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Crystal structure of the plasma membrane

proton pump

Bjern P. Pedersen"**, Morten J. Buch-Pedersen"*>**, J. Preben Morth"?, Michael G. Palmgren'> & Poul Nissen'*

A prerequisite for life is the ability to maintain electrochemical
imbalances across biomembranes. In all eukaryotes the plasma
membrane potential and secondary transport systems are
energized by the activity of P-type ATPase membrane proteins:
H*-ATPase (the proton pump) in plants and fungi'?, and
Na*,K*-ATPase (the sodium—potassium pump) in animals*. The
name P-type derives from the fact that these proteins exploit a
phosphorylated reaction cycle intermediate of ATP hydrolysis®.
The plasma membrane proton pumps belong to the typelll
P-type ATPase subfamily, whereas Na®,K*-ATPase and Ca’™-
ATPase are type I1°. Electron microscopy has revealed the overall
shape of proton pumps’, however, an atomic structure has been
lacking. Here we present the first structure of a P-type proton
pump determined by X-ray crystallography. Ten transmembrane
helices and three cytoplasmic domains define the functional unit
of ATP-coupled proton transport across the plasma membrane,
and the structure is locked in a functional state not previously
observed in P-type ATPases. The transmembrane domain reveals
a large cavity, which is likely to be filled with water, located near
the middle of the membrane plane where it is lined by conserved
hydrophilic and charged residues. Proton transport against a high
membrane potential is readily explained by this structural
arrangement.

The Arabidopsis thaliana auto-inhibited H*-ATPase 2 (AHA2) is a
well-characterized member of the plasma membrane proton pump
family®. As shown in Fig. 1, we have determined the structure of an
active form of AHA2, devoid of a flexible, carboxy-terminal regula-
tory domain (R domain)™” and in complex with adenosine 5’-(B,y-
methylene)-triphosphate (AMPPCP, a non-hydrolysable ATP ana-
logue). Despite anisotropy of the data, we successfully traced the
structure and refined a model encompassing residues 12 to 844
and the bound nucleotide on the basis of experimental electron-
density maps calculated at 3.6 A resolution (Fig. 2a, b, Supplemen-
tary Table 1 and Supplementary Fig. 1).

The structure of AHA2 consists of four clearly defined domains: a
transmembrane domain with ten helices, M1 through M 10, and three
cytosolic domains, named after their counterparts in the Ca®-
ATPase'’ as N (nucleotide binding; residues 338—488), P (phosphor-
ylation; residues 308-337 and 489-625) and A (actuator; residues
12-57 and 129-233). AHA2 and the rabbit SERCAla Ca’"-ATPase
share low sequence homology (20% identity; Supplementary Fig. 2),
but a structural comparison shows the overall fold to be remarkably
similar, supporting the assumption that the overall structure of
P-type ATPases is conserved among different subfamilies (Fig. 2c,
d). However, the N domain of AHA2 is smaller than the N domains
found in the type II subfamily. It has the same fold as the N domain
of the Archaeoglobus fulgidus copper pump'’, although the loops

