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Changes in Electrostatic Surface Potential of Naþ/Kþ-ATPase Cytoplasmic
Headpiece Induced by Cytoplasmic Ligand(s) Binding
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ABSTRACT A set of single-tryptophan mutants of the Naþ/Kþ-ATPase isolated, large cytoplasmic loop connecting transmem-
brane helices M4 and M5 (C45) was prepared to monitor effects of the natural cytoplasmic ligands (i.e., Mg2þ and/or ATP)
binding. We introduced a novel method for the monitoring of the changes in the electrostatic surface potential (ESP) induced
by ligand binding, using the quenching of the intrinsic tryptophan fluorescence by acrylamide or iodide. This approach opens
a new way to understanding the interactions within the proteins. Our experiments revealed that the C45 conformation in the pres-
ence of the ATP (without magnesium) substantially differed from the conformation in the presence of Mg2þ or MgATP or in the
absence of any ligand not only in the sense of geometry but also in the sense of the ESP. Notably, the set of ESP-sensitive resi-
dues was different from the set of geometry-sensitive residues. Moreover, our data indicate that the effect of the ligand binding is
not restricted only to the close environment of the binding site and that the information is in fact transmitted also to the distal parts
of the molecule. This property could be important for the communication between the cytoplasmic headpiece and the cation
binding sites located within the transmembrane domain.
INTRODUCTION

Most biochemical reactions are facilitated by the assistance

of enzymes. The secret of the enzymes consists in their

ability to adopt various conformations, and thus, to provide

catalytic residues for chemical reactions, to open or close

the pathways for solutes or to change affinities for ligands

(1,2). However, description of the enzyme conformation is

usually limited to the description of the geometrical features

(3). Although the geometry analysis can provide lot of useful

information, usually the information about molecular forces

causing the movements or molecular interactions is missing.

This study describes how we can monitor local changes in

the electrostatic surface potential. As the electrostatic forces

play an important role in the molecular interactions, this

approach can deepen our understanding to the causes and

consequences of the enzyme conformational changes. We

describe the changes induced by the ligand binding to the

cytoplasmic part of the Naþ/Kþ-ATPase.

The Naþ/Kþ-ATPase (sodium pump, EC 3.6.3.9) is the

main cytoplasmic sodium regulator within all animal cells.

During one catalytic cycle, the pump translocates three

sodium ions across the plasma membrane out of the cell,

and two potassium ions in the reverse direction; the transport

is energized by the ATP hydrolysis (4). The steep gradient of

sodium ions concentration created by the Naþ/Kþ-ATPase

substantially contributes to the plasma membrane potential

and could be used for the secondary transport of other

solutes. Hence, it is not surprising that inhibition or malfunc-
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tion of Naþ/Kþ-ATPase can result in variety of serious

diseases, e.g., ischemia, diabetes, etc. (5,6).

Naþ/Kþ-ATPase is a member of the superfamily of cation

translocating membrane enzymes, designated as P-type

ATPases (7). This designation has origin in the finding that

the enzyme is transiently autophosphorylated on the con-

served aspartyl residue during the catalytic cycle. Another

common feature of these pumps is that they need the Mg2þ

ions as a nontransported cofactor to their proper function

(8). The first high-resolution structural information about

the P-type ATPases was obtained in 2000 in the crystallo-

graphic studies of the Ca2þ-ATPase from sarco(endo)plasmic

reticulum (SERCA) (9). The SERCA was later crystallized

under various conditions revealing the different conforma-

tions of this enzyme (10–16). A crystallographic structure

of Naþ/Kþ-ATPase at 3.5 Å resolution has been published

recently (17). It confirms the close relationship of these two

enzymes.

Two cation-binding sites (common to both sodium and

potassium) were localized in the transmembrane domain.

They are formed by the residues of the transmembrane

helices M4, M5, M6, and M8 (17). The third binding site

for the sodium ion has not been identified so far, but recent

data revealed that truncation of the C-terminus greatly

reduced the affinity to Naþ (17). Three large domains could

be identified on the cytoplasmic side of the membrane.

