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ABSTRACT: The contribution of electrostatic forces to the interaction of Na,K-ATPase with adenine
nucleotides was investigated by studying the effect of ionic strength on nucleotide binding. At pH 7.0
and 20°C, there was a qualitative correlation between the equilibrium dissociation constana(ues

for ATP, ADP, and MgADP and their total charges. Klj values increased with increasing ionic strength.
According to the DebyeHuckel theory, this suggests that the nucleotide binding site and its ligands
have “effective” charges of opposite signs. However, quantitative analysis of the dependence on ionic
strength shows that the product of the effective electrostatic charges on the ligand and the binding site is
the same for all nucleotides, and is therefore independent of the total charge of the nucleotide. The data
suggest that association of nucleotides with Na,K-ATPase is governed by a partial charge rather than the
total charge of the nucleotide. This charge, interacting with positive charges on the protein, is probably
the one corresponding to the-phosphate of the nucleotide. Dissociation rate constants measured in
complementary transient kinetic experiments were 13fer ATP and 27 s* for ADP, independent of

the ionic strength in the range 6:0.5 M. This implies similar association rate constants for the two
nucleotides (about 4@ 10° M~ s 1atl = 0.1 M). The results suggest that long-range Coulombic forces,
affecting association rates, are not the main contributors to the observed differences in affinities, and that
local interactions, affecting dissociation rates, may play an even greater role.

Na,K-ATPase (EC 3.6.1.37), present in the plasma mem- ence in the affinities of Na,K-ATPase toward ATP and ADP
brane of all animal cells, is responsible for the active transport is related to the charges of these ligands.
of Na" and K" at the expense of the energy released from  The techniques employed in the present study include both
ATP hydrolysis. The enzyme is a P-type ATPase; i.e., ATP equilibrium measurements of nucleotide binding and transient
hydrolysis proceeds in two steps: first tigphosphate from  kinetic measurements of nucleotide dissociation rates. Changes
ATP is transferred to the carboxyl group of Asp369; then of ionic strength were used to characterize, in the frame of
the acyt-phosphate bond is hydrolyzed. These steps in ATP Debye-Hiickel theory #), the electrostatic component of
hydrolysis are thought to be performed by two different enzyme-substrate interactions. The results of these experi-
conformations of enzymeE;' and E—and the phosphory-  ments suggest that the electrostatic interaction between the
lation/dephosphorylation steps are coupled to the vectorial positively charged binding site of Na,K-ATPase and the
transport of N& and K* consecutively [for recent reviews, nucleotides is imposed by a single negative charge on the

see ()]. nucleotides, presumably located on theiphosphate, while
This work focuses on the first step in the reaction cycle the specificity of binding, reflected in th&y values, is
of Na,K-ATPase: binding of the substrate to thedénfor- determined by short-range interactions.

mation of the enzyme. When sufficient Nés present to
induce the Econformation, Na,K-ATPase exhibits high MATERIALS AND METHODS
affinity toward the two adenyl nucleotides ATP and ADP
(2, 9. Electrostatic interactions are known to be important
contributors to the specificity of enzymsubstrate binding
and to stabilization of a charged transition state. In this paper,
we therefore address the question to what extent the differ-

Preparation of Na,K-ATPasePig kidney microsomal
membranes were treated with SDS and purified by dif-
ferential centrifugation to a specific activity of 28nol (mg
of proteiny ! min~t at 37°C (5).

Equilibrium Binding Experimentg&Equilibrium binding of

' This work was supported by the Human Frontier Science Program Nucleotides was measured in double-labeling filtration ex-
(RG-511/95M), the Danish Medical Research Council, and the Novo periments as previously described forrGATPase 6—9).

Nordisk Foundation. One milliliter of a suspension of Na,K-ATPase (0.1 mg of
* To whom correspondence should be addressed. PhtA&:8942 - - . ! .

