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ABSTRACT: We have previously reported that three residues of the fourth transmembrane segment (TM4)
of the Na,K- and gastric H,K-ATPaseR-subunits appear to play a major role in the distinct cation
selectivities of these pumps [Mense, M., et al. (2000)J. Biol. Chem. 275, 1749-1756]. Substituting these
three residues in the Na,K-ATPase sequence with their H,K-ATPase counterparts (L319F, N326Y, T340S)
and replacing the TM3-TM4 ectodomain sequence with that of the H,K-ATPaseR-subunit result in a
pump that exhibits 50% of its maximal ATPase activity in the absence of Na+ when the assay is performed
at pH 6.0. This effect is not seen when the ectodomain alone is replaced. To gain more insight into the
contributions of the three residues to establishing the selectivity of these pumps for Na+ ions versus
protons, we generated Na,K-ATPase constructs in which these residues are replaced by their H,K-ATPase
counterparts either singly or in combinations. Surprisingly, none of the point mutants nor even the triple
mutant was able to hydrolyze ATP at pH 6.0 at a rate greater than 20% of their respectiveVmaxs. For the
point mutantsL319FandN326Y, protons seem to competitively inhibit ATP hydrolysis at pH 6.0, based
on the low apparent affinity for Na+ ions at pH 6.0 compared to pH 7.5. It would appear, therefore, that
the cation selectivity of Na,K- and H,K-ATPase is generated through a cooperative effort between residues
of transmembrane segments and the flanking loops that connect these transmembrane domains. This view
is further supported by homology modeling of the Na,K-ATPase based on the crystal structure of the
SERCA pump.

The Na,K- and gastric H,K-ATPases are members of the
P-type class of ion-motive ATPases, a protein family that
also includes the Ca-ATPases and yeast plasma membrane
H-ATPase [for review, see (1)]. The characteristic feature
of the members of this protein family is their ability to utilize
the energy liberated through ATP hydrolysis to drive the
transmembrane transport of cations against their electro-
chemical gradients. A great deal has been learned about the
biochemical features of several P-type ATPases, including
details of their substrate requirements, their reaction kinetics,
and the relationship between these characteristics and the
different conformational states of these enzymes (2-5). The
recent publication of the 2.6 Å resolution crystal structure
of the calcium pump of sarcoplasmic reticulum, which shares
about 30% and 27% overall sequence identity with theR1-
Na,K-ATPase and the gastric H,K-ATPase, respectively,
represents a major step forward in understanding structural
features of P-type ATPases (6). However, presently very little
is known about how the molecular and structural character-
istics of the P-type pump proteins determine their individual
functional properties.

The Na,K- and gastric H,K-ATPases are the two most
closely related members of the P-type ATPase protein family.
They both form functional heterodimers consisting of a larger
R-subunit (∼110 kDa) and a highly glycosylatedâ-subunit
(∼35 kDa core molecular mass) (1). TheR-subunits of both
enzymes probably incorporate all of the structural features
required for enzymatic activity, whereas theâ-subunits are
necessary to ensure both the structural integrity of the dimeric
protein complex as well as its proper delivery to the plasma
membrane (7, 8). Despite the fact that theirR-subunits share
62% sequence identity, the two enzymes exhibit major
functional differences. The Na,K-ATPase extrudes three Na+

ions from the cytoplasm to the extracellular space in
exchange for two K+ ions, resulting in an overall transport
cycle that is electrogenic. In contrast, the gastric H,K-ATPase
has an electroneutral exchange stoichiometry. It is thought
to secrete two protons in exchange for two potassium ions
(9, 10). The combination of their extensive similarity and
their distinct functional repertoires suggests that these two
enzymes might constitute an experimental system well suited
to the investigation of the structural determinants responsible
for their individual functional characteristics.

Our efforts to understand the structural features responsible
for the unique activities of these pumps began with the
functional analysis of protein chimeras. We previously
reported that the N-terminal halves of theR-subunits of the
Na,K- and H,K-ATPases in part determine their distinct ion
specificities (11). The N-terminal half of eachR-subunit
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includes the first four transmembrane domains (TM1-TM4)1

as well as half of the large cytoplasmic loop connecting TM4
and TM5. A further dissection of this N-terminal half resulted
in a chimera (H85N/H309-519N) in which only the TM3-
TM4 ectodomain, TM4, and the N-terminal half of the
TM4-TM5 cytoplasmic loop of the Na,K-ATPaseR-subunit
were replaced with their H,K-counterparts. When this
chimera was expressed in LLC-PK1 cells, it was observed
to endow the host cells with the ability to acidify the
surrounding extracellular medium (12). The examination of
chimeras in which yet smaller segments of the Na,K-ATPase
are replaced with the corresponding sequence from the H,K-
ATPase demonstrated that the N-terminal half of the TM4-
TM5 loop contributes to this effect. A chimera (H85N/H356-
519N) composed of Na,K-ATPase sequence in which only
this portion of the TM4-TM5 cytoplasmic loop derives from
the corresponding region of the H,K-ATPase was able to
hydrolyze ATP at pH 6.0 at more than 20% of itsVmax in a
Na+-independent fashion. Little, if any, Na+-independent
ATPase activity is detected with the Na,K-ATPase wild-type
enzyme, consistent with previous studies (13, 14). These
observations suggest that this chimera can exploit protons
in place of sodium ions to support its catalytic cycle (11).

We next investigated the contribution of the TM3-TM4
ectodomain and residues of the fourth transmembrane
segment TM4 to the determination of the distinct cation
selectivities of the Na,K- and H,K-ATPases. A chimera in
which the complete ectodomain and TM4 of Na,K-ATPase
were substituted by its corresponding sequence from H,K-
ATPase did not demonstrate measurable enzymatic activity.
To circumvent this problem, we based subsequent pump
constructs upon a helical wheel analysis of the TM4s of the
Na,K- and H,K-ATPases.

