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NUCLEOTIDE�PROTEIN INTERACTION
Energetic and structural features of Na,K-ATPase

*

E. Grell**, E. Lewitzki, A. Schacht and M. Stolz

Max-Planck-Institut für Biophysik, D-60596 Frankfurt, Germany

Abstract

Microcalorimetric titrations allow to recognize and investigate high-affinity ligand binding to

Na,K-ATPase. Titrations with the cardiac glycoside ouabain, which acts as a specific inhibitor of the

enzyme, have provided not only the thermodynamic parameters of high-affinity binding with a

stoichiometric coefficient of about 0.6 but also evidence for low-affinity binding to the lipid. The

marked enthalpic contribution of �95 kJ mol–1 at 298.2 K is partially compensated by a large nega-

tive entropy change, attributed to an increased interaction between water and the protein. The calori-

metric ADP and ATP titrations at 298.2 K are indicative of high-affinity nucleotide binding either

in 3 mM NaCl, 3 mM MgCl2 or at high ionic strength such as 120 mM choline chloride. However,

no binding is detected in the buffer solution alone at low ionic strength. The affinities for ADP and

ATP are similar, around 106 M�1 and the stoichiometric coefficients are close to that of ouabain

binding. The exothermic binding of ADP is characterized by a ∆H and ∆S value of �65 kJ mol�1 and

�100 J mol–1 K–1, respectively. The ∆H value for ATP binding is larger than for ADP and is compen-

sated by a larger, unfavorable ∆S value. This leads to an enthalpy/entropy compensation, which

could express that H-bond formation represents the major type of interaction. As for ouabain, the

negative ∆S values that are also characteristic of nucleotide binding can indicate an increase of

solvate interaction with the protein due to a conformational transition occurring upon to the binding

process. The resulting binding constants are discussed with regard to the results of other studies em-

ploying different techniques. A molecular interaction model for nucleotide binding is suggested.

Keywords: ATP binding, cardiac glycoside, microcalorimetry, Na,K-ATPase, nucleotide binding,
nucleotide protein interaction, ouabain, titration calorimetry

Introduction

The interaction between nucleotides and proteins is of great importance for many

biological recognitions and functions. The involved specificities are not only related

to the chemical nature of the nucleotide’s base and sugar part but also to the mode

and degree of phosphorylation. The resulting affinities are often in the range between

106 to 107 M�1. In general, the involvement of coordinated metal ions such as Mg2+ or
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Ca2+ is thought to represent an important aspect of nucleotide/protein interaction.

The sequence motifs of ATP binding proteins such as P-type ATPases have been ana-

lyzed, also with regard to evolutionary aspects [1, 2]. The side group of a Lys residue

has been assumed to interact with the β- or γ-phosphate of the triphosphate residue,

that of Thr and of Asp or Glu with the coordinated Mg2+.

Detailed binding domains have been characterized by X-ray crystallography for

the elongation factor Tu (EF-Tu) [3] with a resolution of 1.45 �, for F1-ATPase [4, 5]

and for Ca2+-ATPase [6] with lower resolution. As a representative example, the

non-hydrolyzable β,γ-N-GTP derivative, bound to EF-Tu, exhibits as much as 31 di-

rect interaction contacts in its bound state: Oxygens of the β- and γ-phosphate coordi-

nate Mg2+ and interact with a Lys side chain. The ether oxygen of the sugar moiety

forms a H-bond with the amino group of a second Lys. Nine additional contacts are

due to hydrogen bonding with –OH and –CONH2 containing amino acid side chains.

In addition, eight interactions of this substrate analogue are due to hydrogen bond

formation with main chain amide NH groups and in addition eight hydrogen bonds

are formed with water molecules [3]. In the case of the α-subunit of F1-ATPase ac-

cording to [5], β- and γ-phosphate oxygens are also in contact with Mg2+ and in addi-

tion with a Lys residue. Here, the adenine part is located in a much more hydrophobic

pocket than the guanosine residue in the EF-Tu complex structure mentioned before.

For the trinitrophenyl-AMP (TNP-AMP) complex of Ca-ATPase [6], the adenine

residue is again located in a fairly hydrophobic region. The α-phosphate group is in

contact with a Lys side chain and in addition an Arg residue is located in its neigh-

bourhood. The Asp side chain, which is phosphorylated during the enzymatic reac-

tion, and the Mg2+ binding site relevant for catalysis too, are not located close to the

nucleotide binding site, as generally assumed prior to the publication of the crystal

structure. This Asp residue is separated from the ATP binding site by a distance of

about 25 � according to [6].

