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Conformational change
the Na+/K+-ATPase isolated large cytoplasmic segment connecting transmem-
brane helices M4 and M5 (C45) induced by the interaction with enzyme ligands (i.e. Mg2+ and/or ATP) were
investigated by means of the intrinsic tryptophan fluorescence measurement and molecular dynamic
simulations. Our data revealed that this model system consisting of only two domains retained the ability to
adopt open or closed conformation, i.e. behavior, which is expected from the crystal structures of relative Ca2+-
ATPase from sarco(endo)plasmic reticulum for the corresponding part of the entire enzyme. Our data revealed
that the C45 is found in the closed conformation in the absence of any ligand, in the presence ofMg2+only, or in
the simultaneous presence of Mg2+ and ATP. Binding of the ATP alone (i.e. in the absence of Mg2+) induced
open conformation of the C45. The fact that the transmembrane part of the enzyme was absent in our
experiments suggested that the observed conformational changes are consequences only of the interaction
with ATP orMg2+ andmaynot be related to the transported cations binding/release, as generally believed. Our
data are consistent with the model, where ATP binding to the low-affinity site induces conformational change
of the cytoplasmic part of the enzyme, traditionally attributed to E2→E1 transition, and subsequent Mg2+

binding to the enzyme–ATP complex induces in turn conformational change traditionally attributed to E1→E2
transition.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The Na+/K+-ATPase (sodium pump, EC 3.6.3.9) translocates
sodium and potassium ions across the plasma membrane against
their concentration gradients using the energy from ATP hydrolysis.
This is crucial for maintaining both the membrane potential and low
cytoplasmic sodium concentration. As the gradient of sodium is also
used by several secondary transporters of various solutes, it is not
surprising that malfunction of the Na+/K+-ATPase is involved in
pathology of several dozens of diseases, like e.g. ischemia or diabetes.
A, sarco(endo)plasmic reticu-
asmic segment connecting the
lasmic segments analogously;
iphosphate; PCR, polymerase
PMSF, Phenylmethylsulfonyl
cyl sulfate polyacrylamide gel
ticle-mesh Ewald; RMSD, root-
distribution function; O/CENa/K,
subscript represent high affinity
ane domain; CH, cytoplasmic
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Na+/K+-ATPase belongs to the P-type ATPases superfamily [1]. Its
designation is derived from the finding that the enzyme is autopho-
sphorylated during the catalytic cycle. The Albers–Post model
postulates that the enzyme adopts two conformations during the
catalytic cycle, which are traditionally designated as E1 and E2 [2,3].
The enzyme in the E1 conformation has a high affinity to both ATP and
sodium ions, while in the E2 conformation it has a low affinity to ATP
and a high affinity to potassium. The cations binding sites, which are
located within the transmembrane domain, are open toward
cytoplasm in the E1 conformation and toward extracellular milieu in
the E2 conformation. Notably, already early experiment of Skou [4]
revealed the important role of the Mg2+ cations for the proper
function of the enzyme. Although Mg2+ is not transported across the
plasmamembrane, it must be present in the cytoplasm as an essential
cofactor.

Na+/K+-ATPase and H+/K+-ATPase are the only members of the
P-type ATPases superfamily characterized by the presence of two
subunits. The catalytic α-subunit contains the conserved sequences
characteristic for the P-type ATPase superfamily [5] and it is
responsible for the cations translocation as well as ATP hydrolysis.
The β-subunit is a glycoprotein with single transmembrane helix and
it is essential for the proper maturation and targeting of the enzyme
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into the plasma membrane, though it is very likely that it interacts
with the α-subunit also during the catalytic cycle [6].

Successful crystallization of another P-type ATPase family member,
the Ca2+-ATPase from sarco(endo)plasmic reticulum (SERCA, EC
3.6.3.8), provided a very valuable information about the structure of
the catalytic subunit [7]. Moreover, SERCA was later crystallized in
various conformations that were assigned to the E1 or E2 states of the
enzyme [8–16]. There are numerous spectroscopic and biochemical
experiments suggesting that the topologies of the Na+/K+-ATPase α-
subunit and SERCA are very similar [for review, see [17]]. They were
recently supported by the publication of the Na+/K+-ATPase crystal
structure at 3.5 Å resolution [18], which confirmed the close structural
relationship of these two enzymes. The α-subunit has ten transmem-
brane helices (M1–M10) and two longer cytoplasmic segments that
are organized into three well-separated domains. The one, designated
as A, is formed by the C23 (cytoplasmic segment between the M2 and
M3), the other two, designated as N and P are formed by C45.
Designation of the P-domain has origin in the fact that it contains the
phosphorylated aspartyl residue, the N-domain contains the nucleo-
tide-binding site and the A-domain (actuator or anchor) assists to the
conformational changes that are necessary for the cation transport.
The cation-binding sites are located within the transmembrane
region; the cations are coordinated by the residues of M4, M5, M6
and M8 [7].

It was shown that the large cytoplasmic segment C45 of the α-
subunit containing both the nucleotide binding- and phosphorylation
sites can be overexpressed in E. coli and purified without the rest of
the enzyme [19–23]. It was demonstrated that this isolated C45
retains its functional properties, such as ATP- or TNP-ATP-binding,
suggesting that the 3D-structure is preserved [19–25]. This is also
supported by the finding that the structure of the isolated N-domain
independently solved by both NMR and crystallography fitted well to
the N-domain from the crystals of SERCA [26]. This artificial system
became popular, because (i) it uncouples the enzyme/nucleotide
interaction from the cation transport, which facilitates the data
interpretation, and (ii) solubility of the isolated C45 greatly facilitates
the experimental work.

Intrinsic tryptophan fluorescence is very sensitive to the changes
in the environment of the tryptophanyl residue, and thus, it could be a
useful marker of the conformational changes. However, in order to
localize the molecular events, the spectroscopic data can be easily
interpreted only for a protein that contains no more than a single Trp
residue. Therefore, we have created a set of single-tryptophan
mutants of the C45, and monitored changes induced on the C45
upon interaction with the Mg2+, Na2ATP or MgATP ligands. Our data
indicate that ATP and magnesium act in a coordinated manner in
order to open or close the C45. As the abovementioned crystal-
lographic studies provide only the static structural information, our
experiments monitoring the C45 dynamic well complement these
data.

