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Conformational Changes of Na,K-ATPase Probed with

Eosin Y
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Time-resolved fluorescence and binding studies have been carried out on Na,K-ATPase in the
presence of the fluorescent dye eosin Y to obtain thermodynamic and kinetic parameters for the
interaction of the enzyme with different cations. Eosin Y binding is indicated by a 3 ns fluorescence
decay process and is observed only in the presence of mono- and divalent cations. This type of
cation binding is interpreted as a nonselective electrostatic interaction, with negatively charged
groups of the enzyme providing a high-affinity eosin Y binding site. Eosin Y binding is observed
only under conditions where the enzyme exists in the conformational state F,. The kinetic para-
meters of eosin Y binding have been determined employing stopped-flow fluorometry.
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INTRODUCTION

Na,K-ATPase, an integral membrane protein found
in nearly all cell membranes of most higher animals,
converts energy from the hydrolysis of intracellular ATP
to the active transport of Na* out of and K+ into cells.
This membrane transport of Na* and K+ is thought to be
coupled to a transition between two main conformational
states of the enzyme, denoted E,, indicative of a high-
affinity Na*, and E,, indicative of the K+ complex.

Fluorescent dyes such as fluorescein isothiocyanate
(FITC), covalently coupled to lysine residues, and eosin
Y upon reversible binding provide information on the
state and the population of conformational states in the
case of Na,K- , H,K-,® and Ca-ATPase.®> Competition
experiments suggest that eosin Y is bound to the ATP
binding region.® This dye thus acts as a relevant model
compound. In the case of Na,K- and H,K-ATPase,
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bound cosin Y exhibits a higher quantum yield in the
presence of certain cations than the free dye.

Binding of the negatively charged eosin Y to Na,K-
ATPase has been shown to exhibit a high affinity pref-
erentially in the presence of Na*.® This observation has
been interpreted to be indicative of the formation of state
E,.®% In the presence of K+ or its congeners, where
Na,K-ATPase is assumed to exist in state E,, as well as
in the absence of high concentrations of cations, no ev-
idence for high-affinity binding has been observed.®

We apply time-resolved fluorescence decay meas-
urements to characterize the interaction between Na,K-
ATPase and eosin Y in the presence of many mono- and
divalent cations. To characterize the dynamic aspects of
eosin Y binding to Na,K-ATPase, the fluorescent prop-
erties of the ligand are used successfully to carry out
stopped-flow studies.

MATERIALS AND METHODS

Membrane-bound and purified Na,K-ATPase was
prepared from pig kidneys according to Ref. 6 with a
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Table L. Fluorescence Decay Times of Eosin Y (1 pM) in Solvents
of Different Polarities and in the Presence of Na,K-ATPase
(T = 25°C, A, = 337 nm, \,; = 539 nm)

Medium Decay time (ns)
Methanol 33
Ethanol 3.1
5 mM imidazole/HCl pH 7.5 1.0
5 mM imidazole/HCl pH 7.5, containing 2
nM Na,K-ATPase 1.0

5 mM imidazole/HCI pH 7.5, containing 2

UM Na,K-ATPase + 100 mM NaCl 1.0 and 2.85

intensity
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log toaP™

Fig. 1. Time resolved fluorescence titration of Na,K-ATPase (2 uM)
in the presence of eosin Y (0.72 uM) with 1,3-diammonium propane
in 5 mM imidazole/HC], pH 7.5 (T = 25°C. A, = 337 nm, A, =
539 nm). The relative amplitude 4,T,, characteristic of the slower de-
cay time (2.85 ns), is plotied versus cation concentration.

specific activity around 35 umol P, mg! min~!. Spec-
trofluorometric titrations were carried out on a Spex
Fluorolog 212 spectrofluorometer. Stopped-flow experi-

ments were performed on an Applied Photophysics

Model 13-106 equipped with fluorescence detection.
Time-resolved fluorescence measurements were carried
out using single-photon counting technique on an Ed-
inburgh Instrument 199S nanosecond fluorometer
equipped with a hydrogen arc lamp. K, and X, are spec-
ified as dissociation constants.

RESULTS AND DISCUSSION

Time-Resolved Fluorescence Studies: Decay Time
Measurements

Upon binding of eosin Y to the enzyme the sta-
tionary fluorescence level of the dye is increased by
about 10 %, and only a small band shift is observed.®
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Previous equilibrium binding studies'® suggest that only
the Na* complex of Na,K-ATPase exhibits strong bind-
ing of eosin Y. It has thus been concluded that eosin Y
binding is indicative of state E,. Using time-resolved flu-
orescence spectroscopy it is possible to differentiate be-
tween free and enzyme-bound fluorophore.

According to our results eosin Y exhibits a single
decay time in aqueous solution (1.0 ns) as well as in
some organic sclvents (Table I); the time constant de-
pends on the solvent polarity.