Domain A (actuator) is formed by the N-terminus and the

loop between the second and third transmembrane helices

(C23). The other two domains are formed by C45. The

nucleotide-binding site was localized on the N-domain,

whereas the conserved phosphorylation site Asp369 is local-

ized on the central P-domain. The first crystal structure of
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SERCA showed that the three cytoplasmic domains were

well separated each from other, and this structure was as-

signed to the conformation with high affinity to ATP (9).

Later, crystallographic structures (including those of Naþ/

Kþ-ATPase) obtained in the presence of various ATP or

phosphate analogs, showed several slightly different confor-

mations, where these three domains interacted in the closed

complex (10,11,13–15,17). Analysis of these structures

revealed that N-domain can rotate by ~90� around the hinge

connecting the N- and P-domains, thus, mutually approach-

ing the nucleotide binding and phosphorylation sites. The

A-domain displays two kinds of motion during various

conformational transitions. Combining the ~110� rotation

around the axis perpendicular to the membrane or ~30� rota-

tion around axis parallel with membrane, various A-domain

residues can participate to the interactions on the cytoplasmic

domains interfaces. Previous kinetic studies suggested that

the enzyme conformational change could be the rate limiting

step of the catalytic cycle (18).

Cytoplasmic C45 containing the N- and P-domains consti-

tutes ~40% of the a-subunit mass, and experiments showed

that it could be isolated from the rest of the enzyme (19–21)

retaining its structure, as well as dynamic and some of its

functional (e.g., TNP-ATP- or low-affinity ATP-binding)

properties (22–25). Recently, we have described the confor-

mational changes of C45 induced by the cytoplasmic

ligand(s) binding (from the point of view of geometry), using

the intrinsic tryptophan fluorescence quenching by acryl-

amide, fluorescence anisotropy decay and molecular dynamic

(MD) simulations. We showed that in the absence of any

ligand, in the presence of Mg2þ alone or MgATP, the C45

adopted closed conformation, whereas addition of the ATP

in the absence of Mg2þ induced the C45 opening (26), i.e.,

dynamic behavior that is expected for the corresponding

part of the entire enzyme. In this study, modification of the

quenching experiment (quenching by iodide) enabled us to

analyze the conformational changes from the point of view

of the electrostatic surface potential. Our data revealed that

the set of the sensitive residues was different, and thus, this

kind of information can be considered as complementary to

the traditional geometrical approach. As the electrostatic

forces play an important role in the inter- or intramolecular

interactions (27,28), our results indicate that changes in the

electrostatic surface potential could mediate the propagation

of information about ATP binding to the distal parts of the

molecule.

MATERIALS AND METHODS

Site-directed mutagenesis and protein expression

The native sequence of the C45 from the mouse brain Naþ/Kþ-ATPase

contains two Trp residues on the position 385 and 411. The cloning of the

isolated C45, subsequent replacement of the two native tryptophans by

phenylalanines (WT-W385F, WT-W411F, and WT-W385FW411F ¼ TL;

tryptophanless), insertion of the mutations TL-F404W, TL-F426W,
TL-F571W, TL-I627W, TL-F683W, and TL-S732W into the tryptophanless

construct to yield the set of single tryptophan mutants (Fig. 1), the expres-

sion and purification of the (His)6-tagged proteins was described in detail

previously (26). Additionally, the mutation TL-V648W was carried out

using the upstream primer (altered nucleotides are in italic): TL-V648W

50ggcatgtctggggttccactggttcactgg30; the downstream primer was reverse

complement.

Tryptophan fluorescence quenching

Steady-state tryptophan fluorescence emission was quenched using acryl-

amide or KI as a quencher under conditions described previously (26). The

excitation wavelength was set to 295 nm to avoid excitation of Tyr residues

and the inner filter effect caused by ATP or iodide (in the cuvette with

the optical path of 3 mm, both in excitation and emission, the absorbance

of 15 mM or 250 mM KI is<0.01, and the inner filter effect is therefore negli-

gible). Emission was set to 350 nm because i), the water-exposed Trp residues

have typically emission spectra with maxima at wavelengths >340 nm; and

ii), we aimed to avoid contamination of the signal by the Raman scattering

of water, which appears near 330 nm. Quenching experiments were carried

out in four different setups, i.e., without any ligand, with 15 mM MgCl2
(Lach-Ner, Brno, Czech Republic), 15 mM Na2ATP (Sigma, St. Louis, MO),

or 15 mM MgATP (Sigma). The experiments in the absence of magnesium

FIGURE 1 Locations of the Trp residues within our set of single-trypto-

phan mutants. The ATP binding site is represented by the residuum F475.
Biophysical Journal 97(6) 1756–1764
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(i.e., free C45, or in the presence of Na2ATP) were carried out in the presence

of 5 mM EDTA.