Based on these selected examples, it can be concluded that nucleotides are

bound in form of a multidentate interaction with amino acid side chains of the pro-

teins involving also specifically bound water molecules. The resulting strength of the

interaction is usually discussed on a free energy level, based on equilibrium constants

determined employing radioactively labeled nucleotides, where the values some-

times even differ markedly, as in the case of Na,K-ATPase [7, 8]. However, it is often

not considered that the strength of direct binding interactions, which preferentially

contribute to the enthalpic term (∆H), can only be correlated with the equilibrium

constant (Kth, here defined as thermodynamic association constant) in a direct man-

ner if the entropic contribution (∆S, cf. Eq. (1)) is either zero or its value is identical

for all examples of the system under consideration.

( )− = −ln /K H T S RTth ∆ ∆ (1)

The equilibrium constant Kth for a one-step binding process such as between a

nucleotide N and an enzyme E, leading to the formation of the complex EN, is a

dimensionless quantity and is given by
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where cEN, cN, cE represent equilibrium concentrations, cS is the standard concentra-

tion, expressed in molar units (cS = 1 M) and γi are the related activity coefficients

[9]. Kγ is a constant under conditions of low concentrations (Kγ = 1 because γi = 1) or

of constant ionic strength. If Kγ is constant, the experimentally determined equilib-

rium constant K corresponds to
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The term cS is often not written explicitely when it is 1 M. The expression for K
is then

K
c

c
=

EN

N Ec
(4)

According to Eq. (4), K is expressed with the dimension M�1, as usually given in

the literature. The numerical value of K according to Eq. (4) is, however, identical to

that of Eq. (3), provided cS is equal 1 M.

For a meaningful interpretation of equilibrium constants in structural terms we

have to differentiate between enthalpic and entropic contributions. This can be

achieved by employing titration calorimetry, for example, where it is possible to de-

termine the equilibrium constant together with the stoichiometric coefficient and ∆H,

provided it is not equal to zero. The entropy change can be calculated according to

Eq. (1). In addition, calorimetry offers the advantage of a direct determination, inde-

pendent of assumptions related to other applied techniques.

As an illustrative example, a calorimetric study of the interaction of adenine nucleo-

tides with Na,K-ATPase, is reported here. Na,K-ATPase, the receptor molecule for car-

J. Therm. Anal. Cal., 77, 2004

GRELL et al.: NUCLEOTIDE�PROTEIN INTERACTION 473

Fig. 1 Schematic illustration of Na,K-ATPase in a plasma membrane



diac glycosides, consists of an α, βand γ subunit per protomer. It is an integral membrane

protein, which exists in the plasma membranes of all higher organisms. This enzyme is

ATP-driven and actively transports Na+ out of and K+ into the cells to maintain the well

known alkali ion concentration gradients across cellular membranes. A schematic illus-

tration is given in Fig. 1. The resulting concentration gradients contribute significantly to

the membrane potential and can act as driving force for other important physiological

processes. Purified membrane-bound Na,K-ATPase is isolated in form of

nanoparticulate discs (mean diameter around 300 nm), consisting of densely packed and

oriented protein molecules. The results of our thermodynamic study concerning the in-

teraction between the nucleotides ADP and ATP and the binding site of Na,K-ATPase,

located at the former intracellular membrane side, are correlated with the binding data

obtained for Ouabain (Fig. 1). This cardiac glycoside acts as a specific inhibitor at the

former extracellular side of Na,K-ATPase. Certain medium requirements have to be ful-

filled to obtain high-affinity binding. For Ouabain binding, the presence of Mg2+ and Pi

is required for example, whereas Mg2+ and Na+ is generally assumed to be necessary for

high-affinity ADP and ATP binding (cf. Fig. 2).
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Fig. 2 Structure of the cardiac glycoside ouabain (O) and of the adenine nucleotides
(N) ADP and ATP and illustration of the corresponding one-step binding equi-
libria



Experimental

Materials and methods

Chemicals

Chemicals were of analytical grade, supplied by Merck and Fluka. Imidazole

(MicroSelect, Fluka) as buffer compound has been adjusted with HCl (Ultrapur, Merck).

Trans-1,2-diamino-cyclohexane-N,N,N’,N’-tetraacetic acid (CDTA) of quality puriss.

p.a. originated from Fluka. NaCl (Suprapur) was from Merck and choline chloride

(ChCl) of quality Microselect from Fluka. To prepare solutions nominally free of K+, the

contact of all solutions with the combined pH electrode for the pH adjustment was omit-

ted. ATP has been used as Tris (tris(hydroxymethyl)aminomethane) salt (Sigma); ADP

(acid form, Fluka) and phosphoric acid (MicroSelect, Fluka) have been neutralized with

Tris (MicroSelect, Fluka). The nucleotide concentrations have been determined spectro-

photometrically (ε = 15’400 at 260 nm).

