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BIOLOGY,STRUCTURE AND
MECHANISM OF P-TYPE ATPases

Werner Kiihlbrandt

P-type ATPases are ion pumps that carry out many fundamental processes in biology and
medicine, ranging from the generation of membrane potential to muscle contraction and the
removal of toxic ions from cells. Making use of the energy stored in ATP, they transport specific
ions across the cell membrane against a concentration gradient. Recent X-ray structures and
homology models of P-type pumps now provide a basis for understanding the molecular
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mechanism of ATP-driven ion transport.

In 1957, Jens Skou examined the effect of various
cations on a homogenate of leg nerves from crabs that
were caught on the shores of Denmark. The results
led him to suggest that memeraNe POTENTIAL IS generated
by a K*-stimulated ATPase — now known as the
Na*/K*-ATPase — that uses ATP to transport Na* and
K* ions across the axonal membrane?. Little did he
know that he had just discovered the first P-type
ATPase, and that this would win him the Nobel prize in
chemistry 40 years later. In subsequent years, other ion
pumps with similar characteristics were found in many
different tissues and organisms. They include the sar-
coplasmic-reticulum (SR) Ca?*-ATPase that helps to
control the contraction of skeletal muscle?, the gas-
tric H*/K*-ATPase that acidifies the stomach, and the
H*-ATPase that generates membrane potential in fun-
gal and plant cells®. The biochemical characteristics that
are common to these ion pumps are an acid-stable,
phosphorylated Asp residue that forms during the
pumping cycle (the phosphorylated (P) intermediate
gives the family its name) and inhibition by ortho-
vanadate, a transition-state analogue.

Almost 30 years ago*, it was established that the
P-type ATPases undergo large conformational changes
to translocate ions. Originally, two distinct conforma-
tions were called E1 and E2 (enzyme-1 and enzyme-2),
with each having a different affinity for the nucleotide
and the transported ions. Later, it became clear that the
pumping cycle involves several further intermediate
states®. Nevertheless, the E1/E2 nomenclature is almost

universally accepted and remains useful for identify-
ing particular states. A summary of the catalytic cycle
— or Post—Albers cycle — is shown in Box 1. In their
normal mode of action, P-type pumps use ATP to
maintain an ion gradient across the cell membrane,
but each step is reversible, so P-type ATPases can, in
principle, use amembrane potential to produce ATP.
For further information about the early literature on
P-type ATPases, see REF. 6.

P-type pumps are a large, ubiquitous and varied
family of membrane proteins that are involved in
many transport processes in virtually all living organ-
isms. A sequence alignment of four main representa-
tives of the family (FiG. 1) shows a characteristic pattern
of conserved residues, most notably the DKTGTLT
sequence motif (in which D is the reversibly phospho-
rylated Asp). Another characteristic is the presence of
10 hydrophobic membrane-spanning helices
(M1-M10; although some have only six or eight), and
highly conserved cytoplasmic domains that are
inserted between helices M2 and M3 and between M4
and M5. FIGURE 1 shows that 87 of the roughly 900
residues are invariant, with identical side chains or
conservative substitutions in equivalent positions. As
the four proteins that are compared in FiG. 1are from
widely different, unrelated organisms, there is no
doubt that these conserved regions are structurally
and functionally significant.

This article briefly reviews the distribution of P-type
ATPases in biology, then presents a short overview of
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the different subfamilies and their ion specificities,
before examining in some detail what the recent struc-
tures of entire enzymes or individual domains tell us
about the fundamental mechanism of ATP-driven ion
translocation.

P-type-ATPase genomics

In general, P-type-ATPase genes are more widespread
and varied in eukaryotes than in bacteria and
archaea. Only four P-type ATPases have been identi-
fied in Escherchia coli’. The thermophilic archaean
Methanococcus jannaschii has only one?, and certain par-
asitic bacteria seem to have none’. By contrast, the
Saccharomyces cerevisiae genome has 16 P-type ATPases’,
and no fewer than 45 have been identified in the
Arabidopsis thaliana genome'?, which points to their
importance in vascular plants. Genome-wide searches in
Caenorhabditis elegans and Drosophila melanogaster have
turned up 21 and 15 genes, respectively*. A correspond-
ing analysis of P-type pumps in the human or mouse
genome would be interesting, but has not yet been
reported.

All P-type ATPases are multi-domain membrane
proteins with molecular masses of 70-150 kDa. Both
the carboxyl and amino termini are on the cytoplas-
mic side of the membrane, so they all have an even
number of transmembrane segments. Based on
sequence homology, the P-type-ATPase family can be
divided into five branches (FiG.2), which are referred
to as types I-V. Within these branches, a total of 10
different subtypes or classes can be distinguished”*2.
Each subtype is specific for a particular substrate ion
(F1G.2). Functional studies might lead to further rami-
fications of the family tree, but it seems unlikely that
entirely new, as yet undiscovered, branches will turn
up in future genome searches.

Substrate specificity

Type-1 ATPases. The simplest, and presumably most
ancient, ion pumps are type-1 pumps (F1G.2). Type 1A is
asmall class that contains bacterial ion pumps, with the
E. coli Kdp K*-pump as the prototype. The Kdp pump
is a complex of four different membrane proteins —
that is, KdpF, KdpA, KdpB and KdpC. The 72-kDa
KdpB subunit contains the catalytic core and ion-
translocation site*® and, with only six membrane-span-
ning helices, the KdpB subunit is the smallest P-type
ATPase.

Although most P-type ATPases translocate the small,
‘hard’ cations H*, Na*, K*, Ca?* and Mg?*, the substrates
of type-IB ATPases are ‘soft’-transition-metal ions.
Type-IB ATPases — for example, the bacterial metal-
resistance proteins CopA, ZntA® and CadA® —
remove toxic ions such as Cu*, Ag*, Zn?*, Cd?* or
Pb?* from the cell. The homeostasis of indispensable
trace elements, such as Cu* and Zn?", is achieved by
balancing the activity of these efflux pumps against
ABC-type metal-uptake proteins®®’. Unlike the
type-1A ATPases, type-1B ATPases work as single-
chain proteins and have eight membrane-spanning
helices. Interestingly, they lack the last four helices in

Box 1| The Post-Albers cycle
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The general ion-translocation cycle of P-type ATPases
(see figure) is based on the Post—Albers scheme for the
Na*/K*-ATPase®. In simple terms, ion 1 (X* in FIG.6)
from the cell interior binds to a high-affinity site in the
ATPase E1 state. lon binding triggers phosphorylation of
the enzyme by Mg?*—ATP, which leads to the
phosphorylated E1-P state. The phosphorylated E2—P
state then forms, which is unable to phosphorylate ADP,
and this state has a reduced affinity for ion 1, which
escapes to the outside. lon 2 (Y* in FIG.6) binds from the
outside and, on hydrolysis of the phosphorylated Asp,
the enzyme releases ion 2 to the interior and re-binds ion 1.
The enzyme is then ready to start another cycle. As a net
result of this process, nions of type 1 are expelled and

m ions of type 2 are imported per molecule of ATP
consumed — n and m are small integral numbers
between 1 and 3. Pi, inorganic phosphate.

