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ABSTRACT. We report a study on the effect of the fluorescent probe eosin on some of the reactions involved
in the conformational transitions that lead to the occlusion of tHec&ngener Rb in the Na /K-
ATPase. Eosin decreases the equilibrium levels of occluded tRis effect being fully attributable to a
decrease in the apparent affinity of the enzyme for Bihce the capacity for occlusion remains independent

of eosin concentration. The results can be quantitatively described by a model that assumes that two
molecules of eosin are able to bind to the'N&-ATPase, both to the Rbfree and to the Rbroccluded
enzyme regardless of the degree of cation occlusion. Concerning the effect on the affinity fusdRIsion,
transient state experiments show that eosin reduces the initial velocity of occlusion, and that, like ATP,
it increases the velocity of deocclusion of RHnteractions between eosin and ATP on*Rblease
experiments seem to indicate that eosin binds to the low-affinity site of ATP from which it exerts effects
that are similar to those of the nucleotide.

In the plasma membrane of eukaryote cells, theé/Ka- modifications. As shown by Skou and Esma®in¥§, 6), in
ATPase hydrolyzes ATP in a process that is coupled to the media with Nd eosin fluorescence increases because the
efflux of three Na and the influx of two K (1). This probe binds to the enzym&{ = 0.25-0.5 uM), probably
reaction involves conformational changes of the enzyme, at the high-affinity site for ATP, whereas in media with K
which at least imply the transition between a state with high fluorescence is low. These properties make eosin a useful
affinity for Na*, E;, and another with high affinity for K probe of thek; form of the enzyme.

E; (2). E1 can be phosphorylated by ATP formiggP, which In our laboratory, we have developed a method that
may undergo a transition that leads itEgP. Dephospho-  accurately measures the states of the enzyme holding
rylation of E;P yieldsE,, which regeneratel; after anew  occluded cations and applied it to the measurement of
transition. Some of the states of the enzyme sequester theycclusion of the K congener Rb (7). According to the
transported cation, reducing its ability to exchange with the current views on occlusion, this should test feform of
medium; this process is known asclusion and cations in  the enzyme.

this situation are calledccluded cationslt is generally Our procedures make it possible to perform parallel
considered that occlusion takes place while the cations areexperiments in which both eosin and Rére present in the
traveling across the membrane during active transport. media as to follow changes i, (via fluorescence) and in
Present experimental evidence indicates that becomes  E, (via Rb" occlusion). When performing these experiments,
occluded inE,P and K becomes occluded ik (2). it is important to be aware that eosin binds to the enzyme
Occlusion of K* and its congeners can occur under two and by itself could affect the reactions involved in the
different experimental conditions: (i) via the so-called g, = E, equilibrium. Therefore, to obtain reliable results it
“physiological” route, in media with Na Mg?", and ATP  js mandatory to know the effect of eosin on these reactions.
during the hydrolysis of the nucleotide, concomitantly with 11 binding of eosin to the high-affinity site i, was
K*-promoted dephosphorylation BSP, or (i) after mixing  gydied in detail by fluorescence techniqués ). These
the enzyme with K or its congeners, with no formation of  gt,djes also show evidence for low-affinity binding of eosin
phosphoenzyme, via the “direct” route. in a high [K*] medium. However, this interaction cannot

One of the procedures to detect conformational changesdirectly be monitored from fluorescence experiments due to
in the Na/K*-ATPase uses the fluorescence probe eosin-Y self-quenching of the probe at concentrations higher than
(eosin) @, 4). As this probe binds noncovalently, it is  about 14M (9).
convenient to obtaining labeled enzyme without irreversible  The core of this paper consists of a quantitative study of
the effects of eosin on the equilibrium between free and

t This work was supported by grants from Agencia Nacional de occluded Rb as well as on the kinetics of occlusion and
Promocim Cientfica y Tecnolgica, Fundacin Antorchas, Consejo  release of this cation from the occluded state. From the results
’a‘a‘gona' deA!”VeSRQaC'Ct’.r‘eS Ciditas y Teenicas and Universidad  ghtained in equilibrium assays, we propose a minimal model
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and to the Rb-containing enzyme. The Rbocclusion
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Reaction media also contained eosin, ATP, and/or M@gCl

experiments presented in this paper extend the studies of theéhe concentrations indicated under Results.

interactions between eosin and the enzyme at the low-affinity
site for ATP and support the idea of eosin acting as an ATP
analogue.

EXPERIMENTAL PROCEDURES

EnzymeNa' /K -ATPase was partially purified from pig
kidney according to Jensen et dl0j. The specific activity
at the time of preparation was 225 (umol of Pi) min?
(mg of proteiny! measured under optimal conditions (150
mM NacCl, 20 mM KCI, 3 mM ATP, and 4 mM MgGlin
25 mM imidazole-HCI, pH 7.4 at 37C). This corresponds
to an ADP-binding site concentration of 2:2.7 nmol (mg
of protein) .