Enzyme

Purified membrane-bound Na,K-ATPase has been isolated from dogfish (Squalus
acanthias) rectal gland and pig kidney according to [10, 11]. Protein concentrations

were determined according to Lowry and Popov [11�13]; enzymatic activities under

standard conditions (120 mM NaCl, 20 mM KCl, 3 mM MgCl2, 3 mM ATP in 30 mM

histidine/HCl pH 7.5) were around 37 µmol mg�1 min�1 at 310.2 K. Glycerol has

been added to reduce strong particle aggregation. The calculation of the protein con-

centrations are based on a protomer molecular mass of 155 kDa.

Microcalorimetry

Calorimetric studies have been carried out with the MCS ITC titration calorimeter of

MicroCal at 298.2 K. All solutions have been vacuum degassed. Evaluation was per-

formed with the manufacturer’s program (single site model according to [14]). The

association constants K for inhibitor and nucleotide binding correspond to the

expression given in Eq. (4).

Results

Inhibitor binding

In order to obtain information about the state or properties of a protein such as the

number of available binding sites per protomer, microcalorimetric titrations can be

carried out with a specific inhibitor exhibiting high-affinity binding. In the case of

Na,K-ATPase, ouabain represents the best choice provided the titration is performed

in a suitable medium, for example consisting of Mg2+ and Tris/phosphoric acid

(Tris/Pi) as a type of minimal requirement (cf. Fig. 2 top). In Fig. 3, a typical calori-

metric saturation titration of dogfish Na,K-ATPase with ouabain is shown. The bind-
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ing of this inhibitor is characterized by an exothermic process. Based on the protein

determination of Popov et al. [13], a stoichiometric coefficient of 0.6 per protomer

results from this experiment. For different titrations with the pig kidney and dogfish

enzyme an average stoichiometric coefficient of about 0.55 is obtained. Furthermore,

the titration shown in Fig. 3 allows to determine the ∆H value (about �95 kJ mol�1)

after subtracting the mean heat of dilution of the last 5 signals of the titration experi-

ment (Fig. 3 bottom). A realistic determination of the association constant K is not

possible under conditions of such a high protein concentration as used for the experi-

ment described in Fig. 3. Other studies have revealed a logK value of 7.8 for the dog-

fish enzyme [11]. After saturation of the specific high-affinity site, small additional

heat changes are observed in the titration curve. These heat changes are significantly

larger than the heat changes of ouabain dilution, resulting from every addition, as ob-

tained in the corresponding reference titration (Fig. 3 top). The additional heat

changes are assigned to low-affinity binding of ouabain to the lipid part of the mem-

brane fragment. The determined thermodynamic parameters for high-affinity binding

have not been sensitive to the ionisation enthalpies of the chosen buffer compounds.
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Fig. 3 Determination of the stoichiometric coefficient and the enthalpy change of ouabain

binding to purified Na,K-ATPase: Calorimetric titration of 20 µM dogfish enzyme
in 10 mM imidazole/HCl, 3 mM MgCl2, 3 mM Tris/Pi pH 7.0 containing 25% glyc-

erol (w/w) with 17�7 µL 0.25 mM ouabain in the same buffer medium at 298.2 K
together with the corresponding reference titration (shifted by an offset of

0.75 µJ s�1) in the absence of the enzyme (top). Plot of heat changes attributed to
ligand binding as a function of the concentration ratio between ouabain and
Na,K-ATPase. The solid line corresponds to the theoretical curve related to the re-
sulting parameters given in the text (bottom)



Nucleotide binding

For the investigation of ATP binding to Na,K-ATPase by titration calorimetry it is

necessary to choose media where the added ATP is not appreciably hydrolysed dur-

ing the time required to carry out the measurement. This problem can be circum-

vented by investigating more stable substrate analogues for binding studies such as

ADP or β,γ-N-ATP. Therefore, binding experiments have been mainly performed

with ADP in media of different compositions. Such titrations should allow not only

to determine the corresponding stoichiometric coefficient and the related thermody-

namic parameters but it should also provide information about the minimal medium

requirements to achieve high-affinity nucleotide binding.

