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ABSTRACT. Investigation of the ionic strength effect on the interactions between nucleotides (ATP and
ADP) and Na,K-ATPase in a broad pH range was aimed at revealingajues of the charged groups of

the interacting species. lonic strength experiments suggested that an amino acid residuekwiti8&p

is part of the protein binding site. A combination of equilibrium and transient experiments at various pH
values allowed for the characterization of the groups electrostatically involved in either the association
process Kon) or the stability of the preformed complexdss). Two groups (K1 = 6.7 and K, = 8.4)

appear to be important for the proper organization of the binding site and, therefore, the association reaction.
Moreover, deprotonation of the basic group completely precludes association. pH dependencies of the
dissociation rate constants for ATP and ADP are very different. An increase in pH from 5 to 9.5 induces
a 9-foldincreasein ko for ATP, wherea,s for ADP decreaseg-fold between pH 5 and 8, and decreases
further in the alkaline region. A comparison of the pH dependenciekofdior ATP and ADP suggests

two effects: (1) at acidic pH, the value of the total negative charge of the nucleotide determines the
tightness of binding; and (2) short-range interactions involving the terminal phosphate group are important
for nucleotide dissociation from the site. The difference in the pH dependendigsfof the nucleotides
suggests the existence of positive charges in close proximity to Asp369, relieving the repulsion between
the y-phosphate of ATP and Asp369.

Na,K-ATPase (Na-pump) is an integral protein of the been subjects of intense investigatiohs @). Unfortunately,
plasma membrane that maintains the electrochemical gra-when isolated, the intracellular loop binds nucleotides with
dients of N& and K" at the expense of energy released by low affinity (1, 2), the N-domain alone has even lower
ATP hydrolysis. The minimal structural unit required for the affinity (3), and the obtained high-resolution structures of
pumping activity is thexs-dimer. As every studied P-type  the nucleotide binding domain either do not include bound
ATPase does, the enzyme adopts two major conformations,nucleotide 4) or are related to a conformational state with
E:* and B, with very different functional characteristics and low affinity to the substrate3). Therefore, the mechanism
structural arrangements. Their interconversions underlie ion of high affinity substrate binding remains unknown. Results
transport. The existing extensive body of literature explicitly of chemical modification studies presented a list of amino
describes functional properties of the pump, but the lack of acid residues comprising the ATP-binding pocket, among
high-resolution structural data hinders a detailed understand-them Lys480, Lys487, Lys501, Lys589, Lys605, Lys618,
ing of its transport mechanism. The observed effects are often| ys622, Lys719 (see reb for a review), together with
interpreted in the frame of Ca-ATPase structure, as justified Cys577 6) and Gly502 7). An analysis of the functional
by the 30% amino acid sequence identity between the consequences of mutations within the putative nucleotide
catalytic subunits of these proteins and pervasive similarities hinding site suggested several amino acid residues to be in
in the functional cycles. close contact with bound nucleotides, some of them exhibit-

Kinetics of the nucleotide binding reaction and the ing substrate-specific effects. Thus, the 8fla mutation
structural organization of the intracellular loop containing tremendously strengthens ATP affinity but has almost no
both nucleotide binding and phosphorylation domains have effect on ADP binding §). The results suggest electrostatic

repulsion between Asp369 and thghosphate of ATP. The

t This work was supported by the Novo Nordisk Foundation, the POSitive charge of another amino acid residue, Arg544,
Danish Medical Research Council, and Aarhus University Research appears to have an even more localized effect: its mutation

Foygdatiﬁn- d hould be add 4. Phors.8042 to GIn decreases affinities to both ADP and ATP, whereas
0 wnom corresponaence snou € aaaressed. . 4. : s
2933. Fax: +45 8612 9599. E-mail: nf@biophys.au.dk. an Arg?*Lys mutation decreased ADP affinity by a factor