Materials [#Rb]RbCI ¢Rb") was obtained from Perkin-
Elmer NEN Life Sciences (USA). The fluorescent probe
eosin (eosin-Y, free acid) and ATP were from Sigma
Chemical Co (USA). ATP was freed of Nay passing a
solution of ATP through a column containing a cation-
exchange resin (Bio Rad AG MP-50). Contaminant {Na

in the eluate, measured by flame photometry, was less than

0.05% of the [ATP] on a mol-to-mol basis. All other reagents
were of analytical grade.

Reaction Conditionsincubations were performed at 25
°C in media containing 25 mM imidazol-HCI (pH 7.4 at 25
°C) and 0.25 mM EDTA. The concentrations of other

Treatment of the DataThe equations were fitted to the
experimental data by a nonlinear regression procedure based
on the GaussNewton algorithm using commercial software
(Excel 7.0 for Windows and Sigma-Plot 2.0 for Windows).

Model SelectionRegression procedures permitted us to
define the goodness of fit of a given equation to the
experimental results and to choose among different models
by using the Second-Order Akaike Information Criterion (see
ref12), AICc = N In(SS/N + 2KN/(N — K — 1), withN =
number of dataK = number of parameters of the fitted
function plus 1, and SS sum of weighted squared errors
of residuals. Unitary weights were considered in all cases.
The best equation was chosen as that which gave the lower
value of AlC.. To compare the goodness of fit between two
different models, 1 and 2, we used the evidence ratio
(= exp(1/2 AAlCC), with AA'CC = AICC(modeI 1) —
AlCc(model 29 > 0), which indicates how many times
more probable model 2 is, with the lower Ad@alue, than
model 1 is to be the true one.

The quantitative analysis of Rbocclusion and eosin
binding and the calculation of the equilibrium constants were
performed according to a procedure based on that described
in ref 13.

RESULTS

components varied according to the experiments and are The Effects of Eosin on the Equilibrium Distribution

indicated under Results. Free ffgwas taken as equal to
[MgCl;] minus [EDTA].

Determination of Occluded Rb This was performed
according to Rossi et al7). Briefly, reactions were carried
out in a rapid-mixing apparatus (SFM4 from Bio-Logic,
France) connected to a chamber that contained a Millipore
filter through which an ice-cold solution of 30 mM KCI and
20 mM imidazole-HCI (pH 7.4 at OC) was flowing at a
rate of 40 mL/s. As the reaction mixture is injected into the

between Occluded and Free RiWe measured the amount
of occluded Rb (Rhyo) after incubation of N&K*-ATPase
with Rb™ and eosin for a sufficient length of time (more
than 10 min) as to reach equilibrium. The results plotted as
Rhbycc vs [eosin] for different fixed concentrations of Rb
are given in Figure 1A. It can be seen that,Rllecreased
asymptotically to a level that depended on {Rlas the
concentration of eosin increased. Note that the value gf:Rb
of about 4.4 nmol (mg of protein} obtained at zero eosin

chamber, quenching occurs due to a sudden drop in tem-and at high [Rb] is consistent with a maximum of two Rb
perature and in ligand concentrations and the enzyme isoccluded per enzyme unit (see Experimental Procedures).

retained and washed in the Millipore filter. The filter is then
removed, dried, and counted for radioactivity. Blanks were
estimated from the amount 8fRb" retained by the filters
when the enzyme was omitted.

Since occlusion occurred in media lacking™and ATP,
occluded Rb was formed via the “direct route” in both
equilibrium and transient experiments.

Equilibrium occlusion of Rb was attained by incubating
enzyme (30ug/mL) between 10 to 100 minl{) with
different Rb™ and eosin concentrations.

Time Courses of Formation and Breakdown of Occluded
Rb*. The time course of formation of occluded Riwvas
measured after mixing the enzyme suspension (1p®f
protein/mL) in the rapid mixing apparatus with an equal
volume of a medium having 200M 8Rb* and different
concentrations of eosin. To measure the time course of
breakdown of occluded Rb one volume of an enzyme
suspension (560g of protein/mL) equilibrated in a medium
with 100uM 8eRb* was mixed in the rapid mixing apparatus
with 19 vol of a solution with 10«M of unlabeled Rb as
to cause a 20-fold decrease in the specific activit§fab".

Figure 1B shows that, as the concentration of Rizreased,
theKy s for eosin increased, indicating a decrease in apparent
affinity for eosin with Rb.