In the presence of 10 mM imidazole/HCl, 0.25 mM CDTA pH 7.5 containing

25% glycerol (w/w) and without of any additionally added salt (low ionic strength

conditions), almost no heat signal due to nucleotide binding has been detected, which
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Fig. 4 Determination of thermodynamic parameters of ADP binding to purified

Na,K-ATPase: Calorimetric titration of 17.5 µM dogfish enzyme in 10 mM
imidazole/HCl, 0.25 mM CDTA and 3 mM NaCl pH 7.5 containing 25% glycerol

(w/w) with 18�5 µl 0.5 mM TrisADP in the same buffer medium at 298.2 K (top).
Plot of heat changes attributed to ligand binding as a function of the concentration
ratio between ADP and Na,K-ATPase. The solid line corresponds to the theoreti-
cal curve related to the resulting parameters given in the text (bottom)



represents a surprising observation. This implies that either the binding enthalpy is

close to zero or that no high-affinity binding occurs in this medium.

In contrast to this result, Fig. 4 shows the result of an ADP titration of the dog-

fish enzyme in the medium mentioned before but containing now 3 mM NaCl in ad-

dition. A clear titration profile, characteristic of exothermic binding, has been ob-

served, which indicates high-affinity nucleotide binding. After achieving saturation

of the high-affinity nucleotide binding site (Fig. 4 top), the resulting areas of the heat

signals remain nearly constant. The corresponding peak areas are, however, slightly

larger than those obtained only from nucleotide dilution, as observed in the corre-

sponding reference titrations (not shown in Fig. 4). For the purpose of quantitative

evaluation, the mean value of the last four signals of the titration is subtracted from

the heat signals of the complete titration (Fig. 4 bottom). The evaluation provides

values for logK of about 6.2, ∆H of �65 kJ mol�1 and a stoichiometric coefficient

around 0.65. This stoichiometric coefficient is similar to the one found for ouabain

binding. The calculated ∆S value is about �100 J mol�1 K�1. High-affinity ADP bind-

ing has not only been observed in the presence of 3 mM or higher concentrations of

NaCl. In the absence of NaCl, it has also been detected upon titrations in the presence

of 3 mM MgCl2 or alternatively with 120 mM ChCl, corresponding to high ionic

strength conditions. Although it is generally assumed that the presence of Mg2+ leads

to an increase of the nucleotide binding affinity, as reported recently [7], our calori-

metric studies indicate the opposite behavior. We find a decrease of the affinity by a

factor of about four, compared to the medium containing 3 mM NaCl. Since the pres-

ence of KCl does antagonize nucleotide binding, it is not surprising that no heat

changes due to high-affinity nucleotide binding have been detected during a corre-

sponding control titration in the presence of 120 mM KCl. The results with the pig

kidney enzyme are closely related. The determined thermodynamic parameters do

not depend on the ∆H value of the applied buffer compound. Thus no marked heat

change resulting from protolytic reactions appears to contribute to the determined

∆H value.

Very similar calorimetric results have also been observed for ATP binding in the

same media. However, in a medium containing the combination of 3 mM MgCl2 and

120 mM NaCl, fast hydolysis of ATP after every addition occurs in the titration ex-

periment. For the dogfish enzyme in the presence of 3 mM NaCl, essentially the same

equilibrium constant as for ADP is obtained. However, the magnitudes of the nega-

tive ∆H and the ∆S value are markedly higher than for ADP. Also here, addition of

Mg2+ decreases ATP affinity. No marked differences have been found between the

membrane-bound pig kidney and dogfish enzyme. No high-affinity binding has been

detected for AMP binding by titration calorimetry.

Discussion and conclusions

The interaction stoichiometry in terms of number of active sites n per protomer of

Na,K-ATPase for nucleotide and ouabain binding as well as for phosphorylation has of-

ten been investigated and debated [15�20]. Up to now, the majority of binding studies
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have been carried out with radioactive ligands at low temperature. Although analytical

protein determinations differ between different labs and thus can affect the results, n was

usually markedly lower than 1. Our calorimetric results, which depend on the liberation

or consumption of heat as a very fundamental property, provide an average value for in-

hibitor and substrate binding under suitable conditions around 0.6 for the mem-

brane-bound pig kidney and dogfish enzyme. This implies that nearly half of the protein

molecules are in a non-binding state with regard to the investigated ligands in the chosen

concentration ranges. As possible reasons we have to take into consideration that part of

the enzyme may have been isolated in denatured form although our enzymatic activities

reach the maximum values hitherto obtained, or may be of reduced activity due to a regu-

latory modification. Binding to a diprotomer state exhibiting negative cooperativity

could represent an additional explanation but appears rather unlikely because this would

have to concern both type of ligands, ouabain and nucleotides. These ligands do not only

differ with regard to their chemical nature, they bind also to completely different sites

that are located on opposite sides of the membrane. The regulatory aspect appears to rep-

resent an attractive possibility because a value of n close to 1 has been reported recently

for a preparation, isolated accordingly but obtained from the nasal salt gland of specially

feeded ducks [21], where the regulatory barrier could have been released to achieve

higher enzymatic activity.

