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ABSTRACT The transport function of the Na pump (Na,K-ATPase) in cellular ion homeostasis involves both nucleotide binding
reactions in the cytoplasm and alternating aqueous exposure of inward- and outward-facing ion binding sites. An osmotically
active, nonpenetrating polymer (poly(ethyleneglycol); PEG) and a modifier of the aqueous viscosity (glycerol) were used to probe
the overall and partial enzymatic reactions of membranous Na,K-ATPase from shark salt glands. Both inhibit the steady-state
Na,K-ATPase as well as Na-ATPase activity, whereas the K1-dependent phosphatase activity is little affected by up to 50% of
either. Both Na,K-ATPase and Na-ATPase activities are inversely proportional to the viscosity of glycerol solutions in which the
membranes are suspended, in accordance with Kramers’ theory for strong coupling of fluctuations at the active site to solvent
mobility in the aqueous environment. PEG decreases the affinity for Tl1 (a congener for K1), whereas glycerol increases that for
the nucleotides ATP and ADP in the presence of NaCl but has little effect on the affinity for Tl1. From the dependence on osmotic
stress induced by PEG, the aqueous activation volume for the Na,K-ATPase reaction is estimated to be ;5–6 nm3 (i.e., ;180
water molecules), approximately half this for Na-ATPase, and essentially zero for p-nitrophenol phosphatase. The change in
aqueous hydrated volume associated with the binding of Tl1 is in the region of 9 nm3. Analysis of 15 crystal structures of the
homologous Ca-ATPase reveals an increase in PEG-inaccessible water space of ;22 nm3 between the E1-nucleotide bound
forms and the E2-thapsigargin forms, showing that the experimental activation volumes for Na,K-ATPase are of a magnitude
comparable to the overall change in hydration between the major E1 and E2 conformations of the Ca-ATPase.

INTRODUCTION

The sodium pump (Na,K-ATPase) maintains the necessary

ionic balance of high K1 and low Na1 in almost all cells,

including important specialized tissues such as nerve and

kidney. The enzyme couples the hydrolysis of ATP to a

vectorial transport of 3 Na1 ions out of the cell and 2 K1 ions

into the cell per ATP utilized. An ultraminimal model of the

transport cycle (reviewed in Møller et al. (1) and Kaplan (2))

is depicted below.

SCHEME 1

In the presence of Na1 and Mg21 (these ligands are omitted

for clarity), the enzyme in the E1 form binds ATP, forming

E1P, the first phosphorylated intermediate. A spontaneous

conformational transition to E2P leads to extrusion of Na1;

and in the presence of extracellular K1 the enzyme is rapidly

dephosphorylated, leading to the so-called ‘‘occluded’’ state

E2(K) in which bound K1 does not exchange rapidly with

bulk K1. ATP—acting with low affinity—accelerates con-

version of the enzyme from E2(K) to the E1ATP form with

release of K1 on the cytoplasmic side, and this completes a

Na,K-ATPase cycle. In the absence of K1, the E2P form de-

phosphorylates spontaneously (dashed line) to reform the

E1ATP intermediate directly, and this constitutes a Na-

ATPase cycle. The rate of Na,K-ATPase turnover at optimal

ligand concentrations is typically 30-fold faster than is that of

the Na-ATPase reaction.

Numerous biochemical experiments suggest large-scale

conformational changes between the E1 and E2 conforma-

tions (see Møller et al. (1) and Kaplan (2)), both in the

phosphorylated and in the dephosphorylated states. (For Ca-

ATPase, these conformational changes are revealed by

crystal structures of the different forms (3–10).) This bio-

chemical evidence holds for the Na-ATPase reaction as well

as for the overall Na,K-ATPase reaction, both of which are

monitored in this study. The partial reactions studied include

the occlusion of K1 (using 204Tl1 as a radiolabeled conge-

ner), which requires the E1 to E2 transition, and the high-

affinity nucleotide binding reaction that takes place solely

with the E1 form of the enzyme, which is the protein con-

formation in the presence of Na1. The enzyme can also

perform a K-dependent phosphatase reaction (K-pNPPase)

that is thought to be associated solely with the E2(K) form,

which is the dominant protein conformation in K1-containing

media.

The ATP binding site of the Na,K-ATPase is accessible to

the aqueous environment on the cytoplasmic side of the
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membrane, and the E1-E2 conformational change involves

alternating exposure of inward- and outward-facing ion

binding sites in the transmembrane section of the protein.

Manipulation of the aqueous environment therefore offers an

effective means to probe these essential features of the en-

zymatic cycle. On the one hand, osmotic stress induced by

sterically excluded polymers can be used to study the influ-

ence of hydration on enzyme activity, ligand binding, and

conformational changes (11,12). On the other hand, variation

of the external viscosity gives information on the coupling of

protein fluctuations to the solvent (13,14).

In this work, the effects of poly(ethyleneglycol) (PEG)

and glycerol on overall and partial enzymatic reactions of

Na,K-ATPase from shark salt glands are used to study the

influence of osmotic stress and solvent viscosity, respectively.