Analysis by nonlinear regression was employed to work
out a minimal model that could describe these results. The
complete procedure, which is detailed in a previous paper
(13), requires first establishing the stoichiometric coefficients
that measure the maximal number of occluded Rhd of
bound eosin to the enzyme. Since up to two Rbe known
to be occluded in the enzyme, we focused our analysis to
determine the maximal stoichiometry of eosin binding. This
seems to be particularly important since it has been reported
that, depending on the conditions, one or two eosin molecules
can bind per phosphorylation sit8, (14). Assuming that a
single eosin binds per ATPase (a model that would corre-
spond to the first two rows of the model in Figure 3),,Rb
will follow eq 1, which was fitted to the curves in Figure 1
for each [RB] tested

_ AKgs+Aled]

RBocc = Kot [€0]

(0]

(1)
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Ficure 1: The effects of eosin on the equilibrium distribution

between free and occluded RbTrhe equilibrium level of Rh. as

a function of [eosin] in media containing ®), 5 (O), 10 (v), 24

(v), 49.5 @), 120 ), and 150 #) «M Rb*, in media containing

from 0 to 500uM eosin (panel A). Dashed and continuous lines

are plots of eq 1 or eq 2, respectively, for the best fitting values of

their parameters. Panel B shows the effect of BbKg s for eosin

(+ 1 SE). Values oK s were calculated for each [Rbfrom the

best fitting curves (continuous lines in panel A) as the concentration

of eosin that gives a value of Rhequal to 1/2f, + Ay).
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FIGURE 2: The best fitting values of, (®), Ay (O), andA; (¥) in
eq 2 as a function of the concentration of'/RBhese were obtained
by fitting eq 2 to the results in Figure 1 for each [Ribested. The
continuous lines are the predicted valueg\gfA;, andA; according

to their meaning in Table 2 using valuesBf andK;;'s given in
Table 3. Vertical bars are- 1 SE.
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In this equationA, and A, are the values of Ry, when
the concentration of eosin (eo) is zero or infinity, respec-
tively, andKq s is an apparent dissociation constant for eosin.

Kroo,1
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Ficure 3: A minimal model for the equilibria between enzyme,
Rb", and eosin during direct occlusion of Rlin the Na/K*-
ATPase. Parentheses denote an occluded &ixl eo andE denote
eosin and N&/K*-ATPase, respectively.

Table 1: Comparison of the Fit to the Results in Figure 1
Considering the Binding of One (eq 1) or Two (eq 2) Molecules of
Eosin to the N&/K*-ATPasé

[Rb*] eql eq?2
(uM) SS AlCc SS AIC;  evidence ratib
1 0.000825 —168.7 0.000459 —170.7 2.70
5 0.0572 —106.5 0.00820 —137.5 5.48x 1¢°
10 0.0229 —140.7 0.00939 -—-153.1 486.6
24 0.202 —81.18 0.00857 —136.6 1.10x 10%
49.5 0.0682 —75.70 0.0133 —92.20 3825
120 0.0681 —89.31 0.0522 —85.53 0.151
150 0.00633 —1229 0.00631 -—113.9 0.0110

aSS and AlG were obtained as described under Experimental
Procedures? In all cases, the evidence ratio was calculated as exp[1/
2(AICc(eq 1)~ AlCc(eq 2)]-

Rb* are in equilibrium, Rl will obey eq 2

Rh. = PoKaKe AKleo] + Ajeof

= 2
oce K,K, + Kj[eo] + [eo] @)
whereA,, A;, andA; represent now Rl with none, one, or
two molecules of eosin (eo) bound, respectively, Eandnd

K, are apparent dissociation constants for eosin. It can be
seen that RR. will go from Ag to A, as the concentration of
eosin goes from zero to infinity.

A quantitative estimate of the improvement of fit obtained
using eq 2 as compared with eq 1 is given in Table 1 which
makes clear that, except for the two highest TRiested,
each Rb.. = f([eosin]) curve gave values of AlGhat were
considerably lower when this equation instead of eq 1 was
fitted. The relative improvement of the goodness of fit using
eq 2 relative to that using eq 1 is also shown by the evidence
ratio values given in the last column of Table 1. We also
tried an equation that considered the binding of three eosin
molecules per ATPase. This only slightly improved the fitting
but gave values of Algthat, in general, were higher than
those obtained using eq 2 (data not shown). This statistical

As shown by the dashed lines in Figure 1, except at 150 evidence favored the selection of eq 2 as the one that provides

uM Rb" eq 1 fitted the results with some degree of bias. A
small but consistent improvement in the fit, accompanied

the best description for the curves in Figure 1.
Once the maximal stoichiometry of 2 for eosin binding

by a decrease in the bias, was obtained when two eosinwas established, we investigated which enzyme states
molecules were considered to bind per ATPase (continuouscontaining bound eosin and bound or occluded Riere
lines in Figure 1). This case corresponds to the model in present. As a first approach, we plotted the best-fitting values
Figure 3. In these circumstances, since free and occludedof A, A;, andA; in eq 2 as a function of [RY (Figure 2).
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Table 2: Meaning of Coefficient8o, A1, A2, K1, andK; of eq 2 in Terms of the Equilibrium Constants of the Scheme in Figére 3

