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The crystal structure of SERCA1a (skeletal-muscle sarcoplasmic-

reticulum}endoplasmic-reticulum Ca#+-ATPase) has recently

been determined at 2.6 A/ (note 1 A/ ¯ 0.1 nm) resolution

[Toyoshima, Nakasako, Nomura and Ogawa (2000) Nature

(London) 405, 647–655]. Other P-type ATPases are thought to

share key features of the ATP hydrolysis site and a central core

of transmembrane helices. Outside of these most-conserved

segments, structural similarities are less certain, and predicted

transmembrane topology differs between subclasses. In the

present review the homologous regions of several representative

P-type ATPases are aligned with the SERCA sequence and

mapped on to the SERCA structure for comparison. Homology

between SERCA and the Na,K-ATPase is more extensive than

INTRODUCTION
The high-resolution crystal structure of the SERCA1a (skeletal-

muscle sarcoplasmic-recticulum}endoplasmic-reticulum Ca#+-

ATPase) [1] is the first reported structure of an active transport

protein. Unlike the elegant symmetry of the K+ channel [2], this

enzyme proved to be a complex protein with distinct domains

that are thought to undergo major movements in the course of a

single turnover [3]. Within the membrane, a pocket is formed by

kinks in transmembrane α-helices to make an ion-binding site

that simultaneously accommodates two Ca#+ ions. There is

considerable evidence from lower-resolution images that two

related ATPases, the Na,K-ATPase and the proton ATPase of

Neurospora, have important structural features in common with

SERCA1a [4–8].

The P-type ATPases are enzymes that transport ions or

molecules across biological membranes with the energy of

hydrolysis of ATP. The designation P-type comes from the

mechanism: the terminal phosphate of ATP is transiently trans-

ferred to an aspartate residue in the active site, resulting in

reversible conformation changes [9,10]. The P-type ATPases fall

into five or more classes and subclasses. The type II class of P-

type ATPases to which SERCA and the Na,K-ATPase belong

shows clear evolutionary relationships that justify a separate

grouping from P-type ATPases that transport protons, less

abundant metal ions, Mg#+, and from the aminophospholipid

transferases and other related enzymes [11,12]. Alignments of

SERCA with members of other subclasses of the gene family

have been performed, however, leaving no doubt about the

likelihood that the structures are related [9,12,13].

Extensive work on the structures of certain type II and III

ATPases has shown a common theme: there is a catalytic subunit
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with any other ATPase, even PMCA, the Ca#+-ATPase of plasma

membrane. Structural features of the Na,K-ATPase are projected

on to the Ca#+-ATPase crystal structure to assess the likelihood

that they share the same fold. Homology extends through all ten

transmembrane spans, and most insertions and deletions are

predicted to be at the surface. The locations of specific residues

are examined, such as proteolytic cleavage sites, intramolecular

cross-linking sites, and the binding sites of certain other proteins.

On the whole, the similarity supports a shared fold, with some

particular exceptions.

Key words: cross-linking, crystal structure, membrane protein,

protein folding, P-type ATPases.

of about 100 kDa with usually ten predicted transmembrane

spans and four intracellular loops that differ greatly in length. A

large fraction of the mass of the protein is found in the L4–5

intracellular loop, which has long been known to be the location

of the ATP and phosphorylation sites (transmembrane spans are

numbered M1, etc. ; extramembranous loops are identified by the

flanking membrane spans; i.e. L4–5 is the loop between spans

M4 and M5). Critical residues of the ATP-binding site map some

distance away from the covalent phosphorylation site at

D*KTGT (where D* represents the aspartate residue that is

phosphorylated), leading to the inference that there are ATP-

binding and phosphorylation domains that come together in the

course of the enzyme reaction cycle. These conformation changes

are thought to influence the structure of the transmembrane

domain, where ion-binding sites must reside, by altering the tilt

or depth of critical membrane segments in much the same way

that the handles of scissors control the blades [10]. There

has been considerable controversy, however, about the extent

of similarity of the membrane topology of the Ca#+-ATPase of

sarcoplasmic reticulum and even closely related ATPases like the

Na,K-ATPase in the C-terminal third of the protein [9,14].

ANALYTICAL METHODS
Cn3D 3.0, a program available in the structure division of the

National Center for Biotechnology Information (NCBI; website

http:}}www.ncbi.nlm.nih.gov), displays crystal structures in a

rotatable format that permits many user-specified features. It

also permits the import of the amino acid sequences of related

proteins for comparison. With two or more sequences, it performs

a gapped-BLAST alignment using the associated linear alignment

utility, DDV (an abbreviation from the French for two-
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dimensional viewer), and displays the similarities both in linear

format and with several colour-coded options for visualization

on the original crystal structure. All of the structure Figures

shown in this review were prepared with the same program,

employing different specific formatting styles depending on the

application. Cn3D is not a modelling program that can predict

a new hypothetical structure, but it does allow one to show on

one structure (SERCA1a) the extent of sequence alignment with

a second protein, and the predicted locations of the other

proteins’ features.

