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Inter-subunit interaction of gastric H" , K" -ATPase
prevents reverse reaction of the transport cycle
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The gastric H' ,K " -ATPase is an ATP-driven proton pump
responsible for generating a million-fold proton gradient
across the gastric membrane. We present the structure of
gastric H™ ,K "-ATPase at 6.5 A resolution as determined
by electron crystallography of two-dimensional crystals.
The structure shows the catalytic a-subunit and the
non-catalytic f-subunit in a pseudo-E,P conformation.
Different from Na*,K " -ATPase, the N-terminal tail of the
p-subunit is in direct contact with the phosphorylation
domain of the a-subunit. This interaction may hold the
phosphorylation domain in place, thus stabilizing the
enzyme conformation and preventing the reverse reaction
of the transport cycle. Indeed, truncation of the p-subunit
N-terminus allowed the reverse reaction to occur. These
results suggest that the p-subunit N-terminus prevents the
reverse reaction from E,P to E,;P, which is likely to be
relevant for the generation of a large H" gradient in vivo
situation.
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Introduction

Acid secretion by the human stomach results in a median
diurnal pH of 1.4. This very large (>10%fold) H* gradient,
the highest ion gradient known in mammalian tissues, is
generated by the H" ,K*-ATPase (Ganser and Forte, 1973;
Wolosin, 1985), which uses the hydrolysis of one ATP
molecule to catalyse the electroneutral exchange of two
luminal potassium ions for two cytoplasmic protons. The
vectorial ion transport is accomplished by cyclical conforma-
tional changes of the enzyme between its two main reaction
states, E; and E,. The cytoplasmic-open E; and luminal-open
E, states have high affinity for H" and K*, respectively
(Figure 1A) (Rabon and Reuben, 1990). During the transport
cycle, an aspartic acid in the conserved DKTG sequence is
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reversibly auto-phosphorylated to form phosphoenzyme
intermediates (EPs), a hallmark of members of the P-type
ATPase family (Post and Kume, 1973). The H" ,K " -ATPase
consists of two subunits. The catalytic a-subunit (110 kDa) is
homologous to the other ion-motive P2-type ATPases
(Palmgren and Axelsen, 1998), such as the Na™ ,K*-ATPase
and the sarcoplasmic reticulum Ca**-ATPase (SERCA). It is
composed of 10 transmembrane (TM) helices, in which the
ion-binding sites are located, and a large cytoplasmic domain
that catalyses ATP hydrolysis. The B-subunit is a type II
single-span membrane protein (core MW 35kDa) with a
short N-terminal cytoplasmic tail (~36 residues) and a
large C-terminal ectodomain (~230 residues), involved in
correct membrane integration and targeting of the complex to
the cell surface (Chow and Forte, 1995).

Among the well-studied P2-type ATPases, the gastric
H*,K"-ATPase is known to have a strong preference for
the E,P state (Figure 1A). Although both Na™*,K™-ATPase
and H' K "-ATPase are predominantly in the E,P state under
physiological conditions, the reverse reaction from E,P to E;P
is characteristically prohibited in H*,K*-ATPase (Rabon
et al, 1982; Helmich-de Jong et al, 1985). Therefore, a
mechanism must exist that prevents the reverse reaction
and thus avoids inefficient transport and reflux of cations.
Despite considerable interest in the function of this clinically
important membrane protein, and in contrast to recent pro-
gress in structural studies of related P-type ATPases
(Toyoshima et al, 2000; Morth et al, 2007; Olesen et al,
2007; Pedersen et al, 2007), structural information on the
gastric H™ ,K*-ATPase has thus far been missing. Using
electron crystallography of two-dimensional (2D) crystals
(Fujiyoshi, 1998), we present here the first three-dimensional
(3D) structure of an intact gastric H* ,K*-ATPase in the
lipid membrane. Our structure reveals an unexpected inter-
action between the N-terminus of the B-subunit and the
phosphorylation domain of the a-subunit. On the basis of
functional analyses of B-subunits with N-terminal deletions,
the observed interaction contributes to the inherent E,P
preference of H™ ,K*-ATPase, which would be important
for the prevention of the reverse reaction of the transport
cycle.