1 Abbreviations: E the protein conformation of Na,K-ATPase Of 15, without any change in ATP affinityd). The authors
predominant in N&-containing media; E the protein conformation interpreted the observed effect in terms of orientation and

of Na,K-ATPase predominant in Kcontaining mediakor, bimolecular — gistance of the positive charge on the amino acid residue
binding rate constank., dissociation rate constariy, equilibrium

dissociation constant, z, charges of the protein binding site and ~elative to the negatively charggd andy-phosphate groups
ligand, respectively; CDTA, 1,2-cyclohexylenedinitrilotetraacetic acid. of the nucleotides.
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We have previously characterized the electrostatic com- =03
ponent of the nucleotideNa,K-ATPase interactions by 2 A
studying the effect of ionic strength on the binding process. b
It revealed the importance of electrostatic forces for the §-o.z-
interaction process and suggested (according to the Debye g
Huckel theory) that the nucleotide binding site and its ligand £ PH?
have effective charges of opposite signs. We have also shown 2 014 pH PH 9
that the short-range interactions make a major contribution §
to the specificity of proteirligand interaction, and the o
difference in affinities toward the ligands at a given ionic k2 0.0- . . .

strength is mainly determined by the dissociation rate
constant 10). The purpose of the present investigation is to
reveal the K values of the charged groups involved in the
binding of the substrate and the groups involved in its
retention in the binding site. The results characterize
electrostatic interactions within the high affinity nucleotide
binding site of Na,K-ATPase.

Kd,ATP (M)

EXPERIMENTAL PROCEDURES

Preparation of Na,K-ATPasePig kidney microsomal
membranes were treated with SDS and purified by dif-
ferential centrifugation to a specific activity of 28nol per - - - - - -

mg protein per min at 37C (see refsll and 12 for 0z 04 SjGWM)O'B o2

experlmehtal Qeta_uls). . . Ficure 1: lonic strength dependencies of tKg value for ATP
Nucleotide Binding ExperimentBhe techniques employed  binding in the pH interval 6.69.5. (A) Equilibrium binding of
in the present study include both equilibrium measurementsATP to Na,K-ATPase at pH 7, 8, and 9 in the presence of 202

of radiolabeled nucleotide binding and transient kinetic MM Na'. The full lines represent single hyperbolic functions with

: ; ot a maximal binding capacity of about 2.8 nmol/mg protein. (B)
measurements of the nucleotide dissociation raf. (The ObtainedK, values plotted as a function of ionic strength and fitted

experiments were all performed at 20 in 10 mM CDTA, by eq 1. @) pH 9.5; O) pH 9.0; @) pH 8.5; () pH 8.0; (&) pH
10 mM histidine (in the pH range 5:7.5), or 10 mM Tris 7.5; (») pH 7.0; and ¥) pH 6.0.

(pH range 8.6-9.5). A wide range of ionic strengths was
created by the addition of NaCl. The lowest concentration  Time-Resaled Measurement of Nucleotide Dissociation
of Na© used was 50 mM, which together with contributions Rates.To determine dissociation rates of the nucleotides, a
from the buffer components resulted in ionic strengths of rapid filtration system was used (RFS-4, Bio-logic, France)
about 0.08 M. (This value varies slightly between the Tris (10, 13, 14). In all cases, 0.1 mg of Na,K-ATPase was loaded
and histidine buffers, and the actual ionic strength was onto a single filter. The filter with the adsorbed ATPase was
calculated from the composition of each binding medium.) perfused with buffer containingHi]glucose and radiolabeled
We used J-32P]ATP, F“CJATP, and [“C]ADP with specific nucleotide (at a concentration ofuM) as described above
radioactivities of about 1:20'° Bg/mmol for the §?P]- and to reach equilibrium. Then the buffer was changed to a
2-1@° Bg/mmol for the [“C]-containing substrates. radioactivity-free buffer, supplemented with-0.05 mM
Equilibrium Binding Experiment&quilibrium binding of non-radioactive nucleotide, and perfusion was continued for
nucleotides was measured in double-labeling filtration ex- various periods (ranging between 30 ms and 2 s). The data

periments essentially as previously describ&6).(Na,K- were fitted to a single-exponential function, giving the value
ATPase (0.1 mg) in the above buffer was loaded on two for the dissociation rate constant.
stacked Millipore HAWP 0.45um filters; the enzyme Curve fitting for nucleotide binding and dissociation was