the consensus sequence (FIG. 1), but have an extra two
helices at the amino-terminal end. Although most
type-IB ATPases are bacterial, close homologues have
been found in S. cerevisiae®, plants” and animals?®.
Mutations in human Cu*-efflux pumps cause the
rare, but lethal, hereditary Menkes and Wilson dis-
eases. Because of their medical relevance, these
pumps have received much attention since their dis-
covery 10 years ago'®2-2,

Type-1V and -V ATPases. The closest relatives of the
type-1 enzymes are types IV and V (FiG. 2). Type-1V
ATPases have so far been found only in eukaryotes, in
which they are involved in lipid transport and the
maintenance of lipid-bilayer asymmetry. These ‘lipid
flippases’ are thought to translocate phospholipids
from the outer to the inner leaflet of, for example, red-
blood-cell?? and S. cerevisiae?® plasma membranes. The
erythrocyte lipid flippase is a Mg?*-ATPase?*. Sequence
comparisons show that they have the main features of
the ion-translocating P-type ATPases’, including the
ion-binding site in the membrane. In view of the close
structural homology of the known P-type ATPases, it is
difficult to imagine how the binding site at the centre
of a 10-helix bundle can adapt to translocate both ions
and phospholipids. Perhaps the lipid flippases are ion
pumps that work in close association with ion-depen-
dent, lipid-transport proteins such as the lipid-translo-
cating ABC transporters?. Even more elusive than the
lipid flippases are the type-V ATPases, which have
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Figure 1 | Conserved residues in P-type ATPases. Sequence alignment of four representative P-type ATPases. From the
top, the sequences of rabbit sarcoplasmic-reticulum Ca?*-ATPase, rat Na*/K*-ATPase, Neurospora crassa plasma-membrane
H*-ATPase and the human Cu*-ATPase that is affected in Menkes disease are shown. The actuator (A)-domain is shaded in
yellow, the phosphorylation (P)-domain in red, the nucleotide-binding (N)-domain in green, and the carboxy-terminal regulatory
domain of the H*-ATPase in blue. The membrane-spanning helices M1-M10 are shaded grey. Identical residues and
conservative substitutions are shaded purple. Coloured asterisks mark the phosphorylated aspartate (red), residues in the ion-
binding site (black) and the nucleotide-binding site (green). For clarity, for the Cu*-ATPase, the large metal-binding, amino-
terminal extension and the carboxy-terminal part beyond M6 are not included. Sequences were aligned using CLUSTAL®,
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Figure 2 | Phylogenetic tree of the P-type-ATPase family. Subfamilies cluster according to
their ion specificities: type IA, bacterial Kdp-like K*-ATPases; type IB, soft-transition-metal-

translocating ATPases; type lIA, sarcoplasmic-reticulum (SR) Ca?*-ATPases; type IIB, plasma-
membrane Ca?*-ATPases; type lIC, Na*/K*-ATPases and H*/K*-ATPases; type IID, eukaryotic
Na*-ATPases; type llIA, H*-ATPases; type IlIB, bacterial Mg?*-ATPases; type IV, ‘lipid fippases’;
and type V, eukaryotic P-type ATPases of unknown substrate specificity. Representative gene
products are colour coded by species: green, genes from Arabidopsis thaliana; orange,
Caenorhabditis elegans; grey, Escherichia coli; dark blue, Homo sapiens; light blue,
Methanobacterium thermoautotrophicum; yellow, Methanococcus jannaschii; purple,
Synechocystis PCC6803; and red, Saccharomyces cerevisiae. Asterisks mark gene sequences
of the closest relatives of those compared in FIG. 1— that is, a mammalian SR Ca?*-ATPase
(ATP2A2; type lIA), a mammalian Na*/K*-ATPase (ATP1A1; type lIC), a fungal H*-ATPase (PMAL;
type llIA), and a mammalian Cu*-ATPase (ATP7B; type IB). Classification is according to Axelsen

and Palmgren’. This figure was kindly provided by Kristian Axelsen (Swiss Institute of
Bioinformatics, Geneva). For clarity, gene names have not been italicized.

FXYD PROTEIN FAMILY

A small family of short, single-
span membrane proteins that
contain the FXYD sequence
motif (in which X can be any
amino acid). Most known FXYD
proteins regulate the activity of
Na*/K*-ATPases in particular
tissues. For example, the FXYD
protein phospholemman
regulates Na*/K*-ATPases in
heart and skeletal muscle, and
the y-subunit, another FXYD
protein, regulates renal
Na*/K*-ATPase.

emerged recently as a separate class in eukaryotic
genomes’. Their substrate specificities and biological
roles are, as yet, unknown, but they are probably also
ion pumps.

Type-1l and -111 ATPases. The most-investigated mem-
bers of the P-type-ATPase family are those that create
and maintain the membrane potential in animal and
plant cells, which results from the often significantly
different ion concentrations on either side of the mem-
brane. This ion gradient is one of the indispensible
attributes of living cells and powers the secondary

transport of sugars and amino acids, as well as other
small molecules and ions. The main electrogenic P-type
ATPases are all type-11 or type-111 ATPases (FIG. 2). Nearly
everything we know about the structure, function and
mechanism of the P-type-ATPase family comes from
the main representatives of these branches.

Type-I1 ATPases are the most diverse. Type I1A
comprises the SR Ca2*-ATPase (for recent reviews, see
REFS 25,26), Whereas plasma-membrane Ca%*-pumps
belong to type 11B. The SR Ca?*-ATPase has become the
archetype of the P-type-ATPase family, because its
atomic structure is the only one so far to have been
determined experimentally? 2, It pumps two Ca?* ions
out of muscle cells into the lumen of the SR per ATP, in
exchange for two (ReF. 29) or three (Rer. 26) H* ions. The
sudden release of Ca?* back into the cell through Ca?
channels results in muscle contraction®. In plants,
type-11B Ca?*-ATPases have numerous essential func-
tions®*2, The activity of type-11A pumps in animal cells
is regulated by phospholamban, whereas those of type
11B have carboxy- or amino-terminal, calmodulin-bind-
ing regulatory domains®.

Type I1C includes the Na*/K*-ATPases (for recent
reviews, see REFS 34,35) and their close relatives, the gas-
tric H*/K*-ATPases®%. After the SR Ca**-ATPase, the
Na*/K*-ATPase is the next best-characterized P-type
ATPase. This Na*-pump creates the membrane poten-
tial in mammalian cells by expelling three Na* ions in
exchange for two imported K* ions per cycle. In active
tissues such as kidney, it is estimated to consume ~30%
of the cellular ATP®, Both the Na*/K*-ATPase and the
H*/K*-ATPase are important drug targets in humans®,
The Na*/K*-ATPase is the target of digitalis glycosides,
which have been used for centuries in the treatment of
heart conditions. The H*/K*-ATPase is inhibited by
omeprazole®, a potent anti-ulcer drug that prevents the
excess production of stomach acid.