Results and discussion

Overall structure of the H" ,K* -ATPase in the
membrane at 6.5A resolution

H*,K"-ATPase was purified from pig gastric mucosa and
reconstituted into 2D crystals with dioleoylphosphatidylcho-
line (Figure 1B; Supplementary Figure S1 and Table S1). The
crystalline membrane sheets consist of two membrane layers
and are 320A thick. The asymmetric unit contains one
H™* ,K*-ATPase aB-protomer, and of-protomers in the two-
membrane layers are related to each other by a two-fold
screw axis (Figure 1C). af-protomers in the same membrane
do not form direct interactions, so that all crystal contacts
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Figure 1 Cryo-EM structure of gastric H* ,K-ATPase at 6.5 A resolution. (A) Reaction scheme of the ion transport cycle. The equilibrium
between the E,P and E,P states of the gastric H* ,K " -ATPase is largely shifted towards the E,P state during the phosphorylation reaction (E,P
preference). In our 2D crystals grown in the presence of AlF, and ADP, the H* ,K*-ATPase adopts a pseudo-E,P state (shown in red).
(B) Negatively stained 2D crystal of the H* ,K "-ATPase (arrow) with small amounts of aggregation (arrowhead). (C) The density map of the
H™* ,K*-ATPase 2D crystal contoured at 1.0 ¢ shows that the 2D crystals consist of two membrane layers (indicated as M). One ofp-protomer is
shown as solid surface representation (dark blue). (D) Surface representation of the extracted density map (see Materials and methods) of an
H* K*-ATPase af-protomer with the fit homology model in ribbon representation. Colour code of the density map: N domain, green;
A domain, cyan; P domain, yellow; TM domain of the a-subunit, wheat; B-subunit, magenta. Colour code of the homology model: N, A and
P domains have the same colour as the density map; TM helices M1-M10 of the a-subunit, gradual change from M1 (blue) to M10 (red); TM
helix of B-subunit, white. The dotted lines indicate the probable position of the lipid head group, resulting total thickness of approximately
35A, which is based on the densities protruding perpendicular from the TM domain (arrowheads). The bound ADP and AlF, molecules are

shown as red spheres.

are mediated by the cytoplasmic domains of protomers in
adjoining membranes, with the luminal portions of the
protomers protruding from the outer surfaces of the crystals
(Figure 1C).

In the 6.5 A map analysed by electron crystallography, the
individual domains of the H" ,K *-ATPase are well resolved,
revealing an overall structure similar to those of other P-type
ATPases (Toyoshima et al, 2000; Morth et al, 2007; Pedersen
et al, 2007) (Figure 1D; Supplementary Movie S1). The
characteristic cytoplasmic domain, consisting of the actuator
(A), nucleotide-binding (N) and phosphorylation (P)
domains, is connected to the TM domain, which contains
the 10 TM helices (M1-M10) of the a-subunit and the single
TM helix contributed by the B-subunit. The overall fold is
similar to that of the Na* ,K*-ATPase multi-complex, which
includes a large density at the luminal side representing the
B-subunit ectodomain (Morth et al, 2007). Interestingly, we
observed densities protruding perpendicular to the TM he-
lices (Figure 1D, arrowheads) near the M3-M4 loop on the
luminal side and the M8-M9 loop on the cytoplasmic side,
which may represent the surface of the lipid membrane. Such
lipid density has been observed earlier in EM maps obtained
with tubular crystals of membrane proteins (Zhang et al,
1998; Miyazawa et al, 2003). The distance between the two
layers (approximately 35 A) is close to that of lipid bilayers
observed in other 2D crystals (Gonen et al, 2005). Both the
large atomic number of the phosphorus in the lipid head
groups as well as the high completeness of our data set
(which includes data from specimens tilted up to 70°) may
have contributed to the lipid membrane being visible at this
resolution.
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The a-subunit

The 2D crystals were grown in the presence of ADP and
fluoroaluminate (AlF,), the same components recently used
for the structural analysis of SERCA in the E;P-ADP state
(Toyoshima et al, 2004). In contrast to that crystal structure,
in our EM map, the A domain is close to the P domain,
whereas the N domain is approximately 20 A far away from
the P domain (Figure 2A). The H* ,K"-ATPase structure
presented here is thus closer to that of SERCA in the E,P
transition state (Danko et al, 2004; Olesen et al, 2007). We
confirmed the pseudo-E,P conformation of the H,K*-
ATPase under these conditions by limited trypsin digestion
of both the membrane fraction and 2D crystals
(Supplementary Figure S2) (Nishizawa et al, 2008). These
results led us to compare our 6.5 A EM map of the H* K *-
ATPase with the structures of SERCA in the E,AlF, state
(Olesen et al, 2007) and the Na™ ,KT'-ATPase in the
(Rb),E,MgF state (Morth et al, 2007), both of which mimick-
ing the domain arrangement in a E,P-like state.