remained adsorbed on the top filter, whereas the bottom oneperformed using Origin 6 software (Microcal, Amherst, CA).
served as a control. Then the filters were manually perfused
with a solution containing radiolabeled nucleotides, together RESULTS
with [*H]glucose in the same buffer as that used for the  Effect of pH on Equilibrium Binding of ATP and ADP.
enzyme, so that complete enzyme equilibration with nucle- Debye-Hiickel Analysis of NucleotideEnzyme Interactions
otide was achieved at all nucleotide concentrations. Then, Equilibrium binding of nucleotides to Na,K-ATPase was
without rinsing, filters were counted separately in 4 mL of studied at pH values from 6.0 to 9.5 over a large range of
Packard Filtercount scintillation fluid. The amount of nucle- jonic strengths, created by various concentrations of NaCl
otide bound to the protein was calculated by subtracting from (Figures 1and 2). Because N& necessary to induce high
the total amount of nucleotide on the (top) filter (bound plus affinity nucleotide binding, its concentration must be suf-
unbound nucleotide) the amount of unbound nucleotide, ficient for enzyme saturation at all pH values. We have
trapped in the filter together with the wetting fluid; the previously shown that 25 mM NacCl gives the highest affinity
amount of unbound nucleotide was also proportional to the at pH 7.0 (5). The lowest N& concentration used in the
amount of fH]glucose in the same filter. present experiments was 50 mM, which together with the
The data were fitted to a hyperbolic function, and the buffer components gives ionic strength values in the range
resultingKy values were subjected to further analysis. of 0.07-0.08 M. In the analysis of the data, we assume that



9118 Biochemistry, Vol. 46, No. 31, 2007

pH9.5

pH 9.0
pH 8.0

pH7.5-7.0

0.4 0.6
NI (M)

Ficure 2: lonic strength dependencies of tigfor ADP binding
in the pH interval 6.6-9.5. @) pH 9.5; ©) pH 9.0; @) pH 8.5;
(O pH 8.0; (&) pH 7.5; () pH 7.0; and ¥) pH 6.0. The data
were fitted by eq 1.

0.8

the Na concentration is saturating over the whole range of
pH and ionic strength because we observe increas&g in
with increases in ionic strength at all pH values. THe
values presented do not exceed 3 at any pH, which is
considered a limit for reliable determination by the method
used.

The linear relationship between ldg and+/l observed
at all pH values (Figures 1B and 2) suggests an application
of the limiting Debye-Hiickel model {6), where

logKy=logKyo— zEzA-«ﬂ Q)
Visual analysis of the data leads to the following conclu-
sions: (a) three ATP-binding experiments performed at 202
mM Na" (Figure 1A) show a clear tendenci{y values
increase upon alkalinization of the medium; (b) this holds
for all ionic strengths (Figure 1B); (c) equivalent experiments
with ADP as a binding ligand yield similar results (Figure
2), except for the fact thd at a given ionic strength does
not increase monotonically with pH as in the case of ATP
(compare Figures 1B and 2). The highest ADP affinities,
that is, the lowesKy values, are observed at pH-7.5, while
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Ficure 3: Debye-Hiickel analysis of equilibrium binding of ATP
and ADP. (A) pH dependence of the equilibrium binding constant
at zero ionic strengthK( o) for ATP () and ADP ). The data
are extracted from Figures 1B and 2. (B) Charge prodaah )
for ATP () and ADP (), derived from the slopes of the data
from Figures 1B and 2, as a function of pH.

9 10

Effect of pH on the Association and Dissociation Rate
Constants for Nucleotide3he different pH sensitivities of
Ka,o for the two nucleotides initiated investigations of the
association and dissociation rate constants forming the
equilibrium dissociation constant. Nucleotide dissociation
from Na,K-ATPase was studied using a rapid filtration
technique. The dissociation rate constants for nucleotides
were measured in the presence of 50 mM"Nabuffers in
the pH range 5.69.5 (see examples in Figure 4A and B).

binding becomes weaker at the extremes of the range, thatrjgyre 4C presentsos values for ATP, increasing ap-

is, pH 6 and pH> 8. Note, that under the same pH and
ionic strength conditions the affinity of Na,K-ATPase for
ADP is always lower than that for ATP.