2933, Fax: +45 8612 9599, E-mail: nf@biophys.au.dk. proteln/mL) in an appropriate buf_fer was loaded on two
* University of Aarhus. _ stacked Millipore HAWP 0.45%:m filters. The buffer (10
(U§_Unltéfd§ Reghggche Asso&e2096 (CNRS) and LRA 17V mM histidine at pH 7.0) contained NaCl at various concen-

niversite Paris-sua). ) H - H
! Abbreviations: E, protein conformation of Na,K-ATPase pre- trations and either 10 mM CDTA or 10 mM Mg&harying

dominant in Na-containing media;  protein conformation of Na,k- ~ NaCl concentrations generated ionic strengths up to 1 M.
ATPase predominant in kcontaining media. Radiolabeled nucleotidesf?P]-ATP from Amershanmt‘C-
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ATP andC-ADP from NEN) were mixed witfH-glucose [E]-[A]

(NEN) in the same buffer as that used for loading the enzyme d— ﬁ (@)

onto the filter. The filter was then manually perfused with

two to six 0.5 mL aliquots of the radioactive nucleotide If species A, E, and EA carry net charges under the

solution, at a flow rate of about 1 mL/s, to ensure complete conditions of the experiment, the interaction between E and

equilibration with nucleotide at all nucleotide concentrations. A has an electrostatic component, aads therefore affected

The temperature was 2. Then, without rinsing, filters by the ionic strength of the reaction medium. Characterization

were counted in 4 mL of Packard Filtercount scintillation of this electrostatic component in terms of the Debye

fluid. The amount of nucleotide bound to the protein was Hiickel theory 4) leads to

calculated by subtracting the amount of unbound nucleotide,

trapped in the filter together with the wetting fluid, from log(Ky/Ky o = _ZE'ZA’\/T 3

the total amount of nucleotide on the filter (bound plus

unbound nucleotide); the amount of unbound nucleotide waswhereKqy is the thermodynamic dissociation constant for

considered to be proportional to the amoungidfglucose the EA complex at = 0 andzz andz, are the charges of E

in the same filter. The fact that the protein remained fully and A, respectively. The equation implies that a plot of log-

adsorbed on the first filter was established both by counting (k) vs +/I is a straight line, the slope of which allows

the second filter and by checking for the absence of protein empirical evaluation of the charge produg-g), and—if

in the filtrate. ~_ the chargez is known—of the corresponding value t.
Time-Resaled Measurements of Nucleotide Dissociation Thjs equation was initially derived to characterize the effect

To determine nucleotide dissociation rates, a rapid filtration of jonic strength on the interaction between two point

system was used (RFS-4, Bio-logic, Frangg)10, 1). First, charges, but it can also be used for the description of ligand

Na,K-ATPase was loaded onto a single filter, and the filter protein interactions: in this case, since one of the interacting

was manually perfused with a buffer containing radiolabeled species is a large protein molecule, the calculations assume

nucleotide,’H-glucose, and varying concentrations of NaCl that certain charges in the reaction site are more important

as described above, to reach equilibrium. Second, thethan distant charged groups on the protein. Thus, the effective

adsorbed ATPase was perfused for times ranging betweenoint charge at the binding site of the protets) fepresents

30 ms and 2 s with the same buffer, containing now 622 3 sum of the protein charges that are steering ligand

mM unlabeled nucleotide. The temperature was °20 attraction. The applicability of the Deby#iickel law for

Residual nucleotide binding was calculated as describedjigand binding to a protein molecule has been discussed

above, but most of the unbound nucleotide together with the previously (L2).

