The Effect of Ionic Strength and Specific Anions on Substrate Binding
and Hydrolytic Activities of Na,K-ATPase

JENS G. NgrBY and MIKAEL ESMANN

From the Department of Biophysics, University of Aarhus, DK-8000 Aarhus C, Denmark

ABSTRACT The physiological ligands for Na,K-ATPase (the Na,K-pump) are ions, and electrostatic forces, that
could be revealed by their ionic strength dependence, are therefore expected to be important for their reaction
with the enzyme. We found that the affinities for ADP®~, eosin?~, p-nitrophenylphosphate, and V,,,, for Na,K-
ATPase and K*-activated p-nitrophenylphosphatase activity, were all decreased by increasing salt concentration
and by specific anions. Equilibrium binding of ADP was measured at 0-0.5 M of NaCl, Na,SO,, and NaNOj and in
0.1 M Na-acetate, NaSCN, and NaClO,. The apparent affinity for ADP decreased up to 30 times. At equal ionic
strength, 7, the ranking of the salt effect was NaCl = Na,SO, = Na-acetate < NaNOy; < NaSCN < NaClO,. We
treated the influence of NaCl and Nay,SO, on Ky, for E-ADP as a “pure” ionic strength effect. It is quantitatively
simulated by a model where the binding site and ADP are point charges, and where their activity coefficients are
related to I by the limiting law of Debye and Hiickel. The estimated net charge at the binding site of the enzyme
was about +1. Eosin binding followed the same model. The NO;~ effect was compatible with competitive binding
of NO3;~ and ADP in addition to the general Feffect. Ky, for E-NOj was ~32 mM. Analysis of V ./ K, for Na,K-
ATPase and K*-p-nitrophenylphosphatase activity shows that electrostatic forces are important for the binding of
pnitrophenylphosphate but not for the catalytic effect of ATP on the low affinity site. The net charge at the
pnitrophenylphosphate-binding site was also about +1. The results reported here indicate that the reversible in-
teractions between ions and Na,K-ATPase can be grouped according to either simple Debye-Htickel behavior or to
specific anion or cation interactions with the enzyme.
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INTRODUCTION

Na,K-ATPase, identical to the Na,K-pump, catalyzes an
Na* + K*-activated hydrolysis of ATP to ADP and inor-
ganic phosphate, P;. In plasma membranes this is mani-
fested in the coupling of the chemical hydrolysis of
ATP to the vectorial transport of Na* out of, and K*
into the cell.

The present paper focuses on the importance of elec-
trostatic effects for Na,K-ATPase, as manifested by the
enzyme’s response to changes in the salt concentration
and to the anion composition of the medium sur-
rounding the membrane bound enzyme. Usually ex-
periments with Na,K-ATPase are performed using chlo-
ride salts of the cations Na*, K™ and Mg?", and care is
generally taken to keep the ionic strength constant as it
is well known that changes in this parameter affects
most of the biochemical reactions of the system. Given
the ionic nature of the transport ligands Na* and K*,
the substrates Mg?* and ATP*~ and the products ADP3~
and HPO,2~ /H,PO," it is highly probable that electro-
static phenomena play a significant role in the NaK-
ATPase reaction. Generally, electrostatic effects in pro-
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teins are important for structure as well as stability and
biological function, and, especially in enzymes, they
play a decisive role in substrate recognition and transi-
tion-state stabilization (Warshel and Russell, 1984; Mat-
thew, 1985; Allewell and Oberoi, 1991). An important
manifestation of electrostatic interactions is the ionic
strength dependence (Garcia-Moreno E, 1994), and by
analogy with a large variety of other systems (see DIs-
cussIoN for examples of enzymes; Record et al., 1978;
McLaughlin, 1989; Green and Andersen, 1991) this
can be exploited to shed light on structure and reac-
tion mechanism. Surprisingly, however, no systematic
investigation of ionic strength effects on Na,K-ATPase
has been reported.

With regard to the mechanism of possible specific ef-
fects of anions (other than the substrate, the products
and their analogues) only little attention has been given
to this subject. Recently it has been found (Post and Su-
zuki, 1991; Klodos et al., 1994) that the type of anion in
the medium was a determinant of the steady-state value
of the ratio between the two phosphorylated intermedi-
ates, E,P/E,P, during turnover. It was noted that the
anions ranked like the Hofmeister lyotropic series but
no further interpretation of the results was presented.

The present investigation of the ionic strength and
anion dependence of the reactions of Na,K-ATPase was
prompted by the observation that substitution of NO;3~
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for CI™ resulted in a dramatic decrease in the affinity of
Na,K-ATPase for ADP and ATP at the substrate site
(Rossi and Ngrby, 1993). Presumably the binding of
the negatively charged ADP and ATP is assisted by at-
traction to positive charges at or around the binding
site, and the inhibitory effect of NO3~ could be a result
of a neutralization of these charges. Characterization of
the ionic strength dependence and the special inhibi-
tory effect of NO;~ (and other anions) could be useful
in evaluating the events in both substrate binding and
turnover.

Here we report first a detailed characterization of an-
ion and ionic strength dependence of the equilibrium
binding of ADP (and some eosin analogues) to the
high affinity substrate site of Na,K-ATPase, and sec-
ondly we describe the effects of anions on the overall
Na,K-ATPase as well as the K'-activated p-nitrophe-
nylphosphatase (K*-pNPPase)! reactions. It was found
that the binding affinity decreased with increasing
ionic strength and was further decreased by replace-
ment of C1~ with NO3~, SCN~, and ClO,, indicative of
both unspecific electrostatic interactions and specific
site-binding of anions. In the absence of information
about the steric structure of the binding site and the
electrostatic charges of Na,K-ATPase we have evaluated
the ionic strength dependence of the ADP-binding by
the simplest possible model. This considers the electro-
static properties of the binding site as those of a point
charge, and we found that the interaction of this point
charge with the charges on ADP or eosin could be
quantified by the limiting law of Debye and Hiickel
(1923). The charge on the high-affinity site of Na,K-
ATPase was calculated to +1. The Na,K-ATPase and K*-
pNPPase activities were also inhibited by increasing
ionic strength and specific anions. Quantitative evalua-
tion by conventional kinetics and transition-state theory
of the K*-pNPPase results was also compatible with a
charge of +1 on the pNPP binding site, whereas there
seemed to be little electrostatic interaction at the low
affinity ATP-binding site.

MATERIALS AND METHODS

Enzyme Preparations

Two types of membrane-bound Na,K-ATPase preparation from
pig kidney outer medulla were used: EI, “zonal enzyme,” V,,, for
Na,K-ATPase activity = 30-32 U - (mg protein) !, was prepared
according to Jgrgensen (1974) by selective extraction of plasma
membranes with SDS (sodiumdodecylsulphate) in the presence
of ATP, followed by isopycnic zonal centrifugation. EIl, “purified
enzyme,” V.., for Na,K-ATPase = 20-24 U - (mg protein) "}, also
was prepared using the procedures of Jorgensen (1974) but with-

L Abbreviations used in this paper: CDTA, trans-1,2-cyclohexylenedini-
trilotetraacetic acid; K*-pNPPase, K*-activated p-nitrophenylphos-
phatase; pNPP, pnitrophenylphosphate.

out zonal centrifugation and with the SDS-activation modifica-
tions described by Jensen et al. (1984). Both preparations were
stored at —20°C in 17.6 mM imidazole, 0.625 mM EDTA, and
250 mM sucrose, titrated to pH 7.4 with HCI, with 1.3 (EI) and 4
(EII) mg protein - ml~!, which is equal to an ADP-binding site
concentration of about 4.3 uM (EI) and 10 uM (EII). The two
preparations behaved identically and their properties were equal
to those published earlier: The turnover, calculated from the
B,,.x of ADP-binding (e.g., see Table I) and V,,,,, is close to 9,000
min~!, which is the same as that of the best preparations of pig
kidney enzyme as well as that found for less purified preparations
(Jorgensen, 1974, 1988). Also, the Ky, for ADP-binding is 0.27 pM
at basal conditions (see Table I, experiment 1A at I = 78 mM)
which agrees well with the value of 0.22-0.25 wM obtained under
similar conditions (Jensen et al., 1984). Furthermore, the re-
sponse of the two preparations to changing ionic strength and
[NO;] is the same (see Fig. 5).

Protein was measured (Lowry et al., 1951) with a standard
of BSA.