2. Materials and methods

2.1. Site-directed mutagenesis of the Na+/K+-ATPase C45

DNA sequence of the C45 of the Na+/K+-ATPase α-subunit was
prepared by the polymerase chain reaction (PCR) from the 1260 base
DNA segment encoding Lys354–Lys774α1-subunit of themouse brain
Na+/K+-ATPase used previously in our laboratory [21–23,27]. This
sequence (L354 – I777) was amplified using the primers allowing the
introduction of NheI and HindIII restriction sites at the 5′ and 3′
termini, double digested with NheI, HindIII restriction enzymes, and
ligated into the expression vector pET28b. DNA sequencing of the
resulting construct was performed on ABI Prism automated sequencer
(facility of the Academy of Sciences of the Czech Republic) in order to
confirm the in-frame insertion of the C45 DNA into the expression
vector. The wild-type sequence of the C45 contains two native
tryptophan residues W411 and W385. These two amino acid residues
were subsequently substituted by phenylalanine residues, yielding
two single-tryptophan mutants WT-W385F and WT-W411F and the
tryptophanless (TL) double mutant WT-W411F-W385F, which was
thereafter used as a template for other point mutations. Following
single-tryptophan mutants were constructed: TL-F404W, TL-F426W,
TL-F571W, TL-I627W, TL-F683W, and TL-S732W. Site directed muta-
genesis PCRs were performed using PfuUltra High-fidelity DNA
Polymerase (Stratagene). The upstream primers for performed
mutations were (altered nucleotides are in italic):

WT-W385F 5′ggatgacagtggctcacatgttctttgacaatcaaatcc3′,
TL-F404W 5′gagaatcagagtggggtctcctgggacaagacgtcagccacc3′,
WT-W411F 5′gacaagacgtcagccaccttcttcgctctgtccagaattgc3′,
TL-F426W 5′tgtaacagggcagtgtggcaggctaaccaagaaaacc3′,
TL-F571W 5′gacactgatgaagtcaattggcccgtggataacctctgc3′,
TL-I627W 5′gggggtgggcatttggtcagaaggtaacg3′,
TL-F683W 5′gcggtaccacacggagattgtctgggctaggacctctcctc3′,
TL-S732W 5′gccatggggattgttggctgggatgtgtccaagc3′.

Downstream primers were reverse complementary. All constructs
were verified by DNA sequencing.

2.2. Fusion protein expression and purification

The C45 of the Na+/K+-ATPase DNA and all its mutations were
transformed into BL21 Escherichia coli bacteria (Promega) and were
cultured at 37 °C to OD(600 nm) of 0.6. Inductionwas carried out with
0.2 mM IPTG (isopropyl β-D-thiogalactoside) overnight at 17 °C. Cells
were centrifuged, resuspended in 20 mM Tris–HCl, 140 mM NaCl, pH
7.4 containing protein inhibitors (2 μg/ml leupeptin, 2 μg/ml
pepstatin and 1 mM Phenylmethylsulfonyl fluoride (PMSF)), dis-
rupted by sonication and the homogenate was again centrifuged. All
constructs were expressed as a (His)6 – tag fusion protein; the (His)6 –
tag was attached to the N-terminus. Purification affinity chromato-
graphy was performed according to standard TALON Metal Affinity
Resin (Clontech) manufacturer protocol. The protein samples were
eluted with 0.5 M Imidazol and were dialyzed against 1 liter of 50 mM
Tris–HCl, 140 mMNaCl, 2 mMDTT, pH 7.5 overnight at 4 °C. The purity
of protein samples was verified using 12% SDS-PAGE. Concentrations
were estimated using the Bradford assay [28].

2.3. Tryptophan fluorescence quenching

The steady-state tryptophan fluorescence emission was quenched
using 0–300 mM acrylamide as a quencher. Data were collected using
an excitation and emission wavelengths of 295 nm and 360 nm,
respectively, slits were set to 5 nm and 10 nm for the excitation and
emission channel, respectively, the integration time was 3 s for
recording of each point, the measurements were performed at 22 °C.
Protein samples were diluted to the final 3 μM concentration into
20 mM Tris–HCl, 140 mM NaCl, pH 7.5 buffer, where oxygen was
removed by argon, and were titrated by aliquots of the quencher. The
sample was gently stirred and the fluorescence spectrum was
recorded.

The efficiency of quenching was evaluated by the non-linear least-
squares analysis using the Stern–Volmer formula:

F =
F0

1+ KSV Q½ �
where F0 and F are the fluorescence intensities in the absence or in the
presence 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. Notably, attempts to use
more complicated models (e.g. two populations of fluorophors with
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different quencher accessibility) did not improve the quality of the fit.
Therefore, we used the formula given above.

Quenching experiments were performed in four different setups
i.e. without any ligand, with 15 mMMgCl2 (Lach-Ner), 15 mM Na2ATP
(Sigma) or 15 mMMgATP (Sigma). The experiments in the absence of
magnesium (i.e. free C45, or in the presence of Na2ATP) were carried
out in the presence of 5 mM EDTA. In order to identify the influence of
individual ligand on the C45 conformation, quenching constants from
at least three independent measurements were compared to the
ligand-free experiments quenching constants.