The type-11C ATPases are hetero-oligomers. The cat-
alytic a-subunit has all the characteristics of P-type
ATPases, including the M1-M10 helices, whereas the
B-subunit is a heavily glycosylated, single-membrane-
spanning, ~55-kDa membrane protein. The B-subunit
seems to be essential for assembly and membrane
insertion®, although some of the a- and B-subunits
identified in the C. elegans and D. melanogaster
genomes might not assemble into hetero-oligomers.
Renal Na*/K*-ATPases have additional regulatory y-
subunits*, which are members of the Fxyp PROTEIN FAMILY 2.
The type-11D ATPases are eukaryotic Na*-ATPases.

Type-111A ATPases are H*-pumps that are found
almost exclusively in the plasma membranes of plants
and fungi, with only one exception so far (that is, the
putative H*-pump of M. jannaschii“®). These H*-ATPases
are able to maintain an intracellular pH of ~6.6 against
an extracellular pH of 3.5 (Rer. 44), which corresponds to
amembrane potential of —180 mV. Interestingly, the
membrane potential in plants and fungi is a proton
potential, whereas the membrane potential in animal
cells results from an Na*/K* gradient®. Accordingly, the
Na*/K*-ATPases that maintain this Na*/K* gradient are
absent in the plant kingdom, in which their place is
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Figure 3 | P-type-ATPase structures and models. a | Sarcoplasmic-reticulum (SR)
Ca*-ATPase in the E1 state?’. b | SR Ca*-ATPase in the thapsigargin-inhibited E2 state®®.

¢ | A homology model of the Neurospora crassa plasma-membrane H*-ATPase in the E1 state®.
d | A homology model of the duck-salt-gland Na*/K*-ATPase in the vanadate-inhibited,
phosphorylated E2 state (E2-P). The phosphorylation (P)-domain is shown in red, the nucleotide-
binding (N)-domain in green, the actuator (A)-domain in yellow, the membrane (M)-domain in grey,
and the carboxy-terminal regulatory (R)-domain of the N. crassa plasma-membrane H*-ATPase in
blue. The two long helices, M4 and M5, that connect the ion-binding site to the P-domain are
shown in a darker shade of grey. Coordinates for the structure shown in part d were kindly
provided by David Stokes (New York University Medical School, USA).

taken by the type-111 H*-pumps. Unlike the type-11
enzymes, the H*-ATPases have autoinhibitory, car-
boxy-terminal extensions. The closest relatives of the
type-111A ATPases are the type-111B ATPases, which are
asmall class of bacterial Mg?*-pumps.

P-type-ATPase structure

Structural studies of P-type ATPases go back more than
twenty years. Two-dimensional crystals of a renal
Na*/K*-ATPase were first obtained by incubating kid-
ney-cell membranes with vanadate®, a transition-state
analogue that traps P-type ATPases in the phosphory-
lated E2 state (E2—P). Similar experiments produced
tubular crystals of the SR Ca?*-ATPase* and two-dimen-
sional arrays of the gastric-mucosa H*/K*-ATPase*.
Electron-microscopy (EM) studies on such crystals have
provided three-dimensional (3D) maps at progressively

higher resolutions, most recently at 6 A for the SR
Ca?"-ATPase*® and at 11 A for the Na*/K*-ATPase?
(both in the E2—P state). A 3D map of the Neurospora
crassa H*-ATPase in the E1 state has been determined
to a resolution of 8 A by electron cryo-microscopy®,
and projection maps at 8-A resolution have been
obtained for an A. thaliana H*-ATPase that was
expressed in S. cerevisiae®. Finally, X-ray crystallogra-
phy yielded a 2.6-A structure of the SR Ca2*-ATPase in
the E1 state, with two Ca?*ions bound to it? (FIG. 3a).

The X-ray crystal structure of the Ca?*-ATPase?’ has
been a turning point in the recent study of P-type
ATPases. Although the predicted 10 transmembrane
segments had been seen before in EM maps of this
Ca?*-ATPase®? and the N. crassa H*-ATPase®, details of
the catalytic sites in the cytoplasmic domains and the
ion-binding site in the membrane had to await a higher
resolution structure. The most surprising discovery
was the long distance between the nucleotide-binding
and phosphorylation sites (25 A), and the even longer
distance between the phosphorylation site and the
ion-binding site in the membrane (~45 A). The first
comparisons of this structure with EM maps of the
same protein in the vanadate-inhibited E2—P confor-
mation?”“¢ indicated that pronounced, rigid-body
rearrangements of the cytoplasmic domains occur,
and this was confirmed by the 3.1-A structure of the
Ca?*-ATPase in the thapsigargin-stabilized E2 state?®
(FIG.3b). A recent 1.2-A structure of a phosphorylation
(P)-domain analogue® and NMR structures of the
Na*/K*-ATPase nucleotide-binding (N)-domain with
and without bound ATP®* have helped us to further
understand the molecular mechanism of P-type
ATPases. For a brief discussion of the methods used to
determine these structures, see BOX 2.

Model building

In the absence of other high-resolution structures,
the SR Ca?*-ATPase in the E1 state?” has proved to be
an excellent template for homology modelling of dif-
ferent states, and of related P-type ATPases (Box 3). A
homology model of the N. crassa H*-ATPase® in the
E1 state® (F1G. 3c) highlighted a significant difference
in the position of the N-domain. A model of the
duck-salt-gland Na*/K*-ATPase in the vanadate-
inhibited E2—P state® (Fi1G. 3d) was obtained in a simi-
lar way.

Other published models of the renal Na*/K*-ATPase*
and the A. thaliana plasma-membrane H*-pump® were
not fitted to experimentally determined EM maps and
are therefore largely identical to the E1 target structure. A
detailed homology model of the Na*/K*-ATPase mem-
brane (M)-domain® has postulated the location of the
three Na*- and two K*-binding sites.

The four principal domains

The SR Ca?*-ATPase consists of four well-defined
protein domains (FIG. 3a). According to their function
or position, they are referred to as the P-domain, the
N-domain, the actuator (A)-domain and the M-
domain. It is clear from the sequence comparison
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ROSSMANN FOLD

A common structural motif that
is found in the nucleotide-
binding domains of many
proteins. The typical Rossmann
fold (named after the eminent
protein crystallographer Michael
Rossmann) consists of two
structurally similar halves, each
with three 3-strands and two
a-helices. The two halves are
connected by a linking helix, and
form a compact, globular

a/p domain with a central,
six-stranded parallel B-sheet.