The cation translocation pore of the Na,K- and H,K-
ATPases, a structural domain that is likely to participate in
the cation selection mechanism, is believed to be formed by
TM4, TM5, and TM6 of theR-subunits (15). The SERCA
crystal structure (6) further suggests that TM8 may also
contribute to the translocation pore or the coordination of
the cations during their translocation. Helical wheel analysis
performed prior to the publication of the SERCA crystal
structure suggested that three of the eight amino acid residues
in TM4 that differ between the Na,K- and H,K-ATPase might
face the presumed cation translocation pore. Therefore, they
were considered as candidates that might contribute to the
distinct cation specificities of these two pumps. We tested
this hypothesis by creating the constructecto+A, which
incorporates the TM3-TM4 ectodomain from H,K-ATPase
(resulting in mutations W312F and E314R) and substitutions
of those three TM4 residues with their H,K-ATPase coun-
terparts (L319F, N326Y, and T340S) into the background
of the Na,K-ATPaseR-subunit. Functional analysis revealed
that at pH 6.0 this construct is able to hydrolyze ATP at
more than 50% of itsVmax in the absence of sodium ions, a
property not observed for either native Na,K-ATPase pump
or a control construct in which only the TM3-TM4
ectodomain is exchanged (ecto). Furthermore, we noted a
5-fold increase of the apparent Na+ affinity at pH 6.0
compared to pH 7.5, which is kinetically consistent with the

replacement of one or more Na+ ions by protons in the pump
transport cycle. These data, along with an observed strong
pH-dependence of the Na+-independent ATPase activity,
supported the conclusion that protons can effectively drive
the ATP hydrolysis mediated by theecto+A chimera (15).
(The kinetic data from this previous study are summarized
in Table 1.)

Taken together, our results suggested that the three residues
identified in TM4 are important in determining the cation
selectivities of the pumps and the rates at which they undergo
the conformational transitions characteristic of catalysis. In
this study, we have examined the individual roles of these
three residues in TM4. Surprisingly, the data demonstrate
that none of the Na,K-ATPase mutants carrying only one of
the three H,K-ATPase TM4 substitutions, nor a construct
with two of those substitutions, and not even one with all
three, was able to reproduce the functional characteristics
of constructecto+A. Comparison of the properties of the
triple mutant with theecto+A construct strongly suggests,
therefore, that the TM3-TM4 ectodomain plays an unan-
ticipated, critically important role in establishing the distinct
cation selectivities of the Na,K- and H,K-ATPases.

EXPERIMENTAL PROCEDURES

Construction and Expression of Mutants. (A) Point Mu-
tants.The mutants presented in this paper were constructed
within the rat Na,K-ATPaseR1-subunit (cDNA provided by
E. Benz, Johns Hopkins University). Starting material for
the preparation of the point mutant constructs was a
pBluescript vector containing the cDNA of theH85N
construct, in which theAccI andHpaI sites had been silently
introduced (12). In the first step, the cDNA was cut with
AccI andHpaI, and the synthetic oligonucleotide 5′-ATAC-
CTGGCT CGAGGCTGTC ATCTTCCTCA TTGGTAT-
CAT CGTCGCGAAC GTGCCGGAAG GTTTGCTAGC
CACCGTCACG GTATGTCTGA CGTT-3′ annealed to its
complement 3′-TGGACCGAGC TCCGACAGTA GAAG-
GAGTAA CCATAGTAGC AGCGCTTGCA CGGCCT-
TCCA AACGATCGGT GGCAGTGCCA TACAGACTGC
AA-5′ was ligated into the vector at these sites. This resulted
in the silent introduction of restriction sites forNruI at amino
acid 325 and forNheI at amino acid 332 (amino acid
numbers refer to the Na,K-ATPase sequence). After it was
subjected to verification by sequencing through the ligation
points, this new cDNA was then digested with eitherAccI
and NruI, NruI and NheI, or NheI and HpaI. Annealed
synthetic oligonucleotide inserts were ligated in to replace
the original pump sequence between these sites. The fragment
cut out withAccI andNruI was replaced by the oligonucle-
otide 5′-ATACCTGGCT CGAGGCTGTC ATCTTCTTCA
TTGGTATCAT CGTCG-3′ and its complement 3′-TGGAC-
CGAGC TCCGACAGTA GAAGAAGTAA CCATAG-
TAGC AGC-5′, resulting in the mutation of a leucine to a
phenylalanine at amino acid 319 (L319F). The fragment cut
out with NruI andNheI was replaced by the oligonucleotide
5′-CATATGTGCC GGAAGGTTTG-3′ and its complement
3′-GTATACACGG CCTTCCAAAC GATC-5′, which re-
sulted in the mutation of amino acid 326 from an asparagine
to a tyrosine (N326Y). It should be pointed out that this
replacement did not reconstitute theNruI site but rather led
to the introduction of aNdeI site. Finally, the fragment cut
out with NheI and HpaI was replaced with the oligonucle-

1 Abbreviations: TM, transmembrane domain; NMDG,N-methyl-
D-glucamine.
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otide 5′-CTAGCCACCG TCACGGTATG TCTGTCGTT-
3′ and its complement 3′-GGTGGCAGTG CCATACAGAC
AGCAA-5′, yielding the mutation of a threonine to a serine
at amino acid 340 (T340S). All these digestions and ligations
were performed in the pBluescript vector.

(B) Double and Triple Mutants.To obtain the double
mutants L319F/N326F (LFNY) and L319F/T340S (LFTS),
the cDNA of the constructL319F was used as starting
material. To generate the double mutation constructLFNY,
the cDNA was digested withNruI and NheI, and the
appropriate oligonucleotide designed for the single point
mutations above was inserted by ligation. For the construc-
tion of LFTS, the cDNA was opened withNheI and HpaI,
and the matching oligonucleotide from above was ligated
into the sites. Finally, cDNA ofLFTSwas digested withNruI
andNheI, and the oligonucleotide matching these sites (see
above) was used to replace the excised fragment, thus
producing the triple mutant L319F/N326F/T340S (all). The
LFTSmutant was generated only for the production ofall,
and characterization of its enzymatic properties was not
performed.