2.4. Time-resolved fluorescence measurements

Time-resolved fluorescence data were obtained by the time-
correlated single photon counting (TCSPC) method on the spectro-
meter PicoHarp 300 (PicoQuant), using the pulsed LED centered at
298 nm (PLS300, PicoQuant) with the pulse frequency 10 MHz and
emission monochromator set to 350 nm. Detected photons were
collected into a histogram covering the time scale of 100 ns and with a
32 ps/channel resolution. All the experiments were carried out at
20 °C (bath controlled). In the experiments for fluorescence lifetime
determination, data were sampled for 20 min under the magic-angle
conditions, and 2000–11000 counts in the leading channel were
collected in the histogram. In the anisotropy decay experiments with
W385 mutant, each IVV and IVH were collected for 10 min and about
8000 counts in the leading channel for IVV was obtained. The G-factor
was determined in the separate experiment. The instrument–
response function was estimated using the colloid–silica (Ludox) as
a scatterer. Fluorescence decays were fitted using the FluoFit 4.2.1
software (PicoQuant) as a sum of exponentials:

I tð Þ=
X

i

αide−t=τi :

The intensity-weighted mean fluorescence lifetime was calculated as

τM =
P

αiτ2iP
αiτi

:

Fluorescence anisotropy decays were fitted by the Pulse5Q software
using the maximum entropy method (MEDC, Ltd.). Fluorescence
anisotropy decays were analyzed as a sum of exponentials:

r tð Þ=
X

i

βide
−t=/i

where the set of the amplitudes βi represents a distribution of the
correlation times ϕi. The βi are related to the initial anisotropy r0 by
the formula:
X

i

βi = r0:

100 correlation times ϕi equidistantly spaced at the logarithmic scale
ranging from 50 ps to 100 ns were used.

2.4.1. Molecular modeling
At the beginning of the study, no experimentally determined

structure of the entire Na+/K+-ATPase C45 was known. Therefore we
created the C45 model in the closed conformation (see also
Discussion) based on the homology with SERCA and it was used as a
starting structure in the molecular dynamic simulations described
below. However, during the preparation of the manuscript, the crystal
structure of the Na+/K+-ATPase at 3.5 Å resolution has been
published revealing the open C45 conformation. In order to check
the validity of our simulations, we excised the C45 from the crystal
structure and the subsequent molecular dynamic simulation revealed
that the loop relaxed into the closed conformation, thus, justifying our
homology model based molecular dynamic simulations (see below).
2.4.2. Homology model construction
The homology model of the C45 of the Na+/K+-ATPase was

created using the MOE [29] software package. The C45 sequence was
aligned to the sequence of the rabbit SERCA1a and the alignment was
manually refined with respect to the known Na+/K+-ATPase
structural data, namely to the NMR-solved N-domain structure[26]
(Suppl. Mat., Fig. S1). Our previous data suggested that the isolated
C45 adopted the E2-like conformation; therefore the model was built
using the high-resolution structure of SERCA in E2-conformation (PDB
entry 2C8L) as a template. Using the default settings and the force-
field of the parm99 [30,31], 10 structures were generated using the
fine minimization and the average structure was taken as the initial
state for the molecular dynamics simulations. The C-terminal loop of
the C45 homology model was truncated by 13 residues in order to
reduce computational demands.

2.4.3. Molecular dynamics simulations
Molecular dynamics (MD) simulations have beenperformedwith a

homologymodel of the C45with sodiumormagnesium counterions in
the absence of ATP (hereafter C45-Na and C45-Mg), aswell aswithATP
bound to the active site of C45 (hereafter C45-Na2ATP and C45-
MgATP). The ligand was immersed to the previously relaxed structure
of C45-Na using the 1MO8 structure [26] as a template. The ATP
phosphates were oriented toward the phosphorylation site of P-
domain at D369 residue. The relaxed structurewas taken at the time of
∼2000 ps from theC45-NaMDsimulation. To compensate the negative
charge of C45-Na2ATPand C45-MgATP, 22Na+or 11Mg2+ counterions
were added, respectively. To check the quality of C45 homology model
simulations, a control MD run at 10 ns time scale with the crystal
structure of the Na+/K+ ATPase (PDB ID 3B8E[18]) was performed.
The MD simulation of unliganded Na+/K+ ATPase (denoted as C45-
Xray) was carried out with Na+ counterions to neutralize the system.
All simulations were carried out using the SANDER module of AMBER
9.0 [32] suite of programs with the parm99 force field. The simulation
protocol was used as follows: at first all protonation states of histidine
residues were checked by visual inspection to maximize H-bond
contacts. Then, all hydrogens and individual counterions were added
using LEaP programof AMBER 9.0 package. Each systemwas immersed
in a rectangular water box with a minimum distance between the
molecule and the box wall of 9 Å. Then, each system was minimized
prior to the production part of the molecular dynamics run in the
following way. The proteinwas constrained and the solvent molecules
with counterions were allowed to move during a 1000 step
minimization followed by 10 ps long molecular dynamics run under
[NpT] conditions (p=1 atm, T=298.15 K). The next step covers
relaxation of side chains by several consequent minimizations with
decreasing force constants applied to the backbone atoms. After the
relaxation, the entire systemwas heated. The thermalization protocol
was set up as follows: each system was heated from 10 K to 50 K for
20 ps, then from50K to 250 K for 20 ps and then from250K to 298.15 K
for 30 ps. The particle-mesh Ewald (PME) methods for treating
electrostatic interactions were used. All simulations were performed
under periodic boundary conditions in the [NpT] ensemble at 298.15 K
and 1 atm using the 2 fs integration step. The SHAKE algorithmwith a
tolerance of 10−5 Å was used to fix positions of all hydrogens. The
cutoff of 9.0 Å was applied to treat nonbonding interactions.
Coordinates were stored every picosecond. The total duration of the
productionphases for C45-Na, C45-Mg, C45-Na2ATPand C45-MgATP is
equal to 7 ns, 3.5 ns, 4 ns and 4.5 ns, respectively. The C45-Na system
contained in total 60219 atoms (411 residues, 18 Na+ counterions and
17992 water molecules). The C45-Mg system contained 58983 atoms
(411 residues, 9 Mg2+ atoms and 17583 water molecules). The C45-
Na2ATP system contained 57431 atoms (411 residues, 22 Na+

counterions, one ATP molecule and 17047 water molecules). The
C45-MgATP contained 57315 atoms (411 residues, 11 Mg2+ counter-
ions, one ATP molecule and 17012 water molecules). The C45-Xray