Equilibrium ADP-Binding

These measurements were performed as described previously
(Ngrby and Jensen, 1988; Jensen, 1992). The binding assays in
Cl~ were done by mixing 4 ml enzyme-stock suspension with 5.7
ml of either HyO or NaCl of the appropriate concentration, 1.2
ml buffer (88 mM imidazole, 1,250 mM sucrose, and 3.1256 mM
EDTA, titrated to pH 7.4 with HCl) and 0.865 ml 150 mM
EDTA/imidazole, pH 7.4. Each assay consisted of 1,300 pl of the
mixture, 195-0 pl 150 mM Tris/HCI, pH = 6.3, and 5-200 pl
14C-ADP (e.g., 40 nM) in 150 mM Tris/HCI, pH = 6.3.

After mixing, several 75-pl aliquots from each assay were trans-
ferred to counting vials for determination of total (T) radioactiv-
ity, and 1 ml was transferred to a cold centrifuge tube and centri-
fuged at 0—-2°C for 60 min at 100,000 g. The tubes were cautiously
removed, and after transfer of the supernatant to another tube,
several 75-pl aliquots of this supernatant were pipetted to count-
ing vials to determine unbound radioactivity (F). Bound radioac-
tive ADP (B) was determinedas B =T — F.

For binding experiments in NOy~ or SO,2~, 20 ml enzyme-
stock suspension in CI~ buffer was diluted with 80 ml ice-cold ISE
buffer (17.6 mM imidazole, 250 mM sucrose, 0.625 mM EDTA ti-
trated to pH 7.4 with HNO; or Hy,SO,), centrifuged 60 min at
60,000 g at 2°C, and the pellet was resuspended in 35 ml of the
appropriate ISE buffer corresponding to an ADP-binding capac-
ity of ~6.5 uM in the suspension. 4 ml of this suspension was
mixed on ice with 5.7 ml of either H,O, NaNOs, or Na,SO, of the
appropriate concentration, 1.2 ml 5X concentrated ISE buffer
with NO;~ or SO,27, and 0.865 ml 150 mM EDTA /imidazole, pH =
7.4. Each assay consisted of 1,300 pl of this mixture, 195-0 pl
150 mM Tris/HNO; or 100 mM Tris/Hy,SO, buffer, pH = 6.3,
and 5-200 pl C- ADP (e.g., 40 pM) in 150 mM Tris/HNO; or
100 mM Tris/H,SO, buffer. Determination of bound and free
ADP was done as described for the experiments in ClI~.

The binding experiments were performed at 0-2°C and the
pH was 7.66-7.71 (Cl~ experiments), 7.69-7.74 (NO;™), and
7.65-7.82 (SO%7).

Calculation of Ionic Strength, 1, for the
ADP-Binding Experiments

The ionic strength is I = 1/2 3 ¢z?% where ¢ and z are the con-
centration and valence of the ith ion in the solution (Robinson
and Stokes, 1970). To calculate 7 for the ADP-binding assay so-
lutions, it is necessary to have appropriate pK,values for
imidazoleH*, HyEDTA?", and TrisH*. The pK -values depend on
the ionic strength of the solution, but since the buffers are only
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TABLE I
Effect of Ionic Strength and Anions on Ky, for ADP-binding to Na,K-ATPase

NaCl experiments

NaySO, experiments

NaNO; experiments

Exp. [CI'] I Binax Kaiss Exp. [SO2] [ Binax Kaiss Exp. [NO;7] I Binax Kaiss

mM  mM uM uM mM mM uM uM mM mM uM uM
Al 19 78 1.17 £0.02 0.270 = 0.004 Bl 6 78 1.70 £0.04 0.434 =0.010 C1 19 78 1.80 = 0.02 0.423 = 0.004
A2 119 178 1.20 =0.01 0.649 = 0.006 B2 6 78 1.73 £0.02 0.379 = 0.003 C2 24 83 1.83£0.03 0.481 x 0.007
A3 219 278 1.20 £0.02 1.606 =0.012 B3 36 168 1.71 =0.02 0.870 = 0.009 C3 49 108 1.80 £0.03 0.939 = 0.011
A4 319 378 1.13x£0.11 3.347 +0.054 B4 66 258 1.77 £0.03 1.756 = 0.017 C4 79 138 1.84 +0.04 1.875 = 0.025
A5 394 453 1.29 £0.09 4.955*0.089 B> 96 348 1.72 £0.06 2.833 £0.040 Cb 79 138 1.84 +0.01 1.848 = 0.011
Ab 469 528 1.20 £0.11 7.111 +0.124 B6 126 438 1.96 £ 0.10 4.735 + 0.086 C6 109 168 1.78 = 0.06 3.233 = 0.050
A7 519 578 0.98 £0.09 9.119 +0.181 B7 156 528 1.77 £0.08 6.243 + 0.061 C7 139 198 1.80 = 0.06 4.945 * 0.059
C8 169 228 1.82*+0.08 7.512 % 0.079

Values obtained by nonlinear regression are = SE. B,,,, and Ky (the latter calculated by nonlinear regression using a common B,,,, in each series) were

obtained from the data in Fig. 1 to which the numbers of the experiments also refer. The ionic strength before addition of the Na* salts (experiments Al,
B1, B2, and C1) was calculated as described under MATERIALS AND METHODS.

dominating at relatively low ionic strength (before the addition
of Na* salts), we have chosen constants corresponding to /around
0.1 M. Thus, the following pK, values should be acceptable ap-
proximations: imidazoleH*, pK, = 7.5 (Perrin, 1965); H,EDTA?",
pK, = 6.5 (Kortim et al., 1961); TrisH*, pK, = 8.8 (Perrin,
1965). From the pH = 7.7 and the total concentrations of these
three compounds, the approximate concentrations of the different
charged species can be calculated: Common to all experiments:
[imidazoleH"] = 32.6 mM, [HEDTA®* ] = 9.4 mM, [H,EDTA? ] =
0.6 mM. In CI~ and NO;~ experiments: [TrisH*] = 18.5 mM, and
in SO, assays: [TrisH*] = 12.3 mM. This gives a “basal” jonic
strength = 78 mM in the binding experiments, and the concentra-
tion of C17, NO;~, and SO,2~ is 19, 19, and 6 mM, respectively.

Na,K-ATPase Activity

This activity was measured at 37°C at pH = 7.4 in 30 mM histi-
dine/HCI buffer, with 10 pmol enzyme - ml™!, 3 mM ATP, and
4 mM MgCl, (if not otherwise indicated), and the concentration
and type of Na* and K* salts indicated in the figures. The basal
ionic strength was ~42 mM. The assay was started by addition of
enzyme, stopped after 3 min with ice-cold TCA (trichloroacetic
acid; final concentration 5%), and the amount of liberated phos-
phate was determined (Esmann, 1988). Blanks contained 1 mM
ouabain, which was added before the enzyme.

K*-dependent p-Nitrophenylphosphatase Activity

This catalytic activity was measured at 37°C and pH = 7.4 in 30
mM histidine/HCI buffer with 10 pmol enzyme - ml~!, 10 mM
NagpNPP (if not otherwise indicated), 20 mM MgCl, and the
concentration and type of K* salts indicated in the figures. The
basal ionic strength was ~90 mM (including 10 mM NaypNPP).
Reaction time was 3 min; ice-cold TCA (final concentration 5%)
was added, and the reaction product p-nitrophenol determined
as described (Esmann, 1988). The blank was a reagent-blank
without enzyme.

Fluorescence Measurement of Eosin- and
6-Carboxyeosin Binding

The fluorescence of eosin or 6-carboxyeosin was measured at
20°C at pH = 7.0 with a Perkin-Elmer MPF 44A spectrofluorome-
ter with two monochromators (Perkin-Elmer Cetus Instruments,
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Emeryville, CA) (Esmann, 1992). The excitation was at 530 nm,
and the emission was monitored at 560 nm, both slits being
10 nm. The cuvette contained 0.2 nmol enzyme - ml~!, 10 mM
histidine/HCI buffer, 1 mM CDTA (#rans1,2-cyclohexylenedini-
trilotetraacetic acid) /2- amino-2-methyl-1,3-propanediol, 20 mM
NaCl, 0.5 uM eosin or 6-carboxyeosin and the Na* salts indicated
in Fig. 11. The basal ionic strength was ~27 mM.

Reagents and Processing of Data

The reagents were of analytical grade. The various Na* and K*
salts, H{LEDTA (titriplex II), CDTA, NayspNPP, and histidine were
from Merck (Darmstadt, Germany); 2-amino-2-methyl-1,3-pro-
panediol was from Fluka Chemie AG (Buchs, Switzerland); Tris-
base and imidazole were from Sigma Chemical Co. (St. Louis,
MO); sucrose was from British Drug House (Poole, UK); Na,ATP
was from Boehringer Mannheim Biochemicals (Indianapolis,
IN); ouabain was from Serva Biochemicals (Paramus, NJ); eosin
was from Hopkin and Williams (Chadwell Heath, UK), and 6-car-
boxyeosin was custom-synthesized by Molecular Probes, Inc. (Eu-
gene, OR). “C-ADP from NEN (Boston, MA) was chromatographed
on DEAE Sephadex (Pharmacia Fine Chemicals, Uppsala, Swe-
den) and converted to Tris salt in 150 mM Tris/HCI or HNO4
buffer or 100 mM Tris/H,SO, buffer, pH 6.3 as described (Ngrby
and Jensen, 1971). The “C-ADP concentration was 40 uM and
the specific activity was about 1.4 X 105 Bq - wmol ™.