The efficiency of quenching was evaluated by the nonlinear least-squares

analysis using the Stern-Volmer formula (29):

F ¼ F0

1 þ KSV½Q�
;

where F0 and F are the fluorescence intensities in the absence or in the pres-

ence of the quencher, respectively, KSV is the Stern-Volmer quenching

constant and [Q] is the concentration of the quencher. Both the F0 and

KSV were the fitted parameters, and the mean 5 SD from three to five inde-

pendent measurements was calculated. The bimolecular quenching constant

was calculated as ratio of the KSV and the mean fluorescence lifetime.

The Stern-Volmer quenching constants obtained for the quenching by

acrylamide or iodide can substantially differ. In addition to the fluorophor

accessibility and fluorescence lifetime (that are the same in both cases), the

quenching efficiency is influenced also by the diffusion coefficients of

quenchers (diffusion coefficient of Trp on a bulky protein is negligibly

small), and in the case of the negatively charged iodide (in contrast to the

neutral acrylamide), also by electrostatic repulsion or attraction between the

quencher and protein. The information about the electrostatic surface poten-

tial in the environment of the quenched tryptophan can be extracted by

defining the charge parameter (CP) as:

CP ¼ KSVðiodideÞ=KSVðacrylamideÞ:

The higher is this value, the more is the iodide attracted to the tryptophan

by positively charged residues in its environment, and vice versa. Contribu-

tion of all the other factors vanish as they are common to both experiments,

only the ratio of diffusion coefficients D(iodide)/D(acrylamide) remains as a

multiplicative parameter, which is constant within the whole data set, and

thus, does not affect the evaluation of the relative changes.

Note, that these assumptions hold true for the tryptophans located on

surface of the protein. However, it was shown that the acrylamide is able

to diffuse into the protein interior, in contrast to iodide, which is hydrated,

and its ability to penetrate under the surface is very limited (30). Therefore,

this approach should be used carefully, namely in the case of tryptophanyl

residues buried under the protein surface. Fortunately, according to our

model (26), all the examined tryptophans are located on the surface of the

protein (except for native W385, which is partly buried), and therefore

similarly accessible for both the acrylamide and iodide.

The SD of the CP (DCP) was calculated according to error propagation

theory (31) as

DCP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

K2
AA

DK2
KI þ

K2
KI

K4
AA

DK2
AA

s
;

where KKI and KAA represent the Stern-Volmer quenching constants for the

iodide and acrylamide quenching, respectively, and DKKI and DKAA are the

corresponding standard deviations. The significance of the differences in CP

was evaluated using Student’s t-test (Microsoft Excel utility).

Fluorescence decay measurement

Fluorescence decays of the mutant TL-V648W were measured using the

time-correlated single photon counting (TCSPC) method on the Pico-

Harp300 instrument (PicoQuant, Berlin, Germany). The source of excitation

pulses was pulsed LED centered at 298 nm (PLS300; PicoQuant) operating

at 10 MHz frequency. The emission was sampled under magic-angle condi-

tions through the monochromator set to 350 nm. The data were collected into

the histogram spanning the 100 ns time-range with the 32 ps/channel reso-

lution. The experiment proceeded until 10,000 counts in the peak channel

were sampled. The instrument response function was measured using the

colloid silica (Ludox, Sigma) as a scatterer. The least-squares fitting was

carried out by the Levenberg-Marquardt method using the software FluoFit
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4.2.1 (PicoQuant). The model used was the sum of exponentials with instru-

ment response function (IRF) deconvolution:

IðtÞ ¼ IRF5
X

i

ai � e�t=ti ;

and the intensity-weighted mean fluorescence lifetime was calculated as

tM ¼
P

ait
2
iP

aiti

:

All the experiments were carried out at 20�C (bath-controlled).