We generated a homology model for the H* ,K*-ATPase
using the Na* ,K*-ATPase structure as template. The result-
ing model, which includes residues 36-1033 of the a-subunit
and residues 33-77 of the B-subunit, fits well into the EM
density map (Figure 1D). The locations of the trypsin clea-
vage sites (Nishizawa et al, 2008) in our homology model are
consistent with their susceptibility to the protease
(Supplementary Figure S2). We ascribe the density located
at the outermost part of the A domain surrounding the
N-terminal end of the homology model (Lys36) to the resi-
dual N-terminal 35 amino acids of the a-subunit (suggesting
double arrowhead in Figure 2A), which include phosphorylation
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Figure 2 Architecture of the H* ,K*-ATPase af-protomer in the
pseudo-E,P state. (A) Relative orientation of the cytoplasmic do-
mains. The cytoplasmic domains of the homology model (in ribbon
representation and colour coded as in Figure 1D) are superimposed
on the density map contoured at 1.0c (blue mesh). A spherical
density contoured at the 5.5 ¢ level (red) near the phosphorylation
site (Asp 385) shows the position of the AlF, complex. The ADP
molecule (stick representation) was fitted into the extra density
found at the surface of the N domain (single arrowhead). The
double arrowhead indicates the extra globular density found near
the most N-terminal Lys 36 (blue sphere) in the homology model.
Several key amino acids, including invariant **TGES motif, are
shown in sphere representation. (B) Surface representation of the
segmented map of the TM region of the a- (wheat) and B-subunit
(magenta) contoured at 1.0c. The TM helices of the homology
model of the a-subunit (coloured as in Figure 1D) and the B-subunit
(white) are shown as tube models. The red spheres indicate the
positions that correspond to bound Rb™" in the Na™,K*-ATPase
structure, showing the approximate locations of the cation-binding
sites in the H" ,K " -ATPase. The arrowhead indicates a funnel-like
cavity that is surrounded by several amino acids important
for inhibitor binding (shown as spheres). The conserved SYGQ
sequence, which is critical for the assembly of the af-protomer,
is shown as yellow spheres.

sites (e.g. Tyr9 by c-Src, Ser26 by PKC) and an ankyrin-
binding site (Togawa et al, 1995; Kanagawa et al, 2000;
Festy et al, 2001). This position of the N-terminus would
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allow for interactions with cytoplasmic proteins. A strong,
spherical density peak exceeding a level of 5.5 ¢ can be seen
at the position of the phosphorylating aspartate in the
P domain (Asp385 in our model) and most likely represents
the AlF, complex (Figure 2A). Moreover, a weak density
protrudes from the N domain at a position close to two
highly conserved residues, Phe491 and Lys496 in our model
as shown by arrowhead in Figure 2A. Both residues are
known to be important for the coordination of the adenine
moiety (Teramachi et al, 2002). It is likely that this density
represents ADP, which is bound in the low-affinity state and
was also observed in the structure of SERCA in the E,MgF
state (Toyoshima et al, 2004). Thus, as observed earlier in the
structure of SERCA in the E,P state (Olesen et al, 2007),
inclination of the P domain and penetration by the A
domain’s TGES loop cause the AlF, complex to be separated
from the ADP molecule bound to the N domain. The AlF,
complex is thus no longer accessible for coordination with
ADP (Figure 2A).