Curvefitting and presentation of data was done with the Origin
software, Microcal, Amherst, MA.

Theory

The influence of ionic strength, I, on the equilibrium dissociation con-
stant. The dissociation of ADP from EADP (E is Na,K-ATPase)

EADP — E+ ADP,

is characterized by the measured (apparent) equilibrium con-
stant, Ky

- [El [ADR

[EADP] ° 0

diss
calculated using the concentrations of unbound ADP, [ADP],
bound ADP, [EADP], and nonoccupied enzyme binding sites,
[E], in moles - liter™1.



According to experiment (and theory, see below), Ky, may
vary with the ionic strength, /, and this dependence can be evalu-
ated by the introduction of the relation (Tanford, 1961; Robin-
son and Stokes, 1970)

a =Ly, @)

where ¢ is the Findependent activity, ¢ the molar concentration,
and v; the molar activity coefficient. By combining Eqgs. 1 and 2
we get
ac (&

£ Faop Yeapp )

K, = s
ds Ye e

a'EADP

or

YEeaop
Kiss = Ko O——. (4)
d Ve Wapp

Per definition (Johnson, 1960; Kirkwood and Oppenheim, 1961),
the thermodynamic equilibrium constant, K, is thus independent
of the ionic strength, and any influence of I on Ky, stems from
the dependence of the ratio of activity coefficients on 1.

Debye and Hiickel (1923) derived a relationship between the
individual activity coefficients for an ion, v;, the ionic strength, I,
the ionic charge, z, and a number of physical constants and pa-
rameters, here condensed in the terms A and B (for details and
assumptions in the derivation see Tanford, 1961, and Robinson
and Stokes, 1970):2

(%)

where ais the distance (in cm) of closest approach of the ions. In
water at 25°C, Ais 0.508 (1 - mol~!)/2and Bis 0.329 X 108 cm™! -
(1- mol™")/2. Aand Bare quite independent of temperature. Eq.
5 is only theoretically valid for dilute solutions, the upper limit
for I'being about 0.1 M, or somewhat higher if ais considered an
adjustable parameter (Kielland, 1937; Robinson and Stokes,
1970). Various empirical extensions of Eq. 5 have been intro-
duced (e.g., Kielland, 1937; Edsall and Wyman, 1958; Johnson,
1960; Robinson and Stokes, 1970), and some of these equations
have proven valid for simple electrolytes at /up to 2 M (Robinson
and Stokes, 1970).

If we in Eq. 5 set ato 3 X 107% c¢m, the denominator becomes
1 + V7, and for 7< 0.01 M a good approximation for log v is:

logy, = —~ACZ O/ (6)

This is the so-called “limiting law” of Debye and Hiickel.

2In the Debye-Hiuickel expression, Eq. 5

3 21IN ,[11/2 _
A = 7e — EE]_ 0085 (mol 1/2 |:]]_1/2) ’
2.303 [J(20° [k Ck [T) !
0 &mBeoiN ov2
-0 A0 (mOl_l/z mY? [bm—l) ’

010" [k Ce OT (11,0000

where e (the protonic charge) = 4.8 X 10719 (electrostatic U), N,
(Avogadros number) = 6.023 X 10%* (mol™!), k (Boltzmann’s con-
stant) = 1.38 X 1072 (Joule - K!), e (the dielectric constant of wa-
ter) = 78.5 at 25°C, and T (the temperature in K). In the tempera-
ture range 0-40°C the product e T'decreases by less than 5%, so A and
Bare quite independent of temperature.

An expression describing the effect of ionic strength on the
dissociation constant is now obtained by insertion of Eq. 6 into
the logarithmically transformed Eq. 4

K.
log —Rdl’i‘ = —A(Ztaoe — Z& — Zoop) OV1, (7
0

and if we furthermore assume that zgapp = zz + zapp, and set A =
0.5 (1 - mol™1)1/2, see above, Eq. 7 reduces to

K.
log -kﬂ'-’f = 7z Dz OV . (8)
0

A similar equation is used to describe eosin-binding to Na,K-ATPase.
The effect of ionic strength on enzyme reactions. We have not found
any general description or evaluation of this subject in the litera-
ture, although special features like substrate- and ligand-binding
(including protons) as influenced by electrolyte concentration
have been measured and treated theoretically (see DISCUSSION).
In the present work we have determined V,,,, and K, (K} ;) for
ATP or pNPP for the Na,K-ATPase and K*-pNPPase activity in
media of different ionic strength. To evaluate the observed changes
in V,., and K, we develop a simple model based on conventional
enzyme kinetics (Cleland, 1963; Segel, 1975; Palmer, 1991) and
transition-state theory for chemical and enzymatic reactions
(Kraut, 1988). Kinetics of single-substrate, S, enzyme catalyzed re-
actions (or multiple substrate reactions where all but one sub-
strate are saturating) follow the Michaelis-Menten equation

Vo O[S
m
where v, is the initial rate (mol - liter™! - s7!) of formation of
product, V.. is v, for [S] - o, and K, is a constant. Both V|,
and K, can be determined from measurements of v, as a func-
tion of [S], e.g., Figs. 7 and 9.
We shall use a simple transition-state model as basis for the
evaluation of the effect of ionic strength on the enzyme reactions:

1 2 3 4
E+S =(ES') =ES = (EP})» E + P, (10)

where E is the enzyme, S = substrate, P = product, ES is the (sta-
ble) enzyme-substrate complex and (ES*) and (EPY) are transition-
state complexes. Since [P] = 0, reaction 4 is considered irrevers-
ible. The total concentration of enzyme is

[Eol = [E] + [(ES)] + [ES] + [ (EP)] . (11)

In transition-state theory (e.g., Segel, 1975; Kreevoy and Truhlar,
1986) the transition state is an activated complex through which
the reactants must pass before proceeding to form products.
Transition-state theory is based on two assumptions: equilibrium
between the transition-state and the reactants, and the “dynamic
bottleneck assumption” meaning that the reaction rate, v, is con-
trolled by decomposition of the activated transition-state com-
plex (Segel, 1975; Kreevoy and Truhlar, 1986; Kraut, 1988).
In accordance with Eq. 10 we have

v, = k, 00 (EPH)] , (12)

where k, is independent of I, whereas [(EP*)] need not be. Ex-
pressed in terms of the conventional (possibly -dependent) equi-
librium constants corresponding to Eq. 10

k,K; KoK [Egl

Yo T TTF + K+ K+ KGR

13)
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from which, when [S] - o

v = KK KoK5 [Eol (14)
K KK+ KKK
and K, see also Eq. 9,
K 1 (15)

" K+ KKy + K KK

As seen from Egs. 14 and 15 and as pointed out by Plesner
(1986), V,..x and K, in general are complicated functions con-
taining all the rate constants in the reaction mechanism, whereas
the ratio, V,,,,/K,,, between these parameters is simpler “. . . and
contain(s) only rate constants characterizing a) intermediates di-
rectly interacting with the appropriate substrate, b) the complex
of the enzyme with the substrate in question or c) intermediates
reversibly connected to them, if any . . .” When we form this ratio
from Eqgs. 14 and 15, we get

Voo Ko = kg OK, KK, [Eyl - (16)
Now, since
[EPY] _ 2 Yels
KKK, = = 3 s 17
S T C I o
we obtain
a(EPi) Ve Lys
Ve K =k ILZL OB 2, (18)
 L8s y(EPt)

which converts to

Vi Ky = (Vi K)o DS REY (19)

G
where (V,,../Ky,)o is the “thermodynamic ratio,” independent of 1.
The calculated values for (V,,../K,) are evaluated using the

same mathematical procedure as outlined for the dissociation
constant Ky, (Egs. 6-8). We assume that

= Ze+1g, (20)

2 ep')
and apply the limiting law of Debye and Hiickel, to get

(Vmax/Km)

log ——ma_m_
9 Ve Ko

=z kW . (21)

This means that, like the equilibrium measurements (Eq. 8), the
kinetic measurements may be used for estimation of the charge
at the site where the substrate (or ligand) interacts with the enzyme.