Because the parameters in the Debikickel equation
(the charge productazs, and the equilibrium dissociation
constant at zero ionic strengtky o) reflect different aspects
of charge involvement in ligand binding, the pH dependen-
cies of both parameters obtained upon data fitting are
presented (Figure 3).

Variations inKq o for ATP are small up to pH 7.5, but the
values increase steeply as the medium becomes alkalin
(Figure 3A). In contrastKyo for ADP decreases, reaching
its minimum at pH 7.5, and then increases again, in parallel
with that for ATP.

The charge productaz, that is, the slope of the line
describing the relationship between kgand V1, varies
between—2 and —2.8 for both nucleotides (Figure 3B).

€

proximately 9-fold from pH 5.0 to 9.5. In contrast to ATP,
an increase in pH from pH 5.0 to 8.0 induces a 4-fold
decreasen ko for ADP (Figure 4C), and further alkalin-
ization of the media leads to a further decreasé.jnfor
ADP. Figure 4D showsy for ATP and ADP at 50 mM
Na' in the same pH range. (Note that the data at pH-6.0
9.5 are the averages of th&; values at 50 mM Ng,
corresponding to the points at the lowest ionic strengths at
each pH in Figures 1B and 2.) The pH dependence of the
data in Figure 4D is similar to that fd€y o (Figure 3A) with
values forKy at 50 mM Na& about 6-8-fold higher than the
values extrapolated to zero ionic strength (compare Figure
3A with Figure 4D).

The simultaneous determination I§§ andkys allows for
the calculation of the binding rate constaki,(= Koi/Kq)
for ATP and ADP (7). The pH dependencies kf, for both

There appears to be little change in the charge productnucleotides are bell-shaped, and maximum values for the
between pH 7.0 and-8.0, whereas a small decrease of its association rate constants are observed between pH 7 and 8
numerical value is observed at the alkaline part of the titration (Figure 5). Deprotonation in the acidic part leads to a 2-fold
curve, correlating with the drastic increaseKno (Figure increase irko, for ATP and a similar increase k, for ADP,

3A). and deprotonation in the alkaline region causes a drastic
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Ficure 4: pH dependences of nucleotide equilibrium dissociation

constants and dissociation rate constants. Kinetic measurements o

the rates of dissociation of (A) enzymATP or (B) enzyme-ADP
complexes at pH 6.0%) and pH 9.0 @). The amount of bound
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FIGURE 5: Association rate constants for AT®)and ADP ()

as a function of pH. The values are calculated from the data shown
in Figure 4C and Dk,, = ko#/Kg. The full lines represent the best

fit to eq 2. The parameters obtained for ATP are as follokis=

244+ 42uM 151 ky =70+ 14uM-1-571 k3 ~0 uM~1-s71; pK;

= 6.7; K, = 8.4. Fitting of ADP data was performed with fixed
pK values (K; = 6.7; K, = 8.4) and resulted iy = 13 + 2.0
uM~ts 1k =29+ 3.9uM 1571, andk; ~ 0 uM~1-s7L,

interpreted in terms of two independent deprotonation
reactions.

The deprotonation reactions are represented by the equi-
librium constant; andK, (K, = [EH][H*J/[EHH], K, =
[E27][H*)/[EH]). The binding reaction is described by the
following overall scheme.