connecting strand 3 to strand 4 and strand 5 to strand 6 are longer
and resemble the loops found in Ca**-ATPase' and Na®,K'-
ATPase'>. AMPPCP is bound with the adenosine part at the
Ndomain and the triphosphate group protruding towards
the P domain (Figs 1 and 2a). The N domain is inserted into the
P domain through a hinge (including the conserved sequence motif
DPPR) and with bound nucleotide it can move towards the P domain
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Figure 1| Overall structure of the plasma membrane H*-ATPase. The
structure represents an active form of the proton pump, without its
auto-inhibitory C terminus, in complex with Mg-AMPPCP. Ten
transmembrane helices, orange, green and brown, as indicated; nucleotide-
binding domain (N), red; the phosphorylation domain (P), blue; and the
actuator domain (A), yellow. Mg-AMPPCP is found at the interface between
the N and P domains and is shown as a ball-and-stick reprentation. Key
residues mentioned in the text are shown as sticks. The grey box depicts the
approximate location of the plasma membrane.
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to assemble the catalytic site, at which Asp 329 will become phosphory-
lated once every pumping cycle. The A domain, which stimulates
dephosphorylation of Asp 329, is situated on top of M2, which pro-
trudes as a pole out of the membrane, and it is further connected to
the M1 and M3 transmembrane segments by extended loops. Glu 184
in the conserved motif TGES, which is involved in the A domain
phosphatase functionality, is situated ~28 A from Asp 329. This
affirms that a large rotation of the A domain towards the P domain
is required for dephosphorylation to occur, linking events at the
phosphorylation site to conformational changes in the membrane.
In the transmembrane domain, the M1 helix shows a prominent 90°
kink (Fig. 2b) imposed by a proline residue, Pro 68, that is conserved
in typelll P-type ATPases’. A similar kink is seen in the Ca®"-
ATPase” and Na™,K"-ATPase'?, despite distinct motifs in the M1
primary structure for each type. M4 is unwound in the middle of the
transmembrane segment, and M7 and M10 are tilted approximately
25° and 45°, respectively, relative to the plane of the membrane.
The overall arrangement of domains and transmembrane helices
of AHA?2 is similar, but not identical, to the occluded E1 form
of Ca®*-ATPase trapped in the transition state of phosphoryl trans-
fer'>'> (Fig. 2d). The A domain is moved away from the P domain,
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Figure 2 | Structural conservation of P-type ATPase architecture. a, View
of the N (red) and P (blue) domains of the H" -ATPase with bound Mg-
AMPPCP together with the experimental electron-density map contoured at
16. The adenosine of the nucleotide is bound at the N domain, whereas the
triphosphate group and the magnesium ion extend towards the P domain.
b, View of the transmembrane region with the experimental electron-density
map contoured at 16. M1 exhibits a ~90° kink perpendicular to the
membrane face facilitated by Pro 68. ¢, AHA2 (orange) is aligned to the
Ca®"-ATPase (blue, PDB code 1T5T) on transmembrane segments M4 and
M5. The bulge at Asp 684 is clearly visible. d, Structural comparison
between AHA2 and Ca®*-ATPase indicates that the H*-ATPase structure
represents a novel E1 intermediate. Middle panel, AHA2 H*-ATPase

with bound Mg-AMPPCP (this study); left panel, an E2 form of the
Ca®"-ATPase without bound calcium (PDB code 2C8K); right panel, a
Ca”>*-occluded E1 form of the Ca>*-ATPase'>¢ in the transition state of
phosphoryl transfer (PDB code 1T5T). The structures are aligned by their
P domains. N domain, red; bound nucleotide, green; A-domain, yellow;
TGES motif required for dephosphorylation, magenta; phosphorylation site,
orange.
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allowing the N domain to approach as required for phosphorylation
to occur, but closure of the active site at the interface between the N
and P domains has not completed. Further comparison to the
AMPPCP-bound E2 form of Ca®>*-ATPase'® (Fig. 2d) indicates that
our AHA2 structure indeed represents a new El intermediate, which
is compact, yet not completely occluded.

Auto-inhibition by C-terminal regulatory R domains is charac-
teristic of typelll P-type H™"-ATPases. We have obtained crystals
and collected a 5.5A resolution data set of full-length AHA2 in a
detergent-activated form. We observe additional electron density
for approximately 13 residues (modelled as a helix) of the
R domain, extending from the M10 helix towards a large solvent
channel in the crystal (Supplementary Fig. 3). However, we do not
observe density for the bulk of the R domain (residue 858 to 948),
indicating that it has no defined structure in the active form of the
protein. If we plot residues that, when mutated, inhibit R domain
interaction (shown by mutagenesis of plant and fungal P-type proton
pumps>'”'¥), a pattern emerges in which the R domain may attain
inhibition by winding around the body of the pump to interact with
the A domain and the top of the M1 and M2 segments. In this posi-
tion, the R domain potentially blocks entry of protons to the trans-
membrane binding site and restricts A domain rotations that are
essential for functional transitions in the pumping cycle. This is much
like the fixation by thapsigargin of the transmembrane domain in
Ca®"-ATPase', and possibly similar to the effect of regulatory pep-
tides like sarcolipin and phospholamban'’.