RESULTS

Equilibrium Binding of ADP: The Effect of Ionic Strength and
Type of Anion on the Dissociation Constant, K

The equilibrium binding of ADP to pig kidney Na K-
ATPase was characterized in three series of experi-
ments where the ionic strength, , was varied by addi-
tion of NaCl, NaySO,, or NaNO;. The binding iso-
therms are shown in Fig. 1, where ADP-binding to the
enzyme, E, is described by a model in which E has only
one ADP-binding site. The anion concentrations, the
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ionic strength, and the values for B,,, and Ky derived
from Fig.1 are given in Table I, which shows that the
binding capacity, B, (= [EADP],,,,) is independent
of I. The only parameter that varies between the curves
is the dissociation constant, Ky, for EADP. For all
three salts Ky, increases dramatically with increasing 1.

A few ADP-binding experiments, in which 100 mM of
some other Na' salts were added to the basal medium,
are shown as Scatchard plots in Fig. 2. Compared to
Cl~, NO;~ decreases the binding affinity and the de-
crease is even more pronounced with SCN™ and ClO,~
whereas 100 mM Na-acetate has the same effect on Ky,
as 100 mM NaCl (Fig. 2). For further illustration, the
complete isotherm for 100 mM acetate is shown in
Fig. 1 A.

The relationship between Ky, for EADP and the
ionic strength is illustrated in Table I and Fig. 3. In Cl~-
and SO,*-media, Ky, at a given ionic strength is about
the same. It increases from 0.3 to 7 puM when [ is in-
creased from 0.075 to 0.52 M, whereas in NaNOj the
same rise in Ky requires only addition of ~150 mM
NaNO:s. Since no salt has less effect on Ky, than NaCl,
Na,SO,, or Na-acetate when [ is considered the inde-
pendent variable, we ascribe the influence of these salts
on Ky, to a “pure” ionic strength effect. Consequently,
the response in the other salt media is considered a re-
sultant of an ionic strength effect plus a specific interac-
tion of the particular anion (in the binding experiments
the cation is always Na*) with the enzyme protein.

Influence of I on Ky of EADP

The dissociation constants for EADP in Table I are ap-
parent dissociation constants calculated using the con-
centrations of the species involved, cf. Eq. 1 in the Theory
section. In that section we have evaluated the possible
effects of ionic strength on Ky, using the Debye- Hiickel
theory for interaction between ions in solution (Egs.
1-8). As mentioned above, we regard the effects of
[NaCl] and [Nay,SO,] on Ky to be due solely to a
change in /, and in Fig. 3 we have explored this rela-
tionship by plotting log Ky, for the NaCl- and Na,SO,-
experiments as a function of \/. It appears that straight
lines fit the data perfectly. Interpretation of these data
according to Eq. 8 determines the thermodynamic equi-
librium constant K, to be between 3 and 7 X 1078 M.
The slope of the lines has the value of 2.72 and 3.25
(both with a SE of £0.07), which is equal to —z; * zypp.
Since zypp is —3 this leads to a value for the charge of E
(the enzyme site), zz = +0.91 (SO,2~ data) or +1.08
(CI™ data), both with SE = *£0.02.

The Effect of NOs~ on ADP-binding

Assuming that the influence of the ionic strength per
se is described by the NaCl- and Na,SO experiments,
we have analyzed the more pronounced effect of NaNOy
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on Ky, (Table I) using the simple model shown in Fig.
4. If the simultaneous occupancy with NO;~ and ADP is
prohibited, i.e., if ENO;ADP does not exist, the model
corresponds to competitive inhibition of ADP-binding
by NO;~.

K,, the dissociation constant for EADP in the absence
of NOg~, varies with I This variation contributes to the
variation of Ky, in the presence of NO;~, and we there-
fore use the ratio K/ K\, where Ky, and K, are mea-
sured at the same ionic strength, to illustrate the spe-
cific effect of NO4™. Fig. 5 is a plot of Ky,/ K, for two
series of experiments: One in which the data were cal-
culated (filled circles) from Table I and where I varies
from about 78 to 228 mM, and another (open circles)
where the ionic strength was kept constant at 178 mM
(binding isotherms not shown).

The data in Fig. 5 fall on a straight line with a slope of
0.031 mM~L. For these data to be described by the sim-
ple model in Fig. 4, K,y must be much larger than the
highest value of [NO3~] used in these experiments, i.e.,
K, = 150 mM. In this case we can obtain a value for
the dissociation constant of ENQOs, Ky, which is the re-
ciprocal slope: Ky = 32 mM. Using this value for Ky we
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Ficure 1. Binding isotherms at 0°C and pH 7.7 for binding of

ADP to Na,K-ATPase in (A) NaCl-, (B) Nao,SO,, and (C) NaNOs-
solutions of increasing concentration. In each panel, the anion
concentration (and thereby the ionic strength) increases from the
top-curve (1) to the bottom-curve (7 or 8), see Table I. In panel A
is also shown a binding isotherm in 100 mM Na-acetate ([J). The
concentrations of bound and free ADP are those in the assay solu-
tions, so that the B, value in each series depends upon the (con-
stant) concentration of enzyme-preparation used for the assays of
that series—for further details see MATERIALS AND METHODS. The
relative error on F due to pipetting and counting is 2% and that
on B is about £3% (see also the double determinations at the
highest B values). The curves are the best fit by nonlinear regres-
sion (data weighted by B™2, see Jensen et al., 1984) to a one-site
model: B = B, - F/ (K4 T F), and the values for B, ,, and Ky
derived from these data are given in Table L.

can estimate a value for K,y (at I = 0.178 M) from the
relation Ky - Kya = K, - Kyy by insertion of K, = 6 X
1077 M (Table I) and Ky, = 107* M (this is a minimum
estimate of the EADP dissociation constant made at
high [NO3~]; Rossi and Ngrby, 1993). The result is that
K,n = b M. These considerations do not exclude simul-
taneous binding of NO;~ and ADP to the enzyme, but
they strongly suggest that the affinity of EADP for NO4~
is manyfold smaller than the affinity of E for NO;3~, in-
dicating that NO3~-binding is close to being competitive.

The Influence of Different Anions and of the Ionic Strength
on the Na,K-ATPase Activity and the K*-pNPPase Activity
of Na,K-ATPase

Na,K-ATPase activity. The effect of anions and salt con-
centration on the rate of ATP-hydrolysis was character-
ized in several series of experiments. In one, the results
of which are given in Fig. 6 with closed symbols, differ-
ent Na' salts were added to a medium with constant
[KCI] = 20 mM, 3 mM ATP and 4 mM MgCl,. With all
salts there is an increase in the activity at low salt con-
centration (due to the activation by Na*) followed by a

560 Na,K-ATPase: lonic Strength and Anions
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FIGURE 2. Normalized Scatchard plots of ADP-binding to Na,K-
ATPase in media with 19 mM CI~ + 100 mM Na™ salts of the an-
ions indicated. The ionic strength, 7, was 178 mM in all experi-
ments. The complete isotherms for CI~ and CH;COO™ (acetate)
are given in Fig. 1 A. In these experiments the same enzyme con-
centration was used throughout. The calculated values for Ky
(wM) £ SE are: 0.640 = 0.007 (Cl7); 0.635 = 0.004 (acetate);
3.24 * 0.05 (NO;7); 18.3 = 0.2 (SCN™); 38.6 = 0.70 (C1O,").

decline in rate of hydrolysis with increasing salt concen-
tration. With NaNOj and NaClO, the inhibition is more
pronounced than with NaCl, as was the case when ADP-
binding was measured. The NaySO,-curve follows the
NaCl curve when [Na*] is the independent variable,
whereas when the activity is plotted versus / (not
shown), the inhibitory effect of Na,SO, is 10-30% less
than that of NaCl. Experiments with Na-acetate up to
800 mM (not shown) gave the same results as with NaCl.
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FiGure 3. The values for Ky, for the experiments in C1~ (H) or

SO, (A), at varying ionic strength, I, are taken from Table I, and
here plotted as log(Ky,,/ M) versus VI in order to investigate the
Debye-Htickel relation (see Theory, Eq. 8 and the text). The lines
were calculated by nonweighted, linear regression. The ordinate
intercept corresponds to the thermodynamic equilibrium con-
stant, K, = SE = 0.070 = 0.005 pM (in SO,%>7) and 0.031 = 0.003
uM (in CI7). The slope * SE of the lines is 2.72 £ 0.07 M~!/2 (in
SO,27) and 3.25 + 0.07 M~/2 (in CI7).
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I Kap
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FiGure 4. A simple model for the effect of NO;~ on ADP-bind-
ing. K, and Ky are the apparent EADP-dissociation constants in
the absence and presence of NO; ™.