The nonpenetrant polymer PEG-4000 will be excluded from

functionally significant osmotically active compartments to

which glycerol is still accessible. Hence, it is anticipated that

PEG will have a far greater osmotic effect than does glycerol

(15). On the other hand, PEG is also excluded from the protein

outer surface (16) and therefore, unlike glycerol, is not ex-

pected to exhibit a viscous coupling to fluctuations at the

protein active site. This expectation that PEG will exert its

effect on the enzyme activity by osmotic pressure (15,16),

whereas that of glycerol arises primarily from modification of

solvent viscosity (17,18), is supported by the measurements

reported below. Equilibrium measurements, such as those of

binding constants, do not depend on viscosity and are less

affected by glycerol.

Enzymatic reactions that likely involve large-scale con-

formational changes, e.g., overall Na,K-ATPase and the Na-

ATPase, are most affected by osmotic stress and viscosity,

whereas the K-pNPPase reaction, which is not accompanied

by conformational transitions, is much less perturbed by PEG

and glycerol. The deocclusion reaction E2(Tl) / E1 1 Tl1

appears to be accompanied by a change in hydration similar

to that of the overall Na,K-ATPase, whereas the nucleotide

binding reaction, which is thought to take place in the E1 form

without an associated conformational transition (E1 1ATP 4
E1ATP), is found to involve very little change in hydration of

the protein.

The results are discussed in terms of the size of water-filled

cavities and channels that are revealed by analysis of the

known three-dimensional structures of the homologous

Ca-ATPase (SERCA 1) in different conformational states.

The results suggest that large changes in hydration of the

Na,K-ATPase occur during the catalytic cycles and cation

occlusion reactions, involving several hundreds of water mol-

ecules, some possibly located near the phosphorylation site.

MATERIALS AND METHODS

PEG with an average molecular weight of 4000 was obtained from Hampton

Research (Aliso Viejo, CA), and analytical grade glycerol was from Merck

(Darmstadt, Germany). [14C]ADP and [14C]ATP were from Perkin Elmer

Life Sciences (Boston, MA), and [3H]glucose was from Amersham Biosci-

ences (Hilleroed, Denmark). 204Tl1 was obtained from Risoe National

Laboratory (Roskilde, Denmark). Osmotic pressures of aqueous PEG solu-

tions were taken from the no longer functional Rand website at Brock

University (19), and osmotic pressures of glycerol solutions were calculated

from osmolalities given in Weast (20). Viscosities of glycerol and PEG so-

lutions were measured as described previously (21); values at 23�C were

interpolated from measurements at 10�C, 20�C, and 30�C. For reference, the

osmotic pressures and viscosities of the PEG and glycerol solutions are given

in Fig. 1. Concentrations of solutes, PEG or glycerol, are expressed

throughout as wt/vol percentage (w/v%), i.e., g of solute in 100 ml of so-

lution. This is related to the weight percentage, wt % ¼ g solute in 100 g

solution, used by Reid and Rand (15) by

w=v% ¼ 100 3 wt %

�nPEGwt% 1 �nwð100� wt %Þ; (1)

where the partial specific volumes of PEG-4000 and water are �nPEG ¼ 0.754

ml/g and �nw ¼ 1.006 ml/g at 20�C (derived from Hasse et al. (22)). The

difference is 2% at the highest PEG concentration used (30% w/v).

FIGURE 1 (A) Viscosity and (B)

osmotic pressure of PEG-4000 (n, left-

hand ordinate) and glycerol (d, right-
hand ordinate) aqueous solutions as a

function of cosolvent composition (see

text).
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Enzyme preparation and assays

Membranous Na,K-ATPase was prepared from the salt gland of Squalus

acanthias according to the method of Skou and Esmann (23), with the

omission of the treatment with saponin. The specific activity ranged from

1500 to 1700 mmol ATP hydrolyzed/mg protein per hour when assayed at

37�C. Enzymatic activities and protein contents were determined as de-

scribed previously (24). Assays of steady-state Na,K-ATPase (with 130 mM

NaCl, 20 mM KCl, and 4 mM MgCl2 in the assay medium) or Na-ATPase

(in 150 mM NaCl and 4 mM MgCl2) activities were performed for the

these studies at 23�C by measuring phosphate liberation from ATP (3 mM in

assay medium) with colorimetric methods (25,26). Steady-state K-pNPPase

activity (150 mM KCl, 20 mM MgCl2, and 10 mM pNPP (p-nitro-

phenylphosphate) in the assay medium) was assayed at 23�C by following

the increase in absorbance at 410 nm from liberation of p-nitrophenol. In all

assays (duration 2–20 min) the pH was maintained at 7.2 with a 30 mM

histidine buffer, and when required the assay medium also contained glycerol

or PEG.

Binding of nucleotide

Equilibrium binding of ADP or ATP was measured in double-labeling fil-

tration experiments, essentially as described previously (27). Before filtration

of the Na,K-ATPase suspension, two stacked Millipore HAWP 0.45-mm

filters (Millipore, Bedford, MA) were washed with 1 ml of buffer solution (30

mM NaCl and 10 mM histidine, adjusted to pH 7.0 with 0.65 mM CDTA

(cyclohexane diamine tetraacetic acid)) containing glycerol or PEG, when

required, but with neither radioactivity nor enzyme present. Na,K-ATPase

was allowed to equilibrate at 20�C for 10 min in the same buffer that con-

tained various concentrations of [14C]ADP or [14C]ATP and [3H]glucose and

when required also 50% glycerol or 20% PEG. One milliliter of this enzyme

suspension (usually 0.24–0.28 mg protein/ml) was loaded on the filters.