All mutants were stably expressed in LLC-PK1 cells. For
this purpose, the mutant cDNAs were subcloned behind a
CMV promoter in the mammalian expression vector pCB6
(kindly provided by M. Roth, University of Texas South-
western) which carries resistance to the antibiotic G418
(Gibco-BRL). The generation of the stable cell lines includ-
ing transfection, antibiotic selection, screening for expression,
and ouabain selection was carried out as described in (12).

Preparation of Membranes.The procedure to prepare
membranes from the stably transfected LLC-PK1 cells was
performed as previously reported (15) with the following
modification: In the earlier experiments, the protein yield
of each preparation was determined with the BioRad protein
assay. Since the protein concentration proved not to be a
very useful predictor of activity, it was not performed for
the preparations in this study. Instead, all of the membranes
prepared from cells expressing the same mutant were pooled
to ensure the greatest possible homogeneity of the membrane
preparation. Subsequently, a small aliquot of the membrane
suspension was tested for its ATPase activity. Appropriately
sized aliquots of the membranes were then prepared so that
each aliquot would yield the desired amount of activity in
the ATPase assays. The aliquots were stored frozen at-80
°C

ATPase Assay.The ATPase assay used throughout this
study was the same as previously reported (15-17). Each
assay tube received 5-12 µg of the membrane preparations
described above. Individual experiments were carried out in
triplicate. The results were averaged and normalized to the
maximal enzymatic activity (Vmax), which was computed by
fitting a Hill-function,V ) V0 + Vmax/{1 + (K1/2(X+)/[X+])n},
to the data. Unless otherwise indicated, each individual
experiment was performed at least 3 times. The data from
the individual experiments were averaged, and again a Hill-
function was fitted to the data. The values shown are the
means of at least three experiments, and the error bars
correspond to the standard deviation between the values
obtained in individual experiments. The data are presented
as the percentage of maximal activity (Vmax). The values of
the apparentK1/2’s were also obtained from the same data
fits.

To facilitate comparisons among the different mutant
constructs, all ATPase assay data are normalized. However,
to ensure the uniformity of reaction conditions, membranes
were added to each test tube such that after a 2 hincubation
period at 37°C the colorimetric assay would yield an OD
of 0.6-1.2, which corresponds to a concentration of about
150-300 µM free Pi in the 500µL reaction volume, based
on calibration curves. At pH 7.5, 75-80% of this signal
could be suppressed in the presence of the high 5 mM
ouabain concentration compared to the low 10µM ouabain
condition. At pH 6.0, the signal was reduced by 50-66%
when the ouabain concentration was high. The assay was
linear with time over its full 2 h course (data not shown).

SDS-PAGE and Western Blot Quantification.The mem-
branes from cell lines expressing different mutants were
diluted such that the samples were normalized for acitivity
per sample volume. Samples were run on three 4-12% Tris-
glycine Novex gradient gels (Invitrogen, Carlsbad, CA). The
gels were run according to standard SDS-PAGE protocols.
The protein was transferred to a PVDF membrane by semi-
dry transblot (BioRad, Hercules, CA). The membrane was
blocked with a 5% milk in TBS-Tween solution. The
proteins were detected with the HK9 antibody that recognizes
an epitope within the first 85 amino acids of the H,K-ATPase
at a 1:1000 dilution. The secondary antibody, a goat anti-
rabbit HRP-conjugated antibody from Sigma (St. Louis,
MO), was used in a 1:60 000 dilution. Visualization of the
bands was performed with the Enhanced ChemiLumines-
cence Plus kit from Amersham Biosciences (Piscataway, NJ).

Four different exposures of each gel were scanned in a
16-bit gray scale resolution on a flat-bed scanner (Microtek,
Hsinchu, Taiwan). Subsequently, the signal intensity for each
individual lane was measured with the MetaMorph software
(Universal Imaging Corp., Downingtown, PA). The values
for each individually scanned gel image were normalized to
the intensity of the 10µL sample of theH85Nmembranes;
the values from the four different exposures of the same gel
were averaged after the normalization. Finally, the intensity
values for the three different gels were averaged and plotted.
The error bars reflect the standard deviation among the
normalized, averaged intensity values for the three separate
gels (Figure 2B).

Structure Modeling.The availability of the crystal structure
coordinates of the SERCA pump (6) allowed us to perform
structure comparison and homology modeling. The CLUST-
AL program (18) was used for initial sequence alignment,
and the SwissPDBViewer software and the ProModII
software run on the SWISS-MODEL server (19, 20) were
used to generate a structural model of the Na,K-ATPase
based on the SERCA ATPase structure. The overall sequence
identity between the SERCA pump and the sodium pump is
almost 28%, and the sequence similarity between the two
pumps is about 45%. This degree of identity and similarity
is high enough to justify the assumption that these proteins
exhibit the same general protein folding patterns. This view
is supported by recent electron density data from Rice and
co-workers (21). Their 11 Å electron density map of the
Na,K-ATPase is in very good agreement with the electron
density map of the SERCA pump. Noticeable differences
between the two electron density maps correlate very well
with insertions or gaps in the primary sequence alignment.
The sequence identity within the transmembrane domains
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is significantly higher than the overall identity. With respect
to the pore-forming TM4, TM5, and TM6 helices, which
share 39% identity and 71% similarity, therefore, our model
probably represents the real Na,K-ATPase structure to a
reasonably good approximation. Based on the 3DCrunch
Project (see http://www.expasy.ch/swissmod/SWISS-MOD-
EL.html), 63% of models for which the target shares 40-
49% sequence identity with the template are correct with a
root-mean-square difference value lower than 3 Å.