Box 2 | Structural methods in molecular cell biology

X-ray crystallography

This method is unrivalled for determining protein structures at the highest level of detail, such as a 1.2-A-resolution
structure of a P-type-ATPase phosphorylation-domain analogue® (please refer to the main text for further details). It is
dependent on being able to obtain highly ordered crystals, which are often difficult to grow for membrane proteins.
However, for soluble proteins or heterologously expressed protein domains, X-ray crystallography is now routine. The
structures of small proteins can be determined in weeks or even days by semi-automatic methods, especially if the
methionine residues in the protein are replaced by selenomethionine for accurate phase determination.

NMR spectroscopy

This method is the second-most popular method for determining protein structures. The structures are generally less
accurate than those determined by X-ray crystallography, although particular chemical groups — such as the ATP in the
NMR structure of the Na*/K*-ATPase nucleotide-binding domain® — can be more clearly defined. An important
advantage is that the protein does not have to be crystallized. However, solution NMR requires a high concentration of
protein that is labelled with isotopes (usually **C, **N or ?H). NMR spectroscopy works best with proteins of up to

~30 kDa, which excludes most membrane proteins, but methods for tackling larger structures are being developed.

Electron cryo-microscopy

Electron cryo-microscopy is the method of choice for determining the structures of large, multi-protein assemblies, and
of membrane proteins that do not easily form crystals for X-ray crystallography (including the Neurospora crassa
H*-ATPase™). Electron cryo-microscopy of membrane proteins requires two-dimensional crystals, which are usually
easier to grow than three-dimensional crystals, and can produce structures at near-atomic resolution — as was the case
for bacteriorhodopsin®, the plant light-harvesting complex® and the nicotinic acetylcholine receptor’®. Large
complexes, such as H*-ATPase hexamers®, are studied by electron-image processing of non-crystalline proteins that
have been rapidly frozen in a thin layer of buffer. Resolutions of ~10-20 A can be obtained, although higher resolutions
have been achieved by combining data from 10,000 or more particles.

(FIG. 1) that these four principal domains are con-
served throughout the P-type ATPase family.
Deletions and insertions are mainly restricted to the
extracytoplasmic loops, or to stretches that connect
conserved elements of secondary structure in the
cytoplasmic domains. Residues that are required for
the core enzymatic functions are invariant (FiG. 4).

The phosphorylation domain. The P-domain is the
catalytic core of the SR Ca?*-ATPasg, as it contains the
DKTGTLT signature sequence (FIG.1). It is roughly
spherical and has a rossmann FoLp With a central seven-
stranded B-sheet flanked by a-helices, including the
cytoplasmic end of M5. Its sequence is the most
highly conserved of the four principal domains, with
39% of residues being identical between the N. crassa
H*-ATPase and the SR Ca**-ATPase, and few inser-
tions or deletions (FiG. 1). Apart from the reversibly
phosphorylated Asp (Asp351 in the SR Ca?*-ATPase)
and the hinges that link the P-domain to the N-domain,
most of the invariant residues are found in the central
[B-sheet (F1G.4), which has no direct role in the enzyme
mechanism but must be important for folding.

The P-domain is homologous to a class of bacterial
enzymes® that use a corresponding, reversibly phospho-
rylated Asp as a reaction intermediate. Recently, the
structure of the transition state of one of these enzymes
— B-phosphoglucomutase (B-PGM) — was deter-
mined at 1.2-A resolution, which remarkably showed
the Asp in the process of being phosphorylated®. The
central 3-sheet of the Rossmann fold of 3-PGM and the
position of the phosphorylated Asp superimpose exactly
on the P-domain structure (FIG.5a). The B-PGM struc-
ture shows how the Mg?* ion compensates the charge,
and coordinates the precise geometry, of this Asp (Asp8

in B-PGM), and therefore enables phosphoryl transfer
to take place. Presumably, the reaction mechanism and
the role of the bound Mg?* ion is similar in the P-type
ATPases.

The nucleotide-binding domain. The N-domain is a
large insert in the P-domain (FIG. 1), to which it is linked
by a strongly conserved hinge of two antiparallel peptide
strands. Its central structural element is a -sheet of
seven strands in the SR Ca?*-ATPase. A conserved
sequence motif, which includes Lys515, defines the
nucleotide-binding site?”. The size and sequence of the
N-domain varies more than that of the other cytoplas-
mic domains. In the N. crassa H*-ATPase, it is 40%
smaller than in the SR Ca?*-ATPase (FIG.3a,c) and only
20% of the residues — mainly those in the immediate
environment of the nucleotide-binding site — are con-
served (FIG.1).

The structure of a rat Na*/K*-ATPase N-domain that
was expressed in E. coli was determined by solution
NMR3., As expected, it has the same overall fold as the
SR-Ca?*-ATPase N-domain. The central, twisted
antiparallel 3-sheet has six rather than seven (or eight as
has been predicted for the Na*/K*-ATPase®) strands,
but the flanking helices are in the same positions as in
the SR Ca?*-ATPase. Differences are mostly confined
to the loops that join the B-strands and helices. One
characteristic of the Na*/K*-ATPase N-domain is a
hydrophobic cluster of Phe residues that replace acidic
residues in the SR Ca?*-ATPase. Other inserts might be
important for regulation, such as the phospholamban-
interaction site in the SR Ca?*-ATPase®,

This structure® shows the position and orientation
of ATP in the nucleotide-binding site more clearly than
the X-ray structure? (FiG. sb). Surprisingly, only the
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Box 3 | Homology modelling

Homology modelling of protein structures is based on the observation that proteins with
homologous sequences also have similar three-dimensional structures'®. Therefore, the
unknown structure of a protein can be modelled on the experimentally determined
structure of a related protein. Key to a reliable model is the sequence alignment. Aligning a
large number of sequences — as in the case of the P-type ATPases — by standard
procedures such as BLAST% or CLUSTAL works well, but manual adjustment of the
aligned sequences might be necessary to take other evidence, such as biochemical
crosslinking, into account. A computer program (for example, MODELLER®) then
calculates a model in which the coordinates of conserved residues are taken from the target
structure, using the most-probable bond lengths and bond angles. Weakly homologous
regions, which are frequently found in surface loops, are approximated on the basis of
similar loops in known protein structures, and are therefore less reliable than the highly
conserved regions. The amino-acid side chains in these regions are placed in their
preferred orientation, and finally the model is optimized using molecular dynamics and
probability-density functions. The homology model of the Neurospora crassa H*-ATPase®
(FIG. 3c) was generated in this way on the basis of the X-ray structure of the sarcoplasmic-
reticulum Ca2*-ATPase in the E1 state? (FIG. 3a).

adenosine base of ATP sits in the binding pocket, with
Phe475 providing a platform for hydrophobic stacking,
whereas the triphosphate group protrudes into the sol-
vent. This would explain how the y-phosphate reaches
the P-domain Asp that will be phosphorylated.