_ _([E] + [EINQ4]) [ADP]
ds = [ECADP| + [E INO, [ADP]

E‘NO,-ADP

K

_ [E] (1+[NOQj /K,) [ADP|
" [ECADP] (1+ [NOJ /K,y '

1+ [NOg /K,

Kis = KT NOg /K,

If Kyn > [NOg], then: Koo/ Ky = 1 + [NOg] /Ky

Kdiss/ KA
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FiGure 5. The effect of NO;~ on the binding of ADP, analyzed
according to the model in Fig. 4. K, and Ky are the apparent
EADP-dissociation constants in the absence and presence of NO;~,
respectively. Two series of data are shown: (@) are data taken from
Table I, where Ky in NO;™ is divided by a corresponding (same 1)
K-value in ClI~ medium. In these experiments [ varies from 78 to
228 mM. The open circles (O) are from a set of experiments (not
shown, see text) where I was constant = 178 mM, where [CI™] +
[NO3;~] = 119 mM, and where [NO3~] was varied from 0 to 100
mM. The line is drawn through (0,1) with a slope * SE of
0.0309 = 0.0006 mM~!. From the analysis in Fig. 4, this corre-
sponds to a dissociation constant, Ky, for ENO; equal to =32 mM.
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F1GUrE 6. Na,K-ATPase activity with 3 mM ATP, 4 mM MgCl,, 20
mM KCl (closed symbols), and the concentrations of NaCl (M),
Na,SO, (A), NaNO; (@), and NaClO, (®) shown. Also shown ([J)
is the Na,K-ATPase activity with 3 mM ATP, 4 mM MgCl,, and with
NaCl + KCIl added in a constant molar ratio = 8. The ionic
strength, 7, was 0.042 M before addition of Na* and K* salts, see
MATERIALS AND METHODS. The temperature was 37°C, pH was 7.4,
and activity = 100 equals 21 U - mg~!. Data are average of three to
four experiments and the relative SE was <6%.

The reversibility of the salt effect was demonstrated
by first suspending the enzyme in 2 M NaCl or 0.5 M
NaNOj; and thereafter removing the salt by centrifuga-
tion. After resuspension of the pellet in the normal
storage medium, the Na,K-ATPase activity was the same
as before the salt treatment.

A second series of Na,K-ATPase measurements ad-
dressed the problem of whether increasing the concen-
tration of Na* (relative to [K*]) is a decisive factor in
the decline in activity. Hypothetically this could occur
because of competition between Na* and K* for the ac-
tivating, extracellular K* site. We therefore varied the
salt concentration like in the first series, but kept the
ratio [NaCl]/[KCl] = 8 (the ratio at optimal activity,
i.e., 160 mM NaCl/20 mM KCI). From Fig. 6 (open sym-
bols) it is seen that at any salt concentration (Cl~ salts)
above I = 0.2 M, the Na,K-ATPase activity is the same
whether the [NaCl]/[KCl] ratio is constant = 8 or
whether it increases from 8 at optimal activity to 40 at
0.8 M salt. It therefore appears that specific, competi-
tive inhibition by Na* can be ruled out in the experi-
ments of Figs. 6 and 7.

To explore the possibility that a drastic increase in
K, for ATP with increasing salt concentration could
contribute to the observed fall in activity, K, for ATP
for the Na,K- ATPase activity was measured with 20 mM
KCl, [Mg,] = [ATP] + 1 mM and 0.16-0.75 M NaCl
(Fig. 7). As seen from the inset on Fig.7 there is a slight
decrease in K, with increasing 7, so lack of ATP cannot
contribute to the fall in activity (Fig. 6, and V., on the
inset of Fig. 7). Similar experiments in 0.2 M NaClO,
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FIGURE 7. Na,K-ATPase activity as a function of [ATP] at, from
top to bottom, 0.2 M (H),0.4 M (0), 0.6 M (M), or 0.75 M NaCl
(O). The Mg**-concentration was always [ATP] + 1 mM, and con-
ditions were otherwise as described in MATERIALS AND METHODS
and Fig. 6, i.e., 20 mM KCl, t = 37°C, pH = 7.4. Activity = 100
equals 21 U - mg™! like in Fig. 6. Data are average of two to four ex-
periments and the relative SE was <6%. The lines are rectangular
hyperbolae fitted to the data (Theory, Eq. 9), and on the inset the
values derived for K, (®) and V,,,, (H) are shown (included are
data from an experiment at 0.16 M NaCl).

(not shown) likewise revealed no effect on activity of an
increase in [ATP] from 3 to 10 mM.

According to the model in the Theory section regard-
ing the effect of ionic strength on enzyme kinetics, it
might be possible, from the slope of a plot of log(V .../
K) versus \I (Eq. 21), to estimate the charge of the
low-affinity ATP-binding site (z). Such a plot, using the
values from the inset of Fig. 7, is shown on Fig. 10. The
value of the slope, which is equal to zzyrp is deter-
mined by linear regression to —0.50 * 0.05. Since zyyp
is —4, zz becomes +0.13 = 0.01.

K*-activated pNPPase activity. Fig. 8 shows the value
for this activity as a function of the concentration of dif-
ferent K* salts. After the initial activation by K*, further
addition of salt in all cases leads to a lower pNPPase ac-
tivity. In contrast to what is seen with ADP binding and
Na,K-ATPase activity, NO3~ does not have any special
effect. The similarity between the effect of KCI and
KNOys is also found when the activity is measured as a
function of 7at a higher [pNPP] = 25 mM (not shown).
When the SO,2~ data are related to the ionic strength
(rather than to [K*]), the apparent special effect of
SO~ also disappears.

Under the conditions of the assay for the data of Fig.
8 ([pNPP] = 10 mM) the enzyme is only 70-80% satu-
rated with substrate when the salt concentration is 0.05
M or lower, since K, for pNPP is 2-3 mM at low ionic
strength (Skou, 1974; Campos et al., 1988; Fig. 9 in this
paper). To investigate whether the inhibition of the K*-
pNPPase activity at high ionic strength could result
from an increase in K, for pNPP (substrate desatura-
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Figure 8. K*-pnitrophenylphosphatase (K*-pNPPase) activity
of Na,K-ATPase measured with 10 mM Nay,pNPP, 20 mM MgCl,,
and the concentrations of KCl (H), KNO; (@), K,SO, (A), and
KClO, () shown. The temperature was 37°C, pH was 7.4, and ac-
tivity = 100 corresponds to 5 U - mg~!. The data are plotted versus
the K*-concentration. The ionic strength, /, before addition of K*
salts was 0.090 M, see MATERIALS AND METHODS. In each particular
experiment with Cl-, NO;~, or ClO,~, I (M) is thus [K*] + 0.09.
For the SO,>~-data, /= 1.5 - [K*] + 0.09. Data are average of three
to four experiments and the relative SE was <66%.

tion), we measured the pNPPase activity as a function
of [pNPP] in 0.05-0.6 M KCI. It was found (Fig. 9, inset)
that K, increased up to 10-12 mM with increasing
[KCl]. The consequence is, that in 0.5 M KCIl, V,,
would be twice the activity measured with 10 mM pNPP
(Fig. 8). Substrate desaturation therefore contributes
significantly to the decrease in activity with increasing
[KCI]. The special ClO,~ effect (relative to that of C17)
is not an effect on K : in an experiment (not shown)
similar to that in Fig. 9, with varying [pNPP] and with
0.125 M Cl” or 0.125 M ClO,~ we found K, 5 to be simi-
lar, namely about 4.5 mM in 0.125 M Cl~ and 5.5 mM
in 0.125 M ClO,".

Like for the Na,K-ATPase activity, the effect of I on
the K*-pNPPase activity was quantified using the ratio
Viax/ K as outlined in the Theory section (Eq. 21). For
the experiments with KCI, the set of 7 directly deter-
mined K, and V_,, values shown on the inset of Fig. 9
was used. In the case of the KoSO, experiments, the K,
values of Fig. 9 and the v, data from Fig. 8 were used to
calculate V. (Eq.9). On Fig. 10, log(V .../ K,,) for K*-
pNPPase is plotted as a function of V1. According to Eq.
21 the slope of such a plot is the product of the charges
at the binding site and of the substrate, z'z,xpp- The
values for the slope = SE are —1.68 * 0.06 (in SO,%7)
and —2.11 % 0.08 (in CI7) which, since z,ypp = —2, esti-
mates z; to +0.84 * 0.03 (in SO,27) and +1.06 * 0.04
(Cl7), i.e., the same values as obtained in the ADP-
binding experiments.
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FiGure 9. The K*-pNPPase activity as a function of [NaypNPP]
at, from top to bottom, 0.05 M (M), 0.125 M (), 0.2M (M), 0.3 M
(O), or 0.4 M KCI (H). Conditions were otherwise as in Fig. 8 and
activity = 100 corresponds to 5 U - mg~!. Data are average of two
to four experiments, and the error bars give the SE. Since [Na*]
increases with [NagpNPP] the inhibition seen at high [NayspNPP]
for the experiment at 0.05 M KCl is expected (Skou, 1974). A sim-
ple model taking this Na*/K* competition into account:

ENa, = E = EK;= EKypNPP - products,

was therefore used to determine the K, values (@) and V,,,, values
(M) shown on the inset (included here are the derived data from
two experiments at 0.5 and 0.6 M). The lines on the main panel
are nonlinear, leastsquares fits of the above model to the data. We
chose K5 = 2 mM for K* (cf. Beaugé et al., 1984) and kept the ra-
tio Ky 5 x/ Ky 5 na constant. Also, see the text.