RESULTS

We have previously shown that residues Leu319, Asn326,
and Thr340 of the Na,K-ATPase, and their counterparts Phe333,
Tyr340, and Ser354 of the gastric H,K-ATPase, may potentially
contribute to establishing these pumps’ distinct cation
selectivities (15). In this study, the functional contributions
of these residues were examined in the context of a Na,K-
ATPaseR-subunit construct in which these three residues,
as well as the sequence of the ectodomain connecting
transmembrane segments 3 and 4, derive from the compa-
rable regions of the gastric H,K-ATPaseR-subunit (ecto+A).
To examine further whether and how the properties of
ecto+A are conferred by these substitutions, we analyzed
Na,K-ATPase mutant constructs which have one or several
of the relevant transmembrane residues replaced with their
H,K-ATPase counterparts. The designs of the constructs
tested are presented in Figure 1. The constructs were
analyzed through ATPase activity assays performed on crude
plasma membrane fractions prepared from stably transfected
LLC-PK1 cells.

Assessment of Total TurnoVer Numbers.Prior to examining
the apparent cation affinities of our constructs, we wished

to establish that they manifest similar levels of intrinsic
enzymatic activity. We selected five key constructs, therefore,
and assayed their relative turnover numbers by determining
the quantity of pump protein necessary to liberate the same
amount of inorganic phosphate from ATP per unit time under
Vmax conditions (100 mM Na+, 20 mM K+, 3 mM ATP, pH
7.5). Only the ouabain-sensitive fraction of the inorganic
phosphate release was considered for this normalization. The
quantification of three independent Western blots in Figure
2B shows that the amount of enzyme needed to achieve the
same ouabain-sensitive ATP consumption does not vary
significantly among the control constructH85N and the
mutant constructsecto, ecto+A, LFNY, andall. Thus, the
overall turnover number for each of the mutant constructs
appears not to be significantly altered compared to the wild-
type enzyme.

Na+-Dependence of ATPase ActiVity. As previously re-
ported (15), we have observed a dramatic 5-fold increase in
the apparent Na+-affinity of construct ecto+A at pH 6
compared to pH 7.5 (Figure 3F). We used the same
experimental conditions to assess the Na+-dependence of the
ATPase activity of all of the new mutant constructs both at
pH 7.5 and at pH 6. At pH 7.5, the observedK1/2 values all
correspond well to our earlier findings forH85N, ecto, and
ecto+A (see Table 1). As for those constructs, theK1/2(Na+)s
of the point mutants did not differ very much from the values
that have been reported for the wild-type sodium pump [K1/2

) 7.1 mM under similar conditions, (22)], except forN326Y,
which displayed a∼1.5-fold elevation inK1/2(Na+). The
K1/2(Na+) values are listed in Table 1, and the data are shown
in Figure 3A-C.

FIGURE 1: Helix representations of the TM4 mutants employed in this study. (A) Of the 29 amino acids which are thought to form TM4,
only 8 differ between Na,K- and H,K-ATPase. They are depicted in black boldface. Also shown is the sequence of the TM3-TM4 ectodomain
that is changed from the Na,K-ATPase sequence to the H,K-ATPase sequence in the chimerasectoandecto+A. (B) Helix depictions of the
native TM4 from the Na,K-ATPaseR-subunit and of the TM4s of all constructs used in this study. The depiction of the TM4 helix is
derived from modeling of the Na,K-ATPase, based upon the solved structure of the Ca-ATPase (6) (see Figure 7). In the wild-type Na,K-
ATPase TM4, the backbone atoms of amino acids that differ between the two pumps are shown in gray spacefill. The residues which were
mutated in this study are depicted, along with their side chains, in white spacefill. In the TM4s of the mutant constructs, dark gray marks
the substitution of the Na,K-ATPase residues with their H,K-ATPase counterparts. All of the TM4 mutation constructs were generated in
the context ofH85N (11).
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In marked contrast to our observations with construct
ecto+A, none of the three point mutants showed an increase
in the apparent Na+-affinity at pH 6.0 as compared to that
measured at pH 7.5. Instead, for bothL319F and N326Y,
we observed a striking reduction in the apparent Na+ affinity
at pH 6 compared to pH 7.5, i.e., 2-fold forL319Fand 3.5-
fold for N326Y(Table 1 and Figure 3A,B). The mutantT340S
did not behave differently from our wild-type controlH85N
(Figure 3C). None of the mutants were capable of hydrolyz-
ing ATP at pH 6.0 in a Na+-independent fashion as
effectively as constructecto+A (53%) (Figure 3F). Never-

theless, as discussed further below,N326Yshowed a Na+-
independent ATPase activity of about 20% of itsVmax.

Since none of the single point mutants reproduced the
functional characteristics ofecto+A, we investigated the Na+-
dependence of the ATPase activities of the double mutant
LFNYand the triple mutantall, again at pH 7.5 and at pH 6
(Figure 3D,E). At pH 7.5, theK1/2(Na+) for all was
essentially unchanged compared to the wild-type-likeH85N
and to ecto+A. The apparent Na+-affinity of LFNY was
similar to that ofN326Y, being∼50% reduced. It should be
pointed out that the constructsall andLFNY differ only in
the T340S substitution, which by itself did not yield any
effect on the apparent Na+-affinity.

At pH 6, both LFNY and all exhibited pH-dependent
changes in apparent affinities which are subtle (Table 1 and
Figure 3D,E), albeit statistically significant based on the
Student’st-test (p < 0.01 forall andp < 0.05 forLFNY).
Furthermore, both constructs displayed only small Na+-
independent ATPase activities at pH 6.0 (21% and 14% for
all and LFNY, respectively). Thus, these two constructs
clearly do not possess functional properties that emulate those
observed for the constructecto+A (Figure 3F). The fact that
ecto+A and all differ only in the origins of their TM3-
TM4 ectodomains presents surprising evidence in support
of an extremely important role for an ectodomain pump
segment in enabling the chimeric constructs to utilize protons
instead of Na+ ions to drive the hydrolysis of ATP.