The thapsigargin-inhibited E2 form of the SR
Ca*-ATPase (FIG. 3b), and the vanadate-inhibited E2—P
form of the Na*/K*-ATPase (FIG. 3d) show similar posi-
tions for their N-domains. In both cases, this domain
seems to interact with the A- and P-domains. However,
in the two available E1 structures, the N-domain
assumes very different positions. In the H*-ATPase
model (FIG. 3c), it is rotated by 73° towards the phos-
phorylation site and, in both E1 structures, there is no
contact with the A-domain. Apparently, its position
depends primarily on intermolecular crystal contacts. In
the free enzyme, it probably oscillates by tethered
Brownian motion on its hinge to deliver bound ATP to
the phosphorylation site?648%5,

The actuator domain. The amino-terminal A-domain is
the smallest cytoplasmic domain of the SR Ca?*-ATPase.
Its sequence is almost as highly conserved as that of the
P-domain (FiG.1). It is therefore safe to assume that
the 3D structure of the A-domain will be similar in
all P-type ATPases. Like the P-domain, it is discontinu-
ous and is divided into two unequal sections by the hair-
pin of helices M1 and M2. The larger second section has
a B-sheet jelly-roll fold and contains a long stretch of
highly conserved residues, including a loop that con-
tains the invariant TGE sequence motif.

Unlike the other three SR-Ca?*-ATPase domains, the
A-domain does not contain a distinct ion- or cofactor-
binding site, and its role in the catalytic cycle was there-
fore not immediately obvious. Cleavage of the TGE
loop® (see below) indicated that it contacts the phos-
phorylation site closely during the ion-pumping cycle,
but in the Ca?*-ATPase E1 structure it is ~30 A away
from the phosphorylatable Asp. In the E2 structure of
the SR Ca?*-ATPase?, this distance is only ~11 A, owing
to a rotation of the A-domain around an axis that is

roughly perpendicular to the membrane. The EM-
based model of the vanadate-inhibited E2—P state*® puts
the TGE loop into contact with the phosphorylation
site, which confirms its prominent role in the molecular
mechanism (FIG.6).

Some P-type ATPases have amino-terminal exten-
sions that are fused to the A-domain. In the fungal
H*-ATPases, these extensions are 70-100 residues long
and contain several clusters of acidic side chains. The
soft-transition-metal ATPases have even longer exten-
sions of up to ~750 residues that contain two to six
repeats of a heavy-metal-binding motif, plus two extra
membrane-spanning helices. The structures of two
metal-binding subdomains have been determined by
solution NMR®&L, Conceivably, the metal-binding sites
in the soft-transition-metal pumps, and the clusters of
acidic residues in the H*-pumps, interact with the cor-
responding ions, and this might affect the mobility of
the A-domain. However, a role for the amino-terminal
extensions in substrate sensing and the regulation of
ATPase activity has yet to be demonstrated.

The membrane domain. The M-domain consists of the
10 membrane-spanning helices (M1-M10) that sur-
round the ion-binding sites in the membrane (F1G.5c), as
well as the short connecting loops on the outer mem-
brane surface. With 405 residues in the SR Ca?*-ATPase
and 351 inthe N. crassa H*-ATPase, it is the largest of the
four principal domains. Even though M-domains have a
low degree of sequence homology (18%), their overall
structures seem to be very similar. Evidently the struc-
tures of P-type ATPases are more highly conserved than
their sequences, as has been found for other protein fami-
lies with low sequence homology®. M1, M3, M7, M9 and
M10, show virtually no homology between the various
types of P-type ATPase. Apparently, there is little evolu-
tionary pressure to preserve residues that are functionally
unimportant, in particular those that face the lipid
bilayer, as in the family of G-protein-coupled receptors®.
Like the N-domain, the M-domain is directly linked
to the catalytic core of the P-domain through the long
M4 and M5 helices. The ion-translocation site in the
SR Ca?*-ATPase is defined by two Ca?* ions that are
coordinated by polar and ionic side chains of M4, M5,
M6 and M8 (ReF. 27). A detailed view of the side chains
that contribute to the binding site in the presence and
absence of Ca?* is shown in FiG. 5c. The acidic side
chains of Asp800 in M6 and Glu908 in M8 have key
roles in Ca?* coordination. The corresponding side
chains — Asp730 and Glu805 — are conserved in
the N. crassa H*-ATPase. Asp684 in the A. thaliana H*-
ATPase, which is equivalent to Asp730 in the N. crassa
H*-ATPase, is crucial for proton translocation® %, but
this does not seem to be the case for the equivalent of
Glu805. Apart from these two residues, the main-chain
carbonyls of Val304, Ala305 and 11307 in M4 of the
SR Ca2*-ATPase also participate in Ca?* binding. The
corresponding amino-acid side chains in the N. crassa
H*-ATPase are different, but because Pro335 and Pro339
(Pro308 and Pro312 in the SR Ca?*-ATPase) are con-
served, the main-chain carbonyls of the corresponding
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residues might equally be available for ion binding.
Other polar residues in M5 that are close to the SR-Ca?*-
ATPase ion-binding site are Tyr763 and Asn768, which
are replaced by Tyr694 and Ser699 in the N. crassa
H*-ATPase.

In contrast to the SR Ca?*-ATPase, the ion-binding
site of the N. crassa H*-ATPase includes Arg695 and
His701 in M5. Both are completely conserved in fungal
plasma-membrane H*-ATPases. In plant H*-pumps,
Arg695 is replaced by Ala, whereas His701 is replaced by
Arg. An Arg residue on M5 therefore seems to be impor-
tant for ion translocation by the H*-ATPase family. It
has been proposed that this Arg substitutes for Ca?* in
one of the ion-binding sites and forms an ion bridge
with an acidic side chain. This leaves the second site
unoccupiedss, which could accommodate a hydronium
(H,O%) ion. However, the number of protons that are
translocated per reaction cycle, and whether they are
transported as H,O*, remains a matter of debate.

Whereas the P-, N- and A-domains move essentially
as rigid bodies, the two X-ray structures of the SR Ca?*-
ATPase?"? show significant differences in the arrange-
ment of helices in the the M-domain. The helix
movements are centred on M5, which forms the back-
bone of the structure and, along with M4 and M6,
seems to be mainly responsible for mechanically cou-
pling events at the ion-binding site to those at the
phosphorylation site, which is some 40-A away. A
comparison of the E2 and E1 states shows that the bend-
ing of M5 is associated with a 30° tilt of the P-domain,
and that the lower end of M5 remains fixed against
the M7-M10 bundle. It seems that a twist of M6 makes
the side chains that contribute to the ion-binding site
rotate sideways by ~90°, and an apparent piston move-
ment of M4 displaces the main-chain and side-chain
Ca?* ligands in this helix upwards by 4-5 A. The com-
bined effect of these movements would be to create two
Ca?*-chelating sites in the M-domain (FiG. 5c), which
apparently results in a 1,000-fold increase in binding
affinity in the E1 state?.