Electrostatic potential calculations

The electrostatic potential isocontour maps were calculated for the last

snapshots of liganded and unliganded C45 MD simulations (C45-Na, C45-

Na2ATP, C45-Mg, and C45-MgATP) reported in Grycova et al. (26) using

the program APBS (32) as implemented in the PMV software (33). The

dielectric constants of the protein and the solvent were set to 2 and 78.5,

respectively. The partial atomic charges for amino acid residues were as-

signed by AMBER force field of the PMV built-in PDB2PQR converter.

RESULTS

The intrinsic tryptophan fluorescence presents a unique

probe for examination of molecular processes on proteins.

However, the interpretation of the spectroscopic data is

straightforward only for the proteins containing no more

than a single tryptophanyl residue. Therefore, we have

prepared the set of single-tryptophan mutants, where the

Trp residues were placed as reporters on the various loca-

tions on the C45 surface. The expression levels of all mutants

were high, suggesting that the carried out mutations did not

influence the correct protein folding.

Fluorescence decay of the TL-V648W mutant

Fluorescence decays of the TL-V648W mutant were measured

under various conditions (i.e., without any ligand, in the

presence of Mg2þ, MgATP, or Na2ATP). In all cases, the satis-

factory fit with the reduced c2 approaching 1.00, random

distribution of the first residuals and autocorrelation function,

was obtained for the 3-exponential fit (Table 1) and the decay

scheme was very similar in all cases.

Acrylamide quenching of TL-V648W mutant

Acrylamide quenching can reveal the information about the

steric accessibility of the fluorophor. In our previous study

(26), we described how the ligand binding changes the pro-

tein conformation. In the absence of any ligand, in the

presence of Mg2þ, MgATP, or Na2ATP we observed the

Stern-Volmer quenching constants (KSV) 5.78 5 1.35 M�1,

5.55 5 1.07 M�1, 5.64 5 0.80 M�1, or 5.63 5 0.97 M�1,

respectively. These constants must be corrected for the

possible changes of the excited-state lifetime (i.e., the time,

during which the quencher can effectively quench the fluo-

rescence). The bimolecular quenching constant (see Table 1)

calculated as the ratio of the KSV and the mean fluorescence
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TABLE 1 Estimated parameters for the fluorescence decays and acrylamide quenching of TL-V648W mutant

Ligand A1 A2 A3 t1 (ns) t2 (ns) t3 (ns) tM (ns) cR
2 KSV (M�1) kq (109 M�1s�1)

None 44.21 43.08 12.71 0.72 2.75 7.04 4.083 1.027 5.78 5 1.35 1.42 5 0.33

Mg 42.81 43.35 13.84 0.74 2.69 6.88 4.074 1.033 5.55 5 1.07 1.36 5 0.26

MgATP 45.68 43.48 10.84 0.75 2.87 7.45 4.108 0.966 5.64 5 0.80 1.37 5 0.19

Na2ATP 47.76 42.07 10.18 0.97 3.16 7.82 4.203 1.015 5.63 5 0.97 1.34 5 0.23

The ti represent calculated fluorescence lifetimes, Ai their normalized preexponential factors, tM is the intensity-weighted mean fluorescence lifetime, cR
2

characterizes the goodness of fit. KSV represents the Stern-Volmer quenching constant for the acrylamide quenching, and kq the bimolecular quenching constant

calculated as KSV/tM.
lifetime describes already the steric accessibility of the fluo-

rophor. However, for the mutant TL-V648W no significant

changes were observed on ligand binding. The acrylamide-

quenching experiments for the other mutants were presented

in our previous study (26). Briefly, in comparison to the unli-

ganded C45, binding of Mg2þ resulted in decreased accessi-

bility of Trp residue in the TL-F571W mutant only, binding

of MgATP resulted in decreased accessibility of tryptophan

in TL-F571W and WT-W411F mutants, and the most

complex changes were observed on Na2ATP binding, where

we observed decreased accessibility of tryptophan in WT-

W411F, TL-F404W, TL-F571W, and TL-F683W mutants

(26).

