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Effect of ouabain binding on the fluorescent properties of the Na* /K *-ATPase
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The influence of occupancy by ouabain of its specific binding site on the stability and conformziion of the
Na* /K *-ATPase has been investigated. When native Na* /K *-ATPase is exposed to guanidiniium chloride
or dilwted acid, tryptophanyl fluorescence fails to S0% of the initial value, If ouabain is bovind, higher
concentrations of GdmCl or acidity are needed to reach the same decrease in fluorescence. The rotationsal
diffusion coefficient (relaxation time), shows higher values for the Na* /K *-ATFase (ouabai.) compiex
compared to the enzyme alone, supgesting an increase in molecular asymmetry. This obsurvation is
confirmed by the Stem-Volmer analysis that shows an increase in the accessibility of the fluorophores in the
Na* /K*-ATPase (onabain) (Kgy =156 M ™"} with respect to the native enzyme (Kgy =125 M ).
Iodine perturbation of the enzyme labelled with FITC, demonstrates a decrease in the accessibility of the
fluorescein probe in the Na* /K *-ATPase(ouabain) (Kg, =4 M ') compared to the Na* /K *-ATPase
{Kgy =7 M ') indicating that after ouabain binding this site of the enzyme is less exposed to the solvent.
These data, in agreement with other reports, suggest an allosteric effect of ouahain bindizg en the
Ma* /K *-ATPase conformation.

Introduction

Na*/K*-ATPas¢ is a membrane bound en-
zyme which uses the energy of Mg-ATF binding

Abbreviations: Na*/K*-ATPase, sodium and potassium-de-
pendent adenosine triphosphatase; Bns, dansyl (5-(dimethyl-
amino)-1-raphthalenesulfonyl); Trs, tris(hydroxymethylyami-
nomethane; GdmCl, guanidinium chloride; ATP, adenocsine
triphosphate; FITC, Auorescein isothiocyanate, By, octa-
ethylene glycol dodecyl monoether.
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and hydrolysis to regulate the sodium and potas-
sium equilibrium of the cells [1,2].

The enzyme has been purified in & scluble form
from several different animal species but despite
the variety of isolation techniques and fissues used,
all the purified enzymes are simitarly composed by
two subunits {a and 8} [2-4], The « subunit is a
transmembrane polypeptide (100 kDa) containing
both the ouabain and the ATP binding sites at the
extracellular and iniraccliular side, respectively.
The £ subunit (3¢ 1 Da) is bound o the a subuni®,
and their dissociation causes inactivation of the
enzyme.

The binding of cations to Na*/K*-ATPase
stabilizes two different conformations of the en-
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zyme, the E, and the E, forms {1). Na* ions
compete at a single binding site and stabilize the
E, form, while binding of K ions promote the E,
conformation; the E,-E, transition is followed by
an increase in tryptophanyl fluorescence [3,5].

Ouabain and other ligands are able [6] to pro-
duce fluorescence guenching of the extrinsic fluo-
rescein fluorescent probe label of the E, confer-
mation of Na*/K*-ATPase at the binding site.
Karlish [5,7] has indeed demonstrated that fluo-
rescein isothiocyanate covalently reacts with
Nat/K*-ATPase thus leading to complete inhibi-
tion of the ATPase activity.

In tire present work we have used both the
intrinsic yvplophanyl and extrinsic fheorescein
fluorescence chiange ic show ifat ouabuin en-
hances the resistance of Na*/K*-ATPase to both
acid and guanidinium chloride inactivation. These
observations suggest that ouabain binding to the
Na‘*/K*-ATPase produces an alteration in the
structure of the enzyme which presumably may be
responsible for an increase in its stability.

Materials

Fluorescein isothiocyanate (FITC) and ouabain
were obtained from Sigma. Guanidinium chloride
{GAmCl) ultrapure grade, was purchased from
Schwarz Mann. Chemicais not specificaiiy men-
tioned were of reagent grade. Acrylamide was
recrystallized from ethyl acetate.