Then, without rinsing, the filters were counted separately in 4 ml Packard

Filtercount scintillation fluid (Packard, Groningen, The Netherlands). For

each filter, the amount of nucleotide bound to the protein was calculated by

subtracting from the total amount of nucleotide on the filter (bound plus

unbound nucleotide) the amount of unbound nucleotide that was trapped in

the filter together with the wetting fluid. The latter was taken to be propor-

tional to the amount of [3H]glucose in the same filter. The concentration of

free nucleotide in the suspension was then calculated by subtraction of the

amount bound to the protein. In a typical experiment, the volume of the

wetting fluid on the filter was ;40 ml. At a concentration of 10 mM nucle-

otide (the largest used here), the amount of unbound nucleotide is thus 0.4

nmol, which is comparable to the amount of specifically bound nucleotide

(;0.3 nmol per filter). At a nucleotide concentration equal to Kd (0.1–0.3

mM), the correction for unbound nucleotide is thus only a small fraction of

the bound nucleotide. The enzyme was fully retained on the upper filter, as

indicated by the absence of protein in the eluate from separate single-filter

experiments (data not shown). Counting the second filter, which thus did not

contain Na,K-ATPase, also showed that there was no preferential binding of

radiolabeled nucleotide to the filters relative to glucose. The binding data

were analyzed by nonlinear least-squares fitting with a single term that is

hyperbolic in the nucleotide concentration.

Binding of Tl1

The binding of 204Tl1 was measured using a method similar to that described

above for nucleotide binding (28). Na,K-ATPase was allowed to equilibrate

at 20�C for 30 min in a buffer containing 10 mM histidine (adjusted to pH 7.0

with 0.65 mM CDTA) and 5 mM Tris2SO4. The buffer also contained var-

ious concentrations of 204Tl1 and [3H]glucose and, when required, also 50%

glycerol or 20% PEG. One milliliter of this suspension (usually 0.20–0.24

mg protein/ml) was loaded on three stacked Millipore HAWP 0.45-mm filters

(which had been prewetted with 1 ml buffer solution as above). In contrast to

the experiments with ADP and ATP, there is appreciable adsorption of Tl1 to

the Millipore filters in the absence of protein. In addition, it was observed that

for control enzyme a single filter retained all of the enzyme, but in the

presence of PEG ;40% of the protein could be detected in the eluate from a

single filter (estimated from the absorbance at 280 nm after the addition of

1% sodium dodecyl sulfate). With glycerol ;10–15% of the protein passed

through a single filter.

The binding of Tl1 to the control Na,K-ATPase membranes was calcu-

lated as the difference between Tl1 binding to the upper filter and to the

second filter. The third filter served as an additional control and gave the

same Tl1 binding as the second filter did (see Fig. 4 A). For binding Tl1 to

membranes in 50% glycerol or 20% PEG, the second or third filters were not

adequate controls for Tl1 adsorption due to protein leakage from the upper

filter. Therefore, separate filtration experiments with various Tl1 (and

[3H]glucose) concentrations and 50% glycerol or 20% PEG, but without

Na,K-ATPase, were performed. Binding Tl1 to these filters served as con-

trols for Tl1 adsorption to the filters, and the same Tl1 binding was observed

for all three filters in the absence of enzyme. The specific binding of Tl1 to

Na,K-ATPase was calculated as the difference between Tl1 binding to the

upper filter with and without enzyme. A larger variation in Tl1 binding than

in nucleotide binding was observed. The PEG and glycerol solutions are very

viscous, and the duration of the filtration step is prolonged relative to that of

the control enzyme. This, together with the three-filter setup for Tl1 binding,

might contribute to the increased variability.

The data for specific binding of Tl1 to Na,K-ATPase (see Fig. 4 B) are

fitted by a single hyperbolic function,

½Bound Tl
1� ¼ Bocc 3 ½Tl

1�=ðKd 1 ½Tl
1�Þ; (2)

which gives the binding of Tl1 to the occlusion sites with capacity Bocc and

dissociation constant Kd. Equilibrium dissociation constants derived from

data fitting with Eq. 2 were compared using Student’s test with unequal

variance (t9).

Bioinformatic analysis

Crystal structures of the different forms of the Ca-ATPase were obtained

from the Research Collaboratory for Structural Bioinformatics protein da-

tabase (29), with Protein Data Bank (PDB) accession codes 1SU4 (3); 1IWO

(4); 1T5S and 1T5T (5); 1XP5 (6); 1WPE and 1WPG (7); 1VFP (8); 2C88,

2C8K, and 2C8L (9); and 2EAR, 2EAS, 2EAT, and 2EAU (10). Potential

water binding pockets were identified by using the PASS program (30). A

probe radius of 0.18 nm and a burial count threshold of 5.5 nm were used to

identify cavities. Dimensions of channels from internal water sites to the

exterior aqueous environment were determined by using the Caver program

(31). Structures were displayed using PyMOL software (32).

The core volume of protein was calculated using the Voidoo software

package (33) with a probe sphere radius of 0.18 nm representing a water

molecule. The volumes that are inaccessible to water (and thus represent the

core of protein) are ;208 nm3. Probing the protein surface with a sphere of

radius 1.1 nm (corresponding to that of PEG-4000, assuming a molecular

mass of 4000 Da and a density of 1.21 g/ml) yields volumes between 540 and

585 nm3, which are inaccessible to PEG. The volume that is accessible to

water but inaccessible to PEG (calculated as the difference between the PEG-

inaccessible and the water-inaccessible volumes) is thus in the range 332–

377 nm3.