Iodide quenching

In comparison to the acrylamide quenching (26), the experi-

ments using quenching by iodide ions (Table 2) carry also

interesting information about the local electrostatic surface

potential in the fluorophor microenvironment (Fig. 2). Within

our set of mutants, the charge parameter (see Materials and

Methods) ranged between values 1.35 and 3.50, showing

that in the absence of any ligand, the F404 have the most nega-

tively charged environment and the I627 and V648 are

surrounded by the positively charged residues (Table 3).

TABLE 2 Iodide quenching

Protein No substrate Mg2þ MgATP Na2ATP

WT-W411F 8.44 5 0.40 9.19 5 0.94 9.10 5 0.50 8.44 5 0.18

TL-F404W 9.96 5 0.50 11.92 5 0.75 9.47 5 0.68 9.36 5 1.02

WT-W385F 10.77 5 0.93 12.21 5 0.70 10.79 5 0.20 10.36 5 0.51

TL-F426W 12.78 5 0.56 13.09 5 1.00 12.53 5 0.60 11.23 5 1.05

TL-F571W 14.43 5 1.23 12.55 5 0.63 11.22 5 0.13 9.65 5 0.27

TL-I627W 14.27 5 0.68 14.49 5 0.73 15.25 5 0.82 15.93 5 0.84

TL-V648W 20.22 5 2.38 18.49 5 0.41 15.80 5 1.80 10.42 5 3.07

TL-F683W 10.32 5 1.00 8.83 5 0.34 10.21 5 2.14 12.18 5 1.12

TL-S732W 12.99 5 0.75 11.93 5 0.78 10.97 5 0.66 10.84 5 0.52

Stern-Volmer quenching constants for quenching of the Trp fluorescence by

iodide given in M�1 are expressed as mean 5 SD from three to five inde-

pendent titrations. The native sequence of C45 contains two Trp residues

on the positions 385 and 411. Thus, WT-W411F or WT-W385F designate

mutants where only Trp385 or Trp411 was present, respectively, the other

Trp residue was mutated to Phe. For all the other mutants, both the Trp385

and Trp411 were mutated to phenylalanines, and the designation of the

protein indicates the position of the reporter Trp residue that was inserted

into the tryptophanless (TL) mutant.
Mg2þ binding

The binding of magnesium caused changes in the charge

distribution in the proximity of two residues located on the

N-domain. When compared to the experiments in the absence

of any substrate, the charge parameter increased from 1.35 5

0.18 to 2.09 5 0.29 (p < 0.05) or from 1.80 5 0.24 to

2.73 5 0.36 (p < 0.05) for the TL-F404W and TL-F571W

mutants, respectively, suggesting a shift of the charge toward

FIGURE 2 Example of the data from the quenching experiments.

Quenching of TL-V648W mutant by (A) acrylamide or (B) iodide in the

absence of any ligand (squares) or in the Na2ATP presence (circles).
Biophysical Journal 97(6) 1756–1764
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positive values. Contrary, for the residues located on the

P-domain, no significant differences were observed.

MgATP binding

Similarly as in acrylamide-quenching experiments described

in our previous study (26), binding of MgATP resulted only in

little changes in the observed parameters for most of the

mutants. Significant shift of the charge parameter from 1.98

5 0.10 to 2.83 5 0.18 (p < 0.01) was observed only in the

experiments with the mutant containing the native W385

(WT-W411F mutant). It shows that the charge of the residue

environment is shifted toward positive values. Experiments

with the other residues showed no significant changes.