Asp 684, conserved in all plasma membrane H-ATPases, is the
only acidic residue buried in the transmembrane domain of AHA2
(Fig. 3a). Mutational studies have shown this residue to be essential
for proton transport and E1-E2 transitions, and thus the most likely
candidate for the proton-binding site of P-type H*-ATPases>*.
Asp 684 corresponds to the essential Ca®"-coordinating residue
Asp 800 in the Ca>*-ATPase and it is situated in M6, next to a large
cavity in the membrane (Fig. 2¢, see below). Asp 684 is juxtaposed
to the completely conserved Asn 106 of M2 (Fig. 3b, c), which is
compatible with hydrogen bonding between the two. This feature
suggests an elegant coupling mechanism of H'-ATPase between
formation of the phosphorylation site in the cytoplasmic domains
and occlusion of the proton-binding site with the protonated Asp 684
and Asn 106 pair buried between the M2, M4 and M6 segments. This
will also readily explain the proton specificity of H-ATPase; the
specificity arises at the protonated Asp 684—Asn 106 pair, which
serves as the ‘gate keeper’ along the transport pathway.

Owing to a conserved Pro 286 residue, M4 is unwound, which
leads to exposure of backbone carbonyl and amide groups from
residues 282-286 to a large cavity in the middle of the membrane
(Fig. 3). The conserved residues Tyr 645, Tyr 648, Thr 653, Arg 655
(all in M5) and Asn 683 (in M6) expose their charged or polar side
chains to this cavity. The corresponding residues in M5 of the yeast
PMAI H"-ATPase (Tyr 691, Tyr 694, Ser 699 and His 701) have been
shown to be essential for proton pumping®'. The cavity is defined by
M4, M5 and M6 (Fig. 3), and in dimensions it is substantially bigger
than the Ca®"-binding sites I and II of the Ca®*-ATPase'. The
enlargement is mainly due to M6, which is bulged at Asp 684
(Fig. 2¢, and Supplementary Fig. 4). The cavity is large enough
(~380 JOX3) to accommodate about 12 water molecules. Proton access
from the cytoplasm to the proton-binding site seems nearly closed in
our structure, but could occur through an entrance pathway located
between M1, M2 and M4 (Fig. 3a). Several conserved H"-ATPase
residues are positioned in this area of the pump, for example,
Asn 106, Glu 113, Glu 114 (all in M2), and they could be involved
in proton transfer to Asp 684 at the edge of the cavity.

Arg 655 of M5 is situated in the middle of the membrane domain,
at the cavity opposite to the Asp 684 residue (Fig. 3). Arg 655 is
important, but not indispensable, for proton transport®’. The inter-
action of Arg 655 with the, presumably water-filled, cavity is well
defined, even though the exact side-chain structure is not at the given
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Figure 3 | The intramembranous buried cavity and proton binding site of
the plasma membrane H*-ATPase. a, Distribution of charged residues
(Arg/Lys, blue; Asp/Glu, red) in the transmembrane region of the pump
shown together with the identified intramembranous cavity (blue mesh).
Among the charged residues in this region, Arg 655 and Asp 684 are the only
two charged residues found in the transmembrane part (except Glu 74 of
M1, which points towards the cytosolic interface). b, Side view and ¢, top

resolution. Owing to the packing of nearby membrane residues,
Arg 655 is confined to side-chain rotamer configurations pointing
upwards towards Asp 684 and in direct contact with the cavity. The
cavity may aid in delocalization of the buried positive charge on
Arg 655 as the pump goes through phosphorylation and it may form
the upper part of the proton exit pathway during subsequent proton
release. The electrostatic field of Arg 655 is likely to influence Asp 684.
A spatial arrangement of an arginine residue placed near an essential
proton donor/acceptor is well characterized in unrelated proton
pumps like bacteriorhodopsin®** and F-/V-type ATPases®” as a
means of stimulating proton release, and we find it likely that a
similar role is achieved here. Arg 655 must be expected to impose
an effect on Asp 684 in the E2P state, in which the proton exit path-
way opens to the extracellular environment. Also, the presence of
similarly conserved positive-negative amino acid pairs of M5/M6
in H", K"-ATPases (for example, Lys 800 and Asp 833 of the human
ATPase ATP12A) at equivalent positions hints at a conserved mech-
anism of proton transport in proton-exporting P-type ATPases.
Proton release from the pump might be aided by conserved acidic
residues (for example, Asp 92 and Asp 95) found at the extracellular
side (Fig. 3a).