RESULTS

ATPase and pNPPase steady-state activities of
the sodium pump

Fig. 2 shows the time course of product formation in the

Na,K-ATPase reaction at 23�C for membranous enzyme

suspended in aqueous solutions of PEG or glycerol with
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different cosolvent concentrations. The enzyme is inhibited

in a concentration-dependent manner by the addition of PEG

or glycerol, but the release of product still increases linearly

with time under all conditions. Increasing the concentration

of the substrate ATP from 3 mM to 4 mM did not increase the

steady-state rate of hydrolysis in PEG or glycerol (data not

shown), suggesting that the reduction in steady-state enzyme

activity by these agents is not due to substrate limitation.

Fig. 3 shows the effects of PEG (panel A) and glycerol

(panel B) during hydrolysis of ATP and pNPP at 23�C. For

the overall Na,K-ATPase reaction, the steady-state activity is

reduced to half by 18% (w/v) PEG and 27% (w/v) glycerol,

respectively, whereas slightly higher concentrations of PEG

are required to halve the Na-ATPase activity. Note that the

profile of inactivation by PEG shows no obvious relation

with the pattern of PEG-induced aggregation of the enzyme

that is detected by saturation-transfer electron spin resonance

(21). In contrast to the ATPase activities, the K-pNPPase

activity is stimulated slightly by 30–40% (w/v) glycerol and

not affected by PEG up to 30% (w/v). Steady-state hydrolysis

rates for the Na-ATPase are the same at 3 and 4 mM ATP and

were also the same at 10 and 13 mM pNPP for the phos-

phatase reaction. As for the Na,K-ATPase activity (see

above), this suggests that the reduction in steady-state Na-

ATPase and K-pNPPase activity by PEG or glycerol is not

due to substrate limitation (data not shown).

The effects of glycerol and PEG on the steady-state ac-

tivities are fully reversible at the concentrations studied here.

This was determined, after 5 min incubation, by dilution of

the assay medium by a factor of three with PEG- or glycerol-

free assay medium. A new steady-state rate was obtained,

which was identical to that seen when the assay medium had

these concentrations from the start of the assay period (data

not shown).

Tl1 binding at equilibrium

Equilibrium binding of 204Tl1 to Na,K-ATPase membranes

is shown in Fig. 4. In the absence of PEG or glycerol, the

upper filter fully retains the membranes, together with a

concentration-dependent amount of Tl1, as shown in Fig.

4 A. In the absence of membranes, the filters also absorb Tl1,

as evidenced by the identical amounts of Tl1 associated with

the second and third filters. The straight line through the data

for the second and third filters has a slope of 0.080 nmol Tl1/

filter per mM Tl1. The binding of Tl1 to the first filter is thus

the sum of specific binding to the protein (Eq. 2) and ad-

sorption on the filter. Subtraction of the amount of nonspe-

cifically absorbed Tl1 on the third filter from that on the first

filter, at each Tl1-concentration, leads to the binding curve

for control enzyme that is shown in Fig. 4 B (solid triangles).

FIGURE 2 Time course of phosphate release (mmoles per mg protein) on

ATP hydrolysis at 23�C under Na,K-ATPase assay conditions (130 mM

NaCl, 20 mM KCl, 4 mM MgCl2, 3 mM ATP, 30 mM histidine, pH 7.4) for

enzyme suspended in assay buffer (:), in assay buffer with 20% PEG (n),

or with 20% glycerol (d).

FIGURE 3 Effects of glycerol and

PEG on steady-state enzyme activities

at 23�C associated with the sodium

pump. PEG (A) or glycerol (B) is pre-

sent during turnover, and the activities

for Na,K-ATPase (n,d), Na-ATPase

(h,s), and K-pNPPase (D) are given as

percentages of the activity in the absence

of glycerol or PEG. Averages of two to

four determinations are given 6 SD.
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This gives the average of four experiments and the corre-

sponding fit by Eq. 2. Nonlinear regression for the enzyme in

the absence of PEG or glycerol yields an occlusion capacity

Bocc ¼ 2.5 6 0.1 nmol Tl1/filter and a dissociation constant

Kd ¼ 2.8 6 0.5 mM. The latter is of the same order as the

values reported for kidney enzyme (34).

For calculation of the specific binding of Tl1 in the pres-

ence of 50% glycerol or 20% PEG, the nonspecific adsorp-

tion of Tl1 to filters in the absence of enzyme was used as the

reference for subtraction. The average of four such experi-

ments for Na,K-ATPase membranes in 50% glycerol (solid
circles) and 20% PEG (solid squares) are shown in Fig. 4 B.

Values of Kd that result from hyperbolic fits to the Tl1

binding curves are listed in Table 1. The dissociation constant

for binding to the Tl1 occlusion sites increases from ;2.8

mM in buffer alone to 3.8 mM on addition of 50% (w/v)

glycerol and to 12.5 mM with 20% (w/v) PEG (see Table 1).

Statistical analysis shows that the probability that the value of

Kd determined in 20% PEG is different from that for the

control samples is larger than 99.5%, whereas the effect of

50% glycerol on Kd is much less significant (probability

.95%).