parameters meaning
A Er (KRbO,Z{Rbﬂ + 2[Rb+]2)/(KRbo,1KRbo,2+ [Rb+] KRbO,2+ [Rb+]2)
A Er (Kro1, IRb'] + 2[Rb"?)/(Kro1,KRrb1,2+ [RDT]KRb1,2+ [RET]?)
A Er (KRbZ,?{Rbﬂ + 2[Rb+]2)/(KRb2,1KRb2,2+ [Rbﬂ KRb2,2+ [Rb+]2)
Ky (Kro1,Krb1,Ke1,0F Kro1,Ke1, [RD] + Kea IRDY]3)/(Kro1,Krb1,2+ Kror {Rb'] + [RET]?)
Kz (Kroz, Krb2,Kez,01 Kroz Kez, [RD] + Kez RD12)/(Kroz, Krb2,2 + Kroz ARb'] + [Rb*]?)

a Er represents the total amount of enzyme expressed in nmol (mg of protein)

In agreement with results obtained under similar conditions Table 3: Best Fitting Values of the Equilibrium Constants of the
(8, 11, 15), Ay = f([Rb*]) can be adequately described by a Scheme in Figure3

single hyperbola with a value &f,s of 5.67+ 0.88uM. In best fitting value
contrast with the hyperbolic shape of the curve Agr that constant (uM =+ SE)
for A, is a sigmoid function of [Rb]. It is clear in Figure 2 Krbo,1 2.66+0.28
thatAy, A;, andA, tend to the same value when [Rliends KRroo,2 10.7+1.1
to infinity, indicating that, when eosin is bound, the maximal ERL’“ 195'§i 1"27
occlusion capacity of the enzyme is not affected. In other Knes s 831 15
words, in a model in which a maximum of two eosin Kro2.2 55.44+ 8.7
molecules are able to bind to the enzyme, the states holding Ke10 0.248+ 0.031
one or two eosin and two Rboccluded must exist. Eelxl 188gi 2-29
A further regression analysis of the whole set of results, KZZZZ 18+ 12
based on the procedure described by Gzaebrero et Kez21 76+ 48
al. (13), led us to postulate the minimal model shown in Kez.2 82+ 26

Figure 3. As it was to be expected from our previous  2Krois Kroia Kroz @andKrsz2Were calculated using the thermo-
evidence, in the absence of eosin the amount of enzymedynamic equivalence of pathways (seel8fand propagating the error
species with bound, but not occluded,'R& negligible (3). of the estlma_tloPs of the fitted constanis. was 2.218+ 0.021 nmol
According to our analysis, this is also true in the presence (mg of protein) .

of any amount of eosin. _

The model in Figure 3 can be expressed in terms of eq 2 Hence, the presence of relatively large error values for some
taking into account the definitions for the parameters, which ©f the equilibrium constants in Table 3 does not justify the
are now the functions of [Rf} given in Table 2. From these ~ €Xclusion of the involved states from the model.
equations, it can be seen that the model in Figure 3 From the values of equilibrium constants in Table 3 it can
adequately predicts thab, A1, andA; (i.e., the states with be seen that, as the number of eosin bound to the enzyme

none, one, or two eosin molecules bound) tend to the same'i” increases,Krpi1 and Kgpi2 increase in such a way that

value (Er) as the concentration of Ritends to infinity. the ratio Krpi,/Krpi1 decreases. This indicates that eosin
Correspondingly, the model predicts tiatandK, will vary decreases the affinity for Rbbut it promotes an increase
from KeroandKezo 10 Ker2andKez o in the positive interaction for the occlusion of the second

After the parameters in eq 2 were replaced by the Rb", explaining whyA; versus [RB] becomes progressively
definitions in Table 2, the resulting function was fitted to More sigmoid and shifted to the right at higher eosin
the whole set of data in Figure 1, thus obtaining the values Concentrations. Besides, as the number of Becluded in
of equilibrium constants and total amount of enzyrig)(  the enzyme " increaseke; jandK., increase and the ratio

shown in Table 3. As in previous papers, the constigigt,  Kez/Ke1jdecreases, indicating a drop both in the affinity for
= 4Krpo.1Was fixed to keep the hyperbolic shape of,Rb- eosin and in the difference between the affinities for the two
f([Rb*]) observed in the absence of ligands other thari Rp  €0Sins (this is reflected in Figure 1 and Table 1, where the
(seeA in Figure 2). better fit given by eq 2 with respect to that given by eq 1

tends to disappear at high [Rp. Note that the value of the
equilibrium constant for the dissociation of eosin from the
Eeo complexKe1 g is very close to that of 0.250.45uM
reported by Skou and EsmarB) from experiments measur-