A common molecular mechanism

Most invariant residues in the SR-Ca?*-ATPase structure
are located in the three cytoplasmic domains, whereas
only a few are found in the membrane-spanning helices
(FIG.4). This reflects different roles of the cytoplasmic
and membrane domains in the translocation mecha-
nism. The reactions of ATP binding, phosphoryl trans-
fer and hydrolysis, and the mechanical transduction of
the energy released in this process to the ion-binding
site, are essentially the same in all P-type ATPases.
Correspondingly, the structures of the functional sites in
the P-, N- and A-domains that carry out these reactions
are unchanged. The ion-binding sites in the M-domain,
on the other hand, must be precisely tailored to accom-
modate different numbers of ions with different
charges, radii and coordination geometries. This would
explain why few, if any, of the functional residues in the
M-domain are conserved. However, its overall 3D struc-
ture is maintained, as seen most clearly in the compari-
son of the SR-Ca?-ATPase E1 structure (FIG.3a) and the

Figure 4 | Conserved residues in the sarcoplasmic-
reticulum Ca?*-ATPase. The position of invariant residues
and conservative substitutions (highlighted in purple in the four
aligned sequences of FIG. 1) are shown here in red on the
structure of the sarcoplasmic-reticulum Ca?*-ATPase. The
orientation shown was chosen to highlight the conserved sites
with minimal overlap. Most invariant residues are found in the
phosphorylation (P)- and actuator (A)-domains, fewer in

the nucleotide-binding (N)-domain, and hardly any in the 10
membrane-spanning helices. Their uneven distribution reflects
a high degree of structural preservation in the domains that are
involved in ATP binding, phosphoryl transfer and hydrolysis,
which indicates that the molecular mechanisms are highly
conserved. A high proportion of invariant residues in the
cytoplasmic part are buried, many of them in B-sheets or the
inward-facing sides of a-helices. Their primary role might be to
ensure that the precise geometry of functionally important sites
is maintained. Sequence conservation in the membrane
domain is low because of the adaptation of the ion-binding site
to different substrate ions, and because there is little
evolutionary pressure to conserve hydrophobic, functionally
unimportant residues that face the lipid bilayer%, Nevertheless,
the structure of this domain is highly conserved.

N. crassa H*-ATPase model (FIG. 3c). This division of
labour between the cytoplasmic and membrane
domains helps us to understand how the P-type ATPases
work.

It is too early to say whether the large movements of
the three cytoplasmic domains and the internal
rearrangements of the M-domain are, in fact, necessary
for ATP hydrolysis and ion translocation, or to what
extent they are exaggerated by intermolecular contacts
in the various crystal structures of an inherently flexible
multi-domain protein. However, assuming that the
available structures and models do indeed represent
actual reaction-cycle intermediates, we can now begin
to reconstruct the sequence of molecular events in the
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ion-pumping cycle as a dynamic, 3D puzzle. Although
the emerging picture is not complete, the principles of
the molecular mechanisms of ATP-driven ion transloca-
tion in P-type ATPases are finally becoming clear. An
outline of the reaction cycle, as it appears from the avail-
able evidence, is shown in FIG. 6.

At the start of the cycle, ion 1 (X* in FIG.6) reaches
the high-affinity binding site(s) in the E1 state through
an access channel from the cytoplasm and displaces ion 2
(Y*in F1G.6), which presumably leaves through the same
channel. The coordination of the incoming cations by
the acidic and polar side chains provides the energy that
pulls helices M4, M5 and M6, and the P-domain, into
the E1 conformation.

Mg?—ATP binding to the N-domain seems to cause
aslight change in the 3-strands, as was observed in the

NMR structure®, which might help the N-domain to
approach to the P-domain more closely. The presumed
oscillating motion of the N-domain ensures that the
y-phosphate of ATP occasionally reaches down to the
phosphorylation site in the transition to the E1-P state
(FI1G.6). The E1-P state is characterized by the occlusion
of ion 1 in the binding site, which is then not accessible
from either membrane surface. The exact positions of
the cytoplasmic domains in the E1-P state are not yet
known, but recent proteolytic-cleavage experiments
indicate that it resembles the E1 state more than E2 and
E2-P%. It is probable that the phosphorylation reac-
tion proceeds by the same mechanism as in B-PGM®
(FIG. 5a,b), and that the bound Mg?* ion facilitates the
nucleophilic attack of the Asp in the P-domain on the
y-phosphate of ATP by reducing electrostatic repulsion
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Figure 5 | Detailed views of P-type-ATPase domains and a domain homologue. a | Superpositon of the sarcoplasmic-

reticulum (SR)-Ca?*-ATPase phosphorylation (P)-domain®’ (dark blue) and B-phosphoglucomutase™ (3-PGM; yellow). Asp8 in 3-PGM
corresponds to Asp351 in the SR Ca?*-ATPase, and the 3-PGM structure shows Asp8 in the process of being phosphorylated. The
Mg?* ion (purple) next to the y-phosphate (shown in a stick representation) stabilizes the pentacovalent transition state. The reaction
mechanism of the P-type ATPases is probably similar. Residues 17 to 84 in the B-PGM structure, which correspond to an insert at the
position of the SR-Ca?*-ATPase nucleotide-binding (N)-domain, have been removed for clarity. b | NMR structure of the N-domain of
rat Na*/K*-ATPase with ATP bound®*. ATP hinds with the adenosine base buried in the binding pocket and the triphosphate
protruding beyond the surface to reach the Asp in the P-domain. A surface-potential representation of the domain is shown using
Kollman charges (red, acidic; blue, basic). ¢ | The ion-binding site in the membrane (M)-domain of the SR Ca?*-ATPase in the

E1 state (blue)?’” and E2 state (orange)’®, as seen from the lumenal side. In the E1 state, two Ca2* ions (red spheres) are coordinated
by acidic and polar side chains of helices M4, M5, M6 and M8. In the E2 state, interactions of the cytoplasmic domains have

caused the helices carrying these side chains to shift and rotate, which results in the disruption of the high-affinity binding site.