The exothermic binding of ouabain to the former extracellular side of the pro-

tein is characterized by a large enthalpy change of about –95 kJ mol�1 at 298.2 K.

This is characteristic of a very strong interaction, assumed to be preferentially caused

by hydrogen bond formation. This large enthalpic contribution to the free energy of

ouabain binding is markedly compensated by a large negative entropy change of

about �150 J mol–1 K�1 [22]. This unfavorable entropic contribution is assumed to be

mainly due to an increased interaction between water molecules and the protein as a

consequence of a conformational transition occurring upon the binding of this car-

diac glycoside.

Under our low ionic strength conditions such as 10 mM imidazole/HCl pH 7.5,

there is no evidence for high-affinity nucleotide binding because no marked heat

change has been observed during the titrations with ADP and ATP. Although pre-

vented nucleotide binding does not seem probable to occur, we can not rule out that

binding takes place, however, without of a resulting enthalpy change. In principle,

also strong membrane particle aggregation could perhaps prevent ligand binding.

However, this is ruled out because high-affinity K+ binding can easily be observed

under our conditions [23]. Upon addition of 3 mM NaCl, which leads to the formation

of the Na+ complex of Na,K-ATPase [24], high-affinity ADP and ATP binding is pos-

sible and association constants around 106 M�1 are obtained. This value is consistent

with those of early investigations [15�19], but it is markedly lower than in the case of

recent fast separation studies with radioactive nucleotides performed at low tempera-

ture [7, 8]. The discrepancy can not be explained only on the basis of the different

temperatures applied but may be due to not fulfilled assumptions introduced for the

determination of the water content in the concentrated sample of the radioactive pro-

tein/nucleotide complex [7]. As for Ca-ATPase [25], ADP and ATP nucleotides can
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also bind to Na,K-ATPase in the absence of added Mg2+. Furthermore, according to

calorimetry the presence of Mg2+ does not lead to an increased affinity for nucleotide

binding as generally assumed and reported recently [7]. We even observe a reduction

of the affinity in the presence of 3 mM MgCl2. High-affinity ADP and ATP binding

can, however, also be detected in the absence of Na+ or Mg2+ provided high ionic

strength conditions such as 120 mM ChCl are present. This result suggests that the

conformational properties and thus the binding properties of Na,K-ATPase depend in

a sensitive manner on the ionic strength of the medium. The relevance of general

cationic interactions such as with ChCl on the conformation of Na,K-ATPase has al-

ready been emphasized earlier [26].

In a recent investigation [7], the affinities have been interpreted in terms of mo-

lecular interactions. This is only meaningful if either ∆S for different nucleotides is

equal to zero or adopts a constant value. Although the association constants for ADP

and ATP binding are similar according to our calorimetric results, the magnitude of

the enthalpy change for ATP binding is larger than that for ADP binding. This is in-

dicative of an increased number of protein interactions for the tri- than for the

diphosphate. Similar to ouabain, the entropy change of ADP and ATP binding is

large and negative. As for ouabain binding, this can imply that the protein offers

more access to water molecules in the bound state, for example as a consequence of a

structural change upon ADP and ATP binding. This unfavorable entropy change is

larger for ATP than for ADP, leading to an enthalpy/entropy compensation. Such a

compensation is characteristic of the same type of protein/nucleotide interaction such

as H-bond formation. As AMP is not strongly bound to Na,K-ATPase, our results

thus question the molecular interpretations given in [7], where the interaction be-

tween the negatively charged α-phosphate group of the nucleotides and the protein is

considered to provide the most relevant contribution for the binding affinity. We
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Fig. 5 Proposed molecular model for the interactions of deprotonated ATP in the nucleo-
tide binding pocket of Na,K-ATPase. Adenine part: stacking interaction of the
heterocyclic ring system with an aromatic residue such as Phe and hydrogen
bonding of the amino group with a protonated basic residue such as Lys;
triphosphate part: salt bridge of the ß-phosphate group with a protonated basic res-
idue such as Lys



rather postulate that the negative charge of the β-phosphate group is of special impor-

tance for this interaction with at least one positively charged group of the

Na,K-ATPase, for example a lysine side chain as indicated schematically in Fig. 5.

The adenine part of ADP and ATP is likely to be bound in a hydrophobic pocket, sta-

bilized by a stacking interaction (cf. Fig. 5). Concerning general structural features,

all our results can be easily understood on the basis of a structure model similar to

that reported for Ca-ATPase [6].
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