The 10 TM helices (M1-M10) of the a-subunit and the
additional TM helix of the B-subunit of our homology model
are fit well into the TM part of the density map (Figure 2B).
The putative cation-binding sites (Morth et al, 2007) are
located in the middle of the TM region. Although these
sites appear inaccessible from both sides of the membrane,
a funnel-shaped cavity, formed by helices M4, M5, M8
and the luminal M5-M6 loop, extends from just beneath
the ion-binding sites and opens into the luminal vestibule
(arrowhead in Figure 2B). We assume that the reason why the
ion-binding sites are not completely exposed to the luminal
side is that our structure represents an E,P transition state
with bound AlF,. As has been proposed for the SERCA E,BeF;
structure (Olesen et al, 2007), this cavity would presumably
open upon transition to the E,P ground state and expose the
ion-binding sites to the lumen. Several residues located at the
surface of the cavity (e.g. Phe332, Leu809 and Cys813) have
been shown to be important for the binding of a K -compe-
titive antagonist (Vagin et al, 2002; Munson et al, 2005).
Cysteine 813 also forms a covalent bond with proton pump
inhibitors such as omeprazole, used to treat gastric ulcers
(Vagin et al, 2002). The cavity forming part of the cation
transport pathway thus also contains binding sites for drugs.
The structural features of the a-subunit described above are
consistent with earlier studies, strongly supporting the relia-
bility of our homology model based on the 6.5A map
obtained by electron crystallography.

The B-subunit

In our EM map, the TM helix of the B-subunit (PTM)
is represented by a cylindrical density next to helix M10 of
the a-subunit (Figure 1D). Although there is clear density
for the cytoplasmic half of BTM, density is missing for its
luminal half. On the luminal side, the N-terminal region of
the B-subunit ectodomain (Asano et al, 1999) appears to
be in contact with the a-subunit, possibly through the con-
served SYGQ sequence (Colonna et al, 1997) that was found
to be critical for association of the B- with the a-subunit
(Figure 2B). Despite rather low sequence identity (around
30%), the luminal B-subunit ectodomain appears similar
to that of the Na™ ,K"-ATPase (Morth et al, 2007). It covers
the luminal M7-M8 and M9-M10 loops of the a-subunit,
which could explain the strong resistance of the
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H*,K"-ATPase to both proteolysis and the highly acidic
environment of the gastric lumen. At the same time, the
vestibule between the luminal portion of the a-subunit
and the B-subunit ectodomain would allow for efficient K+
diffusion along the membrane surface (Miyazawa et al,
1999).

The cytoplasmic N-terminal tail of the B-subunit (BN)
appears in the EM map as a continuous, rod-like
density that connects between BTM and the o-subunit
(Figure 3A and C). In contrast to the Na ™ ,K*-ATPase struc-
ture, the N-terminal tail of the B-subunit is in contact with the
outermost portion of the P domain (single arrowhead in
Figure 3A and C) and the cytoplasmic end of M3 (double
arrowhead in Figure 3A), respectively. Comparison of the
SERCA structures in the E;P-ADP and E,P states revealed that
the arrangement of the cytoplasmic domains is a key feature
of the respective reaction state (Olesen et al, 2007).
The interaction of BN with the P domain seen in our
H*,K"-ATPase structure seems to stabilize the relative
orientation of the cytoplasmic domains in the E,P state,
which would help to prevent the reverse reaction into the
ADP-sensitive E;P state and thus explain the preference of the
H™* ,K*-ATPase for the E,P state.
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N-terminal deletion mutants of the p-subunit

To identify the possible function of BN, a series of N-terminal
deletion mutants (A4, A8 and A13) was constructed and co-
expressed with wild-type o-subunit in HEK-293 cells.
Although several mutants expressed only at a rather low
level, their specific activity and the amount of formed EP was
proportional to their respective expression levels (data not
shown). This finding suggests that, within the experimental
error, wild-type and deletion mutants have the ATPase activ-
ity with the same turnover number and affinity for K+
(Supplementary Figure S3A and B). Pulse-chase experiments
with **P phosphoenzyme revealed, however, that the mu-
tants differed significantly from wild-type H* ,K*-ATPase in
their distribution of EP in the E,P and E,P states (Figure 3B).
E,P and E,P differ in their interaction with nucleotide and
affinity for the transported cations (Figure 1A). In the E;P
state, the enzyme has a H" bound in an occluded state and it
is ADP sensitive, that is, it can donate its phosphoryl group
back to ADP to form ATP. The E,P state is, therefore, known
as a ‘high energy’ EP intermediate. In contrast, in the E,P
state, the enzyme is ADP insensitive, that is, it can only
donate its phosphoryl group to water but not to ADP. The
cation-binding site faces the lumen and has low affinity for