Table 1

Protein Location No substrate Mg2+ MgATP Na2ATP

WT-W411F N-domain 0.86±0.02 0.78±0.06 0.65±0.02 0.68±0.03
TL-F404W N-domain 1.79±0.23 1.37±0.17 1.30±0.33 0.98±0.17
WT-W385F N-domain 1.16±0.08 1.21±0.19 1.13±0.22 1.14±0.22
TL-F426W N-domain 1.66±0.03 1.46±0.09 1.53±0.09 1.48±0.12
TL-F571W N-domain 1.77±0.18 1.00±0.12 1.34±0.09 1.28±0.08
TL-I627W P-domain 0.97±0.07 1.07±0.07 1.05±0.22 0.89±0.18
TL-V648W P-domain 1.42±0.33 1.36±0.26 1.37±0.19 1.34±0.23
TL-F683W P-domain 1.33±0.08 1.39±0.26 1.18±0.11 0.92±0.07
TL-S732W P-domain 1.36±0.07 1.26±0.02 1.25±0.17 1.22±0.09

Bimolecular quenching constants for quenching of the Trp fluorescence by acrylamide
given in 109 M−1 s−1 are calculated as the ratio of the Stern–Volmer quenching
constants given in Table S2, and the corresponding mean fluorescence lifetime in Table
S1. The native sequence of C45 contains two Trp residues on the positions 385 and 411.
Thus, WT-W411F or WT-W385F designates 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 mutant.
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structure contained 52710 atoms (411 residues, 18 Na+ counterions
and 15489 water molecules). The trajectory stability was checked by
the root-mean-square-deviation (RMSD) of backbone atoms from the
initial structure and radius of gyration (Rg). The RMSD, Rg and
secondary structure analysis were calculated by PTRAJ module of
AMBER 9.0 package. The radial distribution function (RDF), describes
how the density of surrounding matter varies as a function of the
distance fromadistinguishedpoint. The RDF values ofwatermolecules
oxygens at 1.0 nm distance to center of mass of selected residues have
been used to assess a spatial accessibility of the residues from solvent.

3. Results

3.1. Expression and purification of the single-tryptophan C45 mutants

The native C45 sequence contains two tryptophanyl residues
(W385 and W411). They were subsequently replaced by phenylala-
nines to obtain a tryptophanless (TL) construct. Further, artificial
reporter tryptophans were inserted into this TL construct to yield a set
of single-tryptophan mutants. Based on the homology model of the
C45 (see below), these reporter tryptophans were placed on the
various positions on the C45 surface (Fig. 1). Wherever it was possible,
we attempted to perform conserved mutations (i.e. the residue to be
replaced by Trp was chosen as aromatic or hydrophobic one), in order
to minimize the effect of the mutation on the protein folding. Indeed,
expression of all mutants resulted in a high yield of soluble protein
(typically N5 mg of purified protein from 0.2 L of the culture),
suggesting that the protein tertiary structure was not substantially
altered. The purification of the (His)6-tagged protein on the Co2+-
affinity column yielded a single band on the SDS-electrophoresis gel
(not shown).

3.2. Fluorescence decays

Time-correlated single photon counting (TCSPC) method was used
to characterize fluorescence decays of the single-tryptophan mutants
at various conditions (without any ligand, in the presence of Mg2+,
MgATP or Na2ATP). All the decays were satisfactorily fitted to the
Fig. 1. Reporter positions on the C45. The homology C45 model is displayed with the
Connolly type semitransparent surface, the residues that where mutated to the reporter
tryptophanyl residue and subsequently evaluated in the spectroscopic experiments are
in the stick representation and colored purple.
three-exponential decay scheme (Suppl. Mat., Table S1) with reduced
χ2 approaching 1.00, random distribution of the first residuals and the
autocorrelation function in all cases (not shown). The only exceptions
were all decays of the TL-S732W mutant, decays for TL-V648W
mutant in the absence of any ligand and in the presence of Mg2+,
which were satisfactorily described by the 2-exponential decay
model. The main goal of these experiments was to estimate the
mean excited-state lifetime (the penultimate column of the Table S1
in Suppl. Mat.) that characterizes the time, during which the
acrylamide can effectively quench the fluorescence.

3.3. Fluorescence quenching by acrylamide

Fluorescence quenching experiments give a unique opportunity to
monitor changes of the protein shape. The Stern–Volmer quenching
constant (KSV) reflects the effectivity of the quenching (Suppl. Mat.,
Table S2) and is dependent mainly on the spatial accessibility of the
fluorophore and its mean excited-state lifetime (τM, Table S1, Suppl.
Mat.). Dividing the KSV by τM yields the bimolecular quenching
constant (kq, Table 1), which already characterizes the spatial
accessibility of the fluorophor. Therefore, even in the experiments
without any ligand the kq varied between 1.79×109 M−1 s−1 for the
best accessible tryptophan in the TL-F404W mutant, down to
0.86×109 M−1 s−1 for the worst accessible native W385 residue
(WT-W411F mutant), within our set of single-tryptophan mutants
(Table 1). Notably, after binding of ligand (Mg2+, MgATP or Na2ATP)
we observed significant kq changes for the quenching of some
tryptophans, as discussed below.

3.4. Mg2+ binding

It was expected that binding of this small ligandwould induce only
subtle changes in the C45 shape that will be hardly detectable. Indeed,
quenching of most tryptophans deviated only within the experi-
mental error from the experiments performed in the absence of any
ligand. The only exceptionwas the quenching of the TL-F571Wmutant
(this residue is located on the N-domain), where we observed almost
2-fold decrease in the kq (from 1.77×109 to 1.00×109 M−1 s−1),
reflecting substantial protection of this residue against quenching
(pb0.01). Notably, the kq value significantly differs also from the value
obtained in the MgATP presence (pb0.03, see below), suggesting that
the observed effect is a result of free Mg2+ binding.

3.5. MgATP binding

We expected that binding of ATP in the presence of magnesium
would induce substantial changes in the C45 conformation.



Table 2

Ligand β1 β2 Φ1 (ns) Φ2 (ns) χR
2

None 0.062 0.145 0.053 39.8 1.09
Mg2+ 0.060 0.144 0.069 41.5 1.07
MgATP 0.038 0.143 0.069 39.6 1.01
Na2ATP 0.039 0.133 0.104 31.5 1.05

Anisotropy decay parameters for the native W385 residuum (WT-W411F mutant), βi

are the fractional anisotropies, Φi are the corresponding rotational correlation times,
reduced χ2 reflects the goodness of fit.