Binding of Fosin and 6-Carboxyeosin to Na,K-ATPase:
The Effect of Increasing Concentrations of NaCl,
NaNO; and NaClO,

When the enzyme has bound Na*, eosin or 6-carboxy-
eosin can bind to the substrate site of Na,K-ATPase with
an affinity comparable to that of ATP. The bound spe-
cies have a higher fluorescence than the free (Skou
and Esmann, 1981). We have exploited this to investi-
gate whether the results obtained with equilibrium
binding of ADP (Fig. 1, Table I) could be replicated
with these “substrate analogues.” Fig. 11 shows that the
equilibrium fluorescence of eosin and 6-carboxyeosin
decrease when the ionic strength is increased by any of
the monovalent salts NaCl, NaNOg, or NaClO,. The flu-
orescence level of unbound eosin or carboxyeosin (ex-
perimentally the fluorescence after addition of excess
ADP) is taken as “100.” If, as assumed for the ADP-bind-
ing experiments, the effect of increasing [NaCl] is a
pure ionic strength effect, the fluorescence of 6-carbox-
yeosin (charge —3) would be expected to decrease
faster with increasing [NaCl] than the fluorescence of
eosin (charge —2). This is what we observe. As with the
ADP-binding (Figs. 1, 2 and Table I) NO;~ and ClO,~
have specific inhibitory effects relative to Cl~ on the
binding of the eosins.
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Ficure 10. Quantitative characterization of the effect of ionic
strength on Na,K-ATPase activity (), data directly from Fig. 7,
and on pNPPase activity in KCI (W), data directly from Fig. 9. Also
shown are data from pNPPase measurements in Ko;SO,- solutions
(A). For the latter, K, was taken from Fig. 9, and V,,,,, was then cal-
culated from the v, values in Fig. 8 using the Michaelis-Menten
equation (7heory, Eq. 9). Following the model for the effect of /on
enzyme reactions outlined in the Theory section, resulting in Eq.
21, the calculated log(V,,../K,) are plotted versus VI. The slopes
+ SE (M™/?) obtained from linear regression are: Na,K-ATPase
(O) = —0.50 = 0.05; pNPPase in KCl () = —2.11 * 0.08; and
pNPPase in K,SO, (A) = —1.68 = 0.06.

The curves fitted to the Cl1~ data in Fig. 11 are based
on the same equations as used in the ADP-binding ex-
periments (7heory, Egs. 4, 6 and 8), i.e., we assume that
K4, for the process E-eo = E + eo is a simple func-
tion of the activity coefficients, v, for E (enzyme), eo
(eosin or carboxyeosin) and the E-eo complex, and
that vy is related to I by the limiting law of Debye and
Huckel, i.e., log(Ky/Ky) = —25°2co VI, Assuming that
the fluorescence yield of bound dye, independently of
I, is about five times that of the free (Esmann and Fe-
dosova, 1997), we obtain a value for the charge product
25" %, = —1.5. Since z,, = —2, this corresponds to z; =
+0.75. For carboxyeosin the charge product is = —1.7,
which with a net carboxyeosin charge of —3 corre-
sponds to z; = +0.6. Both calculated values for z; are
somewhat lower than the value of +0.9 to +1.1 ob-
tained from the ionic strength dependence of ADP-
binding and pNPP-binding in the K*-pNPPase activity.

DISCUSSION

The present work concerns the influence of various
salts on equilibrium binding of ligands (ADP, eosin
and 6-carboxyeosin) to Na,K-ATPase as well as on two
hydrolytic activities of the enzyme, the Na,K-ATPase ac-
tivity and the K*-pNPPase activity. We observed a dra-
matic decrease in affinity for the ligands as well as an
inhibition of both of the enzymatic activities with in-
creasing salt concentration. In a theoretical paper Record
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Ficure 11. Titration of eosin (M, @, A) and 6-carboxyeosin (O,
O, A) fluorescence with NaCl (H, J), NaNO; (@, O), or NaClO,
(A, A). Na,K-ATPase, 0.08 mg - ml™!, in 10 mM histidine/HCI-
buffer (pH = 7.0), 1 mM CDTA, 20 mM NaCl, 0.5 uM eosin, or
6-carboxyeosin was titrated with additional Na* salts (the basal
ionic strength was =27 mM). The fluorescence in the presence of
0.1 mM ADP (where all bound eosin or 6-carboxyeosin is displaced
from the enzyme [Esmann, 1991; 1992]) is set to 100. Note that
the fluorescence-data points have not been corrected for the dilu-
tion caused by the addition of Na* salts (initial vol 2 ml, final vol
2.5 ml). The temperature was 20°C. The lines through the Cl~ data
are calculated (also taking dilution effects into account) using the
following assumptions: Ky, = [E]-[eo]/[E-eo] and log(Ky./
Ky)) = —zpzeo VI (cf. Eq. 8); [E] + [E-eo] = 0.2 pM; [eo] +
[E-eo] = 0.5 pM. The fluorescence quantum yield for E-eo is
about five times that of free eo and is assumed to be independent
of the ionic strength, and K, is taken as 0.2 uM for eosin, and 0.1
pM for carboxyeosin (see Esmann and Fedosova, 1997). The
curves correspond to %'z, = —1.5 (eosin) or —1.7 (carboxyeosin).

et al. (1978) have listed five potential origins for such
salt effects: (I) differential cation binding; (2) differen-
tial anion binding.; (3) differential hydration (at high
electrolyte concentration); (4) differential screening
(Debye-Hiickel) effects of electrolyte on the macroion
charges, reflected in a variation of the macromolecular
activity coefficient; (5) effects of electrolyte on the ac-
tivity coefficient of the ligand. Of these items, No. 3 will
not be discussed in any detail since we have no relevant
results in this work. The concept of “Hofmeister series”
of anions will be briefly discussed later.

The salts used in this work are Na™ salts or K* salts.
These cations are the natural activators of the enzyme,
and they influence the nucleotide binding profoundly.
The enzyme binds ATP, ADP and eosin with only low
affinity at very low ionic strength (no Na* or “Na*-like”
buffers), or in the presence of K* salts (Skou and Es-
mann, 1981; Glynn and Richards, 1982; Jensen and Ot
tolenghi, 1983b). When the ionic strength, 7, is in-
creased somewhat either by buffers or Na* salts, the en-
zyme system changes to a Na*-form (E;- form) that
displays a high affinity (e.g., Ky < 1 pM at 7 < 0.1 M)
for ATP, ADP and the eosins (Ngrby and Jensen, 1971;
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Hegyvary and Post, 1971; Jargensen, 1975; Skou and Es-
mann, 1981). This effect of increasing /, as well as the
specific effects of Na* and K*, all saturate at relatively
low salt concentrations. There is no experimental evi-
dence that increasing the Na* concentration changes
the enzyme from a high-affinity nucleotide-binding E;-
form to a low-affinity form (E,). Likewise, results with
the pNPPase reaction at higher K* concentrations do
not reflect a conformational change from the Eyform
to the E;-form. Thus, as will be substantiated below, we
believe that we can rule out differential cation binding
(item No. 1 of the list above) as a cause for the ob-
served inhibitions by increasing salt concentration.

It is possible that effects of increasing [salt] are medi-
ated by differential anion binding (item No. 2 of Record
et al.’s list). In this regard our experiments seem to fall
into two groups. At equal ionic strength, the results
with Cl7, SO,%™ and acetate are comparable in that they
show the smallest inhibition of ADP- and eosin-binding
(Figs. 1, A and B, 2, and 11), Na,K-ATPase activity (Fig.
6) and pNPPase activity (Fig. 8), whereas the NO;~,
SCN~, and ClO,~ salts show progressively larger ef-
fects, the lack of a special inhibition of K*-pNPPase
by NO;~ being an exception. We therefore hypothesize
that the observations with Cl~, SO,2~, and acetate salts
are related to electrostatic events alone, and that the
more pronounced responses obtained with the other
anions reflect additional specific anion-binding, and
perhaps other properties of strong electrolytes.

