those presented in Table
IA, one can calculate the involvement of each site in the
dissociation process 25% and 69% of the total activity
recovered were due to low- and high-affinity sites, re-
spectively.

For a shift between 2 uM and 0.02 pM, the kinetic
of enzyme recovery was not linear. The relief from
inhibition involved 43% of very high and 57% of high-
affinity sites. The k_, values were (1.1 +0.1)- 1072 s™!
and (7+1)-107? s7!, respectively.

At very low drug concentrations (from 10 nM to 0.08
nM), about 94% of the released ouabain came from the
very high affinity sites. In this case, the semilogarithmic
representation of enzyme recovery was linear versus
time (data not shown), the k_, was (1.1 +0.1)-107°
s~! (Table II). The 1,,, values were 0.3, 1.65 and 60
min, respectively, for the low, high and very high affin-
ity sites. It is noteworthy that, for all the sites, the
enzymatic activities measured at the end of the release
processes, at either 0.08 nM, 0.02 uM or 0.8 uM ouabain,
were similar to those measured directly by the associa-
tion processes performed at the same respective drug
concentrations. For each site type, the enzyme-ouabain
equilibrium reached by the association process was simi-
lar to that obtained by dissociation.

Discussion

The present paper shows that in membranes isolated
from the whole adult rat brain, three active forms of the
Na*/K*-ATPase exist, two of which being of high
affinity for digitalis. The experimental arguments are
the following:

(1) Under conditions where the low-affinity [*H]oua-
bain-binding sites cannot be measured and where one
would expect only one high-affinity ouabain-binding
site, two ouabain-binding sites were detected: one of
very high and one of high affinity, the contributions of
which were almost in equal proportions (39 and 36%,
respectively) (Table II). The total contribution of both
sites (i.e. 75%) represents that previously attributed to
the high-affinity form alone (70% in Sweadner [1] and
77% in Matsuda [36}). Curvilinear Scatchard plots may
also be explained by a model of anticooperativity among
the enzyme subunits. However, so far, this type of
reactivity has never been described for ouabain-binding.

(2) At concentrations of ouabain involving the very
high (10™® M), the high (107¢ M) and the low affinity
enzyme forms (10~* M), ouabain dissociates from the
Na* /K *-ATPase according to three different rate con-
stants. This multiplicity of the dissociation processes
was observed by two different independent methods:
[’H]ouabain-binding measurements (Fig. 4) and
Na*/K*-ATPase assays (Table II). The biphasic dis-
sociation curves were not due to the presence of signifi-
cant amounts of an impurity or to a contamination by
dihydro-ouabain. Indeed, the radioactivity present in
one lot of [*H]ouabain used in this study was recovered
in a single peak by high pressure liquid chromatog-
raphy. If three dissociation processes were found by two
different methods, their rate constants vary with the
method used. By [*HJouabain-binding measurements,
the apparent dissociation rate constants of both site
types were 5-fold slower than those found by enzymatic
assays. According to enzyme activity and binding mea-
surements, the k_, values were 1.1- 107* s7! and
0.22-1072 s~ for the very high affinity sites, 710>
s™!' and 1.4-1073 57! for the high-affinity sites. This
could be explained by the presence (enzyme assays) or
absence ([*H]ouabain-binding) of K ions known to
interfere with digitalis binding and release [37].

(3) The mathematical and statistical analysis of the
dose-response curve of Na* /K *-ATPase activity versus
ouabain or digitoxigenin, in adult rat brain only, have a
better fit with a three-site model than with a two-site
model (Fig. 1 and Table 1A), two sites being of high
affinity. It is worthy of note that all the computed 1C;
values and proportional contributions found by this
model were similar to the experimental K, values and
percentages. The relatively large scattering in the K,
values (from 16 to 160 nM) reported in the literature
[1,15-22] could be due to variable percentages of very
high and high-affinity sites according to own author
enzyme preparation. Another explanation could reside
in the short duration of the kinetic assays as compared
to the period of time required to reach equilibrium.
Indeed, since the high-affinity sites had an experimental
IC, value equal to 4.6-1077 M and an apparent dis-
sociation rate constant of 7-107° s~', the calculated



association rate constant was 1.5-10* M~ !.s7!. As-
suming that ouabain (0.1 pM), in large excess over the
site concentration, binds to the site according to a
pseudo-first-order kinetics, the time required to occupy
the half number of available high-affinity sites would be
between 6 and 7 min. This period of time (6 min) was
that initially used to estimate the dual inhibitory potency
of ouabain in rat brain preparations [1]. In the present
paper, the kinetic assays were carried out for 30 min.
The need of a longer period of incubation is confirmed
by the results of Erdmann et al. [15]. By [*H]ouabain
binding these authors observed that the K, values of
the high-affinity sites found after a 2-hour incubation
correspond to both the computed ICs, value (2.3-107%
M) and the K, value (1.7 -10~® M) found here.