Fig. 2. Overall C45 shape in the MD simulation was evaluated using the radius of
gyration. Although this parameter was evaluated every 1 ps of the MD simulation, only
the values after every 200 ps are displayed in this graph for clarity. The C45
conformation in the Na2ATP presence clearly differed from the conformations seen in
all the other simulations.
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Surprisingly, the observed changes differed only very slightly from the
experiments performedwithMg2+ only. Again, quenching ofmost Trp
residues deviated only within the range of experimental error, when
compared to the experiments in the absence of any ligand, and the
only mutant exhibiting substantial changes was the TL-F571Wmutant
where we observed decrease in kq from 1.77×109 M−1 s−1 to
1.34×109 M−1 s−1 (pb0.06). This value was significantly different
also from that obtained in the presence of Mg2+ only (pb0.03), but
not from that obtained in the Na2ATP presence (pb0.51, see below),
suggesting that it is an effect of the ATP binding to nucleotide-binding
site on the N-domain. Further, for the native W385 residue (WT-
W411F mutant), we observed decrease in kq from 0.86×109 to
0.65×109 M−1 s−1 (pb0.01). However, this value does significantly
differ neither from that obtained in the Mg2+ presence (pb0.70) nor
in the Na2ATP presence (pb0.95, see below), and it seems that this
half-buried native tryptophan is sensitive to binding of all ligands.

3.6. Na2ATP binding

The most complex changes were observed when the C45 mutants
were incubated with the Na2ATP. The kq decreased significantly
(when compared to the quenching in the absence of any ligand) in the
quenching of the native W385 residue (WT-W411F mutant) from
0.86×109 to 0.68×109 M−1 s−1 (pb0.01), for the TL-F404W mutant
from 1.79×109 to 0.98×109 M−1 s−1 (pb0.02), for the TL-F571W
mutant from 1.77×109 to 1.28×109 M−1 s−1 (pb0.05) and for the TL-
F683W mutant from 1.33×109 to 0.92×109 M−1 s−1 (pb0.01),
revealing that also these residues are partially protected against
quenching in the Na2ATP presence. Notably, the changes concerning
the N-domain residues (i.e. WT-W411F, TL-F404W and TL-F571W
mutants) go in the same direction as in the MgATP presence (mutual
comparison of results in the MgATP or Na2ATP presence yields values
of pb0.38, pb0.31 or pb0.51, respectively), but are much more
distinct. However, for the TL-F683W mutant, the result significantly
differs also in the comparison to the MgATP (pb0.06). The quenching
of the Trp residues on the other mutants did not significantly differ
from the experiments in the absence of any ligand.

3.7. Anisotropy decay

Fluorescence anisotropy contains the information about the
mobility of the fluorophor. Typically, time-resolved measurement of
the anisotropy decay enables to distinguish three components for the
tryptophanyl residue on the protein. The shortest rotation correlation
time (typically about 70 ps) corresponds to the movement of Trp side-
chain. The middle one (typically in ns time-range) reflects segmental
motion, while the longest one reflects rotation of the whole protein,
and is therefore dependent on its size (typically tens of ns) [33].

We selected the mutant containing the native W385 residue (WT-
W411F mutant) located on the N-domain for the anisotropy decay
experiments because according to our model this residue is half-
buried, and we expected that it should not exhibit the segmental
motion, which simplifies the data analysis. Indeed, the anisotropy
decay could be described as a sum of two components (Table 2) in all
cases. The ∼70 ps correlation time fits well to the values expected for
the Trp side-chain movement, and the ∼40 ns correlation time
observed for the protein without any ligand, in the presence of Mg2+

or MgATP could be also expected for the 48 kDa protein. Interestingly,
in the presence of ATP alone, this longer component has been
shortened to ∼30 ns only, reflecting that the N-domain is only weakly
linked to the P-domain in this case. In principle, we should observe
three components in the anisotropy decay in this situation. As the N-
domain constitutes roughly one half of the C45, the longer correlation
time should be split to the ∼20 ns component reflecting the N-domain
“segmental”movement and the ∼40 ns component characterizing the
C45 rotation. However, resolution the two correlation times differing
only by the factor of 2 in this complex system (3-exponential
fluorescence decay and 3-exponential anisotropy decay) is beyond
the limits of this method, and in fact, we observe only some average
value. Note that we cannot safely interpret the increase of the
correlation time in the shorter component of the anisotropy decay in
the presence of the ATP, as this component is poorly resolved in the
experimental setup with 32 ps/channel resolution (we can just detect
that it is present).

3.8. Molecular dynamics simulations

3.8.1. The stability of studied systems
All trajectories are stable during the production part of the MD

simulations and reliable for further analyses. The trajectory stability
confirms RMSD of backbone atoms from the initial structure, Rg and
secondary structure analysis. The curve of RMSD against time
calculated for the C45-Na system reaches its plateau at ∼1.5 ns. The
RMSD of C45-Mg system points out that the system equilibrates at
∼1 ns. The C45-Na2ATP system equilibrates within 2 ns and the C45-
MgATP system within 1 ns. The time evolution of RMSD of the C45-
Xray reaches its plateau at ∼2 ns. The Rg values of C45-Na, C45-Mg and
C45-MgATP systems fluctuate around the mean values of 24.9 Å,
25.0 Å and 24.9 Å, respectively. However, the Rg of C45-Na2ATP starts
to increase from 25.1 Å after 2 ns reaching a new plateau (Rg=25.7 Å)
at ∼2.4 ns (Fig. 2). The visual inspection of the C45-Na2ATP MD
simulation unravels that the increase of Rg correlates with opening of
both domains (Fig. 3). The domain opening motion can be described
by the angle among the N-domain center of mass, center of mass of
loops connecting both domains and P-domain center of mass
(hereafter angle-m-m-m). The mean value±SEM of angle-m-m-m
calculated from the last nanosecond of C45-Na2ATP simulation is
equal to 129.9°±2.1° and is significantly larger than the mean value
121.6°±2.9° from the first nanosecond. The angle 129.9° between
both domains (C45-Na2ATP) is also significantly larger than the same
angle 117.5°±2.1° calculated for C45-MgATP system.