To test if the model of Figure 3 was minimal, i.e., if no
subset of states was able to describe equally well the results
equations derived by systematically omitting enzyme states
from the model in Figure 3, in different combinations, were . e L N . -
also fitted to the data. We found that the best fitting was ing equilibrium binding of eosin in media containing 20 or
obtained when all possible states with occluded" Ribd 150 mM Na.
bound eosin were taken into account (SSL.30, AlCc = Since the decrease caused by eosin ig.Ribserved in
—585). For instance, when omitting the states with two bound €quilibrium conditions could be due to a slowing of Rb
eosinsEeo, Ee(Rb), andEeay(Rby,), the values for SSand ~ occlusion or to an acceleration of Rieocclusion, we
AIC¢ where 1.66 and-560, respectively. The evidence ratio investigated the effect of the probe in transient experiments.

calculated from these Algvalues, which equals 2.68 1C°, Effects of Eosin on the Time Course of'RBcclusion.
strongly favors the two-site model. Also, when ortfgo, To evaluate the effect of eosin on Rbcclusion, Na/K*-
was omitted (SS= 1.65, AICG; = —555), the values of the ~ ATPase was incubated during periods ranging from 0.037
equilibrium constants for the dissociation of eosin freen,- to 150 s in media containing 10@M Rb*™ and from O to

(Rb) andEeoy(Rh,) became so large (higher than'd@M) 600 uM eosin. In control experiments (not shown), we
that the amount of these states were made negligibly small.measured the time course Rb" occlusion in media in
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FicurE 4: Effects of eosin on the time course of Rbcclusion.
Reaction media contained 100M Rb* and 0 @), 0.1 ©), 0.4
(v), 2 (v), 5 (), 50 @), 250 (@), or 600 €) uM eosin. The inset
shows the initihl s of theincubation times. The continuous lines
are plots of the sum of two increasing exponential functions of
time plus a constant term.
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FiGURe 5: Initial rate of Rb occlusion ¢,) as a function of [eosin].
vo Was obtained as described in the main text for each curve shown
in Figure 4, and vertical bars indicatetlSE. The continuous line
is the plot of eq 3 setting the values Kf; o and Kez 0 as those
given in Table 3 and adjusting those @f. The best fitting values
obtained forvgg, vo1, andve, were (£ 1 SE): 5.10+ 0.22, 2.92+
0.25, and 2.87+ 0.25 nmol of R (mg of proteiny! s,

(=}

which eosin had either been equilibrated with the enzyme respectively.

before adding®®Rb" or added together witl¥Rb*. No

differences were detected between the time courses o
8Rb* occlusion under both conditions. This strongly suggests

that eosin reaches equilibrium with the enzyme beforé Rb

fEquation 3 was fitted to the data in Figure 5, setting the

values forKeio as those shown in Table 3. The continuous
line in Figure 5 is the plot of eq 3 for the values:gf given

occlusion. On the basis of these results, we considered itin the legend of the figure. It is apparent that the model in

unnecessary to incubate the eosin with enzyme prior to

addition of®Rb". This has the advantage of avoiding the
risk of the inactivation by light of the N@K*-ATPase in
media with eosin reported by Esmart).(

The results of Rb occlusion experiments are shown in
Figure 4 as plots of RJa. vs incubation time for each of the
eosin concentrations tested. It can be seen that Rbreased

with time reaching a constant value that corresponds to thec@lculated value okoy occl he
¢ €osin is 0.0245 s M~ which is very similar to that

attainment of equilibrium, this value being lower at highe

concentrations of eosin (cf. Figure 1). Best fit to each of the
curves in Figure 4 was achieved by the sum of two increasing

Figure 3 and the values of th&io in Table 3 are able to
provide an adequate prediction af as a function of eosin
concentration. Figure 5 also shows that there is a significant
change iy, for eosin concentrations between 0 and &\Vj
0.2—0.5 uM being the concentrations of the probe usually
employed in fluorescence experiments §, 16).

Using the values ofEr and of v, at 100uM Rb*, the
1 for Rb" occlusion in the absence of

already reported by ud Q).
Effects of Eosin on the Time Course of Release of

exponential functions of time pius a constant term that Occluded Rb. To look at this effect, Na/K*-ATPase

probably represents a component that is so fast that it reache€duilibrated with 10QuM **Rb, which yields about 90%

equilibrium before the shortest measured time. The plot of Ul occupation, was mixed with enough of media with eosin
the initial part of the time courses (up to 1 s, inset to Figure @nd the same concentration of unlabeled &b to produce

4) shows that the initial rate of occlusion also decreased wit
eosin concentration.

We estimated the values of the initial rate of occlusion
(vo) for each curve using the mathematical device of fitting
the points measured dt < 0.8 s by the second-order
polynomial: a + vt + ct2. The first derivative of this
function att = 0 will be equal tov,. The dependence of,

on eosin concentration obtained in the experiments in Figure
4 is given in Figure 5. It can be seen that the initial rate of of Rboec X
occlusion drops with eosin concentration along a curve that concentrations tested.
asymptotically decreases to a nonzero value. If this respons
were consistent with the scheme in Figure 3 and eosin were

in rapid equilibrium with the enzyme, should be described
by eq 3.