A
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Figure 3 The N-terminal tail of the f-subunit functions as a ratchet. (A) Interaction between the o- and B-subunits. Segmented density map
showing the P domain in yellow and the B-subunit in magenta. The single and double arrowheads indicate the position where the N-terminal
tail of the B-subunit (BN) contacts the P domain and M3, respectively. The gray mesh represents the experimental density map including the
symmetry-related molecule contoured at 1.0 . The triple arrowhead indicates the density that represents the N domain of the symmetry-
related molecule. (B) ADP or K" sensitivity of the EP formed by PN deletion mutants. Pulse-chase experiments were performed on membrane
fractions of wild-type (WT) and N-terminal deletion mutants (A4-A13) of the B-subunit co-expressed with wild-type a-subunit. The membrane
fractions were phosphorylated for 10 s at 0°C with [y-*P]ATP. To measure dephosphorylation, the EP was chased with an excess of cold ATP to
terminate phosphorylation from [y-3*P]ATP, without (ligand free, blue) or with 1 mM ADP (+ ADP, red) or 10mM K* (+K™*, green), followed
by acid quenching after 5s of chasing (see Materials and methods). For each mutant, the phosphorylation level of the ‘ligand-free’ condition
was assigned to 100%. Error bars show the standard deviation for three experiments. Asterisks indicate values significantly different from that
of the wild-type one (P<0.01). (C) Comparison of the H" ,K*-ATPase in the pseudo-E,P state (surface representation as shown in Figure 1D)
with SERCA in the E;P-ADP state (ribbon model, PDB code 2ZBD). For clarity, the A domain and TM helices of SERCA are not shown. The two
structures were aligned based on the M7-M10 segments. The ADP and AlF,; molecules are shown as blue and red spheres, respectively.
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H™ but high affinity for K*. In the E,P state, the enzyme is
K" -sensitive, as binding of extracellular K* accelerates the
hydrolysis of the bound phosphate. The difference in ADP
sensitivity can be used to determine the relative amounts of
E,P and E,P intermediates. Figure 3B shows the relative
amount of EP after addition of unlabeled ATP to EP formed
with [y-3P]ATP in the presence or absence of ADPor K" (see
also Supplementary Figure S3C). For the B-subunit deletion
mutants, which lack 8 (A8) or 13 (A13) amino acids from
their N-terminus, the amount of EP is significantly reduced
within 5's after chasing with cold ATP and ADP. On the other
hand, almost no effect was detected for the wild-type enzyme
as well as the A4 mutant, which is consistent with the strong
E,P preference of gastric H* ,K*-ATPase (Helmich-de Jong
et al, 1985). These results show that gastric H ,K*-ATPase
lacking BN is able to form an E;P intermediate and can
undergo the reverse reaction forming ATP from ADP
(Rabon et al, 1982) (E,P—E,P+ADP—E,; + ATP), thus los-
ing its preference for the E,P state, albeit under somewhat
artificial conditions in vitro. In addition, all mutants show K+
sensitivity. As every mutant exists in a dynamic equilibrium
between the E;P and E,P states, stochastic fluctuations will
sooner or later drive every H' ,K*-ATPase molecule into the
K*-sensitive E,P state, and thus render it susceptible to
dephosphorylation in the presence of K*. Therefore, our
results suggest that BN truncations do not affect the forward
reaction (E,P to E,P) but substantially accelerate the reverse
reaction (E,P to E;P) due to destabilization of the E,P state
(see below).