FIGURE 2: Quantification of Western blots of mutant constructs.
(A) This figure shows one of the three Western blots used to
quantitate the signal intensity of membranes from LLC-PK1 cells
which stably express the wild-type-like controlH85Nor the mutant
constructsLFNY, ecto+A, ecto, or all. The samples loaded are
membranes which were diluted in such a way that in ATPase assays
for each construct the same volume of membrane suspension would
yield the same amount of ATP hydrolysis. (B) This plot illustrates
the quantification of Western blot signal intensities of several key
pump constructs used in this and the previous study (15). The signal
intensities from three separate Western blots were averaged and
normalized to qualitatively compare the turnover numbers of the
constructsH85N, all, LFNY, ecto, andecto+A. It was found that
the chemiluminscence intensity for 10µL of membranes was very
similar for all five constructs. Error bars represent the standard
deviation among the three separate Western blots. This demonstrates
that the total turnover rates of the various mutant constructs are
not substantially different from each other and from the wild-type-
like control H85N (for technical details, see Experimental Proce-
dures).

FIGURE 3: Na-dependence of ouabain-sensitive ATPase activity.
Na titrations of the ATP hydrolysis activity were carried out at pH
7.5 (O) and pH 6.0 (b). The incubation solution contained 3 mM
ATP, 3 mM Mg2+, and 20 mM K+. The endogenous Na,K-ATPase
was inhibited by addition of 10µM ouabain. For comparison, panel
F shows the data previously obtained forecto+A. Clearly, none of
the TM4 mutations, including the triple mutantall, comes close to
reproducing the sodium dependence behavior observed for the
ecto+A construct.
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pH-Dependence of ATPase ActiVity. To gain further insight
into whether protons drive the Na+-independent ATPase
activity observed forN326Y, we examined the pH-depen-
dence of the Na+-independent ATP hydrolysis catalyzed by
this mutant. An increase in the magnitude of the Na+-
independent ATPase with decreasing pH-values would be
expected if, indeed, protons were substituting for Na+ ions.
The experiments are summarized in Figure 4. The graphs
for the individual mutants show thatL319F(Figure 4A) and
T340S (Figure 4C) do not differ from the behavior observed
for the wild-type-like control H85N (15). With a concentra-
tion of 100 mM Na+ present in the incubation solution, they
achieve their pH-dependent activity maximum around pH
7.6. In the absence of Na+, no significant ATPase activity
can be observed. In contrast, forN326Ythe pH-dependence
of the ATPase activity maximum is slightly shifted from pH

7.6 (Figure 4A,C) to approximately pH 7.2 (Figure 4B).
Furthermore,N326Yis the only construct for which a small
Na+-independent, pH-dependent ATP hydrolysis activity
(defined as the ratio of ATPase activity at 0 mM Na+ to
that measured at 100 mM Na+) is detected (Figure 4D). The
pH-dependence is similar to that previously seen forecto+A.
An increase in pH of 0.4 pH unit, corresponding to a 2.5-
fold decrease in proton concentration, results in approxi-
mately a 50% decrease of Na-independent enzyme activity.
These findings support the hypothesis that at least Asn326 of
the sodium pump and its counterpart, Tyr340 of the H,K-
ATPase, are involved in establishing the specificity of these
enzymes for either Na+ ions or protons.

K+-Dependence of ATPase ActiVity. Our data establish
clearly that the TM4 mutants are unable to reproduce the
Na+- and pH-dependencies observed for the construct
ecto+A. We then measured the K+-dependence of the
ATPase activity for all of the mutant constructs to further
compare them toecto+A (Figure 5). In identical measure-
ments,ecto+A had shown a 4-fold reduced apparent K+-
affinity compared to the wild-type-likeH85N(Table 1). We
found that the behavior of the point mutation constructs with
respect to K+ ions was surprisingly complex. The determined
K1/2(K+) values are listed in Table 1. At pH 7.5, all
constructs, with the exception ofT340S, had a lower apparent
K+-affinity than H85N. However, none of the reductions
were as dramatic as that observed forecto+A (Figure 5F).
Only the mutantT340Sexhibited the 2-fold decrease in
K1/2(K+) at pH 6.0 previously observed forH85N, ecto, and
ecto+A (Table 1). The other constructs displayed changes
ranging from mildly reduced to unchangedK1/2(K+) values
(L319F and all, respectively) to elevated or drastically
elevatedK1/2(K+) values (N326YandLFNY, respectively).
It is evident from this complex pattern that none of the mutant
constructs reproduce the K+-dependence that was seen for
ecto+A. Once again, the differences between the findings
for the TM4 mutants and those obtained withecto+A
emphasize the importance of the TM3-TM4 ectodomain in
determining properties of the cation binding sites in the Na,K-
and gastric H,K-ATPase.

Interestingly, as was seen for the Na+-dependence of the
ATPase activity, the K+-dependence data forLFNYandall

Table 1: Summary of Kinetic Dataa

Na+-dependence
K1/2(Na+) (mM)

Na+-independent
activity (%)

K+-dependence
K1/2(K+) (mM)

vanadate inhibition
IC50 (µM)

activity at 2.5 mM
vanadate (%)

pH 7.5 pH 6.0 pH 6.0 pH 7.5 pH 6.0 pH 7.5 pH 7.5

L319F 7.1( 0.3 15.4( 2.35 7 3.0( 0.17 2.5( 0.17 162( 23 34
N326Y 11.7( 0.21 38.6( 9.1 20 1.44( 0.13 2.1( 0.22 176( 26 31
T340S 7.3( 0.9 9.2( 0.6 6 1.27( 0.11 0.78( 0.1 39( 6 0

LFNY 13.2( 1.2 11.5( 0.6 14 3.1( 0.34 7.5( 2.6 97( 45 51
all 8.4( 0.32 9.6( 0.9 21 2.5( 0.18 2.6( 0.27 80( 53 57

H85Nb 8.4( 0.7 9.2( 0.3 7 1.2( 0.1 0.74( 0.1 14.9( 2.4 9
ectob 9.5( 0.6 5.6( 0.7 13 2.8( 0.15 1.4( 0.2 41.6( 9.9 25
ecto+Ab 8.2( 1.0 1.5( 0.1 53 4.6( 0.5 2.5( 0.4 151.0( 41.3 58

a Summary of allK1/2 and IC50 values determined in this study and comparison to constants from a previous study. All values are given in
millimolar, except for vanadate IC50, in which is given in micromolar. All ATPase activity experiments were performed in the presence of 3 mM
ATP, 3 mM Mg2+, and 10µM ouabain to inhibit endogenous Na,K-ATPase. Sodium titrations were performed in the presence of 20 mM K+,
potassium titrations in the presence of 100 mM Na+, and vanadate titrations in the presence of 20 mM K+ and 100 mM Na+. Constant ionic
strength was ensured by adding appropriate concentrations of NMDG. In the fourth column, the Na+-independent ATPase activity at pH 6.0 is
given in percent ofVmax at pH 6.0. The last column displays the remaining ATPase activity in the presence of nominally about 2.5 mM othovanadate.
b From previous study (15).