Na2ATP binding

Like the acrylamide quenching described in our previous

study (26), the most complex changes were observed in

TABLE 3 Charge parameters

Protein No substrate Mg2þ MgATP Na2ATP

WT-W411F 1.98 5 0.10 2.39 5 0.30 2.83 5 0.18 2.55 5 0.12

TL-F404W 1.35 5 0.18 2.09 5 0.29 1.77 5 0.47 2.29 5 0.47

WT-W385F 2.04 5 0.22 2.19 5 0.37 2.12 5 0.42 2.02 5 0.40

TL-F426W 1.77 5 0.08 1.98 5 0.19 1.82 5 0.13 1.72 5 0.22

TL-F571W 1.80 5 0.24 2.73 5 0.36 1.86 5 0.13 1.74 5 0.13

TL-I627W 3.35 5 0.28 3.07 5 0.24 3.37 5 0.72 4.13 5 0.87

TL-V648W 3.50 5 0.91 3.33 5 0.64 2.80 5 0.51 1.85 5 0.63

TL-F683W 1.80 5 0.21 1.45 5 0.28 2.07 5 0.48 3.07 5 0.36

TL-S732W 2.40 5 0.19 2.33 5 0.16 2.29 5 0.34 2.28 5 0.21

Charge parameters 5 SD calculated as a ratio of the Stern-Volmer constants

for the iodide quenching (Table 2) and for acrylamide quenching (26).

Description of the proteins is identical to that used in Table 2.
the experiments carried out in the Na2ATP presence. On the

N-domain, the charge parameter for the mutants WT-W411F

or TL-F404W increased from 1.98 5 0.10 to 2.55 5 0.12

(p < 0.01) or from 1.35 5 0.18 to 2.28 5 0.47 (p <
0.02), respectively. For the TL-F571W mutant we observed

change in KSV but not in the charge parameter, indicating

only steric but not charge changes in the residue environ-

ment. For the other mutants (WT-W385F and TL-F426W)

remained both KSV and charge parameter essentially unal-

tered. On the P-domain, the charge in the environment of

the residue F683 is shifted toward positive values, as shown

by the shift of the charge parameter from 1.80 5 0.21 to

3.07 5 0.36 (p < 0.02). Contrary, the charge in the V648

environment is shifted toward negative values, as shown

by the charge parameter change from 3.50 5 0.91 to 1.85 5

0.63 (p < 0.02). For the mutants TL-I627W and TL-S732W,

both the KSV and charge parameter varied only within the

experimental error.

Electrostatic potential maps from the MD
simulations

We attempted to correlate the above-mentioned spectro-

scopic results to the information from the MD simulations

reported previously (26) and we calculated the electrostatic

potential isocontour maps from the last snapshots of the

MD simulations (Fig. 3). We observed a good agreement

between the spectroscopic- and MD data for all the

N-domain sensitive residues.

The N-domain seems to be rather rigid (except for the

region 393–410; see the Supporting Material), and we

observe the positively charged environment of the nucleo-

tide-binding pocket, and a large negatively charged cloud
FIGURE 3 Semitransparent electrostatic potential maps

from the final snapshots of the MD simulations of the

C45 in the absence of any ligand (C45-Na), in the presence

of Mg2þ only (C45-Mg), in the presence of ATP only

(C45-Na2ATP), and in the simultaneous presence of

Mg2þ and ATP (C45-MgATP). Contour levels were set

to �4.0 kT/e (red) and þ4.0 kT/e (blue).The picture was

generated using the PMV software (33). Residues W385

and F404 are displayed as yellow balls, the residue F571

as well as the nucleotide binding site are located on the

rear side of the molecule.

Biophysical Journal 97(6) 1756–1764
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FIGURE 4 C45 to C67 signaling. The information about the ATP binding

to the N-domain of the C45 (the top domain of the colored structure) could

be mediated to distal parts of the molecule. Our experiments showed

changes in the ESP when the reporter Trp residue was placed on the position

648 within the flexible Asn642-Asn649 turn (green in the final snapshot of the

MD simulation of the C45 in the ATP presence described in Grycova et al.

(26), or orange in the crystal structure of Naþ/Kþ-ATPase). Comparison
on the opposite site of the N-domain, which fully covers the

residue W385, and F404 and F571 are located on its edge.

This cloud is shifted on the Na2ATP or MgATP binding,

and the W385 gets to the boarder of the cloud, which corre-

sponds to the experimental observations that the electrostatic

surface potential shifted toward positive values in these

cases. The residue F404 seems to be displaced from the

negatively charged cloud in all simulations with ligands.