The occlusion capacity of 2.5 nmol Tl1 per filter for en-

zyme in buffer corresponds to ;10 nmol Tl1 per mg protein

on the filter. The high affinity binding of nucleotides (see

below) shows that this preparation contains ;3 nmol ADP or

ATP sites per mg protein. This corresponds to ;3 occluded

Tl1 ions per nucleotide site, which is larger than the two Tl1

expected from the transport stoichiometry (see below). We

have previously observed ;2 Tl1 ions occluded per nucle-

otide site by using a centrifugation technique, which allows a

larger range of Tl1 concentrations to be tested. But in addi-

tion, the data indicated a large nonspecific low-affinity

binding of Tl1 to the membranes (28,35). It is possible that

the errors in the determination of Tl1 bound at high con-

centrations in the filter experiments obscure the nonspecific

component. Using the data for nonspecific binding to shark

enzyme from Jakobsen et al. (35), we estimate this to be ;2.5

nmol/mg at 30 mM Tl1, which corresponds to almost one Tl1

per nucleotide binding site. To within experimental uncer-

tainty, the Tl1 occlusion capacity in the presence of 50%

glycerol or 20% PEG is similar to that of the control enzyme,

but precision is severely limited by the differential retention

of the protein on the filters.

FIGURE 4 Tl1 binding to Na,K-

ATPase. (A) Na,K-ATPase in 5 mM

Tris2SO4, 0.65 mM CDTA, and 10 mM

histidine (pH 7.0) was equilibrated with
204Tl1 at the concentrations indicated,

and 1 ml containing 0.225 mg protein

was filtered through three stacked

Millipore 0.45 mm-HAWP filters.

The amount of Tl1 bound (in nmol)

to the first (:), second (D), and third

(e) filter is shown (see Materials and

Methods). The solid lines are fits to

Eq. 2, with a linear correction for

adsorption on the filter. (B) Tl1 bind-

ing (nmol Tl1 per filter) to enzyme in

buffer (:) and to enzyme equilibrated

with 50% (w/v) glycerol (d) or 20%

(w/v) PEG (n). Data are obtained from

Tl1 binding to the first filter by sub-

tracting that to the third filter, in the

case of control enzyme, and by subtrac-

tion of Tl1 bound to filters in the

absence of enzyme, in the case of sam-

ples containing PEG or glycerol (see

Materials and Methods for further de-

tails). The symbols represent the aver-

age of four determinations. Solid lines

are fits of Eq. 2, yielding the dissocia-

tion constants given in Table 1.

TABLE 1 Effects of PEG and glycerol on dissociation

constants for ligand binding

Kd (mM)

Ligand Buffer 50% (w/v) glycerol 20% (w/v) PEG

Tl1 2.8 6 0.5 3.8 6 0.7 12.5 6 3.2

ADP 0.243 6 0.009 0.148 6 0.008 0.215 6 0.032

ATP 0.173 6 0.005 0.123 6 0.015 0.162 6 0.019

Na,K-ATPase membranes were suspended in buffer alone or with the

indicated concentrations of glycerol or PEG at 23�C. For Tl1 binding, the

buffer contained 5 mM Tris2SO4, 0.65 mM CDTA, and 10 mM histidine

(pH 7.0). For ADP and ATP binding, the buffer contained 10 mM histidine

(adjusted to pH 7.0 with 0.65 mM CDTA) and 30 mM NaCl. Dissociation

constants were obtained as described in Materials and Methods.
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Equilibrium nucleotide binding

The dissociation constants determined for high-affinity

binding of ATP and ADP are listed, along with those for Tl1

occlusion, in Table 1. For high-affinity nucleotide binding,

there is a small but significant effect of glycerol and no effect

of PEG. The dissociation constant for ADP binding in buffer

containing 30 mM Na1 is ;0.24 mM, and the addition of

50% (w/v) glycerol results in a decrease to Kd ¼ 0.15 mM

(probability of a difference is larger than 99.9%). The addi-

tion of 20% (w/v) PEG, on the other hand, only causes a

decrease in Kd to 0.22 mM. The binding capacity for ADP

determined from single hyperbolic fitting of the data are

2.9 6 0.2 nmol/mg protein for the enzyme in buffer and is not

affected by glycerol or PEG. For ATP binding, the dissoci-

ation constant is smaller than that for ADP by a factor of 1.4,

and again glycerol increases the affinity for nucleotide in a

significant manner (probability of difference is larger than

99.8%), whereas PEG does not.

Modeling with Ca-ATPase structures

Fig. 5 shows the location of water-filled cavities in the crystal

structures of the E1-Ca and E1-CaAMPPCP forms of the Ca-

ATPase, as predicted by the PASS program (AMPPCP is a

nonhydrolysable analog of ATP). The PASS software is

developed to identify potential ligand binding sites in pro-

teins, and these are characterized by water-filled pockets or

internal cavities in the protein. The major internal cavity

identified is that associated with the nucleotide binding site in

the E1-CaAMPPCP form, which is located in the large cy-

toplasmic domain of the Ca-ATPase near the phosphoryla-

tion residue Asp-351. This cavity is indicated by the blue

spheres of radius 0.18 nm (representing a water molecule) in

Fig. 5. It is completely absent in the open, Ca-bound form

that is shown in the lower row of Fig. 5. This feature is a

characteristic of the large-scale conformational change be-

tween the two forms that is evident from comparing the

structure in the upper row of Fig. 5 with that in the lower row.