All parts of this figure were drawn with MOLCAD in SYBYL® 6.9 Tripos Inc., 1699 South Hanley Road, St Louis,

Missouri, 63144, USA.
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Figure 6 | Schematic diagram of the catalytic cycle of P-type ATPases. In the E1 state, ion 1
(X*) binds to its high-affinity site in the membrane (M)-domain, which is accessible from the
cytoplasm. The binding of X* causes the phosphorylation (P)-domain to move into the E1
conformation. As a result, the crucial Asp residue in the P-domain can be phosphorylated by
Mg?*—ATP, which is delivered to the phosphorylation site by the nucleotide-binding (N)-domain. In
the E1-P state, the Asp is phosphorylated, but is able to transfer the phosphoryl group back to
ADP. In the rate-limiting E1-P to E2—P transition, the P-domain reorientates from its E1 to its E2
position, the actuator (A)-domain rotates to bring its TGE loop into close contact with the
phosphorylation site, which apparently protects the phosphoryl group against hydrolysis, and
ADP dissociates. The A-domain rotation might shut off the cytoplasmic ion-access channel by a
scissor movement of the attached helices M1 and M2 (light grey). Through its mechanical link to
helices M4-M6 (M4 and M5 are shown in dark grey), the P-domain movement disrupts the high-
affinity X* binding site. X*is released and escapes to the outside (extracellular/lumenal side)
through an exit channel. The ion-binding site now has a high affinity for ion 2 (Y*), which binds
from the outside. Hydrolysis of the phosphorylated Asp results in the E2 state. Mg?* and inorganic
phosphate (Pi) dissociate and the enzyme reverts to the E1 state, in which Y*is released into the
cell, and another cycle begins. Mg represents Mg?* throughout this figure.

and stabilizing the pentavalent transition state. In the
B-PGM structure®, the Mg?* ion appears to protect
the transition state against attack by water molecules.
The Mg?* ion in the phosphorylation site of P-type
ATPases is likely to have a similar role.

Itis interesting to note that phosphoryl transfer to
the Asp proceeds only when all of the available bind-
ing sites for ion 1 are occupied®, because their binding
energy seems to induce the P-domain movement.
Evidently, Na* contributes less energy than Ca?*, because
three Na* ions are required by the Na*/K*-ATPase,

whereas two Ca?* ions are sufficient to induce the same
movement in the SR Ca?*-ATPase. It therefore seems
probable that the H*-ATPases need to bind two or three
protons in this step to effect this rearrangement. As the
net proton transfer is only one per ATP®, this would
mean that the H*-ATPases counter-transport one or
two protons per cycle.

Apparently, in the E1-P to E2—P transition the A-
domain rotates in a plane that is roughly parallel to
the membrane to bring the TGE loop close to the
phosphorylation site (FiG.6). Presumably, the resulting
E2-P conformation resembles the EM-based model
of the vanadate-inhibited E2—P state*s, in which the
P-domain has inclined by 30°. It is possible that car-
boxyl and hydroxyl side chains in the TGE loop
replace the phosphoryl Asp in the coordination sphere
of the Mg?* ion, which would then be bound to the
protein even more tightly® (as was originally sug-
gested by Stokes and Green, see REF. 69). The close con-
tact of the TGE loop and the phosphorylation site in
the E2—P state is corroborated by Fe**-induced cleav-
age experiments®, in which Fe?* in the Mg?*-binding
site catalyses the breakage of a peptide bond near this
loop. ADP dissociates in the E1-P to E2—P transition.

The rotation of the A-domain would put a strain on
M1, M2 and M3 in the M-domain, which are directly
attached to it. The resulting helix movements, especially
of M2 against M1, might close the polar cavity that leads
from the cytoplasmic membrane surface to the ion-
binding site (F1G.6). This cavity has been proposed to be
the ion-access channel in the N. crassa H*-ATPase® and
the SR Ca2*-ATPase?®, although there is, as yet, no evi-
dence from mutants to support this notion®.

In this assumed sequence of events, the inclination
of the P-domain triggers a reversal of the helix move-
ments that created the high-affinity sites for ion 1 in
the M-domain. The coordinating side chains would
reorientate, which would result in the release of ion 1
through an exit channel to the extracellular/lumenal
side. The new arrangement of side chains must have a
high affinity for ion 2, which presumably enters
through the same channel. Binding of ion 2 would
then seem to stimulate hydrolysis of the phosphory-
lated Asp residue. Again, this might be mediated
through the mechanical link of M4, M5 and M6 to
the P-domain (REF. 35).

It is probable that in E2—P the bound TGE loop
competes for the hydrogen bonds of the Mg?* ion,
which would then no longer protect the phosphoryl
Asp from attack by water. As a result, E2—P could then
be hydrolysed and the Mg?* ion and phosphate could
subsequently escape as the TGE loop loosens its grip on
the Mg?* ion in the transition to the E2 state. The struc-
ture of the thapsigargin-stabilized E2 conformation?
indicates that the A-domain remains roughly in place
at this stage, held by molecular interactions with the
N- and P-domains.

From the E2 state, the enzyme progresses to E1, in
which the ion-binding site opens to the cytoplasmic
side. lon 1 then enters and pulls the helices back to their
E1 position, and another cycle can start.
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Figure 7 | Model of the Neurospora crassa plasma-membrane H*-ATPase hexamer. The
figure shows a model of the Neurospora crassa plasma-membrane H*-ATPase hexamer® as
seen from the cytoplasmic side. Hexamers form in the plasma membrane of starving

Saccharomyces cerevisiae and N

. crassa cells, apparently through the carboxy-terminal

regulatory domains (blue), which link the nucleotide-binding domain (green) of one monomer to
the phosphorylation domain (red) of an adjacent monomer. The other tight hexamer contact is
between helices M3 and M10 in the membrane domain (grey). The actuator domain is shown in
yellow and the amino-terminal extension is shown in orange. Reproduced with permission from
REF. 55 © (2002) American Association for the Advancement of Science.

14-3-3PROTEINS

A large class of proteins that are
involved in cell division,
apoptosis, signal transduction,
transmitter release, receptor
function, gene expression and
enzyme activation in eukaryotes.
They function by binding to a
wide range of different, specific
target proteins, usually in
response to phosphorylation of
these targets.

Regulation

Because of their central role in cellular metabolism, the
activity of the main electrogenic P-type ATPases needs
to be tightly controlled on a short enough timescale to
respond to cellular and external stimuli, and stress sig-
nals. Regulation is achieved at several different levels.
The amount of fungal H*-pump in the plasma mem-
brane is regulated at the level of gene expression™. The
Cu*-transporting P-type ATPase that is affected in
Menkes disease seems to be regulated at the cellular level
by the redistribution of the protein from the Golgi
apparatus to the plasma membrane™. The activity of the
SR Ca**-ATPase is modulated at the molecular level
by protein—protein interactions with regulatory pro-
teins such as phospholamban and sarcolipin (for
recent reviews, see Rers 72,73). Na*/K*-ATPases and
H*/K*-ATPases have regulatory 3-subunits, and renal
Na*/K*-ATPases have additional regulatory y-sub-
units/FXYD proteins®. A model of phospholamban
bound to the SR Ca?*-ATPase™ indicates that there are
two interaction sites, one in the membrane between
M2 and M9, and one in a groove on the N-domain
surface. P-type ATPases of types IB, 1IB and 111 are

regulated by domains that are fused to the main chain
of the enzyme. Well-documented examples include
the plasma-membrane Ca?*-ATPases in animals™ and
plants’®7", which have amino- or carboxy-terminal
calmodulin-binding regulatory domains.