Methods

Enzyme preparation. Na'/K*-ATPase was
punfied in membrane-bound form from the mi-
crosomal fraction of pig kidney outer medulla by
selective solubilization with SDE of contaminating
proteins [8]. The membrane-bound enzyme was
then solubilized according to Brotherus et al. [9]
using the deterpent C,E,. After 1 h centrifuga-
tion =t 105000 X g the solubilized enzyme was
collected from supernatant, concentraied on 4 Dh-
aflo membrane under pressure of nitrogen and
loaded on a Sephacryl P-300 Column. The purity
of the enzyme was routinely tested on SDS-poly-
acrylamide gel electrophoresis as previously de-
scribed [10].

Enzyme assay. The enzyme was assayed accord-
ing 10 Anner ct al. {11) after removal of C,;E; by
incubation with Bio-Beads SM-2. Then 0.5-2.0 pg
of the protein were added to 100 mM NaCl, 10
mM KCl, 5 mM MgCl,, 2.5 mM ATP-Na,H,.
3H,0, 2 mM PEP, 1 mM Tns-EDTA, 25 mM
imidazole (pH 7.2) plus pyruvate kinase/lactate
dehydrogenase (FK,/LDH) enzymes and NADH
82.88 mM. The absorbance deciease was read at
340 nm. The specific activity of our enzyme pre-
paration was 1040 pmol P, per mg protein per h at
37°cC.

Protein determinations were performed by the
procedure described by Lowry et al. [12].

Preparation of jiuoresvent conjugate. Na™* /K-
ATPase was conjugated with FITC in absence of
ATP {13]. Enzyme was reacted at 1 mg protein per
m! in 50 mM Tris-HC}, 100 mM NaCl, 5§ mM
EDTA (pH 9.2) with 10 uM FITC for 30 min at
20°C. The unbound FITC was removed by dialy-
sis against 50 mM Tris-HCE (pd 7.5) for 24 h at
4% contzining § mg/w' of hovine serum al-
bumin, The degree of labeliing varied between (.8
and 1.2 mol/mol of protein. (uaiain was bound
by the addition of 10™° M ouabain to a medium
containing 0.16 mg/ml of the enzyme, 5 mM
MgCl,, 0.1 M Tris-PO, (pH 7.4). Binding to the
enzyme was routinarily measured using ‘H-
ouabain in the same medium and corrected for
nen specific binding as described [14}.

Ultraviolet fluorescence. Fluorescence spectra
and intensitics were obtained with a Perkin-Elmer
650-40 spectrofluorometer at 20° C. Excitation and
emission wavelengths were 280 and 340 nm for
tryptophan and 495 and 525 nm for FITC,

Polarization of fluorescence. A Perkin-Elmer
650.40 spectrofluorameter was modified with a
manual polarizing attachment (C.N. Wood
Manufzacturing, Newton, PA) to measure polariza-
tion of fluorescence. Excitation and emission
wavelengths of tryptophan were set at 280 and 340
nm. Polarization (P) is defined as

P= “,w - _'.m}/(lw +Gl\.-h)

where [ is the intensity, G =1, /1, and the first
and second subscripts refer to the plane of potari-
zation of the excitation and emission beams, re-
spectively (v = vertical, h = horizontal).



The polarization data were analyzed by the
Perrin equation:

(L/B)={1/3) = (1/F, = 1/3)(1 +3/g)

where 7 is the lifetime and o the harmonic mean
relaxation time.

Fluorescence lifetime measurement. Fluorescence
lifetime of tryptophan chromophores were mea-
sured at 25°C, pH 8.0, with a nanosecond fluo-
rescent lifetime apparatus.

Aerylamide and iodide quenching analysis.
Acrylamide and iodide fluorescence quenching
data were analyzed according to the Stern-Volmer
equation

FfF=1+ Koy (Q)

where F, and F are the tryptophanyl fluorescence
intensities in the absence or presence of a quencher
(Q) and Kgy is the dynamic quenching constant.

Sravistical analysis. Al the experiments were
rur iz duplicate. Each point is the average of at
least three different experiments. Standard devia-
tion is not illestrated but the statistical compari-
son performed by the Student’s r-test showed that
the differences were statistically significant with
P <001

Results
1. Stability

la. Acid inactivation

The binding of ouabain affects the fluorescence
properties of the extrinsic fluorescent probe FITC
in the FITC modified enzymes [5], it seemed likely
therefore that ouabain binding could also affect
other physico-chemical parameters such as the
acid lability of Na' /K *-ATPase.