In the right-hand panels of Fig. 5, the same two protein

conformations are shown with a nontransparent protein sur-

face, revealing which of the water-filled cavities resolved by

the PASS software are only on the surface of the protein and

which are buried.

Fig. 6 shows the profiles of three channels from the phos-

phorylation site at Asp-351 to the exterior of the protein in the

E1-CaAMPPCP form, as determined by the Caver program.

For each channel, the radius is given as a function of the

distance to Asp-351 along the escape path identified between

the amino acid side chains of the protein. Segments of the

green and blue channel (see inset in Fig. 6) correspond in part

to the water-filled cavity that is identified by the PASS pro-

gram (Fig. 5). The initial part of the third channel (red) is

shared with the blue channel. Circles in Fig. 6 indicate how far

the water-filled cavity identified by the PASS program ex-

tends from the origin of the Caver channels. The channels are

sufficiently constricted (R� 0.2–0.4 nm) as to exclude PEG-

4000 (r � 1.1 nm) but should be able to accommodate glyc-

erol (r � 0.3 nm) in addition to water. Therefore an osmotic

effect can be expected with the former but not with the latter.

Differences in PEG accessibility that arise from the

opening or closing of water channels and cavities can be de-

termined most directly and accurately by using the Voidoo

software (33), which precisely maps the surface inaccessible

to a probe sphere of defined radius. This analysis was applied

to the 15 available crystal structures of the different forms of

the Ca-ATPase (3–10). Fig. 7 shows the core volumes of the

protein calculated using a sphere of radius 0.18 nm repre-

senting a water molecule (cross-hatched bars). The average

value for the 15 structures is 207.9 6 2.4 nm3 (indicated by

the lower horizontal line). Similarly, the volumes inaccessi-

ble to PEG are given by the hatched bars in Fig. 7. The

volume that is accessible to water but inaccessible to PEG is

shown for each conformation by the solid bars. The data are

grouped into the E1-nucleotide forms (1T5S, 1T5T, 1WPE,

1VFP) and the E2-forms with thapsigargin bound (1IWO,

1WPG, 1XP5, 2C88, 2CK8, 2C8L, 2EAR, 2EAS, 2EAT,

FIGURE 5 Potential water binding pockets in the Ca-ATPase identified

by the program PASS (30) using spheres of radius 0.18 nm. Left-hand

column (A and C): protein backbone is shown as wires and water molecules

as blue spheres. The phosphorylation site (Asp-351, red), the AMPPCP

molecule (cyan), and the two bound Ca21 ions (green) are indicated in

space-filling representation. Right-hand column (B and D): protein is shown

as surface contour and water molecules as blue spheres. Top row (A and B):

E1-CaAMPPCP form (PDB code: 1T5S). The expanded view shows the

major cluster of 386 spheres, together with AMPPCP. Lower row (C and D):

E1-Ca form (PDB code: 1SU4).
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and 2EAU). The average PEG-inaccessible water space is

340.4 6 3.5 nm3 for the E1-forms and 362.8 6 4.1 nm3 for

the E2-forms (indicated by horizontal lines in Fig. 7). The

difference between these two average volumes is 22.4 6 7.6

nm3, which represents an increase in hydration between the

two major E1 and E2 conformational states of the Ca-ATPase

(the probability of a difference is larger than 99.9%). The

E1Ca2-form (1SU4) was omitted from this analysis because it

represents an enzyme conformation different from the nu-

cleotide-bound E1-forms and the thapsigargin-bound E2-

forms.

DISCUSSION

Both PEG and glycerol lead to decreased overall Na,K-

ATPase activity of the enzyme, when present during turnover.

For partial reactions such as K-dependent pNPPase, the effect

is less pronounced; and for nucleotide binding, the affinity

increases with the addition of glycerol. Tl1 binding affinity is

reduced by the addition of PEG. The effects of glycerol on the

Na,K-ATPase and pNPPase activities are in agreement with

initial reports on the influence of glycerol on these reactions

(36,37). We also find inhibition of the Na-ATPase activity by

glycerol, which was not reported in earlier experiments.

An interpretation of these findings could be that enzymatic

reactions involving large-scale conformational changes, e.g.,

overall Na,K-ATPase, are most affected by osmotic stress

and viscosity. On the other hand, the K-pNPPase activity,

which does not involve large-scale conformational transi-

tions, is less perturbed by glycerol and PEG.

Influence of external viscosity on activity

The dependences of the Na,K-ATPase and Na-ATPase ac-

tivities on aqueous viscosity, in glycerol solutions, are shown

in Fig. 8. Both activities are inversely proportional to the

external viscosity, consistent with Kramers’s theory under

high friction (38). This theory characterizes the dependence

of the reaction rate on viscosity of the immediate reaction

volume. Its extension to proteins involves the coupling of

local fluctuations at the active site (strictly speaking those

FIGURE 6 Dimensions of the channels giving access to the phosphoryl-

ation site in the E1-CaAMPPCP form (PDB code: 1T5S) of the Ca-ATPase.

Dependence of the channel radius, R, on the step distance from the phos-

phorylation site is determined using the Caver program (31). Circular

symbols define the extent of the major water-filled cavity identified by the

PASS program (see Fig. 5 A). The inset shows the surface of the channel for

each pathway.