EHH +S—% > EHH -S
)
EH +S—% S>EH .S
)

EX+S—bE".S

BecauseK; > K, the dependencies of the obsenigd
on pH for both nucleotides (Figure 5) were fitted to the
following equation derived from Michaelis pH function
theory (18):

I(1 k2
Kon = H—K+ H—pK K—H+
14107 1 1P P 4 10 P
k3
1t a0 @

The best fit for ATP was obtained with the following
parameters: I§; = 6.7, K, = 8.4,k; = 24 uM s k, =
70 uM~t-s71 and ks 0 uM~ts1 Data from ADP
experiments, although more scattered, were fitted using the
two pK values determined from the ATP experiment&{p
= 6.7; K2 = 8.4). The ADP association reaction then was
itted by the following set of parameter&;= 13 uM~1-s7%,

> =30uM 151, andks = 0 uM~Ls7L,

nucleotides is expressed as percent of their initial amount reachedDISCUSSION

upon equilibration of the enzyme withydM nucleotide. The curves
are single-exponential fits of the experimental data. See Experi-
mental Procedures for details. (C) pH effect on the dissociation
rate constants for ATP&) and ADP () at 50 mM Na. (D) pH
effect on the equilibrium dissociation constarkg)(for ATP (@)

and ADP () at 50 mM Na. The data points represent the average
of at least three experimentis SE. The lines are drawn to guide
the eye.

decline inkopn, precluding association reactions at pH9.5
for both nucleotides. The described changeskjnwere

The aim of the present investigation was to reveldl p
values of the charged groups of the enzyme essential for
nucleotide binding to Na,K-ATPase. Their importance may
have different origins. For the binding reaction, their charge
might be involved either in the electrostatic attraction of the
charged nucleotide or in the proper organization of the
(empty) ligand binding site, and these effects will thus be
reflected in the pH dependence lgf. For the dissociation
reaction, the charges might be in direct contact or ensure
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12 - in charge with pH is modest, about 0.2 charge units for ATP
111 o app and 0.4 for ADP. At all pH values calculated from ADP
experiments is larger than that from ATP data. This suggests
that ADP experiences a larger enzyme charge during the
association reaction than ATP does. We have suggested
earlier that for the association reaction the effective charge
of the nucleotide is lower than its total chargEd). The
difference betweene calculated from ADP and that from
ATP data (Figure 6) points in the same direction.

pH Dependence of Association Rate Constafte pH
dependencies fdkq o in the acidic range differed consider-

F 6 pHd d f the ch th implicat dably for ATP and ADP (Figure 3B) and required further
e e e o - ambag Invesiigations of association and dissociation processes. We
from the charge produatz, (cf. Figure 3B) under the assumption have therefore measured both equilibrium dissociation
that the nucleotides contribute to the charge product with their full constants Kq4) and dissociation rate constant&) as
charge at a given pH. The values derived from ATP experiments  functions of pH for both nucleotides (Figure 4) and used
are shown as filled squares and that from ADP-experiments with 16 regyits for the calculation of the association rate constants
open squares. The full lines represent least-square fits of a. . s

deprotonation reaction with a fixedkp= 8.4, and the enzyme N & large pH range (Figure 5) (the ionic strength was kept
charge decreases from 0.680.02) to 0.48 £0.02) for the ATP at about 0.08 M). Thus, we separated the association reaction,
data and from 1.0240.04) to 0.64 £0.06) for the ADP data. influenced by electrostatic steering and conformational
compatibility of the interacting species, from the dissociation
- . . L reaction of the enzymeligand complex. As expected,
the proper organization of the interacting species in the boundbinding reactions for both nucleotides showed the same pH

state, thus affectiny. In order to estimate the contribution dependence. Thev revealdd palues of two arouns affectin
of these factors, we have studied and compared the ionic. P ' y = group 9

strength effects on enzyme affinity for two nucleotides at interactions. They both were ascribed to the protein because

different pH values with direct pH effects on association and (1) deprotonation of the first group in the acidic pgrt has no
dissociation rate constants common effect on the charge products for the interaction

Data Analysis According to the Debyeliickel Model between nucleotides and Na,K-ATPase (Figure 3B); there-

The linearity of the dependencies of Kagfor the nucleotides fore, acceleration of the association reaction is not due to a

(ATP and ADP) onvI observed at all oH tested (Figures direct electrostatic attraction but rather due to structural

1B and 2) suggested the involvement of long-range electro- rearrangements or a better fit of the interacting species.
; 99 o 9 9 Because the nucleotide conformation is hardly affected by
static forces in the association process, according to the