The regulation of plant and fungal H*-pumps by
the phosphorylation and dephosphorylation of
autoinhibitory protein domains has been investigated
in some detail. Plant H*-pumps have a carboxy-ter-
minal regulatory (R)-domain of ~100 residues®>70.78-81,
which contains a phosphorylatable Thr residue. In its
unphosphorylated state, the R-domain inactivates the
H*-pump, probably by binding to an inhibitory site
on the cytoplasmic domains. This site might corre-
spond to a cluster of residues on the P-domain surface
in the homology model for this ATPase, mutation of
which results in activation®. Regulation of the plant
enzyme involves 12-3-3 roTeins, Which interact with the
phosphorylated R-domain™828 and prevent its rapid
dephosphorylation. The fungal toxin fusicoccin acti-
vates the plant H*-pump almost irreversibly® by sta-
bilizing the interaction between the phosphorylated
R-domain and the 14-3-3 protein. This causes leaf
stomata to open, which results in water loss and wilt-
ing that promote fungal infection. The recent X-ray
structure of a 14-3-3 protein in complex with the car-
boxy-terminal phosphorylated pentapeptide and
fusicoccin® showed that the last five residues of the
plant R-domain are sufficient for a tight interaction.

The R-domain of fungal H*-pumps is only ~40
residues long, with little homology to the equivalent
plant sequence. In particular, its phosphorylation site is
different. Phosphorylation of Ser and/or Thr at positions
—7 and -8 from the carboxyl terminus, respectively, by a
specific kinase® activates the enzyme. An S. cerevisiae dou-
ble mutant for these two residues locks the enzyme in an
inactive state, whereas deletion of the R-domain results
in constitutive activation’8# as it does for the plant
H*-pump®2&, However, regulation of the fungal pump
does not involve 14-3-3 proteins. Addition of a synthetic
R-domain peptide strongly activates the N. crassa H*-
pump®, whereas a corresponding peptide inhibits the
plant enzyme’®. These observations indicate that the
regulatory mechanism, and therefore probably the site
of R-domain interaction, in fungi and plants is different.

The R-domain also seems to be responsible for
the formation of H*-ATPase hexamers (FIG.7). In the
N. crassa H*-ATPase, the R-domain interacts with the
next-door monomer through GIn624 and Arg625 (REF. 55)
in helix 5 of the P-domain. This Arg residue is conserved
in the fungal H*-ATPases that form hexamers, which
highlights a role for the R-domain in oligomer forma-
tion. Low-resolution structures of isolated H*-ATPase
hexamers in the presence and absence of Mg**—~ADP%8
(which is thought to induce the maximal conforma-
tional change in the active enzyme) were determined by
single-particle electron cryo-microscopy®. The largest
movement, which was observed at the periphery of the
cytoplasmic part of this ATPase, corresponded to the
A-domain and was less than 15 A. This movement is
much smaller than the marked rearrangements that
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are indicated by the EM and X-ray structures of the
SR Ca?-ATPase. Therefore, either the domain move-
ments do not need to be as extensive as the crystal struc-
tures indicate, or the H*-ATPase hexamer is not fully
active because these movements are restrained by tight
molecular contacts (FIG.7).

Conclusion and perspective

The high degree of structural and functional homol-
ogy between the Ca?*-ATPase, the Na*/K*-ATPase
and the H*-ATPases indicate that they all share the
same basic mechanism of ATP-driven ion transloca-
tion, which will probably apply to all P-type ATPases.
The physical separation of the reactions involving
ATP binding, phosphoryl transfer and hydrolysis
(which occur in the three principal cytoplasmic
domains) from the ion-translocation events (which
occur in the membrane domain) has been preserved
through evolution. Thanks to recent X-ray, EM and
NMR structures of whole enzymes and individual
domains, the events that accompany ATP binding
and phosphoryl transfer can now be reconstructed
with reasonable confidence. Likewise, on the basis of
the two X-ray structures, the drastic affinity change
of the ion-binding sites in the membrane can be
understood in terms of the reorientation of the coor-
dinating side chains. Nevertheless, some important
aspects of the mechanism are still unclear.

The main open questions relate to the molecular
events that couple the phosphorylation and dephos-
phoroylation of the crucial Asp residue to ion trans-
port. How exactly does the binding of ion 1 to its sites
in the membrane bring about the pivotal reorientation
of the P-domain to form the E1 state? Is this reorienta-
tion sufficient to induce phosphorylation? How does
phosphorylation initiate the inverse movement of the
P-domain, and how does this result in the release of
ion 1 from the binding site in the E2—P state? It is safe

to assume that, in both processes, the energy is
mechanically transmitted through M4, M5 and M6,
but the exact mechanism is not clear. Other unknowns
are the role of the A-domain in the dephosphorylation
reaction, and how this reaction is stimulated by the
binding of ion 2. Functional studies using site-directed
fluorescence labelling are providing valuable new
insights into the crucial transition between the E1-P
and E2-P states®, but the exact structures of these elu-
sive intermediates are unknown.

Other questions concern the ion specificity of the
various family members. This specificity must reside in
the precise geometry of the side chains in the ion-bind-
ing sites, as it does in ion channels®. However, making
these sites visible in sufficient detail might require struc-
tures at 2-A resolution or higher, and it is not certain that
this level of detail can be achieved with such large, inher-
ently flexible membrane proteins. Although the basic
molecular mechanism is probably the same in all P-type
ion pumps, there are bound to be differences in detail.
Understanding these differences will require high-resolu-
tion structures of other family members, in particular, of
aNa*/K*-ATPase, an H*-ATPase, and a soft-transition-
metal ATPase. Finally, there are many open questions
that relate to the structural basis of regulation.

More than four decades of research on P-type ATPases
have culminated in the first high-resolution X-ray struc-
tures of a family prototype — the SR Ca?*-ATPase. The
impact of these structures is comparable to that of the
first structure of a photosynthetic reaction centre on
photosynthesis research®® and the structures of bac-
terial K* channels®»94% on molecular neurobiology
research, which highlights the fundamental impor-
tance of membrane-protein structures in molecular
cell biology. No doubt more structures of P-type
ATPases at increasing resolution will follow to pro-
vide us with a complete picture of these fascinating
molecular machines.
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DATABASES

The following terms in this article are linked online to:
Entrez: http://www.ncbi.nim.nih.gov/entrez/

CadA | CopA | KdpA | KdpB | KdpC | KdpF | ZntA

Protein Data Bank: http://www.rcsb.org/pdb/

Ca?*-ATPase, E1 state | Ca?*-ATPase, E2 state | H*-ATPase
Access to this interactive links box is free online.
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