FIGURE 7 Analysis of hydration differences in Ca-ATPase crystal struc-

tures. For 15 Ca-ATPase structures (indicated by their PDB accession codes),

the Voidoo software (33) was used to calculate the volume inaccessible to a

water molecule (represented by a sphere of 0.18 nm radius; cross-hatched

bars) and that inaccessible to a PEG molecule (sphere of 1.1 nm radius;

hatched bars). The difference between these volumes is also shown for each

Ca-ATPase structure (solid bars), and the average volumes are indicated by

horizontal lines.

FIGURE 8 Dependence of Na,K-ATPase (n,d) and Na-ATPase (h,s)

activities on viscosity, hs, of the suspending glycerol (d,s) or PEG (n,h)

solutions. Solid lines are nonlinear, least-squares fits of a 1=he
s dependence

from Eq. 3 to the glycerol data with e ¼ 1.07 6 0.11 and 1.16 6 0.07 for

Na,K-ATPase and Na-ATPase, respectively. Dotted lines through the PEG

data are only to guide the eye.
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involved with passage of the reaction through a rate-limiting

transition state), which drive the enzymatic reaction (13), to

the mobility of the solvent molecules (39,40). The depen-

dence of the rate constant on solvent viscosity, hs, can then be

written more generally as (39)

k ¼ ðA=h
e
sÞexpð�EA=kBTÞ; (3)

where 0 # e # 1, A and e are independent of viscosity, and EA

is the activation energy. At the high viscosity limit (e ¼ 1),

variations in solvent mobility are fully transferred to the

active site. The data analysis suggests values of e � 1,

implying that the relevant transition state is strongly coupled

to the glycerol environment for both the Na,K-ATPase and

the Na-ATPase activities. For pNPPase, glycerol slightly

activates rather than exercising a viscous drag (Fig. 3). In this

latter case, a more direct involvement of glycerol in the

activity is implied.

In comparison, PEG at the same aqueous viscosity affects

the Na,K-ATPase and Na-ATPase activity much less than

does glycerol (see, e.g., the activities at 4 cP in Fig. 8). Also,

the reduction in activity by PEG does not correspond to an

inverse dependence on solvent viscosity (Fig. 8). Therefore,

the effects of PEG on external viscosity are less efficiently

transferred (if at all) to the active center (or centers) than are

those of glycerol. This result is expected because, as already

noted in the Introduction, the PEG polymer is excluded from

the hydration shells immediately surrounding the protein (16).

Polymer-inaccessible activation volume

If PEG is excluded from a reaction volume to a greater extent

than is glycerol, then the activity is expected to display an

exponential, Boltzmann law dependence on the polymer

osmotic pressure, Posm, from which the water contribution to

the activation volume, Dv*, may be determined (11,12). The

rate of an elementary reaction step depends on pressure ac-

cording to the expression (@ ln k/@p)T ¼ �DVz/RT (41,42),

which leads to the following relation between the activity k
and the osmotic pressure Posm,

k ¼ koexpð�PosmDv
�
=kBTÞ; (4)

where ko is the activity in the absence of polymer, kB is

Boltzmann’s constant, and T is the absolute temperature. Dv*

is the difference in polymer-inaccessible volume between the

initial state and the effective transition state of the enzyme.

Fig. 9 shows the Na,K-ATPase and Na-ATPase activities as a

function of osmotic pressure of the PEG solutions, which are

derived from the data given in Fig. 3. The dependence on

osmotic pressure is approximately exponential, as expected

for an osmotically active compartment that is essential for

activity, and not the sigmoidal form that might be expected if

activity depended on, for instance, an association-dissociation

reaction (43). From the exponential fit to the osmotic pres-

sure dependence of the Na,K-ATPase activities in PEG so-

lutions, a contribution to the activation volume of Dn* ¼
5.3 6 0.5 nm3 is deduced from Eq. 4, which translates to an

increase in hydration by ;185 water molecules. The value of

Dv* is approximately half this for Na-ATPase and for the

pNPPase activity corresponds to only one water molecule

(Fig. 3). For comparison, the increase in internal water

volume deduced from osmotic stress experiments on the

opening of the voltage-dependent anion channel is in the

range 22–48 nm3 (12). The latter corresponds to the opening

of a large transmembrane pore (diameter 2–4 nm), in contrast

to the more limited conformational changes associated with

cation transport by the Na,K-ATPase. Changes in activation

volume are less straightforward to interpret than reaction

volume changes involved in simple equilibrium binding

experiments. Nonetheless, it seems likely that they may be

related in some rather direct manner to differences in volume

of water-filled cavities between the various catalytic inter-

mediates of the enzyme. Predictions from structures of the

closely related Ca-ATPase in different conformational states

(Fig. 7) yield volume differences that are of a similar order of

magnitude (22 6 8 nm3) to that determined for the activation

volume associated with Na,K-ATPase activity (5.3 6 0.5

nm3), supporting this interpretation.

The dependence of the Na,K-ATPase and Na-ATPase

activities on osmotic pressure for membranes suspended in

glycerol solutions is given by the inset to Fig. 9. In contrast to

the dependence on viscosity, glycerol at the same osmotic

pressure is far less effective in reducing activity than is PEG.