Fig. 3. Two snapshots taken fromMD simulation of C45-Na2ATP system at the beginning and at the end. On the left-hand side there is the equilibrated system of C45-Na2ATP (700 ps).
The angle-m-m-m between N- and P-domains is equal to 117.5°. The figure on the right-hand side shows the snapshot taken from 2250 ps of the corresponding MD simulation. The
inter-domain angle is equal to 133.4° and documents opening of both domains.

Fig. 4. Correlation between the spectroscopic and modeling data. The accessibility of
individual residues in the models was evaluated using the radial distribution function
for the 1.0 nm radius around the center of mass of the monitored residues. These values
could be directly compared to the bimolecular quenching constants from the
acrylamide-quenching experiments. See also text for detailed comments.
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3.8.2. Structure, dynamics and ATP binding
Generally, the systems containing magnesium ions are less flexible

than the systems with sodium ions. The secondary structure is well
preserved during all simulations and the highly flexible regions
correspond to the loops between secondary structure elements. The
N-terminal loop (residues 386–412) is the most flexible segment in all
investigated systems. Another flexible C45 loop is formed by residues
422–467. Two loops (residues 625–667 and 721–733) are the most
flexible regions of the P-domain.

The ATP molecule is housed by a narrow active site formed by
antiparallel β-sheet (residues 481–487 and 496–502), loop of
residues 474–480 and loop of residues 540–545 in our models. The
ATP purine ring stacks to the F475 benzene ring and ATP N6H2 group
may form H-bond to D443. The ATP ribose moiety (O2′ and O3′)
makes two H-bonds to R544 and D612, respectively. A salt bridge
among the α- and β-phosphate moieties and K480 also occurs during
simulations. These structural characteristics correspond well to
previously published spectroscopic experiments [21–23,26,34].

Two Mg2+ counterions are coordinated toα-, β- and γ-phosphates
of ATP in the C45-MgATP system, similarly as revealed in SERCA
crystallographic studies [16]. One Mg2+ ion is housed among D369,
V609 backbone oxygen and theATPγ-phosphatemoiety. The other one
Mg2+ ion resides between ATP α- and β-phosphate group oxygens.
Both Mg2+ counterions remain in their positions and maintain all
abovementioned interactions during the entire MD simulation.

On the other hand, three sodium counterions are tightly bound to
ATP phosphate moiety in the C45-Na2ATP system. In the closed state
at the beginning of the simulation, one sodium ion mediates the
interaction between D369 and ATP γ-phosphate moiety. As soon as
both domains open (interdomain angle increases by ∼20°), the
interaction between D369 and ATP disrupts. In the open state, two
sodium ions mediate the interaction of D612 to ATP β- and γ-
phosphates. We assume that the loss of the D369 interaction to ATP
starts the domain opening (cf. Fig. 3).

3.8.3. Correlation with experimental data
Our homology model corresponds well to the known experimen-

tally determined structural data. Comparison of the Cα's positions of
the NMR-solved N-domain and the corresponding part of our C45
yielded RMSD=1.7 Å, and comparison of the entire C45 structure to
the corresponding part of the SERCA (2c8l) yielded RMSD=1.6 Å.
Both these values are lower than a resolution of any available
crystallographic data on P-type ATPases. The overall fold and
secondary structure elements of the C45 homology model are
consistent with the Na+/K+ ATPase crystal structure (at 3.5 Å
resolution), which has been published during preparation of this
manuscript [18]. The crystal structure represents the C45 in the open
conformation while the homology model is in the closed state. This
fact prevents a direct comparison of entire structures of both systems.
To compare both structures we have superimposed N- and P-domains
separately (Suppl. Mat. Fig. S2). There was a good agreement in the
overall fold for each domain, larger differences were observed only for
the loops that were flexible during our molecular dynamic simula-
tions. The active site of the relaxed homology model (after 2 ns MD
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simulation of C45-Na) well preserves all main structural features of
the active site revealed by the crystal structure (Suppl. Mat. Fig. S3).
Only small changes in the side-chains conformations occur for
residues Arg544 and Asp443 and can be explained by the flexibility
of these residues. Hence, we can conclude that the homology model
saves main structural and functional features of the C45 system.

Notably, there is also a good correlation (pb0.0001) between
spectroscopic and modeling experiments (Fig. 4). The solvent
accessibility of a residue in the model could be evaluated by RDF that
estimates number of water molecules within the sphere of given
radius. The value could be directly compared to the Stern–Volmer
quenching constant from the acrylamide-quenching experiments,
which is also proportional to the steric angle around the residue
accessible from the solvent. Further, the anisotropy decay experiments
performed in this study (Table 2) reflected aweak linking of theN- and
P-domains in the case of the C45-Na2ATP systemwhile a tighter one in
the case of C45-MgATP system. This fact well coincides with the
Fig. 5. Mg2+-binding sites. (a) Coordination of the Mg2+ in the proximity of Phe571. (b) C
coordinating Mg2+ cations are depicted in stick representation, magnesium cations are dep
number of H-bonds between both domains calculated as a mean from
the last 2 ns of MD simulations. The numbers of interdomain H-bonds
are equal to 4.0±1.9 and 9.5±2.3 for the C45-Na2ATP andC45-MgATP,
respectively, where ATP is considered as an integral part of the N-
domain. The introduced terminology “open” and “closed” conforma-
tion of the enzyme is attributed the state of the cytoplasmic headpiece.
In the open conformation, the N-domain is loosely connected to the
other cytoplasmic domains, while in the closed conformation it is
closely connected to the P- and A-domains and displays multiple
interdomain hydrogen bonds. In this sense, we use the terminology
analogously, despite the A-domain is missing in our case.

4. Discussion

Several crystallographic structures of SERCA in various conforma-
tions were published [7–16], and recently, also the first crystal
structure of Na+/K+-ATPase appeared [18]. There are numerous
oordination of the Mg2+ in the proximity of the triphosphate chain. ATP and residues
icted as green spheres. In the left-hand side pictures, N-domain is on the top.