*H-glucose label was actually immediately washed off by ~ The calculations of the total charges of the ligands were
the per_fusion. In cc_)ntrol experiments in Whic_h unlabe_led based on their correspondings values (3). Note that the
nucleotide was not included in the final perfusion solution, jgnic strength effect on the protonation stability constants
a large fraction of the labeled nucleotide apparently dissoci- as neglected, because the charge of the ligand increases
ated very slowly (i.e., on the second time scale), but this py maximally 10% under the conditions of experiments (pH
was presumably artifactual and due to rebinding of labeled 7.0y when the ionic strength changes from 0.1 to 1.0 M. The
nucleotide to Na,K-ATPase during the perfusion period; such charge of the protein binding site was also assumed constant
rebinding was prevented by our diluting out the nucleotide at gl jonic strengths, because the nucleotide affinity of Na,K-
specific radioactivity with unlabeled nucleotide. A similar ATPase is rather constant at pH 586 (2), implying that

observation had previOl_Jst peen made when dissociation ofthe K values of the essential groups involved in binding
*Ca" from sarcoplasmic reticulum €aATPase had been  are very different from 7.0, the pH value for the present

measured in the absence of calcium chelator under neutralxperiments. An ionic strength-induced shift i’ would

conditions, where the ATPase affinity for €ais also  have practically no effect on the protonation state of these
submicromolar (Champeil and Henao, unpublished results). groups and, therefore, no effect on the charge of the binding
The possible existence of a nucleotide effect other than thesjte, In addition, a small increase in the negative charge of
dilution, e.g., additional binding to Na,K-ATPase at a the ligand at high ionic strengths and a small decrease in
putative second site, was ruled out by complementary the positive charge of the protein binding site would cancel
experiments, as follows: equilibrium binding experiments each other, at least partially, in the charge prodagetzy).
showed that there was no additional binding up to about 0.07  The Debye-Hiickel theory of electrostatic interactions can

mM nucleotide (the highest tested), although 0.02 mM gaiso be used to describe the rate of binding in such an
unlabeled nucleotide added to the dissociation medium glementary reaction (eq 1). The association rate constant,

already had a pronounced effect on the apparent dissociatioq(On has the same exponential dependence’basKq (14):
kinetics. ’ '

THEORY: DEBYE —HUCKEL APPROACH 10g(kor/kon o) = 224"V (4)

The interaction between two molecules, A (adenine Note that the slope is-zz+za for ko, (q 4) but—2zz+z4 for
nucleotide) and E (enzyme), described by the classical Ky (eq 3). Since
scheme

Kg = Kyii/Kon (5)

it follows that kot = Kon*Kg = kono*Ka o is independent of
can be characterized by the equilibrium const#qt, ionic strength.

E+A<EA (1)



Electrostatics in the Substrate Site of Na,K-ATPase

These effects of ionic strength on a diffusion-controlled
reaction can be rationalized by considering that the rate of
association is affected by long-range electrostatic forces,
while the rate of dissociation is only dependent on short-
range interactions, including hydrogen bonds, salt bridges,
hydrophobic interactions, van der Waals forces, etc.

RESULTS

Measurements of nucleotide binding to Na,K-ATPase at
equilibrium were performed by a filtration method at 2D
(6, 7, 15. Compared with dialysis or centrifugation tech-
nigues, this technique minimizes ATP hydrolysis artifacts,

and the presence of a second filter may serve as an internal

control for the completeness of protein adsorption on the
first filter. In addition, filtration techniques make it possible
to perform both equilibrium and transient kinetic experiments
under identical experimental conditions.

Equilibrium Binding of NucleotidesTo measure equilib-
rium binding of ATP to Na,K-ATPase, it was necessary to
fully prevent phosphorylation of Na,K-ATPase from ATP,
and therefore to chelate contaminating ¥gand other
divalent cations. 10 mM CDTA in the buffer was appropriate
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Ficure 1: Equilibrium binding of“C-ATP (squares) antfC-ADP
(circles) to Na,K-ATPase at different ionic strengths: filled symbols,
87 mM ([Na'] = 57 mM); open symbols, 388 mM ([N& = 357
mM). The full lines represent single hyperbolic functions with a
maximal binding of 100% equal to about 2.8 nmol/mg of protein.

approximately 3-fold higher than that for ADP bothlat

for this purpose, as confirmed by the direct measurement of87 MM and atl = 388 mM.

virtually zero levels of phosphorylation and ATPase hydro-
lytic activity (not shown). Under such conditions, the
apparent dissociation constants for ATP obtained in experi-
ments performed with y-*?P]-ATP and “C-ATP were
identical (not shown), confirming that phosphorylation did
not occur during the time of the equilibrium measurement.