Gapped-BLAST [15] is the most commonly used algorithm

for alignment of sequences, and for protein sequences the

program utilizes a matrix of amino-acid-substitution proba-

bilities (BLOSUM62) that takes into account the underlying

genetic code. The structure files used for SERCA1a were MMDB

(Molecular Modeling DataBase) Id 13684 and PDB (Protein

DataBase) Id 1EUL. The Na,K-ATPase rat α1 sequence aligned

with it was from GenBank2 (accession no. M14511) ; other

sequences used are listed in Table 1 below.

PRINCIPAL FEATURES OF SERCA1a

The 2.6 A/ crystal structure of SERCA1a has provided a structural

basis for the prevailing model of ATPase mechanism that is

Figure 1 Three rotations of the SERCA1a crystal structure

Starting from the N-terminus, the A domain is comprised of the cytoplasmic N-terminus (pink), which forms two short α-helices, and the first cytoplasmic loop between M1 and M2 (green), which

is folded as a distorted jelly-roll structure. This domain is connected to M1, M2, and M3 by long extended sequences that apparently provide conformational flexibility, as the domain is thought

to undergo substantial rotation in different conformational states [3]. The transmembrane domain (light blue) contains 10 α-helices of different lengths contributed by both the N-terminal third

and the C-terminal third of the molecule. Two co-crystallized Ca2+ ions appear as white spheres. The large intracellular loop between M4 and M5 is actually folded into two separate domains,

one emerging from the other. The portions closest to M4 and M5 come together to form the P domain (blue), with a Rossmann fold including β-sheet contributed by both portions. Extending

from this domain is the N domain (red), with a 7-stranded β-sheet sandwiched by helix bundles. This domain is predicted to be hinged to permit it to tilt 20° closer to the P domain, bringing

the two halves of the active site together [1]. In (C), yellow highlighting has been used to illustrate the buried location of the conserved segments that link the N domain to the P domain (more

below).

consistent with much of the prior literature ([1] and the accom-

panying Review [16]). The most notable feature of the structure is

the segregation of the α subunit mass into four separate domains.

Figure 1 shows several views of the crystal structure to illustrate

its domains and their terminology. The Figure employs the

Cn3D ‘secondary structure’ display format, in which α-helices

appear as cylinders and β-strands as arrows, and a thread follows

the Cα backbone. The ‘domain’ colouring scheme gives each

domain a different colour. Because the program does not

represent depth very well, several rotations are shown. In Figures

1(A) and 1(C) the relative isolation of the A (‘actuator ’, green

and pink) and N (nucleotide-binding, red) domains can be seen.

The highly conserved P (phosphorylation) domain is anchored to

the membrane domain. A useful simplified diagram can be found

in a commentary by MacLennan and Green [17].

Figure 2 shows the arrangement of α-helices in the membrane

domain. In the upper panel, the spans are shown from the

luminal side of the membrane with the other portions of

the protein cut away, whereas, in the lower panel, the positions

of the other domains can be seen below in the cytoplasm. The

residues that contribute to Ca#+ binding are all in M4, M5,

M6, and M8. M4 is interrupted by a disruption of helical struc-

ture, and so it is shown as M4a and M4b. M6 is also interrupted,

and the program does not show the cytoplasmic half as α-helix.
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Figure 2 Membrane spans as seen from the outside

The α-helices comprising the membrane domain are packed at a variety of angles. Two helices,

M4 and M6, are interrupted by major kinks, and in fact the first half of M6 is shown by the

program as a coil without a cylinder. The transmembrane domain may really constitute two or

three folding domains that alter their relationship to one another during active transport. M1

and M2 arguably are dominated by their long attachments to the A domain, and are highlighted

in yellow at the left. The C-terminal region appears to form a compact structure consisting of

transmembrane spans M7–M10 and associated loops, and this is protease-resistant [65].

Toyoshima et al. describe ‘‘ … a clear segregation between M1-M6 and M7-M10, consistent

with the lack of M7-M10 in bacterial type I P-type ATPases … ’’ [1]. M8–M10 in Na,K-ATPase

show an unusual thermal lability and are highlighted with yellow on the right [42,82,83].

Portions of some of the transmembrane α-helices (notably

M2, M3, M4b and M5) extend into the cytoplasm. Possible

subdomains are highlighted with yellow.

EXTENT OF SIMILARITY BETWEEN SERCA AND OTHER ATPASES

The type II class of P-type ATPases includes all of the enzymes

that transport the abundant ions of basic cellular metabolism:

Ca#+, Na+, K+ and H+ exchanged for K+ [9,11,18–20]. Type I

ATPases include those that transport heavy metals, and

also ATPases of bacteria that require additional subunits.