However, evaluation of the results for the F404 residue

must be done with caution, as it is located within a very flex-

ible region, and (e.g., in the case of MgATP binding) the

difference in the experimentally determined charge param-

eter was not statistically significant on the p < 0.05 level.

The previously suggested binding of the Mg2þ cation in

the proximity of F571 (see Fig. 5A in Grycova et al. (26))

could explain the observation of the TL-F571W charge

parameter change in the presence of Mg2þ.

In contrast, we were not able to reliably link the spectro-

scopic and MD data for the P-domain. First, numerous

P-domain regions became very flexible on Na2ATP binding

(see the Supporting Material) and almost every snapshot

offered substantially different isocontour map. Second, as

reported previously, the last 13 C-terminal residues were

truncated in our MD simulation to reduce computational

demands. Although this truncation should not substantially

influence the C45 geometry during the simulation, it can

substantially influence the electrostatic potential maps.

Hence, the comparison of MD and spectroscopic data

requires further investigation in this case.

DISCUSSION

Conformational changes of the proteins are frequently

described only as changes in the molecule geometry. For

the P-type ATPases, we have recently obtained detailed

information from the crystallographic experiments

(9–15,17). However, crystallography data suffer from the

facts that buffer composition may be substantially different

from the physiological conditions or that the natural ligands

usually cannot be used (34). Therefore, these data should be

complemented by the conventional spectroscopy experi-

ments, which do not have these limitations (26,35,36).

Furthermore, the geometrical approach usually describes

only the initial and final states, however, providing only indi-

rect idea about forces causing the movement. In this study,

we describe an experimental approach allowing us to

monitor the changes in the electrostatic surface potential,

which can support the theoretical approaches reported previ-

ously (37,38).

The experiments describing the dynamic of transmem-

brane proteins present still a challenge due to numerous prac-

tical difficulties. Fortunately, the central cytoplasmic

with the Naþ/Kþ-ATPase crystal structure (gray; Protein Data Bank entry

3b8e) suggests that this turn could be in the proximity of the C67 (magenta).
Biophysical Journal 97(6) 1756–1764
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FIGURE 5 Local changes in the ESP on ligand binding.

The color code for the local surface charge changes on (A)

Mg2þ, (B) MgATP, or (C) Na2ATP binding: yellow are the

residues with a ESP shift toward positive values, magenta

for the residues without change, and cyan for the residue

with a ESP shift toward negative values. The orange

residue F475 is located within the ATP binding site. (D)

View roughly perpendicular to the membrane. The struc-

ture of the entire Naþ/Kþ-ATPase is rainbow-colored

from the N-terminus (blue) to C-terminus (red), the trans-

membrane domain of the b-subunit is in gray, transmem-

brane helix of the g-subunit is in magenta. Pink spheres

represent residues with the positive ESP shift on Na2ATP

binding (yellow in C; left to right, positions 404, 385, 683).
segment (C45) of Naþ/Kþ-ATPase can be isolated as a

soluble protein without the rest of the enzyme, retaining its

structural and functional properties (19–25), which greatly

facilitates the experimental work. In our previous study

(26), we described that the C45 has also the dynamic proper-

ties that are expected for this part of the molecule within the

entire enzyme. We found that the C45 adopted a closed

conformation in the absence of any ligand, in the presence

of Mg2þ or in the simultaneous presence of Mg2þ and

ATP. Presence of ATP in the absence of Mg2þ induced

the C45 opening. Data presented in this study confirmed

that the C45 conformations are indeed similar in the absence

of any ligand, in the presence of Mg2þ and in the presence of

MgATP, whereas the conformation in the presence of ATP

(without Mg2þ) is substantially different. However, the set

of sensitive residues is not the same, which was best demon-

strated by the mutant TL-V648W that exhibits little changes

from the point of view of the geometry, but large changes in
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the electrostatic surface potential. Other mutants, however

(e.g., WT-W385F or TL-F571W), were sensitive to the

changes in geometry (26), but showed no significant change

in the electrostatic surface potential. Hence, the potential

approach can be considered as complementary to the geom-

etry approach. Moreover, the electrostatic interactions are

long-range ones, and we propose that local changes in electro-

static surface potential could be important for the communica-

tion between distal parts of the molecule.