Arg 655 may serve other important roles. The corresponding
residue in Ca®"-ATPase is Glu771, which becomes exposed at the
bottom of the Ca®" exit pathway in the E2P form?, Likewise, Arg 655
may become exposed in the proton exit pathway of AHA?2. In this
position, it could serve as a positive plug that prevents proton reflux
to the transmembrane binding site (Fig. 4). A positive charge along
the transport pathway may then explain how proton pumps are able
to generate high membrane potentials. In plants, membrane poten-
tials may exceed —200 mV (negative on the inside; ref. 27), whereas
the proton pumps from fungi generate the highest known membrane
potentials (up to —300 mV; ref. 28). In fungal H" -ATPases, Arg 655
of AHA2 is replaced by a histidine (His 701 in yeast PMA1), whereas
another arginine is found at the 649 position of the M5 helix, also
facing the water-filled cavity. This arrangement of an arginine and a
histidine positioned in tandem at the upper part of the proton exit
pathway is indeed compatible with the even-higher resistance to
membrane potential that is attained in fungal proton pumps. No
counter transport during the E2 to E1 transition has been described
for proton pumps; this is in contrast to other subfamilies of P-type

view of the cavity and the residues lining it. Polar and charged residues from
M5 and M6 together with exposed backbone carbonyls and amide groups
from M4 define the boundaries of the cavity. A small extension (~80 A3) of
the cavity, placed over Asp 684 and Asn 106, is located along the expected
proton entrance pathway and is likely to close as the phosphorylation site is
fully assembled.

ATPases. Arg 655 may act as a built-in counter-ion during depho-
sphorylation and E2 to El transition, neutralizing the deprotonated
negatively charged Asp 684. The presence of Arg 655 as a constitutive
counter-ion makes the transition from E2-P to E2 extremely favour-
able and minimizes exposure of Asp 684 to the extracellular side. This
is consistent with the fact that proton pumps cannot be directly
phosphorylated by inorganic phosphate, contrary to other P-type
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Figure 4 | Mechanism of proton transport by plasma membrane
H*-ATPase. E2-model forms of the H"-ATPase were made by structural
alignment of our E1-AMPPCP structure with the E2P structure of the
Ca”*-ATPase® and the E2-P* structure (E2 occluded state of the pump) of
the Ca®*-ATPase (PDB code 1XP5). Asp 684 is the central proton donor/
acceptor of the pump, and together with Arg655 it lines a centrally located
water-filled cavity. In the E1 conformation, hydrogen bonding between
Asp 684 and Asn 106 gives preference to the protonated form of Asp 684
(E1-ATP structure). Conformational movements in the membrane region,
coupled to E1-E2 transitions, result in opening of the cavity towards the
proton exit pathway (E2P model) and interrupt hydrogen bonding between
Asn 106 and Asp 684; this results in proton release from Asp 684, now
exposed to the extracellular environment. Placement of Arg 655 towards
Asp 684 at the exit channel also stimulates proton release from Asp 684, and
provides a positively charged plug in this area of the molecule that prevents
extracellular protons from re-protonating Asp 684. At the same time Arg 655
functions as a built-in counter-ion that neutralizes the negative charge on
Asp 684 and promotes swift formation of the occluded E2-P* transition state
(E2P* model), dephosphorylation and transition to the E2 form.
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ATPase subfamilies®. The price of being able to sustain a high mem-
brane potential may thus be the loss of counter transport. Indeed the
apparent stoichiometry of P-type H' -ATPase transport is one pro-
ton per ATP hydrolysed™.

The structure described here contributes to further understanding
of the structural/functional relationships found in plant and fungal
P-type H'-ATPases and furthermore provides a framework for new
studies of members of this subfamily. Our observation of an Asp—Asn
pair and an arginine residue lining a water-filled cavity in the mem-
brane represent key elements of proton transport by proton P-type
ATPases and a novel use of the P-type ATPase architecture for active
transport.