The presence of a second functional Na*/K*-ATP-
ase of high affinity for digitalis might result from slight
direct or indirect alterations of the preexisting high- or
low-affinity sites. Direct alterations of the enzyme itself
by the membrane isolation procedure or by SDS treat-
ment and indirect effects via modifications in the phos-
pholipid compositions [38} could change the sensitivity
to digitalis. One cannot exclude the possibility that the
relative abundance of the three isoenzymes may have
changed along with the isolation procedure. An analysis
of the dose-response curves of Na*/K™-ATPase to
ouabain in homogenates could not be carried out since
the specific activities of the enzyme in these fractions
were too low.

Under the best conditions, i.e., in adult rat brain, the
specific activity of the Na*/K*-ATPase was 5.0 + 0.3
units with the basal Mg?*-ATPase activity of 19.8 + 3.8
units.

Note that with native vesicles, i.e. not permeabilized
by SDS, the same triphasic dose-response curve (en-
zyme assay) was observed with digitoxigenin, a com-
pound which freely penetrates the vesicles (IBB, data
not shown).

These alterations cannot be excluded but seem very
unlikely in that the phenomenon was observed with (i) a
membrane isolation procedure very similar to that used
by Sweadner [1] and other laboratories and (ii) specific
activities (135 pmol P,/h per mg proteins) in our pre-
parations very close to that found by Sweadner in whole
brain preparations [1].

However, by gel electrophoresis and immunoblot,
even after a reduction and alkylation of the SH groups
that reveals two forms in rat heart, one could detect
only two major bands representing the a subunits [7].
Recently, Schneider et al. [39] reported that the a3
protein synthetized in vitro had ‘a(+) like electro-
phoretic mobility on SDS gels. The fact that we could
not detect a third band in our preparations might be
due to technical limitations when applied to brain mem-
branes since Lowndes [14] by photo-affinity labeling,
was able to demonstrate the existence of a third form
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(a(—)) of the a subunit in adult rat brain membranes;
although the activity associated with this form remains
questionable.

The presence of a second active Na* /K *-ATPase of
high affinity for digitalis plus the ol low-affinity sites
(i.e., three forms in toto) in whole rat brain membranes,
is in full agreement with and complementary to those
drawn from ¢cDNA studies: identification in adult rat
brain of three classes of messenger RNA [13,39-41].
According to three different experimental approaches:
binding measurements, enzyme assays on membranes
and Rb* uptake by cultured cells transfected with cDNA
encoding a3 subunit of rat brain, it appears that the
functional rat a3 subunit is of high affinity for cardiac
glycosides [42].

Urayama et al. [10] also found a Na*/K*-ATPase
activity (termed as a3) of high affinity for ouabain. The
IC, value reported by this group (0.13 uM) is very
similar to that found here (0.46 pM). Hsu [11] reported
an apparent affinity of 1 uM in an enzyme population
where “more than 96% of the activity behaves as a
component with a high affinity for ouabain”. However,
these latter authors could not be sure that the a3
Na* /K *-ATPase is able to hydrolyze ATP.

However, if the low affinity form could be attributed
to the al form, a3 would have a binding constant of 10
nM [43], 80 nM [42] or 130 nM [10]. Thus, it remains
unknown which form (a2 or a3 or a(—)) correspond to
the functional high (IC,, = 460 nM) or very high affin-
ity (IC5o = 23 nM) sites described here (Table II). The
relative proportional contribution of each active form in
isolated membranes was very similar and could not
obviously be linked to the relative abundance of the
messenger RNA species, in spite of the observation that
a3 would be present abundantly in the nervous systems
of adult rats [44].

Finally, the physiological relevance and the cellular
localization of these functional enzyme forms still re-
main open questions.
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