UoOKel,d(e2,0+ Z}olKeZ,({eo] + Uoz[eo]z
Ke1,dez0 T Kep,J€O] + [eof

®3)

o

This equation considers that the occlusion of Rdtt time
tending to zero, takes place inEy Eeo, andEeq, of the
scheme in Figure 3 and that is a linear combination of
the occlusion velocities for each state (i2&q, vo1, aNdvoy).

h @ 20-fold isotopic dilution of the cation. Eosin concentration

in the deocclusion media varied from 0 to 960I1. As for
the case of occlusion assays, we obtained evidence from
deocclusion experiments that eosin equilibrates very rapidly
with the ATPase. Thus, there was no need to preincubate
the enzyme containing occlud&Rb* with the probe, which
was added together with the unlabeled'Rb

Results of these experiments are given in Figure 6 as plots
vs time after isotopic dilution for each eosin
It can be seen that eosin induces a

ssignificant increase in the rate of deocclusion. In most cases,

the breakdown of Rl was described by the sum of two
decreasing exponential functions of time plus a time-
independent term, but at the higher concentrations of eosin
tested a better fit to the results was obtained by a single-
exponential function plus a time-independent term. Note that,
as the time courses were not corrected for the amount of
occluded®®Rb" remaining at infinite time after the 20-fold
isotopic dilution, the time-independent term must include this
value.

1 Abbreviations: kon, bimolecular binding rate constaris, dis-
sociation rate constant.
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Ficure 6: Effects of eosin on the time course of release of occluded
Rb". Occluded®Rb" remaining after a 20-fold dilution of the
specific activity ofé8Rb™ was plotted as a function of time. During
deocclusion, the concentration of eosin was eitha@®) % (O), 10

(v), 36 (v), 47 @), 118 (), 238 (#), 475 ), 750 (a), and 950

(a) uM. Inset shows a detail of the first 10 s. The continuous lines
are the plot of the sum of two decreasing exponential functions of
time plus a time-independent term.
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Ficure 7: Initial rate of release of occluded Rv;) as a function

of [eosin].», was calculated as described in the main text for each
curve shown in Figure 6, verticals bars indicate-ISE. The best
fitting values obtained fory, v, andv, were £ 1 SE): 0.12+
0.10, 0.644 0.13, and 1.1 0.07 nmol of R (mg of proteinj?

s1, respectively.

0
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Table 4: Effects of Eosin and ATP on the Initial Rate of Release of
Occluded Rb (vr)?

[eosin]  [ATP] [MgCl3] vy
mM mM mM nmol of Rb™ (mg of proteinj* s

0.1 none 1.25 473 0.27
none 0.1 1.25 13.44 0.98
1 0.1 1.25 4.85k 3.04
0.1 none 1.90 4.48- 0.82
none 0.1 1.90 11.8% 1.92
1 0.1 1.90 4.68t 0.40
0.1 none none 0.94 0.04
none 0.1 none 1.2%0.13
1 0.1 none 1.630.17

a3y (values+ 1 SE) were obtained as indicated in the main text.
Reaction media contained 1@M Rb* and eosin, ATP, or MgGlas
indicated.

to the Rb-occluded enzyme (right-hand side of the scheme
in Figure 3) following a curve whose shape is consistent
with the model obtained in equilibrium conditions. Figure 7
shows that eosin increasg®-fold (see legend to the figure),
with an affinity that is much lower than that for the effect
of eosin on the initial rate of Rbocclusion (cf. Figure 5
and the values foKei2 andKeio in Table 3). The value of
the rate coefficient for deocclusiok.f) in the absence of
eosin calculated fronx and the ordinate value of Bhis
0.062 s in very good agreement with published result, (
17).

Interaction between ATP and Eosin at the Low-Affinity
Site for ATP.It is known that ATP stimulates with low
affinity the rate of deocclusion of Kand its congeners
(17—-19), and that eosin competes with ATP for the high-
affinity site in the enzyme3; 6). In Figure 7, we have shown
that eosin, like ATP, also increases the rate of Ridease.

To investigate if this effect of eosin is exerted by the binding
of the probe to the low-affinity site for ATP, we performed
experiments measuring the initial rate of Rielease ;)
seeking a possible blockage by eosin of the ATP-stimulated
deocclusion. This would become apparent if ATP were

Following an analogous procedure as that used whensijgnificantly more effective than eosin in promoting de-

measuring the initial rate of occlusion, we calculated the
initial rate of Rb™ release ¢;) fitting the first 5-7 points of
the time courses to the second-order polynomaak- vt
+ ct? Figure 7 shows that as [eosin] tended to infinity,

occlusion of RB, providing that both ligands competed for
the same site.