The large effect of ionic strength on the nucleotide binding
affinity is in line with the idea that electrostatic interactions
play a significant role, and that the charges on the ligand
and enzyme are of opposite sign. However, more detailed
guantitative characterization of the electrostatic component
of the interaction relies on the dependence ofkayon v/

Binding measurements performed at various concentrations(cf. eq 3). Linearity of such a plot proves the applicability

of Na' revealed that th&y for this binding was minimal at
60 mM Na" (not shown). The effect of the high concentra-
tions of Na was attributed to the effect of high ionic
strength, while the effect of the low concentrations of"Na
was interpreted as implying that in the presence of 10 mM
CDTA, concentrations of Nlalower than 60 mM were not
sufficient for full saturation of the Na,K-ATPase transport
sites and induction of the ATPasa-Eonformation. Thus,
the lower limit for the ionic strength in our experiments was
about 80 mM (from salts and buffer constituents). From a
methodological point of view, it is worth pointing out that

of the Debye-Hickel theory and allows estimation of the
charge product for the interacting specigs4,, see Theory
section). Dissociation constants for ATP and ADP, obtained
at different ionic strengths as shown in Figure 1, are plotted
as logKq) vs v1 in Figure 2. For ATP (Figure 2, panel A),
the slope of the fitted line was 2.6# 0.08. Since the total
charges of ATP and ADP are differertafp = —3.8 and
Zapp = —2.8 at pH 7.0), whereas the charge of the binding
site () should in principle not depend on the ligand, the
slope of the fitted line, equal to the produetZ:-z.), was
expected to be different for ATP and ADP. However, for

the equilibrium dissociation constants determined here at 20ADP (Figure 2, panel B), the slope of the fitted line was
°C were found in the same submicromolar range as those2.54+ 0.06; i.e., it was practically identical to that for ATP,

obtained earlier by dialysis2( 3), centrifugation {2), or
filtration methods 16) at lower temperatures.

Figure 1 shows the influence of ionic strength on equi-
librium nucleotide binding to Na,K-ATPase. The binding
curves were fitted by a single hyperbolic function:

[EA] max[Al

[EAI = Kq t [A]

(6)

The maximal binding [EAax (approximately 2.8 nmol/
mg of protein) was independent of the ionic strength and
the type of nucleotide. Comparison of the ATP binding
curves atl = 87 mM and|l = 388 mM shows thaKy
significantly increases with ionic strength. The effect of ionic
strength on ATP affinity is, therefore, similar to that
described previously for ADP affinityl@). It is also clear
from the data in Figure 1 that the affinity for ATP is

although a difference of 2530% would be expected from
the difference in the total charges of these nucleotides.
Assuming that the total charges of the ligands must indeed
be taken into account, valuesmf= +0.91 andz = +0.69
would be derived from the ADP data and the ATP data,
respectively.