METHODS SUMMARY

Expression and purification was based on a Saccharomyces cerevisiae expression
system. Solubilization and purification were performed with dodecyl-maltoside
(DDM) as the detergent and the purified protein was dialysed against a buffer
containing octaethylene glycol monododecyl ether (C;,Eg) and 5-cyclohexyl-1-
pentyl-B-pD-maltoside (CYMAL-5) detergents. Crystals were obtained using
polyethylene glycol 400 as the precipitant. Crystals were cryoprotected by a
controlled dehydration procedure by vapour diffusion, which also improved
diffraction properties. Crystallographic data were collected at the beam line
X06SA of the Swiss Light Source (SLS). Phases were determined using derivative
crystals with HoCls, K,PtCls and TagBr,, respectively. Heavy-atom-derived
phases were refined and extended to the maximum resolution of the native data
by density modification, exploiting two-fold rotational non-crystallographic
symmetry, a solvent content of 75% and several data sets showing a low level
of isomorphism for inter-crystal averaging. The experimental electron density
was of high quality, showing continuous backbone density but lacking detail
owing to anisotropy and low resolution of the data (Fig. 2, and Supplementary
Fig. 4). Final refinement using data extending to 3.6 A resolution produced a
model with a crystallographic R-factor of 35.0% and a free R-factor of 36.6%.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Sample preparation. A Saccharomyces cerevisiae expression construct contained
nucleotides coding for a C-terminal truncated version of the AHA2 protein
lacking the last 73 residues’. The construct includes a MRGSH6 C-terminal
tag. The construct encoding wild-type protein contained nucleotides coding
for amino acid 1 to 948, including the same tag. Transformed yeast were grown
and harvested essentially as described’. Yeast were resuspended in 50 mM Mes-
KOH, pH 6.5, 26% (v/v) glycerol, 50 mM KCl, 10 mM EDTA, 1 mM dithiothrei-
tol (DTT), 1.2mM ATP, 0.3 mM phenylmethylsulfonyl fluoride (PMSF) and
3ugml~" pepstatin A before being broken mechanically using glass beads at
4°C. After cell breakage, the homogenate was centrifuged for 5 min at 1,400g.
Centrifugation of the supernatant (15 min, 12,000g) was followed by sedimenta-
tion of microsomal membranes by ultracentrifugation at 50,000 r.p.m. for 1 h
(Beckman 70T1i rotor). An additional ultracentrifugation step at 50,000 r.p.m.
for 1 h (Beckman 70Ti rotor) after resuspension of the pelletin GMEKD (50 mM
Mes, pH 6.5), 20% (v/v) glycerol, 1 mM EDTA, 1 mM DTT, 50 mM KCl) sup-
plemented with 0.2 mM PMSF and 2 ugml ™' pepstatin A, allowed harvesting
and homogenization of the total membrane fraction in the same buffer.
Membrane proteins were solubilized at 10 mgml ™" using DDM at a detergent
to protein ratio of 3:1 (w/w) in 50 mM Mes-KOH, pH 6.5, 20% (v/v) glycerol,
50mM KCl, 0.7mM DTT and 0.7 mM EDTA. Solubilization was performed
with gentle stirring for 30 min, after which unsolubilized material was removed
by ultracentrifugation for 1 h at 30,000 r.p.m. (Beckman 70Ti rotor). Solubilized
protein was diluted with 1 volume of 50 mM Mes, pH6.5, 20% (v/v) glycerol,
500 mM KCl, 20 mM imidazole, 0.15% (w/v) DDM including 6-8 ml Ni-NTA
resin pre-equilibrated in the same buffer. PMSF and pepstatin A were added to
final concentrations of 0.2 mM and 2 pg ml ™, respectively, and, following batch
binding for 16 h, the resin was washed with 30 volumes of wash buffer (50 mM
Mes-KOH, pH 6.5, 20% (v/v) glycerol, 5mM imidazole, 0.15% (w/v) DDM,
0.5mM EDTA, 0.5mM DTT, 0.2 mM PMSF, 2 ugml ™" pepstatin) supplemen-
ted with 500 mM KCl, with 20 volumes of wash buffer with 250 mM KCl, and 20
volumes of wash buffer with 50 mM KCI before bound protein was eluted with
50 mM Mes-KOH, pH 6.5, 20% (v/v) glycerol, 200 mM imidazole, 0.04% (w/v)
DDM, 50 mM KCl 0.5 mM EDTA, 0.5mM DTT, 0.2 mM PMSF and 2 pg ml™!
pepstatin A. Eluted protein were dialysed against GMEKD and concentrated to
20-30 mgml ™" on spin columns. Before crystallization experiments, protein was
dialysed overnight against 50 mM KCl, 50 mM Mes pH 6.5, 10% sucrose (w/v),
ImM DTT, 0.09mM (critical micelle concentration) octaethyleneglycol
mono-n-dodecylether (Ci,Eg) and 2.4mM (critical micelle concentration)
5-cyclohexyl-1-pentyl-B-p-maltoside ~ (Cymal-5). After dialysis, 5mM
AMPPCP and 15 mM MgCl, were added and a final ultracentrifugation spin
(70,000 r.p.m., 15 min) was applied before the crystallization setup.