Rb"-release experiments were performed in media with
ATP, eosin, and 1.25 mM Mggl(1l mM free Mgt). Mg?*

increased tending to a constant value that is almost an ordefyas added to enhance the effect of ATP on the deocclusion
of magnitude hlgher than that obtained in the absence of therate 0_7), expecting to increase the differences between the
probe. According to the scheme in Figure 3, as eosin rapidly rates of eosin and ATP-stimulated deocclusion, although it
equilibrates with the states of the enzyme containing two is a known fact that “per se” this cation only slightly changes
Rb", results should be described by the rate of deocclusion of RK(18). For instance, when we
measured this rate in media withyM Rb™", addition of 1

mM MgCl, (0.7 mM free M@") just increased the rate
coefficient from 0.0814 0.009 to 0.186+ 0.016 s*.

Values ofy; in Table 4 show that, when Mg is present,
100 uM ATP is 2.5-3-fold more effective than 10aM
eosin to accelerate Rldeocclusion. When ATP and excess
rates of RB release fronE(Rb),, Eeo(Rb}, andEeg,(Rb), eosin (1 mM) were added together in the deocclusion
whose relative distribution in equilibrium will be determined medium, the effect of ATP disappeared amdreached a
by the concentration of eosin. The continuous line in Figure value similar to that obtained with 100M eosin. This
7 is a plot of eq 4 for the best fitting values a#, v1, and behavior strongly suggests that both ligands compete for the
vz (see legend to Figure 7), using the values of the site(s) from which they stimulate deocclusion. Since similar
equilibrium constants of Table 3. results were obtained in the presence of 1.9 mM Mgtk

Equation 4 indicates that will go from vy in the absence  blocking effect of eosin seems not to be due to changes in
of the probe tar, when two molecules of eosin are bound the availability of Mg in the assay medium. Additionally,

_ VroKe1 Kez 2T v11Kep J€0] + Urz[eo]2
Ke1,Kez 2T Kep J€O] + [eo]2

4

r

This equation considers as the linear combination of
vro, Ur1, @anduye, Which respectively correspond to the initial
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1.25 mM MgC} were sufficient to activate the effects of by Skou and Esmann, who, measuring binding in equilib-

both ATP and eosin on the rate of Rbelease. rium, showed that in media containing from 2 to 150 mM
Table 4 also shows that, in the absence of2Ng Na'" between one and two high-affinity bound eosin were

simultaneous addition of both ATP and eosin produces only detected pe#?P-labeling site §, 14). The same authors also

a small difference as compared to that observed for the found two high-affinity eosin-binding sites in media with 5

separate addition of ATP or eosin. This is probably related mM Mg**.

to the fact that Mg" activates both the ATP- and the eosin- Despite the fact that eosin is a fluorescent sensitive reporter

promoted deocclusion of Rbbut while the former increased  for nucleotide binding, it must be stressed that the possible

about 10-fold, the latter increased only 5-fold under these existence of two sites for eosin does not necessarily imply

conditions. the existence of two nucleotide sites proposed by otf2drs (
23).
DISCUSSION The constanKe; o for the dissociation of eosin from the

state having only one eosin bourteep), obtained by fitting
the equations of the minimal model proposed in this work
to the experimental data, was 0.25 0.03 uM. This is
coincident with theKy of 0.25uM for the dissociation of
eosin from the enzyme in media with 20 mM Ngorobably

in E;) measured by binding assay®.(Therefore, it is clear
that in media with 25 mM imidazol and without added
cations, the affinity of eosin for the free enzyme is identical
to that obtained foE;. We have observed that the fluores-
cence signal in 25 mM imidazol is very similar to that
obtained in media with Na(data not shown). It would seem
therefore that imidazol seems to mimic the ability of'Na

The kinetic study of the effects of eosin, Rland ATP
on the Na/K*-ATPase reported in this paper provided
important information about the interaction of eosin on the
E, conformer of the ATPase. One of the main findings of
our experiments is that the effects of eosin are remarkably
similar to those of ATP not only on thi; but also on the
E, conformer of the pump.

From the results of equilibrium experiments, in which
occluded Rb was measured in media with different con-
centrations of eosin and Rpwe found that like ATP 13,

20) eosin is unable to fully displace occludedRindicating

that_ the enzyme can hold simultaneously occluded &ixl displacing the ATPase toward & conformer, in agreement

eosin. ) ) with findings by Esmann and Fedosova (personal com-
Despite the fact that eosin does not affect the capacity for munication).