To further investigate this unexpected finding, we also
studied binding of MgADP to Na,K-ATPase. Complexation
of ADP with a divalent cation changes the total charge of
this ligand from—2.8 for ADP to —0.8 for the MgADP
complex, i.e., by a factor of 3.5. Assuming that the charge
of the nucleotide is the only parameter affected, this was
expected both to reduce the affinity for the ligand (i.e.,
increaseKy) and to cause a significant decrease in the charge
product, and therefore minimize the dependence on ionic
strength K4 for MgADP was indeed higher than that for free
ADP over the whole N& concentration range (Figure 2,
panel B), although only moderately. But the slope of log-
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Ficure 3: Kinetic measurement of the rates of dissociation of the
0.04 009 016 025 036 049 064 enzyme-ATP (squares) and enzym@DP (circles) complexes at
e | = 235 mM. The curves are the single-exponential fits of the
30+ a o % experimental data withys = 13.2 s (ATP) or 28.4 s (ADP).
20 4

Transient Kinetic Measurements of Nucleotide Dissocia-
tion. Evaluation of the dissociation rate constakgs, in
transient dissociation experiments performed under the same
conditions as theKy measurements provides additional
information about the mechanism of binding and the origin
of specificity in proteir-nucleotide interactions (see Theory
section). Therefore, the dissociation rate constants for nucle-
otides were also determined over a large range of ionic
strengths. Examples of such dissociation experiments=at
235 mM are shown in Figure 3 for ATP and ADP. Under
' ' ' ' these conditions, the dissociation of the nucleotide was
02 03 04 05 08 07 08 described by single-exponential functions with rate constants

7T (M%) kot Of 13.2 s for ATP and 28.4 st for ADP.

The measured dissociation rate constants for ATP, ADP,
Ficure 2: Effect of ionic strength on the equilibrium dissociation  and MgADP were independent of ionic strength, as expected

constant (filled symbols) and the dissociation rate constants (open - -
symbols, see individual examples in Figure 3 below) for ATP (panel from the Debye-Hiickel theory (cf. Theory section; see open

A) and ADP (panel B) bound to Na,K-ATPase. The abcissa (lower SYMPOIs in Figure 2, panel A for ATP and panel B for ADP
scale) is the square root of ionic strength; the data are plotted with and MgADP). In the absence of magnesium, the dissociation
a logarithmic scale on the ordinate. For convenience, the upperrate for ADP is 2-3-fold faster compared to that for ATP
scale on the abscissa indicates the corresponding values of the io”i‘{Figure 3). The correlation between dissociation rate con-

strength. Each point is the average of two to four experiments, and P . L
the error bars give the SEM. Panel A: The data on equilibrium stants and equilibrium dissociation constants observed for

dissociation constants for ATP are fitted to the Debiickel ATP and ADP implies that the bimolecular rate constant for
model with a slope of 2.61+ 0.08. The ordinate intercept associationKyn) is about the same for the two nucleotides
corresponds t&y0 = 0.031uM. The rate constants for dissociation  (cf. eq 5). The value of this association rate constant, which

of ATP are also shown, with an average of 13.3 ®anel B: The  ganends on ionic strength, can be calculated to be about 40
data on equilibrium dissociation constants for ADP (circles) and

-1 g1 i =

MgADP (triangles) are fitted to the Debyeiickel model with x 10° M~* s for both nuc'?ft'ies at = 127 mM, and
slopes of 2.54t 0.06 and 2.54¢ 0.12, respectively. The ordinate ~ decreases to about:4 10° M~ s™* atl = 500 mM.

intercept corresponds 0= 0.101uM for ADP andKgo= 0.158 Note, however, that the rate of dissociation of MgADP

uM for MgADP. The rate constants for dissociation of ADP (circles) v 45 slower than that of free ADP (Figure 2, panel B)
and MgADP (triangles) are also shown, with averages of 2722 s h he<., for MAADP hat | ' h h !
for ADP and 16.2 st for MgADP. The equilibrium dissociation ~ Whereas th&, for Mg was somewhat larger than that

constants for ATP as function of ionic strength, as well as the Of ADP. Consequentlyo, is about 2-fold lower for MgADP
corresponding dissociation rate constants, all derived from panelthan for the nonliganded nucleotide, and decreases from
A, are included as dotted lines for comparison. about 20x 1 M~1s1at]l = 127 mM to about 4x 10°
M~tstatl =340 mM (the highest ionic strength tested).