BN involvement in the E,P/E,P equilibrium

The results of the deletion experiments indicate that the
N-terminus of the B-subunit is involved in enzyme catalysis
through its interaction with the catalytic domains of the
a-subunit. This finding suggests that the observed inter-
subunit contact of BN with the P domain of the «-subunit
functions as a ‘ratchet’ that prevents the reverse reaction
from the E,P to the E;P state by tethering the P domain in
the E,P-specific position. As described above, the reverse
reaction from E,P to E;P is essentially prohibited in the case
of gastric H*,K*-ATPase (Helmich-de Jong et al, 1985).
Comparison of our pseudo-E,P structure of H* ,K*-ATPase
with the E;AlF;-ADP structure of SERCA (Toyoshima et al,
2004) reveals a large movement of the P domain (Figure 3C).
For the phosphorylation site, which in the E,P state is
obscured by the A domain (Figure 3C, surface representa-
tion), to become sensitive to ADP, the P domain needs to
incline by ~30° away from BN, thus exposing its phosphor-
ylation site to the ADP molecule bound to the N domain, as
seen in the SERCA E;P-ADP structure (Figure 3C, ribbon
model). The interaction of BN with the P domain would
counteract such a large domain reorganization and stabilize
the position of the P domain, thus contributing to the
inherent E,P preference of the H' ,K*-ATPase. Conversely,
removal of BN would free the P domain and allow the bound
phosphate molecule to react with the ADP in the N domain to
form ATP.

Apart from the P domain, BN also appears to interact
with the cytoplasmic portion of M3 (Figure 3A, double
arrowhead). We cannot exclude the possibility that the
A domain or other parts of the enzyme also contribute to
the E,P preference of the H' ,K*-ATPase, in particular

©2009 European Molecular Biology Organization
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because it has been shown that the length of the A-M3 linker
affects the E;P-E,P equilibrium in SERCA (Anthonisen
EA and Andersen JP, 2008 P-ATPase conference). It is
possible that BN interacts simultaneously with the P domain
and M3. Although our homology model lacks 32 amino acids
from BN, the rod-like density we assigned to BN would
accommodate an a-helix of only ~19 amino acids. The fold
of BN may thus be more complex than it appears from its rod-
like appearance in the EM map. Comparison of the amino-
acid sequences of the N-terminal part of gastric H* ,K*-
ATPase B-subunit and kidney Na* ,K*-ATPase Bl-subunit
reveals that B-subunit of H" ,K"-ATPase has 5 amino acids
longer than that of Na* ,K'-ATPase. The results of our
deletion experiment are suggestive of an important role for
polar amino acids 5-8 at the N-terminus of the B-subunit
(MAALSQEK®K), although our 6.5A map could not
discriminate any individual residues. The N-terminal 34
amino acids deletion of the Na* ,K*-ATPase B-subunit has
shown lower affinity for both Na™ and K* than wild type,
but not affected surface expression of the pumps (Geering
et al, 1996; Hasler et al, 1998). A chimeric study of
this portion showed that the N-terminal swapping gave a
functional ap-complex of H* ,K*-ATPase with a slightly
higher specific activity (Asano et al, 1999). Therefore, it
would be interesting to perform an analysis of the E;P/E,P
equilibrium for much shorter deletion of Na™*,K"-ATPase
B-subunit or its chimera with H" ,K*-ATPase to understand
the compatibility between closely related isoforms. Further
point mutational analysis would also help to identify the
specific interaction site, and to reduce possible secondary
effects such as local misfolding. BN makes a crystal contact
with the a-subunit of an af-complex in the adjoining mem-
brane (Figure 3A, triple arrowhead), raising the possibility
that the observed inter-subunit contact may be a crystal-
lization artifact. We can exclude this possibility, however,
because deletion of BN has a profound effect on the enzyme
reactivity in solution.

We propose a novel molecular ratchet mechanism that
explains the preference of the gastric H* ,K " -ATPase for the
E,P state, which is likely to be relevant for the generation of a
million-fold proton gradient across the gastric parietal cell
membrane. We suggest that the observed interaction of BN
with the P domain of the a-subunit leads to an energetically
lower, stabilized E,P state. The removal of BN would
correspond to an increase in the energy level of the E,P
state and thus induce the reverse reaction through the E;P
intermediate, the energetically highest state in the reaction
cycle. This notion is supported by the observed ADP sensi-
tivity of the deletion mutants (Figure 3B). The reverse reac-
tion could result in inefficient transport and, possibly, reverse
flow of protons. The proposed ratchet mechanism would
ensure that the transport cycle of the H™ ,K™-ATPase can
only proceed in the forward direction. Although there is
currently no information for the conformation of BN in
other stages of the ion transport cycle, judged from the
dephosphorylation of E,P upon K" binding, the conforma-
tional change induced by the K* binding would be strong
enough to allow the enzyme to proceed through the reaction
cycle. However, for a full understanding of the ratchet me-
chanism, 3D structures of the gastric H* ,K " -ATPase in other
reaction states combined with further functional studies will
be required.
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Materials and methods