FIGURE 4: pH-dependence of sodium-independent ouabain-sensitive
ATP hydrolysis. The pH-dependence of the ATPase activity was
determined with 100 and 0 mM Na+ in the incubation solution.
The solutions also contained 3 mM ATP, 3 mM Mg2+, 20 mM
K+, and 10µM ouabain to abolish the endogenous sodium pump
activity. At 100 mM Na+, the pH-dependence of the ATPase activity
for L319F (A) andT340S(C) is almost identical to what has been
observed for wild-type Na,K-ATPase. In contrast, the mutantN326Y
(B) appears to have its pH optimum slightly shifted from pH 7.6
down to pH 7.2. (D) The plot represents the fraction of sodium-
independent ATPase activity detected at different pH-values. A
measurable pH-dependent Na+-independent activity can be seen
only for mutantN326Y.
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again show that the interchange of residues Thr340 of the
Na,K-ATPase and Ser353 of the gastric H,K-ATPase produces
functionally significant consequences only in the presence
of additional residue replacements. The mutation T340S in
the background of the Na,K-ATPase does not measurably
change the properties of the wild-type pump, whereas it
seems to exert a synergistic effect when combined with the
other mutations.

OrthoVanadate SensitiVity of ATPase ActiVity. In the
previous study, we reported a dramatic shift in the ortho-
vanadate sensitivity of constructecto+A compared to the
wild-type-like H85N. Orthovanadate ions act as analogues
of inorganic phosphate ions and inhibit P-type ATPases. Like
K+, they bind in the E2 conformation of the enzyme. The
vanadate-IC50 of ecto+A was strongly reduced, consistent
with an E1/E2 conformational equilibrium shift toward the
E1 conformation (15, 23). This proposed change in confor-
mational equilibrium correlated well with the reduced
apparent K+-affinity in this construct (see Table 1).

We measured the IC50(VO4
3-) values of all the mutant

constructs to determine the contribution of the individual
TM4 residues to the altered vanadate sensitivity ofecto+A
and to the inferred shift in the E1/E2 conformational equi-
librium. The data are shown in Figure 6 , and the IC50(VO4

3-)
values, based on fits to a Hill-function with the Hill-
coefficient fixed to 1, are listed in Table 1. The level of
vanadate inhibition achieved for bothL319F and N326Y
(Figure 6A,B) was less than the inhibition obtained with 5
mM ouabain (corresponding to zero activity in the graphs).
This discrepancy appears to be due to a limited solubility of
orthovanadate in our assay solutions. Therefore, vanadate
IC50 values for mutants that were not fully inhibited by
vanadate are likely only lower estimates of the real inhibition
constants. Nevertheless, the determined IC50(VO4

3-) values
are consistent with the interpretation that bothL319F and
N326Yhave conformational equilibria that are shifted toward

the E1 states compared to the wild-type sodium pump. The
mutantT340S, which did not show any appreciable difference
from the wild-type enzyme in all other experiments, exhibited
a modest 2.5-fold increased IC50(VO4

3-) compared toH85N
(Figure 6C,F).

The double mutantLFNY and the triple mutantall
exhibited inhibition characteristics that were almost identical
to one another when these constructs were incubated with
orthovanadate (Figure 6D,E). The computed apparent IC50

values are only moderately elevated (Table 1), but it must
be noted that less than 50% of the ouabain-inhibitable activity
could be inhibited with vanadate. This demonstrates once
again that the apparent IC50 values are substantial underes-
timates. These inhibition characteristics ofLFNYandall are
paralleled by that of theecto+A construct, for which only
40% of the ouabain-sensitive activity could be inhibited with
orthovanadate. It appears, therefore, that the level of vanadate
inhibition compared to the ouabain inhibition level might
represent a sensitive indicator for the magnitude of a
conformational equilibrium shift (the corresponding numbers
are included in Table 1). Thus, the constructs that experience
the least inhibition by orthovanadate compared to the level
of ouabain inhibition are characterized by the most significant
E1/E2 equilibrium shifts toward the E1 conformations. Ac-

FIGURE 5: K-dependence of ouabain-sensitive ATPase activity.
K-dependent ouabain-sensitive ATPase activity was measured at
pH 7.5 (O) and pH 6.0 (b). The incubation solution contained 3
mM ATP, 3 mM Mg2+, and 100 mM Na+. To inhibit the
endogenous sodium pump, all solutions contained 10µM ouabain.

FIGURE 6: Vanadate inhibition titration of ouabain-sensitive ATPase
activity. The ATPase assay was carried out with 3 mM ATP, 3
mM Mg2+, 100 mM Na+, and 20 mM K+ in the incubation solution.
The solution also contained 10µM ouabain to suppress contribu-
tions from the endogenous sodium pump. Due to the limited
solubility of orthovanadate, most mutants cannot be inhibited to
the level that can be achieved by ouabain inhibition (zero-activity
level). Thus, the activity remaining at the highest vanadate
concentration is likely to provide a better indication of the
magnitude of the vanadate IC50 shift than the actual computed IC50
values (Table 1). When compared to the inhibition of the wild-
type-likeH85N (F) [from (15)], the data illustrate that the mutants
L319F (A), N326Y (B), LFNY (D), and all (E) have a lower
sensitivity to vanadate, suggesting a shift in the conformational
equilibrium of these constructs toward the E1 conformations. In
contrast, the sensitivity ofT340S(C) does not appear to be affected.
Based on the magnitude of the residual noninhibitable activity, the
mutantsLFNY andall seem to be even less sensitive to vanadate
than the point mutantsL319F andN326Y.
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cording to this interpretation, bothLFNYandall experience
large conformational equilibrium shifts compared to the wild-
type-like H85N.