10

K, (uM) or k_,(s")

(Kg) vs V1 obtained for the MgADP complex was about the
same as for ADP, with a charge product for the MGADP  piscussION

enzyme complex of 2.54 0.12. Assuming again that the

total charge of the MgADP ligandiggape = —0.8) must be Quantification of the ionic strength dependence ofKhe
taken into account, a value af = +3.21 would be derived  for binding of different nucleotides to Na,K-ATPase led to
(instead ofzz = +0.91 for ADP binding). This will be the surprising observation that the slope of the straight line
discussed below. describing this dependence was similar for ATP, ADP, and
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MgADP. In terms of the DebyeHickel approach, this
implies that the charge product for the nucleotidgmzyme

Biochemistry, Vol. 41, No. 4, 20021271

rate constarit,; for ATP). Following this line of reasoning,
introduction with Mg+ of additional positive charges close

interaction is the same in all three cases. Since the totalto Asp369 probably does not contribute zZoeither, since
charge of the nucleotide varies betweef.8 for MgADP this area does not participate in the steering of the nucleotide
and—3.8 for ATP, itis clear that with an essentially constant ligands. Finally, for Ca-ATPase, the three-dimensional
slope (z+z,) of about+2.6 eitherz= must vary widely or structure implies that the nucleotide binding domain and
Za is not equal to the total charge of the ligand. Note that phosphorylation site (together with the putative Mg binding
both z= and zs, the charges determining the ionic strength site) are spatially well-separated in the-@®nformation of
sensitivity of both the equilibrium constaiy (eq 3) and the ATPase 41). Thus, the similar values for the charge
the association rate constaat, (eq 4), reflect the charges  products obtained with ADP and MgADP are probably not
“steering” the nucleotide into place at the binding site. explained by the presence of Kfgin the binding site.

We shall first address the hypothesis tzats equal to An alternative hypothesis is that the steering charge of
the total charge of the ligand. The charge in the binding site, the protein binding site is the same for all ligands, and
Z, is then+3.2 in the case of MgADP, very different from 4t the effective charge of the ligad must be identical
ze = +0.91 in the case of ADP (cf. Figure 2, panel B)@r  {or a)| nucleotides tested, independent of their total charge.
= +0.69 in the case of ATP (cf. Figure 2, panel A). Since Thys, the association of these ligands would be favored by
the difference between's obtained with ADP and ATP is  |5cal charges on both the ligand and protein binding sites,
relatively small, we restrict the discussion to the results jnstead of total charges. For the nucleotides, this effective
concerning ADP binding in the .absence or presence 6fMg chargez, is presumably equal te-0.8, since this is the
(z= = +0.91 vs+3.2). An obvious explanation would be  minimal negative charge of the ligands used (i.e., that of
that a Mg", in addition to the one complexed with ADP,  \igADP at pH 7.0). The effective charge of the binding site,

binds to the nucleotide binding site of the enzyme. Such
binding would increasee from about+1 to about+3, gﬁ)l(szgliﬁjsfrom the slope of tt#e; vs Vi curves, must be