So we measurad the rates of the acid transition
of Na'/K'-ATPase and of the complex
Na*/K*-ATPase{ouabain} at threc different pH
vaives (Fig, 1). Lowering the pH {up io 4.0) re-
sulted mn increasing rates of fluorescence loss of
Na*/K*-ATPase compared to Na*/K®-
ATPase{ouabain). In particular, ai pH 4.0 the
fluorescence of Na*/K*-ATPase and Na'/K'-
ATPase{onabain) approached each other, suggest-
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Fig. 1. Eifect of pH on the rate of change of the iryptophanyi

fluorescence of Na*/K*-ATPase (o) and Na*/K*-

ATPase{ovabain) (#), 0.16 mg/ml in 0.1 M Trs-HCl, § mM

MgCl; (pH 7.4), T = 20° C. The wavelengths of excitation and
emission were 280 and 340 nm, respectively.

ing that at this pH ouabain is probably released
from its binding site and therefore has no in-
fluence on the final protein fluorescence.

1b, GdmCl inactivation

As chown in Fig. 2, increasing concentrations
of Gdm(l from 0.5 M to 1.5 M resulted in in-
creasing rates of fluorescence loss at pH 8.0 for
Na*/K*-ATPase and Na* /K *-ATPase(ouabain).
The time dependent fluorescence change observed
in Na*/K*-ATPase (ouabain} was much lower
than in the native enzyme. The binding of ouabain
clearly has a significant effect in inhibiting the
conformational transition induced by Gdm(Cl,

2. Conformational effects

Considering (hat ouabain is able io enbance the
stability of Na*/K*-ATPase towards acid and
GdmCl exposure, it was important to determine
whether the structure of the enzyme was modified
by the ligand. We therefore evaluated the in-
fluence of ouabain on the rotational diffusion
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Fig. 2. Effect of GAmCi concentration on the rate of change of
the tryptophanyl fluorescence of Na*/K*-ATPase (O) and
Ma*/K*-ATPase(ouabain) (@), 0.16 mg,/ml in 0.1 M Tris-HCI,
5 mM MgCl, (pH 8.0), T = 20°C. The wavelengths of excita-
tion and emiszicn werc 280 and 340 nim, respectively.

cocfficient {i.e. relaxation time) of the Na'/K*-
ATPase. The relaxation time was evaluated from
the dependence of the polarization of tryp-
tophanyl flucrescence on the viscesity of the solu-
tion.

A liftime of 1 ns was found at 20°C for the
tryptophanyl residues of Na*/K*-ATPase. The
lifetime of tryptophanyl chromophores are nor-
mally too small to be uvseful for the application of
the Perrin equation to proteins of the size of
Na*/K*-ATPase. However, a significant increase
in the tryptophanyl polarization was observed with
ouabain addition. The increase in tryptophanyl
polarization of Na*/K*-ATPase and Na'/K*-
ATPase{ouabain) after addition of sucrose is
plotted in Fig. 3. Relaxation times {g) of 12.5 ns
and 14 ns at 20°C were calculated from the data
shown in Fig. 3 for Na'/K*-ATPase and
Na*/K*-ATPase(ouabain), respectively. The
higher relaxation time of Na*/K*-ATPase(oua-
bain) suggests that ouabain binding results in a
decrease in rotational flexibility of domains con-
taining the tryptophanyl residues.

Fig. 3. Perrin plots of the polarization of the tryplophanyl

+ -

fluoreseence of Na'/K'-ATPasz {0} and Na‘/K*-

ATPase(ouabain) (@) 0.04 me/ml in Tris-HCi. 5 mM MgCl,

(pil 745, 7 - 20°C. The mwnsc concentratinn varied from 0

10 69%. The wavelengths of excitation and emission were 280
and 340 nm, respertively.