Communication between the C45
and other parts of the enzyme

The cation-binding sites are formed by the residues located

on the helices M4, M5, M6, and M8 (9,17). Crystallographic

experiments with SERCA showed completely different

arrangement of the transmembrane helices in the E1 or E2

conformations, respectively. The complex changes were
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described in detail previously (10), and they concern all 10 of

the transmembrane helices. In contrast, interaction partner

for the external cofactors (ATP and Mg2þ) on the cyto-

plasmic side is only the C45. Thus, it is interesting to see

how the information about the cytoplasmic events can be

propagated to the various parts of the transmembrane

domain. The influence of the M4 and M5 by the processes

occurring on the C45 is easily comprehensible, and it was

shown that M4 moves toward cytoplasm in the E2 conforma-

tion and M5 inclines on nucleotide binding (10). The

N-terminal transmembrane helices (M1–M3) are apparently

linked to the C45 through the cytoplasmic A-domain, which

is formed by the cytoplasmic N-terminus and C23. The crys-

talline structures showed that A-domain can form a compact

assembly with the N- and P-domains (formed by C45) on

nucleotide binding. It seems that the presence of the ATP

molecule itself can be a sufficient signal for the A-domain

to approach, because the C23- and C45-contact sites are

located near the nucleotide-binding- or phosphorylation sites

(10). In contrast, it is not straightforward to understand how

the information about the nucleotide binding is transmitted to

the C-terminal transmembrane helices (M6–M10), because

they are located on the side that is reverse to the location

of the ATP-binding site on the C45. Obviously, the trans-

membrane helices are tightly packed and could interact

each with other. Nevertheless, numerous authors have

already speculated that the short cytoplasmic loop C67 can

mediate the information between C45 and C-terminal trans-

membrane helices (4,39–43). Comparison of our C45 MD

simulations (26) with the crystal structure of the complete

Naþ/Kþ-ATPase suggests that the interaction partner on

the C45 could be the flexible Asn642-Asn649 loop (Fig. 4

and Fig. S1). Indeed, when our reporter tryptophan was

located on the position 648, we observed that the ESP in its

environment shifted toward more negative values when the

C45 adopted the open conformation (induced by Na2ATP

binding) as compared to the closed conformation. We propose

that this change in the local surface charge could serve as

a signal for the charged residues on C67. This hypotheses is

supported by mutagenesis experiments, where alterations of

charged amino acids within C67 resulted in the decrease of

Naþ/Kþ-ATPase activity (40). However, further mutagenesis

experiments are required to reveal details of this interaction.

Further, we have estimated that the surface charge of four

residues located on both N- and P-domains shifted toward

positive values. Interestingly, they are all located on the

side of the C45 that is reverse to the nucleotide-binding

site, on the C-terminal transmembrane helices M7-M10

(Fig. 5). Therefore, it is unlikely that this change could serve

as a signal in the communication between the C45 and the

A-domain. One may speculate that this could be a signal in

the entry/exit pathway of the transported cations, for the

cytoplasmic part of the g-subunit or any other regulatory

molecule. However, little structural information is available

to support either of these hypotheses.
CONCLUSION

This study introduced a novel concept for the evaluation of

the enzyme conformational changes. It is based on the moni-

toring of the local changes of the electrostatic surface poten-

tial using the intrinsic tryptophan fluorescence quenching.

We found that the effect of the nucleotide binding to the

C45 is not restricted only to the close environment of the

binding site and that the information is in fact transmitted

also to the distal parts of the molecule. We detected changes

on the nucleotide binding within the set of residues that are

located on the side that is reverse to the nucleotide-binding

site. At the moment, however, we are not able to reliably

link this observation to any step within the enzyme catalytic

cycle. Further, our experiments showed ESP changes in the

surrounding of the residue V648 on ATP binding, and we

propose that this change could be a signal in the interaction

of the Asn642-Asn649 loop and C67. This could be one of the

important links in the communication between the cyto-

plasmic headpiece and the cation binding sites located within

the transmembrane domain.
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