2D crystallization

Vesicles containing pig gastric H* ,K"-ATPase (G1 fraction) were
prepared (Sachs et al, 1976) and further purified with SDS (Yen
et al, 1990) as described. The membrane fraction (2.5mg/ml of
protein), which shows >400 pmol P;/mg/h specific ATPase activity
(Abe et al, 2002), was solubilized for 10 min on ice with 0.25%
(w/v) decylmaltoside in 40 mM MES, pH 5.5, 20 mM Mg(CH;CO,),,
SmM ATP, 10% (w/v) glycerol. After removal of the insoluble
material by ultracentrifugation at 186000 g for 20 min, the super-
natant was mixed with dioleoylphosphatidylcholine (Avanti) at a
lipid-to-protein ratio (w/w) of 0.5. The samples were placed in 10 pl
microdialysis buttons (Hampton Research) using a dialysis mem-
brane with a molecular weight cut-off of 25kDa (SPECTRA/Por #7,
SPECTRUM). The sample was first dialyzed against 10 mM MES, pH
5.5, 1mM MgCl,, 0.5mM AICl;, 4mM NaF, 0.3mM ADP, 3mM
DTT, 10% (w/v) glycerol at 0°C for 12h and then against 20 mM
propionate, pH 4.87, 1 mM MgCl,, 0.5 mM AICl;, 4 mM NaF, 0.3 mM
ADP, 3mM DTT, 10% (w/v) glycerol at 3°C for 9-12 days.

Electron microscopy and image analysis

Samples were negatively stained with 2% (w/v) uranyl acetate to
screen for crystals. For cryo-electron microscopy, 2D crystal
samples were mixed with dialysis buffer containing 7-35% (w/v)
trehalose, and prepared using the carbon sandwich method (Gyobu
et al, 2004). After removal of excess buffer, the grid was blotted
with filter paper and plunged into liquid nitrogen. All steps were
performed at 4°C. Images were recorded with a JEM-3000SFF
electron microscope (JEOL) equipped with a field emission gun and
a super-fluid helium stage (Fujiyoshi et al, 1991) and operated at
300 kV. Images were recorded on SO-163 film (Kodak) at a nominal
magnification of 40000 x , using a 2-s exposure and a total electron
dose of 25 electrons/A*. The micrographs were developed for
14 min at 20°C using full-strength Kodak D19 developer. The quality
of the images was assessed by optical diffraction, and selected
images were digitized with a SCAI scanner (Zeiss) using a step size
of 7um. The digitized images, typically 6000 x 6000 pixels, were
processed with the MRC image processing programs (Crowther
et al, 1996). The crystals were computationally unbent and
corrected for the contrast transfer function (CTF) (Henderson
et al, 1986). The initial CTF parameters for each image were
determined by square frequency filtering (Tani et al, 1996)
combined with periodogram averaging (Fernandez et al, 1997).
The data from 346 images were combined using LATLINE (Agard,
1983) and used to calculate a density map. To objectively define the
molecular boundaries of the H",K "-ATPase, the program CODIV
(Volkmann, 2002) was used to segment the density map and to
extract an af-protomer. The EM density map has been deposited in
the Electron Microscopy Data Bank (EMBD, http://www.ebi.ac.uk/
msd-srv/emsearch/index.html, accession no 5104).

A multiple sequence alignment was carried out using ClustalW
(Thompson et al, 1994) with minor manual adjustments based on
secondary structure information for Na*,K"-ATPase and Ca®*-
ATPase. The homology model for the H™ ,K *-ATPase was built with
MODELLER v9.2 (Sali and Blundell, 1993) using the atomic model
of Na™ ,K"-ATPase (PDB code 3B8E) as the template. Initial manual
fitting of the homology model into the density map was done in O
(Jones et al, 1991), followed by fine adjustments for each individual
domain structure using SITUS (Wriggers et al, 1999). After a
positional search, the split loop regions were manually linked in O
with regularization refinement. Figures were prepared with Pymol
(http://pymol.sourceforge.net/). The coordinates of the homology
model have been deposited in the Protein Data Bank (accession
code 31XZ).
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