Also, in the presence of the enzyme at low ionic
strength, a single exponential decay (7,) is observed,
which is attributed to unbound eosin Y because the time
constant corresponds to that of the dye in aqueous buffer
[cf. Eq. (1)]. However, in the presence of millimolar
concentrations of different mono- and divalent cations
where binding of eosin Y is observed, a second, slower
decay process (7,), with a time constant around 3.0 ns
(amplitude 4,), can be detected. The amplitude 4,, ex-
pressed as 4,7,, increases with increasing cation concen-
tration, while the corresponding time constant remains
stable. Under these conditions the amplitude of the faster
process decreases. Thus the slower decay is assigned to
the enzyme—bound eosin Y. The postulated reaction
schemes are (E, Na,K-ATPase; Y, eosin Y) as follows:
in buffer,

E + Y = no binding observed (1)

in buffer containing a cation M*,

K, K,

klZ k23
M*+E+Y=M—E+Y2 M—E-Y (2

kZl k32

In Eq. (2) it is assumed that binding occurs only between
eosin Y and the cation complex M™-E of the enzyme.
Provided that saturation conditions for the second equi-
librium, characterized by K,, are maintained, the apparent
equilibrium constant X, can be obtained experimentally
by determining the dependence of the amplitude 4,7, of
the slower decay process on the cation concentration. A
corresponding plot for, e.g.,, 1,3-diammonium.propane
as a divalent organic cation is shown in Fig. 1; evalua-
tion is performed in terms of a 1:1 binding model. If
ATP is added to a Na,K-ATPase solution containing
bound eosin Y, the amplitude 4,7, of the slower decay
process decreases, which is indicative of competition for
the same enzyme site.

Our results clearly show that eosin Y binding is
observed in the presence of all investigated mono- and
divalent cations (Table II), and not just in the presence
of Na* and Mg?*. All pK, values are around 2.2 for the
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Table 1. Apparent Affinities of Na,K-ATPase for Different
Cation Chlorides as Sensored with Eosin Y
(Experimental Conditions as in Fig. 1)

Cation pK,
Choline 2.00
Sodium 2.65
Imidazolium . 1.70
Potassium 1.70
Magnesium 3.90
1, 3-Diammonium propane 4.40

different monovalent cations and around 4.2 for the di-
valent cations. Similar values are obtained by spectro-
fluorometric equilibrium titrations employing stationary
fluorescence.

The observed pK values are indicative of the exis-
tence of a nonselective cation binding site which, upon
cation occupation, provides high-affinity eosin Y bind-
ing. Evidence for such a site has also been presented
recently on the basis of cation binding studies of FITC-
Na,K-ATPase.”® The pK,; value obtained for Nat is
slightly higher than that for other monovalent cations.
This may reflect a certain effect of the additional occu-
pation of the selective Na* site, occurring at lower con-
centrations than that of the non-selective one.”

Dynamics of Eosin Y Binding

To avoid time-consuming binding studies as carried
out previously® for the determination of pK,, kinetic
studies were carried out to determine the formation rate
constants k,; and k;,. Knowing these parameters, K, can
be calculated. Recent kinetic studies with FITC-Na,K-
ATPase indicated that the formation of M*™-E is very
slow, and occurring in the time range of seconds. The
rate-limiting step of cation binding and dissociation has
been attributed to a conformational change leading to a
state that has been denoted F.09 State F, differs from
the well-known NaK-ATPase conformations E, and
E,.0-19 Evidence for the existence of such a slow, non-
selective cation binding step results also from kinetic
cation binding studies in the presence of the eosin
Y.(II,IZ)

Because eosin Y binding to M™—E is very fast com-
pared to the adjustment of the slow, preceding, cation
binding equilibrium [Eq. (2)], the latter was assumed as
unperturbed during our kinetic study. In these circum-
stances, k,, and k,, can be obtained in a direct manner
by performing stopped-flow experiments (shown in Fig.
2) in the presence of comparatively high concentrations

167

Qm-

065+

410

a4

e, o sty

a1+

Fig. 2. Kinetics of eosin Y binding: fluorescence stopped-flow exper-
iments at 25°C. Rapid mixing between eosin Y in the presence of (a)
24 mM NaCl or (b) 1 mM BaCl, with Na,K-ATPase in the presence
of the same cation concentrations in 5 mM imidazole/HC], pH 7.5
(concentration after mixing: 0.5 uM eosin Y, 0.33 pM Na,K-ATPase).
The solid line is the result of a fit with (a) &,, = 6.3 X 107 M-t 5!
and k;, = 16 7', and (b) ky; = 8.7 X 107 M~* 57" and &, = 22 571,

of, e.g., NaCl or BaCl,. Here k,, is determined as a sec-
ond-order formation and £;, as a first-order dissociation
rate constant.(»

The pseudo-first-order condition generally applied
for the evaluation of stopped-flow data does not hold
under our conditions. The obtained results are in agree-
ment with the postulated reaction model. The £,, values
are close to what is expected for a diffusion-controlled
binding reaction.
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CONCLUSIONS

Time-resolved fluorescence allows, in a convenient
and direct manner differentiation between free and
bound eosin Y and therefore characterization of the en-
zyme bound state. Because negatively charged eosin Y
competes with ATP and ADP for the same binding re-
gion within the enzyme, this fluorophore is considered
as a relevant model compound with regard to adenine
nucleotides. High-affinity eosin Y binding is observed
only under conditions where a nonselective, regulatory
cation binding site is occupied. Since this type of cation
binding induces a conformational transition,” the ob-
served eosin Y binding effects are indicative of a certain
conformational change, leading to the formation of state
F,. From the diffent pK values for mono- and divalent
cations, it is concluded, in accordance with the electro-
static ion binding concept of Ref. 9 and 14, that the
cation site of the protein regulating eosin Y binding is
likely to exhibit two negative charges. Because the en-
zyme is located in a negatively charged small membrane
particle surface charge effects are also thought to influ-
ence eosin Y binding.
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