DISCUSSION

Our previous work had suggested that residues Leu319,
Asn326, and Thr340 of the Na,K-ATPase and their counterparts
Phe333, Tyr340, and Ser354 of the gastric H,K-ATPase play
critical roles in the cation selectivities of these two P-type
ATPases (15). The aim of this study was to elucidate the
roles of these TM4 residues in distinguishing between Na+

ions and protons and to explore the importance, if any, of
the TM3-TM4 ectodomain for the distinct cation selectivity
of the Na,K- and H,K-ATPases.

Our original interest in these three TM4 residues was based
on a helical wheel analysis suggesting that they constitute
the only TM4 residues that differ among the Na,K- and H,K-
ATPases which might be expected to line the cation
translocation pore. We used modeling to perform a com-
parison of the cation translocation pores in the E1 conforma-
tions of the SERCA pump (from the crystal structure) and
the Na,K-ATPase (based on homology modeling). It appears
that of the eight residues that differ between the two pumps,
the side chains of two of the amino acids that we initially
identified in our helical wheel analysis are the most ap-
propriately positioned to participate in cation coordination
(Leu319and Asn326of the Na,K-ATPase and their counterparts
Phe333 and Tyr340 of the gastric H,K-ATPase). All other side
chains that differ between the Na,K- and H,K-ATPase are
predicted to point away from the presumed pore (Figure 7).
It must be noted that backbone carbonyl groups are also
capable of conferring cation specificity. For both the SERCA
pump and the KcsA potassium channel, it has been shown
that backbone carbonyl groups play important roles in the
coordination of translocated cations (6, 24). This fact had
previously been established for the gramicidin channel (25,
26). Comparison of our models of the Na,K-ATPase with
models ofectoandecto+A chimeras shows slight alterations
in the backbone of TM4 upstream of Leu319 or Phe319,
respectively, indicating that the positions of backbone
carbonyls might be changed in the mutated constructs.
However, the side chain of the third amino acid that we
identified in the helical wheel analysis, Thr340 of the sodium
pump and its counterpart Ser354 of the H,K-ATPase, does
not seem to line the pore in the model of the E1 conformation.
The SERCA crystal structure shows an unwound section in
the TM4 helix from amino acid 307 to 310 of the SERCA
sequence. Because of its location downstream from this helix
break in TM4, our original prediction of the position of Thr340

and Ser354 based on a helical wheel model was not correct.
To gain further insight into the roles of these three TM4

residues, which we had previously mutated in theecto+A
construct, we analyzed the point mutant constructsL319F,
N326Y, andT340Sas well as the double mutantLFNY and
the triple mutantall. We found that only TM4 mutants that
incorporated the N326Y substitution were capable of gen-
erating any Na+-independent activity. This activity never
exceeded 20% of the respectiveVmaxs. The pH-dependence
of the Na+-independent activity forN326Y(Figure 4D) was
virtually the same as that ofecto+A, supporting the
hypothesis that in some of our constructs (N326Y, LFNY,

all, andecto+A) protons can substitute for Na+ ions to drive
the ATP hydrolysis. Nevertheless, even the triple mutantall
did not come close to reproducing the functional character-
istics observed forecto+A. None of the mutants that carried
substitutions in TM4 in the absence of the ectodomain
substitution showed a higher apparent Na+-affinity at pH 6.0
compared to pH 7.5, as was observed forecto+A and also
for ecto(see Table 1). In fact, for the point mutantsL319F

FIGURE 7: View into the cation translocation pores of SERCA and
Na,K-ATPase from the extracellular side. Panel A shows the
SERCA pore. The coordinates are taken directly from the published
crystal structure. Panel B shows the pore of the Na,K-ATPase as
part of the complete sodium pump structure model. For both the
SERCA and the Na,K-ATPase, the TM4s are in blue, the TM5s
are in green, and the TM6s are in yellow. Except for the amino
acid residues depicted in the spacefill representation, only the
backbone atoms have been included in this image. The amino acids
shown in red spacefill are those which had been identified by helical
wheel analysis to potentially confer cation specificity in the sodium
pump through side chain interactions (B). The corresponding
positions in the SERCA pump are also shown in red (A). The
residues in blue spacefill are those which are different between
Na,K- and H,K-ATPase but were thought not to influence cation
selectivity because the helical wheel analysis predicted them to face
away from the presumed pore. The crystal structure and the model
confirm the prediction that the side chains of all amino acids in
blue point away from the pore. In contrast to the prediction,
however, residue Thr340, which is located downstream from the
helix break in TM4, faces away from the pore.
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andN326Y, the opposite was true. These two pump mutants
displayed strongly reduced apparent Na+-affinities at pH 6.0.
These results suggest that at low pH protons can displace
Na+ ions from the binding sites ofL319F andN326Y, but
the interactions of those protons with the mutant pumps are
ineffective in driving the catalytic cycle. Protons appear to
be able to promote a small Na+-independent ATPase activity;
however, they appear primarily to compete with Na+ ions
for their binding sites or interact with the mutant constructs
in such a way that Na+ ions cannot properly interact with
their binding sites. These two constructs appear to require
substantially increased Na+ concentrations (as compared to
wild-type enzyme) in order to compete away the protons and
effectively drive the catalytic turnover at pH 6.0. Thus,
protons appear to act as weak competitive inhibitors of the
Na,K-ATPase activity of these constructs.