Fig. 6. Opening and closing of the C45. The angle between centers of mass of the N- and
P-domain and the hinge between these two domains was monitored during the MD
simulations. Addition of the pure ATP the closed C45 conformation induced rapid
repulsion of the domains, while subsequent addition of magnesium enabled closure of
the domains. Notably, addition of the MgATP left the loop in the closed conformation.
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indications that SERCA is a good representative of all P-type ATPases
(or at least Type II ones) and that the displayed conformations are
highly relevant also for Na+/K+-ATPase [17,35]. Nevertheless, the
crystallographic approach has some substantial drawbacks, as
thoroughly discussed in [35]. First, it provides only static picture.
Moreover, spectroscopic experiments performed under physiological
conditions revealed that the protein crystals obtained under very
extreme conditions can inevitably influence substantial details in the
resolved structure [36]. Finally, all the crystallographic structures
displayed enzymes complexed only with molecules that are incom-
patible with enzyme function, e.g. nucleotide analogs functioning as
inhibitors. Thus, in order to observe the protein dynamics under
physiological conditions and with native ligands, the conventional
spectroscopic techniques and molecular dynamic simulations are the
preferredmethods of choice [37]. Notably, experimental monitoring of
the fine dynamics of the entire transmembrane enzyme encounters
serious practical difficulties and presents still a challenge for the
future work. Fortunately, the isolated C45 retains the same structural
and dynamic features as when being a part of the entire enzyme, and
represents a useful system for the studies of the enzyme dynamics, as
discussed below.

Our previous results indicated that the isolated C45 contains the
low-affinity ATP-binding site [21–25], and similar results were
reported also from other laboratories for the isolated C45 of various
P-type superfamily members [19,20,38,39]. Moreover, the NMR
studies revealed that the structure of the isolated N-domain in the
absence of any substrate fits better to the N-domain of SERCA
crystallized in the E2 conformation [26]. This corresponds well also to
our observations in the molecular dynamic experiments. The C45
homology model turned out to be stable during subsequent
molecular dynamic simulation only when it was built on the basis
of the 2C8L (E2 conformation) template, in contrast to the model
based on the 1SU4 template (E1 conformation, not shown). The
recently published Na+/K+-ATPase crystal structure revealed the
state with the open conformation of C45. Nevertheless, when we
excised the C45 from this structure, it rapidly relaxed into the closed
conformation during the C45-Xray MD simulation (data not shown).
Thus, we can conclude that isolated C45 adopts in the absence of any
substrate the closed conformation characteristic for the E2 state.

It was expected that Mg2+ itself could hardly dramatically
influence the C45 structure. Indeed, most observed experimental
parameters varied only slightly and also molecular dynamic simula-
tion revealed that the C45 remained in the closed conformation with
one Mg2+ cation coordinated by residues D369 and D710 that were
already identified in previous studies [40]. Experimental data revealed
changes in the environment of the F571 and the molecular model
suggested that it may be a consequence of the coordination of one
Mg2+ cation by the main-chain oxygens of V569 and P572 (Fig. 5a). It
should be noted that this site is rather distal to all known important
binding sites on Na+/K+-ATPase, and thus, it is not clear whether this
second Mg2+-binding site could have any physiological importance.

Also in the case when ATP was bound to the C45 in the presence of
magnesium, the changes in the C45 conformation were rather small
and it preserved the closed conformation. It could be concluded that
the MgATP stabilized the closed conformation of the C45. Notably,
there were two magnesium cations coordinated by the nucleotide
triphosphate chain, similarly as revealed in the crystal structures of
SERCA [16]. One of the cations was coordinated by the oxygens of the
α- and β-phosphates, the other one was positioned between the γ-
phosphate and phosphorylation site at D369, with the assistance of
the main-chain oxygen of V609 (Fig. 5b).

The most dramatic changes in all measured parameters were
observed in both the spectroscopic experiments and molecular
dynamic simulations when ATP was bound to the C45 in the absence
of magnesium (Na2ATP). The fluorescence anisotropy decay experi-
ments revealed that the contact between N- and P-domains was
weakened after Na2ATP binding, which is in good agreement with our
molecular dynamic simulations, where we observed rapid opening of
the C45, resembling the open conformation observed for the SERCA
crystal in the E1-2Ca conformation [7]. Obviously, the huge global
conformational change was reflected also by the local changes within
various C45 parts. This was reflected also in our spectroscopic
experiments, where numerous residues on both the N- and P-domains
exhibited changes in its accessibility (see Results).

4.1. Usability and limits of the isolated C45

The obvious question arises, how much are the experiments with
the isolated C45 relevant also for the entire enzyme. As discussed
above, the isolated C45 seems to support its tertiary structure, and our
data suggest that the C45 can adopt the open and close conformations,
i.e. dynamic behavior expected for this loop when being part of the
entire enzyme. Finally, it is necessary to analyze some logical
consequences to the Albers–Post cycle, which is usually used for
description of the P-type ATPases working mechanism. It postulates
that the enzyme adopts two major conformations during the catalytic
cycle. One of them, traditionally designated as E1, has high affinity to
both ATP and sodium and low affinity to potassium ions. Contrary, the
E2 conformation has low affinity to both ATP and sodium and high
affinity to potassium ions. Already early experiments of Skou revealed
that magnesium must be present in the cytoplasm as an essential
cofactor that is not transported to the other side of themembrane. The
fact that recent experiments located the Mg2+-binding site in the
proximity of the phosphorylation site lead to the consideration of
MgATP as the only true P-type ATPases ligand [41,42] and it is
generally agreed that magnesium is essential for the phosphorylation
of the conserved aspartyl residue (D369 on Na+/K+-ATPase).
Additionally, it is known that ATP can bind also to the enzyme in
the E2 conformation, although with lower affinity (KM∼200 μM).

As discussed above, the isolated C45 without any substrate adopts
the closed conformation that was attributed to the E2 state. Our
experiments and molecular dynamic simulation revealed that binding
of Mg2+ or MgATP does not substantially alter the C45 conformation.
In contrast, binding of the Na2ATP resulted in the rapid mutual
movement of both N- and P-domains yielding the open conformation,
which is characteristic for the E1 state. Moreover, subsequent addition
of Mg2+ induced the C45 closure again (Fig. 6). However, it should be
noted that this conformation (after subsequent addition of ATP and
Mg) turned out to be unstable in molecular dynamic simulation on
longer time scales, and we observed some kind of oscillations.