Rb* occlusion, which remains constant at two'Rbns per Particularly interesting is the fact that the affinity for eosin

phosphorylation site, the binding of eosin induces significant {4 the free enzyme is very close to that previously obtained

changes in the affinity for Rbof the Na/K*-ATPase. The  ¢or ATP at the high-affinity site3, 13, 24).

change observed in Figure 2 in the shape of.Rb f([Rb]) The decrease in the equilibrium levels of Kbin media

curves, from hyperbolic in the absence of eosh)(to with limiting concentrations of Rb could be caused by

sigmoid in the presence of this ligandyf, reveals an  gftects on the velocity of Rbocclusion and/or of deocclu-
alteration in the interaction between the affinities of the sites sion. Transient experiments in this paper indicate that both

from which Rb™ occlusion takes place. In relation to this, factors contribute to the process.

the ratio between the macroscopic occlusion const&pisA Inspection of Figure 5 shows that the formationEsfo
Kroi1 in the scheme in Figure 3) are no longer 4 as it happens g frices to decrease the rate of Racclusion, whereas the

in the absence of eosin. binding of the second eosin lacks any effect. This can be

Thermodynamic considerations indicate that, if eosin geen in the fact that the value af, is one-half of that o
decreases the affinity for RbRb" will do the same with  and very similar to that ofy,. The good fit of eq 3 to the
the affinity for eosin. This is m_amfest both for the binding yajues ofy, vs [eosin] plotted in Figure 5, setting the values
of one or two molecules of eosin (compatg,ovs Ke1 2and of Ki; to those obtained from the equilibrium experiments,
Ke2,0VS Kez,). provides additional evidence for the agreement between the

The effects of ATP on Rbocclusion reported by usina  proposed model and the experimental resullts.
previous paperl3) are remarkably analogous to the above-  Attention must be paid to the fact that most fluorescence
mentioned effects for the probe. Like eosin, ATP changes experiments using eosin were performed with concentrations
from hyperbolic to sigmoid the shape of 8b= f([Rb']) of the probe between 0.2 and Q:®1 (5, 8, 16, 25), which
curves and concomitantly Ridecreases the affinity of the  are coincident with those that produce almost a complete
pump for the nucleotide. decrease in the rate of Rlwcclusion.

As it is proposed in the model of Figure 3, our analysis  The increase in the rate of Rldeocclusion produced by
suggests that up to two eosin molecules would be able toeosin agrees with unpublished results by Glynn and co-
bind both to the Rb-free and to the Rbsaturated enzyme.  workers @5). The initial rate of Rb release is increased
Since this proposal does not come from a direct measurementbout nine-fold by the probe, the affinity for this effect being
of the binding of eosin to the enzyme, the alternative much lower than that exhibited for the decrease in the initial
explanation of heterogeneity in the NK*-ATPase prepara-  rate of Rb occlusion (cf. Figure 5 and Figure 7). This
tion should be considered. If that were the case, however,difference in affinities parallels that observed for the equi-
this feature should be expected to appear not only as alibrium binding of eosin to the free and the Rbontaining
response to eosin but also to other ligands, a fact that weenzyme.

did not observe13). Therefore, the possibility of heteroge- Additionally, from the results in Figure 6 we observed
neity of the preparation seems to be improbable. that the higher the eosin concentration, the more the shape
Our evidence for a possible binding of two eosin per of the curves of Rb deocclusion was shifted from biexpo-
enzyme unit should be compared with the results obtainednential to single-exponential decreasing functions of time.
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Since both this change in shape and the accelerating effecREFERENCES

on Rb" deocclusion are features that eosin shares with ATP
(17, 19), it is likely that the probe and the nucleotide bind
to the same site iR,. This possibility received confirmation

in the experiments of this paper showing that eosin seems
to compete with ATP for accelerating Rlleocclusion.

As it was observed by Forbush for ATR7), we found
that Mg?" enhances the ability of eosin and ATP to promote
Rb" deocclusion. Under our experimental conditions, ATP
was up to 2-3 times more effective than eosin to stimulate
deocclusion, but if enough eosin was present, the effect of
ATP was annulled and the initial deocclusion rate dropped
to that obtainable by eosin alone. Probably, the simplest
explanation for these results would be that eosin occupies
the sites for ATP but it accelerates deocclusion to a lesser
degree than the nucleotide. The use of 1.25 or 1.9 mM WgCl
produced no significant differences on the results, indicating
that eosin does not act by lowering the free Wgequired
for enhancing the ATP-stimulated deocclusion.

The interaction of eosin with thig; conformer of the N&/
K+*—ATPase has been extensively studied measuring the
fluorescence changes of eosin. Because of the low affinity
for the binding of the probe t&;, florescence studies could
not be applied in the case of this conformer. In this paper,
we show how this hindrance can be overcome. Our results
show that eosin does not only bind to the high-affinity site
in E; but also shares with ATP the low-affinity site for the
nucleotide inE; where it induces qualitatively similar effects.
These results widen the effectiveness of eosin as a tool to
study the interaction of ATP with the enzyme since they
make possible the interpretation of experiments in which both
ligands are present. Additionally, the present study allows
us to define the conditions for using eosin to measure the
rate of the conformational change which occurs during Rb
occlusion.
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