The observations for the apparent Na+ affinities allow only
one explanation for the differences between the behavior of
ecto+A, on the one hand, and that of the single, double, and
triple mutants, on the other hand: the TM3-TM4 ectodomain
must play a crucial role in establishing the distinct substrate
specificity and kinetic properties of the two cation pumps.
It would appear, therefore, that the substantial alterations in
cation selectivity detected withecto+A are not attributable
to the TM4 or the ectodomain substitutions alone, but are
the product of a cooperative interaction between TM4 and
the adjacent TM3-TM4 ectodomain.

Recent observations suggest that the domain containing
TM3, TM4, and the intervening ectodomain of the Na,K-
ATPase is in part necessary to confer high ouabain sensitivity
to chimeras generated from Na,K- and gastric H,K-ATPase
(27). The same domain is also included in the stretch
comprising TM1-TM6 of the Na,K-ATPase that is able to
confer Na+-dependence upon H,K/Na,K-ATPase chimeras
(28). These findings are consistent with our conclusion that
cooperative interactions between extracellular domains and
transmembrane segments may significantly influence func-
tional properties of P-type ATPases.

Our data indicate that the observed shifts in the apparent
K+-affinity correlate reasonably well with the measured shifts
in the extent of vanadate sensitivity. These observations
suggest that the introduced point mutations in TM4, either
by themselves or in combinations of two or three, can
produce shifts in conformational equilibria. We cannot,
however, exclude the possibility that alterations to the
intrinsic K+-affinity may contribute directly to the changes
in apparent K+-affinity (29). Thus, for example, the pos-
sibility exists that in the constructsLFNY and N326Ythe
K+ binding sites have been altered so that protons compete
with potassium ions, resulting in lower apparent K+-affinities
at pH 6. This alternative receives support from the fact that
both N326YandLFNY show a significant K+-independent
ATPase activity. Similarly, a change in sensitivity to ortho-
vanadate is not strictly indicative of a change in the E1/E2

conformational equilibrium. We cannot discriminate between
a decrease in sensitivity to orthovanadate due to a confor-
mational equilibrium shift toward the E1 conformations or
merely to a change in a rate-limiting step, i.e., the accelera-
tion of the occlusion step following the loss of the inorganic
phosphate.

It is somewhat surprising that despite the possible shifts
in conformational equilibrium toward the E1 states that we

presume to affect many of the constructs examined in this
study, most of theK1/2(Na+) values do not decrease. One
might expect that accumulation of enzyme in an E1 state
would result in an increased apparent affinity for Na+. We
postulate that this effect is not seen because it is masked by
an increase in the intrinsic proton affinity of the Na+ binding
sites, which in turn lowers the apparent Na+-affinity due to
competitive proton binding to the Na+ binding sites. At lower
pH, there is even more competitive binding, consistent with
the reduced apparent affinity for sodium ions that is seen
for most constructs at pH 6 compared to pH 7.5. It is
interesting to note that the association between alterations
in TM4 and shifts toward E1 conformations has been
previously detected for other TM4 substitutions (30-33).
This correlation strongly suggests that transitions between
the E1 and E2 states involve substantial modifications in the
structure of TM4 and the kinetics of the conformational
transition are exquisitely sensitive to changes in the primary
structure of TM4.

Our findings forN326Yare consistent with the results of
a previous mutagenesis study designed to identify residues
that might serve as cation ligands. In that case, the asparagine
at position 326 of the Na,K-ATPase was replaced with a
leucine residue (22). As a result of this mutation, the affinity
for sodium ions decreased more than 3-fold to 24 mM, while
the affinity for potassium ions did not seem to change
significantly. Further experiments demonstrated that the
decreased Na+-affinity was not attributable to a shift in
conformational equilibria toward the E2 conformation. The
possibility of a conformational equilibrium shift toward the
E1 states was not assessed in that study.

In addition to Asn326, the residues Glu329, Glu781, and Thr809

have been classified as potential Na+ ligands at the high-
affinity cytoplasmic sites in the E1 form of the sodium pump
(34). Except for Asn326, these residues are highly conserved
among P-type ATPases, and they are identical between the
Na,K- and gastric H,K-ATPase (1, 34, 35). This would
suggest that at least some of the residues involved in cation
binding are shared among different pumps and do not play
a role in determining cation specificity. This consideration
further supports the notion that Asn326 may indeed play a
critical role in distinguishing between Na+ ions and protons.
Two different mechanisms can be imagined: (1) the cation
coordination in the cation binding pocket is altered because
the contributing side chain is different or (2) the altered side
chain results in a modified backbone conformation such that
backbone carbonyl groups involved in cation coordination
are arranged differently. Unfortunately, the molecular model-
ing discussed above does not allow us to choose among these
two possibilities. Since the conformational rotamer of the
altered side chains can be varied when introducing a side
chain substitution into a model, it is possible to create models
that would support either of the two mechanisms equally
well.

In conclusion, our findings suggest that the distinct cation
specificities of the Na,K- and H,K-ATPases are achieved
through complex interactions among several protein domains.
Amino acids within the transmembrane domains clearly
participate in cation binding, but it seems that these amino
acids are not by themselves capable of establishing cation
selectivity of ATPase activity. Residues on either side of
the lipid bilayer must participate in the formation of
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optimized binding sites, selective access pathways to those
binding sites, and specific catalytic conformations. We have
shown that the TM3-TM4 ectodomain, the three discrete
residues within the TM4 helix, and the TM4-TM5 cyto-
plasmic loop are major determining factors in the differential
cation selectivities exhibited by these pumps. The crystal
structure of the SERCA pump and comparative protein
structure modeling allow us to speculate on the mechanisms
by which these pump domains interact to achieve specificity,
but experimental proof for these mechanisms is not currently
available.

This study, together with previous work form our labora-
tory and from other groups (27, 28), demonstrates the critical
importance of synergistic interactions of transmembrane
segments and extracellular domains, as well as interactions
of residues within these domains. Our findings underscore
the complex and cooperative nature of cation translocation
by P-type ATPases.
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