Fig. 7. Comparison of the C45 structures when the MgATP was bound at once and when ATP and Mg2+ were bound subsequently (last frames from the experiments described in
Fig. 6).
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Comparison with the closed conformation where the Mg and ATP
were added at once (and which was very stable on the long time
scales) revealed that the difference consists in ∼20° mutual rotation of
the N- and P-domains with respect to the axis perpendicular to the
membrane (Fig. 7) and the γ-phosphate cannot properly reach the
phosphorylation site, which is in agreement with previous findings
that the isolated C45 cannot efficiently hydrolyze the ATP [43].
Apparently, here we encountered the limits of the isolated C45
system. Based on the crystal structures of SERCA, where the A-domain
was in the contact with both the N- and P-domains, we suggest that
the flanking stroke of the A-domain into C45 is necessary to correct
the mutual orientation of the N- and P-domains. Unfortunately, this
could not have been observed in our studies with the isolated C45.

Our experiments suggested that the state of the cytoplasmic
headpiecemay not be related to the binding of the transported cations
to the transmembrane domain. It correlates with the observation that
the cytoplasmic headpiece in the crystal structures of SERCA obtained
in the presence of Ca2+ ions can be found in the open (PDB ID: 1SU4)
or closed (PDB ID: 1T5S) conformation. Our experiments suggest that
C45 conformation depends on the presence or absence of the
nucleotide and magnesium; the open conformation is found only for
Na2ATP bound to the C45, in all the other cases (i.e. Mg2+, Mg+ATP or
an empty loop) the C45 is closed.

Based on these observations, it seems reasonable to describe the
conformation of the cytoplasmic- and transmembrane domains
Fig. 8. Proposed modification of the Albers–Post model base
within the Albers-Post cycle independently, and instead of traditional
E1 and E2 to use o/cENa/K, where the superscript “o” or “c” denotes the
open or closed conformation of the cytoplasmic headpiece, and the
subscript “Na” or “K” reflects the high affinity of the sodium or
potassium ions to the transmembrane domain (Fig. 8). In contrast to
the previously published models, binding of ATP and Mg2+ occurs at
different steps of the catalytic cycle. ATP binding induces the cEK→oEK
conformational change. This conformational change is transmitted to
the transmembrane domain yielding the oEK→oENa and the cations
can be exchanged on the cytoplasmic side. Only then, binding of the
Mg2+ causes the oENa→ cENa transition, enabling the ATP hydrolysis
and the enzyme phosphorylation (notably, the ADP bound form is
probably only a transient state). This is the impulse for the cENa→ cEK
transition and the cation exchange on the extracellular side can take
place. Potassium binding induces phosphate and Mg2+ release and
the enzyme is ready to bind another ATP molecule — the cycle is
completed. Logically, the alternative conformational changes in the
cytoplasmic headpiece (CH) and transmembrane domain (TD), i.e.
CH→TD→CH→TD→etc., seem to be an essential feature that
supports the vectoriality of the cation transport.

This scheme fits well to the generally known fact that Mg2+ is
essential for the enzyme phosphorylation. Moreover, it seems to
provide the structural explanation for the results of kinetic experi-
ments performed by Plesner and Plesner [44] on the entire enzyme.
They demonstrated that the cytoplasmic ligands can bind
d on our experiments. See text for detailed comments.
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subsequently to the enzyme also in the dissociated form, ATP being
bound to the enzyme as the first ligand, andMg2+ as the second one. It
should be stressed that the estimated affinity of the ATP to the so-
called low-affinity binding site (∼200 μM) should be fully sufficient
for the proper enzyme work under physiological cytoplasmic free ATP
concentrations (∼600 μM, assuming 3 mM total ATP concentration,
and considering the Mg+ATP↔MgATP equilibrium; under cytoplas-
mic ionic strength, approx. 20% of the nucleotide should be in the free
ATP form). In fact, such an affinity enables much finer regulation than
eventual modulation of the high-affinity binding site (KM∼0.2 μM).
With subtle differences, similar hypothesis was recently proposed by
Jensen et al. [13] based on the experiments with SERCA. They
postulated that ATP binds in fact to the low-affinity (or modulatory,
in Jensen's terminology) site, which is later converted to the high-
affinity (or catalytic, in Jensen's terminology) site. Finally, the
proposed scheme is also in agreement with experiments, where the
conformational change was observed as a consequence of sodium/
potassium exchange [45]. They can be attributed to the oEK→oENa or
cENa→ cEK transitions in our scheme.

5. Conclusion

Series of successful crystallographic experiments on SERCA
provided good structural basis for understanding of the P-type
ATPases working mechanism. Our experiments examining the
dynamics of the enzyme complement these data. The work with the
isolated C45 enabled efficient separation of the events occurring
within the transmembrane- and cytoplasmic parts of the Na+/K+-
ATPase during the pumping cycle. Combination of the intrinsic
tryptophan fluorescence experiments and molecular dynamics simu-
lation suggested fine coordination of the cytoplasmic ligands (ATP and
Mg2+) binding in order to drive the opening and closure of the
cytoplasmic domains. Based on our results and in agreement with
numerous previously published experiments performed with the
entire enzyme, we propose that free ATP is bound to the low-affinity
binding site inducing opening of the cytoplasmic headpiece (tradi-
tionally denoted as E2→E1 transition). Magnesium is bound later and
induces closure of the cytoplasmic headpiece, thus (likely with the A-
domain assistance) enabling autophosphorylation (traditionally
denoted as E1→E2 transition). However, we cannot exclude that
the catalytic cycle is more complex, and our mechanism of sequential
binding of ATP and Mg2+ represents only part of this scheme and that
MgATP can be bound in some other part of the catalytic cycle. This
possibility could be very attractive namely in models assuming
oligomeric cooperation of two or more subunits [46–48]. Obviously,
although our conclusions fit well to the recent state of knowledge
about the pumping mechanism, it will be necessary to prove our
proposals also in the experiments with the entire enzyme, which still
presents a challenging task.
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