Debye-Hiickel model. An analysis revealed a pattern deprotonation of the terminal phosphate group (occurring at

identical for both nucleotides: a considerable increase in the SSHS?:,QS)’t;htehEoggﬁ,lo;ttze;stsheem'?Io?é?#p(\év)as%ﬁintfélgg%
equilibrium dissociation constantss o accompanied by a 9 P X

. : essential group with akpin the alkaline region undoubted|
modest decrease in the numeric value of the charge productoelorlgs t% thg protglﬁ because the ngcleotides are ]}(J”y
at pH values above 8.0 (Figure 3A and B). These Changesdeprotonated in this pH range. One of thé yalues (K =
appeared at the alkaline range of pH, where the ligands are )

; 8.4) might be related to the charge involved in the long-
already fully deprotonated, and their charges are constant ; .. .
s :}’_3;YZATPP: —4) (19). The decrease %f the numeric '@nge attraction, as revealed by a Debitickel analysis

value of the charge product, that is, a decline in the ionic of the ionic strength dependencies for the charge products

strength sensitivity of the association reaction, reflects a (Frl]guhref 3BI\)I. T((f_?g'date. f(?r thls deferCt C?UI::] be C)|/S4t2'(§|i-,
decrease in the positive charge of the binding site of the which for Na, K- ase IS located close fo the nucieotide

protein, probably because of the deprotonation of an aminoSite_' In t_he structure of the crystall_izec_i N—domaﬂ),(t_his
acid residue with a i above 8.0. The presence of this residue is adjacent to Lys501, which in analogy with Ca-

positive charge accelerates the association reaction (whicHA‘TPa.Se s thOUth to be part of the nucleotide pinding
has a maximum at pH 7 to 8; see below) and steers thedomain, and in the NMR structure of the N-domag ¢ith
negatively charged ligands into the binding site. ATP bound (pdb entry 1IMO8), Cys421 is in direct contact

Another conclusion brought up by ionic strength experi- With the bound nucleotide. In addition, this group may,
ments concerns the pH dependence of the charges of th&imilar to the other group ¢ = 6.7), be important for the
interacting species. Deprotonation of ADP or ATP (i.e., the Proper conformational organization of the enzyme binding
increase in their negative charges from pH 6 to 7) did not S'€:
cause consistent changes in the values of the estimated charge There is an obvious difference in the calculated association
productzez, in the range pH 6 to 7. For ATP, an increase of rate constants for ATP and ADP, wil3, values for ATP
the numeric value was observed, and for ADP, the product approximately 2-fold higher than those for ADP (Figure 5).
remained constant. The pH dependences of the charge orThe collisions between Na,K-ATPase and ATP are more
the enzyme can be calculated under the assumption that theroductive than those with ADP. A straightforward explana-
nucleotides contribute to the charge product with their total tion could be that the larger negative charge of the ATP
charges (Figure 6). The pH dependencies can be satisfactorilynolecule promotes its interaction with the positively charged
fitted using a K of 8.4 (obtained separately from association binding site. However, the calculated charge on the enzyme
rate constants; see Figure 5). The magnitude of the changeexperienced by ATP is lower than that for ADP (cf. Figure

T

6 7 8 9 10
pH
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6), canceling out this effect. At present, we have no of ADP and ATP from Na,K-ATPase suggests two effects:

explanation for this difference iky. (1) at acidic pH, the total negative charge of the nucleotide
pH Dependence of Dissociation Rate Constarfke determines the tightness of its binding, the larger charge

information obtained from the pH dependencies for the correlates with lower dissociation rate constant; and (2) the

dissociation rate constants is more difficult to interpret. The contribution of the terminal phosphate group to the short-

protonation states of the related groups influence the short-range interactions appears to be important for nucleotide

range interactions within the enzymbgand complex both dissociation from the site.

directly (electrostatic attraction and repulsion) and indirectly

(structural reorganization or induced fit), and at present, we ACKNOWLEDGMENT

cannot separate these effects. In the interpretation of these

data, we assume that the main difference between ADP andDamgaard and Ms. Birthe Bjerring Jensen is acknowledged.

ATP interactions with the enzyme is in the number of . o .
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