compensating for the decrease in the total charge of the i . ,
nucleotide fapp = —2.8, Zugaor = —0.8), and therefore The suggestion that the effective charge of the ligand
would lead to a charge product similar to the one observed "€Sponsible for the electrostatic attraction is different from
for ADP binding. its total charge is supported by our previous experiments with
However, evidence from the literature seems to contradict €0Sin and its analogues. Thus, binding of eosin was shown
the possibility that such a Mg binding site contributes to 0 be sensitive to the ionic strength2), but the values for
the effective charge on the enzyme steering the ATPase the equilibrium dissociation constantsq, obtained for the
nucleotide association. eosin derivatives under identical conditions, showed no
First, the M@" binding site seems to be localized in close COrrelation with their total charge2g). In fact, 5-carboxy-
proximity to the phosphorylation site, Asp369 in the case of @nd 6-carboxy-eosins, characterized by the same total charge
Na,K-ATPase, rather than in the nucleotide binding region. (—3), exhibited 3-fold difference in affinities. Therefore, the
This conclusion is based on the functional role of the divalent effective negative charge steering the interaction was again
cation: the positive charge of Mgis thought to diminish not the same as the total charge. For nucleotides, the most
the repulsion between the negative charge of the ATP Probable candidate for the charged group common to all
y-phosphate and the carboxyl group of Asp369 at the nucleotide .I|ge_1nds and respon&ble for the observed depen-
transphosphorylation stefi?). Structural evidence arising dence on ionic strength is the-phosphate group of the
from data on the metal-catalyzed oxidative cleavage of Na,K- nucleotide, since this group is not involved in coordination
ATPase (8 also suggest that Mgis bound close to Asp369 ~ With Mg?" in the MgADP complex 23, 24.
and involved in coordination with Asp710 and Asp714. This  The fact that only one of the charges on ADP or ATP
is also in line with results of a comparative analysis of the participates in electrostatic steering contains information
three-dimensional structures of the proteins ascribed to theabout the regions interacting with Na,K-ATPase, as only
HAD (haloacid dehalogenase) superfamily, where a con- charges in close proximity to those regions will influence
served pair of aspartate residues was assigned as?a Mg the binding process. Detailed interpretation of our results in
binding site in P-type ATPase49). terms of orientation of the ligand during its approach toward
Second, mutagenesis studies, involving substitution of the the binding site (the reaction governedhy) is not possible
negatively charged Asp369 with the neutral AlaQ), at the moment, since the high-resolution structural informa-
similarly suggest that the charges situated in the area aroundion on Na,K-ATPase is not yet available. Nevertheless, the
the phosphorylation site do not contributezo A change ATP binding site of Na,K-ATPase is probably very similar
in z, i.e., of those charges that are involved in the long- to the ATP binding site of the homologous Ca-ATPase, the
range electrostatic interactions with the nucleotides, should crystal structure of which has been determined recegly (
affect the association of all charged nucleotides with the The ATP binding site of Ca-ATPase is situated in a cleft,
binding site, and therefore should change kqesalues for where electrostatic guidance for the diffusion and orientation
both ATP and ADP. However, substitution of Asp369 with of a charged substrate is expected to be very important. The
Ala increases the affinity for ATP 30-fold, but does not affect binding pocket is positively charged and includes, among
the ADP affinity 20). Thus, the removal of the negative other residues, Lys515 and Lys492, that have been already
charge of Asp369 does not seem to alter the steering chargedentified as critical for binding of the negatively charged
Z, and consequently Asp369 is not part of the steering chargeATP (see ref21 for discussion). Independently, previous
(although it definitely contributes to the local environment, structural characterization of the nucleosidedb and 3-
changing specific short-range interactions and the dissociationtriphosphates by rotating-frame nuclear Overhauser effect
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Table 1: Equilibrium Dissociation Constants and Dissociation Rate
Constants for Some of the Ligands Interacting with the Nucleotide
Binding Site of Na,K-ATPase

ligand K, uM Kott, S1
formycin triphosphate 1 33
formycin diphosphate 3.5 112
eosirt 0.25 21
5-carboxyeosih 0.29 30
6-carboxyeosih 0.11 7
ATP® 0.3 13
ADP* 0.9 27

a| ~ 150 mM; data from Table 42§). ®1 ~ 40 mM; data from
(22). ¢1 ~ 150 mM; data from Figure 2, this paper.

spectroscopy (ROESY) NMR techniques showed that wherea:
ADP exhibits significant conformational flexibility, AMPPCP
and presumably ATP in solution predominantly adopt an
anti-glucoside/adenine conformation with the phosphates
lying parallel to the adenine ring2%); NMR experiments
suggested a similar conformation for the nucleotide bound
to Na,K-ATPase 26). The overall U-shape of ATP during
its approach toward its binding site implies that the charge
of thea-phosphate would be located close to the kink region,
which might be important for the structural complementarity
of the ligand molecule and the binding site of the enzyme.