Crystal Growth. Crystals were grown at 4 °C using the vapour diffusion method
in 4 pl hanging drops with a reservoir containing 29-32% (w/v) PEG 400,
100 mM KCI, 100 mM Mes, pH 6.0, and 5% sucrose. Crystals, with a final size
of around 100 X 100 X 200 pm’ obtained after typically two weeks crystal
growth, were dehydrated by step-wise increase of the PEG 400 concentration
in the reservoir solution to 40%. Dehydrated crystals were mounted in nylon
loops and flashcooled in liquid nitrogen. Data were collected at the Swiss Light
Source X06SA beamline on a Mar225 CCD detector. Initial crystals displayed
approximately 8 A maximum resolution, but several lines of crystal improve-
ment, such as dehydration and detergent mixtures, improved diffraction pro-
perties. Optimized crystals diffracted anisotropically to at least 3.3 A in the best
direction, and about 4.5 A in the worst direction. Heavy-atom derivatives were
obtained by adding HoCls, K,PtClg or TagBry, to the crystals before or during
dehydration, either as salt or as a concentrated, aqueous solution.

Data processing. Data sets were processed using XDS'. The data quality was
impaired by the strong anisotropy as also manifested by high R,,.,, values in the
higher resolution bins (Supplementary Table 1). Initial heavy-atom positions
were found using phases from a weak, low-resolution (d>8 A) molecular
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replacement solution using PHASER?” and a partial search model derived from
Ca®"-ATPase'. Phases from the HoCl; and K,PtCls data were obtained by
multiple isomorphous replacement with anomalous scattering (MIRAS).
Phases from the Ta4Br,, data were obtained by single isomorphous replacement
with anomalous scattering (SIRAS). All phases was calculated by SHARP*.
Several native data sets were used to yield optimal isomorphous pairing of
individual derivative data sets. The heavy-atom-derived phases were refined,
combined and extended at the maximum resolution of the native data by
density modification using dmmulti**, exploiting two-fold rotational non-
crystallographic symmetry, a solvent content of 75% and several data sets dis-
playing low levels of isomorphism for inter-crystal averaging. The resulting
electron-density map was of high quality, providing a continuous trace of the
main chain, albeit with a limited level of detail owing to the anisotropy of the data
(Fig. 2, and Supplementary Fig. 4). Refinement was focused on the fitting of a
model with reasonable stereochemistry to the experimental map. Before refine-
ment the data were anisotropically corrected using the Anisotropy Correction
Server® (http://www.doe-mbi.ucla.edu/~sawaya/anisoscale/). The model was
built using O (ref. 36) with a Ca*"-ATPase structure’® and the CopA
N domain structure'' as guides for chain tracing. Initial torsion—angle refine-
ment, imposing strict non-crystallographic symmetry, was performed in CNS1.2
(ref. 37) using only higher resolution reflections (5-3.6 A) without bulk solvent
correction. Iterative model building and refinement gradually improved the
model and the fit to the experimental map. In later stages, bulk solvent correction
was applied using phenix.refine’® along with tight non-crystallographic sym-
metry restraints and use of the reflections in the 20-3.6 A range. The final model
yielded a crystallographic R-factor of 35.0% and a free R-factor of 36.6%.
PROCHECK?™ evaluation of the ramachandran plot gave 52.8% in core regions,
38.0% in allowed regions, 8.1% in generously allowed regions and 1.1% in
disallowed regions. Cavities in the model were located using Voidoo*. The
full-length data were processed by XDS*' and a molecular replacement solution
was obtained using PHASER?” and our model from the truncated form of AHA2.
All figures were prepared using PyMOL"".
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