Tonic Strength, I, and Equilibrium, High-Affinity Binding
of ADP, Eosin, and 6-Carboxyeosin to the Substrate Site
of Na,K-ATPase

Increasing the concentrations of NaCl, Na,SO,, and
Na-acetate led to a marked fall in the affinity of Na,K-
ATPase for ADP, eosin and 6-carboxyeosin (Figs. 1, A
and B, 3, 11 and Table I). Comparison of the results for
ADP (charge —3) and eosin (charge —2) following the
procedure outlined in the 7Theory section, Eqgs. 1-8,
shows that the larger the charge on the binding ligand,
the more pronounced is the effect of the salt concen-
tration on binding. This supports the theory that elec-
trostatic interactions are important in this process.
There are few published data that allow a judgement
of the influence of [ on the binding of ligands to the
substrate site of Na,K-ATPase, but they all show the
same qualitative trend as here. Ngrby and Jensen (1974)
reported that increasing [ from 0.08 to 0.12 M with
Tris-buffer increased Ky, for EATP by a factor of 1.5,
and the same can be deduced from comparison of the
results in Ottolenghi and Jensen (1983) and Jensen
and Ottolenghi (1983a) where I was changed with
NaCl. A very pronounced inhibition of eosin binding
by increased concentrations of choline-Cl or NaCl up
to 0.45 M was demonstrated by Skou and Esmann
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(1980, 1981). Like our experiments with NaCl and
Na,SO,, where [Na*] in the latter is only two-thirds of
that in NaCl at equal ionic strength, these studies sup-
port that the important parameter is the ionic strength
rather than the type of cation used.

The high-affinity ATP-binding site is located in the
large cytoplasmic loop of the a-subunit, presumably in
a polar milieu, and several charged amino acid residues
(see reviews by Kaplan, 1991; Lingrel and Kuntzweiler,
1994) have been implicated as part of this site. The pic-
ture in Kaplan (1991) for example shows 7 lysines (2 of
which may not be essential for ATP-interactions [Lin-
grel and Kuntzweiler, 1994]), 1 arginine, and 3 aspar-
tates. The importance of a net positive charge for sub-
strate binding was already suggested by the pH profile
of Ky for EATP (Hegyvary and Post, 1971): Ky, was
low and constant for pH = 5 to 7, but it increased
sharply when pH was raised from 7.5 to 9. This must re-
flect the removal of a positive charge or the creation of
a negative charge. The importance of electrostatic in-
teraction for ATP-binding is likewise illustrated by the
finding that substitution of Lys480 to Arg or Ala had lit-
tle effect on Ky but in the mutant Lys480Glu the affin-
ity was reduced ~10-fold (Wang and Farley, 1992). The
negatively charged Asp369 is a crucial residue at the
catalytic site of the ATPase, since this is the residue
phosphorylated by the y-phosphate of ATP during turn-
over. During binding of the negatively charged ATP
this residue must exert a repulsive force, and this is
convincingly demonstrated in a recent work (Pedersen
et al., 1996) where substitution of Asp369 with un-
charged Asn or Ala resulted in a 20-30-fold increase in
the affinity for ATP at the high-affinity site. At the same
time the catalytic activity was completely lost.

In the evaluation of the effect of ionic strength on
ADP and eosin binding we model the substrate site as a
point charge and use the Debye-Htickel limiting law for
the relation between the activity coefficient and ionic
strength (Eq. 6). The validity of these assumptions is
discussed in the next section. The analysis (Figs. 3 and
11) leads to the estimate that the net charge of the
high-affinity binding site (the substrate site of Na,K-
ATPase) is +0.9 to +1.1 (ADP-binding experiments)
and about +0.7 (eosin and carboxyeosin experiments).

The Applicability of the “Point Charge” Assumption for the
Binding Site and the Limiting Law of Debye-Huickel to
Evaluate the Ionic Strength Effects

There are two main principles in the derivation of mod-
els for the electrostatics of proteins: the macroscopic,
continuum model, and the microscopic, all atoms
model (Warshel and Russell, 1984; Matthew, 1985;
Allewell and Oberoi, 1991; Nakamura, 1996). The mi-
croscopic model depend on x-ray structural informa-
tion. Unfortunately no x-ray data are available for Na,K-



ATPase, and we have therefore used the macroscopic
approach.

In both types of model it is essential to know the roles
of the different charges on the protein. For the macro-
scopic model, the two extremes are: does the charge on
the whole protein or the charge only in the microenvi-
ronment where the reaction takes place (the binding
site or cleft) determine the direction and magnitude of
the salt effects? The latter view, which we here call the
“point charge assumption for the binding site,” has
considerable support in previous studies in which it was
demonstrated that the local charges at the site of reac-
tion are much more important than distant charged
groups, the effect of which furthermore dramatically
decrease with increasing / (Alberty and Hammes, 1958;
Hammes and Alberty, 1959; Snyder et al., 1981; Loe-
wenthal et al., 1993). The selective importance of local
electrostatic attraction is also underscored for superox-
ide dismutase by Getzoff et al. (1992). The net charge
of this enzyme is negative like that of the substrate Oy~
but site directed mutagenesis and ionic strength effects
convincingly demonstrate that it is the charge at the
substrate site that decides substrate recognition and at-
traction.

In the analysis of the electrostatic interaction be-
tween the charge of the substrate site and the charge of
the substrate, we have applied the limiting law of Debye-
Hickel (Eq. 6). Theoretically this equation is only valid
in very dilute solutions and the good correlations be-
tween our data and Eqgs. 8 and 21 derived on the basis
of the limiting law (see Figs. 3 and 10) are therefore
perhaps surprising. A survey of the literature reveals,
however, that this finding is by no means unique. One
prominent example is the usefulness of the limiting law
of Debye-Hiickel in relating the calculated effective di-
electric constant, D.g, in the active site cleft of subtilisin
to the ionic strength of the bulk medium (Russell et al.,
1987). D.g was calculated by assuming two point-
charges separated by a certain distance, and the simple
relationship In Doy = In Dy, + ¢ - VI was found to be
valid over the entire range of [KCl] from 0.1 to 1 M.

Studies of the effects of ionic strength on enzyme re-
actions have often concentrated on the rate of binding
of the substrate. The I-dependence of this reaction can
also be found to follow the law of Debye and Hiickel
(Eq. 5) or the limiting law (Eq. 6), far beyond the up-
per limit of their theoretical validity (the Cu,Zn super-
oxide dismutase reaction, see Argese et al. [1987], and
Getzoff et al. [1992], binding of ATP to myosin subfrag-
ment 1, Johnson and Taylor [1978], binding of bu-
tyrylthiocholine to butyrylcholinesterase, Masson et al.
[1996], hydrogen exchange of various peptide groups
in bovine trypsin inhibitor, Christoffersen et al. [1996]).
Likewise at NaCl concentrations up to 1 M, Snyder et
al. (1981) found that the ionic strength dependence of

the bimolecular rate constant for reaction of negative
disulfide substrates with cysteines in naturally occur-
ring proteins fits with that described by the Debye-
Htickel law.

Ionic Strength and the Kinetics of the Na,K-ATPase and
K*-pNPPase Activity

The maximal rate of hydrolysis of ATP as well as pNPP,
i.e., the rate at saturating substrate and activating ligand
concentrations, decreased with increasing ionic strength.
For the Na,K-ATPase activity the decrease was roughly
the same whether Cl7, SO,%~ or acetate™ was the anion
(Fig. 6), and the relationship between V_,, and I was
also the same whether /was increased with NaCl ([KCl]
fixed at 20 mM) or with NaCl + KCl in a constant ratio
[NaCl]/[KCI] = 8 (Fig. 6). This supports the hypothe-
sis that it is an ionic strength effect rather than a com-
petitive binding of Na* to activating K*-sites. For K*-
pNPPase the I dependence of v, (with 10 mM pNPP)
was the same in KCl, K;SO, and KNOj (Fig. 8), empha-
sizing the importance of I rather than specific anions
also here. According to the transition-state model in
the Theory section (Eq. 14), there are no simple expla-
nations for the dependence of V,,, on ionic strength.