Fedosova et al.

of ionic strengths tested, the association rate constant for
ATP is quite similar to that for ADP. The idea that the disso-
ciation rate constant is a major factor determining affinity
is also consistent with the results of experiments with formy-
cin nucleotidesZ8) and eosin derivative®p); see Table 1.
Since the presence pfphosphate in the nucleotide molecule
has a stabilizing effect on the enzymeucleotide complex,
as reflected by the dissociation rate, it appears that specific
interactions between thephosphate of the nucleotide and
the protein contribute significantly to the binding energy.
Conclusion The presented observations lead to the fol-
lowing conclusions: in the case of Na,K-ATPase, Coulombic
forces are important for the binding of nucleotides in the
substrate binding site, which is positively charged. Neverthe-

Sess, the product of effective charges for proteligand

interaction does not depend on the total charge of the ligand,
and, therefore, the effective charge of the nucleotide is
probably different from its total charge. In addition, short-
range interactions make a major contribution to the specificity
of protein-ligand interactions, and the affinity to the ligand
at a given ionic strength is mainly determined by the
dissociation rate constant (see Table 1). The conclusion of
the present workthat the effective charge of the ligand,
responsible for the electrostatic component in the binding
reaction, is not necessarily equal to its total chafige

Our direct measurements of the kinetic rate constants for probab|y of genera| app||cab|||ty in the description of the

dissociation of ATP and ADP from Na,K-ATPase are the
first ones performed with this enzyme using a rapid filtration
technique. The dissociation rates we measure with Na,K-

role of electrostatics in many cases of protéligand
interactions.

ATPase fall in the same range as those previously obtainedACKNOWLEDGMENT

with C&*-ATPase ko values of 9-25 st at pH 7 and 5
°C, depending on the presence or absence éf Ckl), or
20—25 st at pH 6 and 20°C, in the absence of Gaand
potassium (Orlowski and Champeil, unpublished results)].
When combined with the values of the corresponding
equilibrium constants, thky values determined for Na,K-
ATPase also allow estimation (eq 5) of the bimolecular rates
of ATP binding kon): about 40x 1®* M~*statl = 127
mM and about 4< 10° M~t st atl = 500 mM. Note, that
these calculated values for ATP association with Na,K-

ATPase again have the same order of magnitude as the values 4.

previously determined for C&ATPase at low ionic
strength: (3-7.5) x 10°f M~! s at pH 7 and 5°C,
depending on the presence or absence d&f Qal), and
(1.3-1.7) x 1 Mt st at pH 6 and 20C in the absence

of C&" and potassium (Orlowski and Champeil, unpublished
results). The rate constants calculated for ATP binding to
Na,K-ATPase are also consistent with those directly mea-
sured for the fluorescent ATP-analogue eosin [e.g.,x31
18 M1stat6°C andl = 0.125 M @7)]. All these

association rate constants fall well below the values expected ~

for diffusion-controlled reactions, which is consistent with
the idea of ATP binding into a cleft for both enzymes.

Comparison of the ATP and ADP affinities for Na,K-

ATPase and their dissociation rate constants suggests that

the higher affinity of ATP is mainly due to a slower
dissociation rate: for both ADP and ATP, dissociation rate

constants are independent of the ionic strength in the range 15

100-600 mM, and the dissociation rate constant for ADP
is about 2-fold larger than for ATP (Figure 2) while the
affinities for ADP are on average 3.1-fold lower than for

The excellent technical assistance of Ms. Angielina
Damgaard and Ms. Birthe Bjerring Jensen is acknowledged.
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