Exponential fits yield effective contributions to the activation

volume that correspond to only 9–10 water molecules. This

FIGURE 9 Dependence of Na,K-ATPase (n) and Na-ATPase (h) activ-

ities on osmotic pressure of the suspending PEG solutions. Solid lines are

nonlinear least-squares fits of a Boltzmann factor (see Eq. 4), yielding kBT/

Dn* ¼ 0.77 6 0.08 3 107 and 1.60 6 0.40 3 107 dyn cm�2 for Na,K-

ATPase and Na-ATPase, respectively. (Inset) Corresponding data for

glycerol solutions (Na,K-ATPase, d; Na-ATPase, s). Note the extended

osmotic pressure axis.
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suggests that the effect of glycerol on activity is not via os-

motic pressure and is consistent with the results of Fig. 6,

which show that the principal internal cavities (in addition to

the superficial ones) are accessible to glycerol. The principal

effect of glycerol on Na,K-ATPase and Na-ATPase activi-

ties, therefore, appears to be one of viscosity, as indicated in

Fig. 8.

Ligand binding

Viscosity cannot affect an equilibrium thermodynamic

property such as the dissociation constant for ligand binding

(44). Osmotic stress, however, can shift the binding equilib-

rium. An exponential dependence on polymer osmotic pres-

sure is expected for ligand binding, if PEG is excluded from

the reaction volume (11). If DV is the volume of water dis-

placed on binding, then the dissociation constant is given by

Kd ¼ K
o

dexpðPosmDV=kBTÞ; (5)

where Ko
d is the dissociation constant in the absence of

polymer. From the data in Table 1, the increase in volume is

DV ¼ 8.7 6 1.2 nm3 for Tl1 binding, which corresponds to

an enhancement in hydration by 290 6 40 water molecules.

If the sole effect of PEG is due to osmotic stress (and not

through a conformational effect on the enzyme), this suggests

that the deocclusion reaction E2(Tl) / E1 1 Tl1 involves a

release of 290 water molecules.

Again, this volume change is comparable to the increase in

volume of water-filled cavities and channels that are associ-

ated with structures of the Ca-ATPase in different E1 and E2

conformational states (see above and Fig. 7). This is in further

agreement with the suggestion given above that the inacti-

vation by PEG is primarily an osmotic effect.

On the other hand, PEG has no significant effect on nu-

cleotide binding (see Table 1). This suggests that there is little

difference in amount of PEG-inaccessible water between the

E1Na and E1NaATP states, as might be expected for a simple

association-dissociation equilibrium. The difference between

E1Na and E1NaATP is currently believed to lie in the dy-

namics of the N-to-P domain movements, where the binding

of the nucleotide—in the absence of phosphorylation—

increases or facilitates the domain movements (6,45). In the

NP-docked state, the phosphorylation with Mg21 present can

then occur, leading to the hydrolysis reaction. Presumably the

tight docking of N-to-P occurs together with phosphoryla-

tion, and in this state a considerable number of water mole-

cules are trapped around the phosphorylation site, as

visualized in Fig. 5 A.

Treating the glycerol data from Table 1 in the same way

leads to an increase in glycerol-inaccessible volume by only

one water molecule on Tl1 binding, which is statistically not

significant. The much larger change registered by PEG cor-

responds to changes in global hydration resulting from con-

formational changes induced by cation occlusion. The change

in hydration registered by PEG of molecular weight $1000,

on glucose binding to hexokinase, corresponds to 326 waters

per monomer but is reduced to 50 waters for PEG of mo-

lecular weight 300 (15), which together with the results

of Fig. 6 supports the above interpretation. The small but

measurable effect of glycerol on nucleotide binding would

correspond to a decrease in hydration by ;13–24 water

molecules, if these were contained in a glycerol-inaccessible

pocket. However, the similarity in size of glycerol and water,

relative to a nucleotide molecule, suggests that the increased

affinity might instead be a direct effect of hydration by

glycerol in the binding site. Overall, the small size of the ef-

fects of glycerol on the ligand binding reactions adds further

support to the interpretation given above that the reduction

in enzyme activity by glycerol results from modification of

solvent viscosity.

CONCLUSION

The overall enzymatic activities of the sodium pump, the

Na,K-ATPase and the Na-ATPase reactions, are associated

with large changes in hydration volumes involving several

hundreds of water molecules. These are probably buried

within the protein, and a possible candidate is a large cluster

of water molecules near the phosphorylation site that is

identified in Ca-ATPase crystals in the E1AMPPCP form.

Interestingly also, the occlusion of Tl1 involves a major in-

crease in hydration, suggesting a large rearrangement in the

protein conformation associated with the Tl1 binding pro-

cess. Both the Na,K-ATPase and the Na-ATPase activities

are inversely proportional to the viscosity of glycerol solu-

tions, which suggests that the transphosphorylation reactions

are strongly coupled to fluctuations in the protein structure

that transmit the dynamic effects of the solvent molecules. A

similar mechanism, but operating within the membrane,

might also contribute to the difference between the temper-

ature dependences of the activity of Na,K-ATPase from

mammalian sources and from shark salt glands (46). The

lipid bilayer viscosity as well as the activation energy is lower

for shark enzyme (EA� 90 kJ/mol) than for kidney and brain

enzymes (EA� 120 kJ/mol), supporting the idea that enzyme

turnover is modulated by the bilayer properties.
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