3. Tryptophanyl heterogeneity

The heterogeneity of tryptophanyl emission
from multitryptophanyl containing proteins has
been demonstrated in several ways including life-
time measurements {15,16], quenching by colli-
sional quenchers, bound ligands [17-20] and by
circular polarized emission [21]. We have used the

3.0

08 oK
ACRYLAMIDE {M)

Fig. 4. Quenching of Muorescence ( F) of Na™/K *-ATPase (0)

and Na*/K*-ATPase{ouzbain) () by 0.04 mg/ml acryla-

mide, 0.1 M Tris-HC{, 5 mM MpCl, (pH 74}, T=20°C. F,

is the Muorescence imensity in the absence of acrylamide. The

wavelength of excitation and emission were 280 and 340 nm,
respectively.
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Fig. 5. Quenching of fluorescence (F) by iodine of Na*/K*.
ATPase/FITC{0) and Na* /K *-ATPase /FITC (cuabain) (€}
0.04 mg/ml. Conditions as in Fig. 4. F, is the fluorescence

intensity in the absence of iodine. The wavelengths of excita-
tion and emission were 495 and 525 nm, respectively.

uncharged collisional quencher acrylamide not
only to show tryptophanyl heterogeneity but also
to detect a conformational change produced by
ouabain binding.

3a. Stern-Volmer analpsis of acrylamide quenching

The relative accessibility o she different tryp-
tophanyl residues to the solvent ran be measured
by the concentration dependence of acrylamide
quenching [22). A Kgy of 12.5 M™! (Fig. 4) was
found for the Na* /K *-AFPase excitea at 280 nm.
The Kgy value when ouabain is bound, increases
from 12.5 M~} t0 15.6 M~ 1. Thus a larger number
of groups remain accessible to acrylamide when
cuabain is bound.

3b. Stern-Volmer analysis of iodide quenching of
Na' /K *-ATPase / FITC

The slopes for Stern-Volmer quenching by I~
were determined for Na*/K*-ATPase/FITC and
Na* /K *-ATPase/FITC(ouabain). The value is 7
M~ for the Na* /K *-ATPase/FITC and 4 M ™!
in the presence of ouvabain (Fig. 5) indicating that
the FITC is located in a protected environment,
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Discussion

The binding of small ligands can erhance the
stability of proteins. When avidir for instance,
binds biotin a large increase in the thermal transi-
tion temperature from 85 to 132°C iz penerated
[23]. The binding of thyroxin to TBG, a serum
protein devolved to the transport of thyroid
hormones, also produces conformational changes
which are responsible for the increase in resistance
of the complexed protein to denaturation [24].

Two major conformations of the Na*/K*-
ATPase have hesn identified, B, and E,. The F,
form binds Na* oi K*, bui Na™ is bound with a
transitional change takes place and the species
generated is the enzyme in the E, form. In this
form the enzyme has also been demonstrated to be
less thermolabile [25,26). The conditions that pro-
mote ouabain binding are such that the preferred
ouabain binding species is the E; conformation
[27]. The transitions between the E; and E; forms
of the protein are accompanied by rearrangements
of a significant number of residues in the & sub-
unit [28] and by an increase in the susceptibility of
the same peptide bond to protease [29,30]. Struct-
ural changes may also involve sulphydryl groups
[311. Our finding that Na* /K *-ATPase(ouabain)
is more resistant than the native ¢nzyme to in-
activation by either acid or GdmCl, may lead to
attribute the increase in stability to a structural
revrganization consequent to ouabain binding, The
various methods employed clearly show that con-
formational changes occurring after ouabain bind-
ing may explain the variations in the degree of
exposure of tryptophan residues to the solveni.
Also the rotational correlation time of the soluble
preparation of the whole enzyme containing at
least one « and one 8 =ubunit should be expected
greater than the 12.5 to 14 ns reported in our
experiments, Hydrodynamic »tvies have reporied
to rule out the extreme asymmetry whick would be
required to give such small relaxation times.
Therefore polarization values should reflect sep-
mental freedom of the protein domains containing
the tryptophanyl chromophore.

Also the experiments with acrylamide agree
with the increase in relaxation time, since the
increase in collisional quenching rate constant in
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the absence of static quenching suggests that the
tryptophan residues are more exposed to the
solvent in Na®/K'-ATPase(ouabain) than in
Nat/K*-ATPase. Finally, the effect of ouabain
binding to the Na*/K*-ATPase /FITC on iodine
quenching, compared to the Na*/K*-ATPase/
FITC alone, showed a decrease in the accessibility
of the FITC bound. Tkis observation suggests that
ouabain binding to the E; conformation of the
enzyme stabilizes the protein generating a E, form
characterized by a decrease in the degree of the
exposure i the solvent of the microenvironment
ai s 111 binding site.
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