We did, however, exploit the kinetic measurements
using the expression V,,,./ K, that characterizes the re-
action of the enzyme with the substrate (7Theory, Eqs.
18-21). The ionic strength dependence of this ratio
(Fig. 10) revealed that there is a significant electrostatic
interaction involved in the binding of pNPP?~ to the
substrate site. The net charge at this enzyme site for
PNPP was calculated to be between +0.8 and +1.1, i.e.,
close to the values found for the high-affinity ADP- and
eosin-binding site. In contrast, the low affinity binding
of ATP*~, which has a decisive rate-determining role in
the Na,K-ATPase activity, was much less / dependent
(the estimated net charge at the enzyme site was
+0.13). If the low-affinity ATP binding is in the same
topological region as the high-affinity binding, then
this region must undergo a drastic electrostatic rear-
rangement (e.g., a deprotonation), when it changes
from the high-affinity to the low-affinity conformation.
Likewise, we may suggest, as did also Beaugé et al.
(1984), that the pNPP-binding site is different from the
low-affinity ATP site. The enzyme is known to be phos-
phorylated by ATP at Asp369 when in the high affinity
form, and it is also phosphorylated by pNPP when Na*
is present, presumably at the same Asp369-residue
(Yamazaki et al., 1994). If pNPP binds at the same place
during both the Na*,K*-pNPPase and K*-pNPPase re-
action, this is likely to be at the high affinity ATP bind-
ing site in the same effective “electrostatic conforma-
tion.” The difference in NO; -sensitivity between the
equilibrium binding of ADP and pNPP in the pNPPase
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reaction could be due to the fact that ADP has 3 but
pNPP only 2 negative charges.

Our results are comparable to the few observations
on the effect of ionic strength on the hydrolytic activi-
ties of Na,K-ATPase that have been published. In the
absence of K*, the Na*-ATPase activity was clearly in-
hibited by both [NaCl] > 0.2 M and by Tris-Cl (Ngrby
et al., 1983), whereas if / was kept constant with Tris-
Cl + Nadl, only activation by Na* was seen. Likewise, in
experiments with a constant ratio of [Na*]/[K*] = 6.5,
the Na,K- ATPase activity increased with the (Na*+K¥)
salt concentration when / was kept constant with Tris-
Cl, but without Tris-Cl there was inhibition above 0.2 M
salt (Skou, 1979). There is thus an inhibitory effect on
the Na,K-ATPase activity of NaCl, NaCl + KCl, or Tris-
Cl (provided that there is a certain minimum concen-
tration of the activating ions). The pNPPase activity was
inhibited by increasing ionic strength, irrespective
whether I was increased by KCI (Koyal et al., 1971;
Skou, 1974) or choline-Cl (Skou, 1974). All these ob-
servations again support our assumption that we are
dealing with effects of ionic strength and not of specific
cations.

The Effect of Special Anions on the Properties of
the Na, K-pump

Among the anions examined in this work, NO;~ and
ClO,~ have special inhibitory effects on equilibrium
binding of ADP (Table I, Fig. 2), eosin and carboxyeo-
sin (Fig. 11), and on Na,K-ATPase activity under V.
conditions (Fig. 6), whereas only ClO,~ showed specific
inhibition of the K*-pNPPase activity (Fig. 8). ADP-
binding is also specifically inhibited by SCN~ (Fig. 2).
The effect of NO;~ on ADP binding is described in
detail (Figs. 1 C, and 5, Table I) and in the concentra-
tion range studied, it is found to be compatible with a
simple model (Fig. 4) involving competitive binding
between ADP and NO;~ with a dissociation constant
for E-NO; of 32 mM (Fig. 5). According to this model,
NO;~ may also bind to EADP but with a very low affin-
ity, Ky for EADP-NOj probably being larger than 5 M.
We do not know whether SCN™~ and ClO4~ act on ADP
and eosin binding by a similar mechanism. Since we
have obtained evidence for the binding of NO3~ to the
substrate site of Na,K-ATPase, it is relevant to mention
that inhibition of creatine kinase by NO;™~ is proposed
to be caused by a formation of a dead-end complex cre-
atine-enzyme-MgADP-NOjs (review by Watts, 1973). Ky,
for NO3~ is <1 mM. Further molecular details are not
known, but it seems that the NO;~ binding observed in
this work is different (Ky = 32 mM for ENOg and >
5 M for EADP-NO,) also because it is competitive to
ADP-binding and not synergistic. It is also of particular
interest that some H*-translocating Mg-ATPases from
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tissues of higher plants are inhibited by NO;~ with a
Ky5 of 10-50 mM, i.e., comparable to the Ky, found
here (Sze, 1985; Jacoby, 1987; Blumwald et al., 1987).
The mechanism for inhibition is not known. There are
several papers dealing with anion inhibition of ATPases
from other tissues, but a discussion of those is beyond
the scope of this article. We should point out though,
that in the light of the results presented here and the
findings just discussed, the statement that inhibition by
“KNOg and KSCN . . . appear to be more specific for
the V- than the P- and F- type ATPases” (Pedersen and
Carafoli, 1987) may need revision.

None of the anions investigated in this work seem to
interfere with the low-affinity ATP-binding site involved
in Na,K-ATPase activity. Perhaps this reflects that elec-
trostatic interactions are not especially important at
this site (see above). The lack of specific interference
of NO,~ with the K*-pNPPase activity shows that at least
one anion sensitive step is different between the two hy-
drolytic processes of the enzyme.

Regarding V,,,, for Na,K-ATPase activity (Figs. 6 and
7) and K*-pNPPase activity (Figs. 8 and 9), we have no
explanation for either the special effect of the anions
or for the effect of increasing 7, but these results show
that other steps in the reaction mechanism than the
binding of substrate and ligands are sensitive to anions
and ionic strength. According to recent studies by Post
and Suzuki (1991) and by Klodos and colleagues (Klo-
dos and Forbush, 1991; Klodos, 1991; Klodos et al.,
1994) both anions and salt concentration as such have
profound influence on the formation and dephos-
phorylation of the phosphorylated intermediates, EP, in
the Na*t-ATPase reaction. The model proposed for the
results of changing salt (NaCl) concentrations does not
use the concept of ionic strength effects on the protein
but rather a “control of enzyme conformations by
changes in separate unmixed phases of the lipid of the
membrane” (Klodos et al., 1994). The effect of the an-
ions was ranked according to their ability to influence
the ratio between ADP- and K*-sensitive phosphoen-
zyme, E,P/E,P, and the rate of dephosphorylation of
EP, and it was found that the ranking conformed with
the Hofmeister series for anions (see below and the re-
view by Collins and Washabaugh, 1985). This suggested
that water structure could be an important parameter
in these enzymatic phenomena (although it has been
claimed [p. 277 in Edsall and Wyman, 1958] “that the
significance of the series is quite unrelated to colloidal
chemistry in any special sense. It is rather at general
function of the size and hydration of ions”).

The effects of anions reported in the present work do
not rank systematically in the Hofmeister series, al-
though this does not exclude that the lyotropic proper-
ties could be influential especially perhaps at higher
salt concentrations (Leberman, 1991; Parsegian, 1995;



Leberman and Soper, 1995). For the anions used here,
the Hofmeister series is (Collins and Washabaugh, 1985;
Leberman, 1991): SO,2~ > acetate > CI~ > NO;~ >
ClO,~ > SCN™. The ranking is to be understood in
such a way that to obtain a given result (originally the
precipitation of eggwhite) a higher equivalent concen-
tration of SO, (e.g., 0.5 M Nay,SO, is 1 eq - 17! of
SO427) than acetate is required, etc. For comparison, in
the phenomena investigated here, the rankings are:
ADP-binding, acetate = ClI~ > SO,2~ > NO;~ > SCN™ >
ClO,~; Na,K-ATPase activity, acetate = ClI~ = SO2~ >
NO;~ > ClO,~; K*-pNPPase activity, acetate > Cl~ =
NO;~ > S0, > ClO,".

Pertinent to the reaction of anions with the Na,K-
pump are also the three papers (Dissing and Hoffman,
1990; Marin and Hoffman, 1994a, ) describing a coef-
flux of Na* and SO,2~ or HPO,2~ (P;) in red blood
cells. The transport is ouabain inhibitable and inti-
mately connected to the so-called uncoupled Na™ ef-
flux through the Na,K-pump. The mechanism is un-

known and the anion effects observed in this paper do
not seem to be related to this peculiar mode of opera-
tion of the pump.

Concluding Remarks

The results presented in this paper show a considerable
influence of salt-concentration and special anions on
Na,K-ATPase. The quantitative treatment of ligand
binding to the substrate site, and the discussion of pre-
vious theoretical and experimental work show the ver-
satility of regarding the unspecific salt effect as an effect
of ionic strength. This, and the specific interactions
with the anions NO3~, SCN™, and ClO,~, signifies the
importance of electrostatic interactions between sub-
strate and enzyme. Similar measurements of the Na K-
ATPase and the K*-pNPPase activity reveal that also
other steps in the reaction mechanism are dependent
on such interactions.
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