The type III ATPases include the proton pumps of fungi and the

Mg#+-ATPases of bacteria. The type IV ATPases include more

distantly related proteins, most of which have still-undefined

functions. Members of this group are implicated in the trans-

port of hydrophobic substances, such as aminophospholipids

[20], and mutation in one blocks enterohepatic bile-salt

circulation [21]. Axelsen and Palmgren’s paper [12] contains an

extensive list that includes a group termed ‘type V’ and

additional unclassified sequences (see also [20] and the website

http:}}www.biobase.dk}Caxe}Patbase.html). Most of the sub-

groups are represented in all three domains of life (eukaryotic,

bacterial and archaeal). That there are sequence similarities

among members of the P-ATPase family is well known [9,18],

but it is informative to visualize their alignment with the Ca#+-

Figure 3 Patterns of similarity between SERCA and other classes of P-type
ATPases

Gapped-BLAST alignments of SERCA structure with the sequences of representatives of four

other groups of P-type ATPases. The N, P, A and membrane domains correspond to those in

Figure 1(A), but seen from the other side. Red represents identical residues, blue represents

residues that are conserved and/or aligned, and grey is sequence that does not align with

anything in the paired sequence. Although all classes are homologous in the P domain, the

extent of similarity in the other domains varies between classes. It is notable that the other class

of Ca2+-ATPase, PMCA, lacks alignment in the last four membrane spans.

ATPase by mapping homologous regions on to its structure. This

was done by using gapped-BLAST to align each family member

with the SERCA sequence in Cn3D. Figure 3 shows four

representative examples of P-type ATPases of different classes.

SERCA1a itself is in the IIa group, and the Figure shows

examples of alignable regions from group Ib [human Cu#+-

ATPase (Wilson’s disease)], group IIb (human plasma-membrane

Ca#+-ATPase, PMCA1b), group IIIa (H+ ATPase of Neurospora

crassa) and group IV (a putative aminophospholipid translocase

of Saccharomyces cere�isiae). The SERCA structure is shown in

‘worm’ format, in which the α-carbon backbone is traced

smoothly. The colours are in the ‘conservation’ format: red

represents identical residues, blue represents other homologous

and aligned residues, and grey represents SERCA sequence that

shows no alignment with the paired protein as detected with

gapped-BLAST. Portions of each paired ATPase that have no

correspondence with SERCA are, of course, not visible at all.

Of these four examples, the PMCA (Figure 3B) has the most

extensive homology with SERCA. All of the phosphorylation (P)
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Table 1 Gapped BLAST alignment patterns for representatives of the four major classes of P-type ATPases

Figure 4 Patterns of similarity between SERCA, a yeast homologue, and
Na,K-ATPase

Gapped-BLAST alignments of a close yeast relative of SERCA (A) and of Na,K-ATPase (B).

Compared with Figure 3 it can be seen that Na,K-ATPase aligns as well as the yeast Ca2+-

ATPase, and better than PMCA. This was not predicted by studies based on hydropathy plots.

domain and most of the nucleotide-binding (N) domain align, as

does the portion of the activation (A) domain from the L2–3

loop (green in Figure 1). The N-terminal portion of the A

domain (pink in Figure 1) that comprises the elongated link to

the membrane domain is also conserved, along with the second

of its two α-helices. In the membrane domain, however, only

M1–M6 align with the SERCA ATPase. The program detects no

homology in either the membrane spans or the connecting loops

after M6, and attempts to find similarity manually were also

unsuccessful. These two different mammalian Ca#+-ATPases,

then, have a somewhat surprising structural divergence in the C-

terminal third, even though four membrane spans are predicted

there for PMCA. The PMCA also has additional C-terminal

sequence that bears regulatory elements following the last of its

predicted transmembrane spans [22,23].

The Wilson’s-disease Cu#+-ATPase, a type Ib ATPase (Figure

3A) has a longer N-terminus with additional predicted trans-

membrane spans, and lacks anything corresponding to M8–M10;

the latter are consequently shown as thin lines in the Figure.

M1–M5 aligned, according to gapped-BLAST, but no homology

was detected in M6 or M7. Despite alignment with M1, there was

no alignment to the N-terminal portion of the A domain,

although the L2–3 portion of the A domain aligned reasonably

well. Most of the P domain aligned, but of the N domain, only

the two extended stretches that link the N domain to the P

domain aligned. The proton pump of Neurospora (Figure 3C),

for which an 8 A/ structure is known [5], is from the type IIIa

subclass, but has a pattern of similarity that is rather similar to

that of the Cu#+-ATPase, although it lacks the additional N-

terminal spans and has ten spans like SERCA. Transmembrane

spans M1–M5 were aligned to a similar extent, but there was no

alignment detected for spans M6–M10, although the available

electron-crystallography structure indicates the same number of

spans and a similar arrangement. The L2–3 portion of the A

domain aligned, as did the extended link to the N-terminus up to

and including the second A domain α-helix. As with PMCA

(discussed below), however, the first N-terminal α-helix did not

align. Like the Cu#+-ATPase, very little of the N-domain aligned

other than the segments that connect it to the P domain (called

‘PC’, for P-domain connectors, in Table 1 above).
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Figure 3(D) shows the alignment for one of the most distantly

related members of the P-type ATPase family, an enzyme that

may be an aminophospholipid translocase that maintains the

asymmetry of the lipid composition of the membrane [24] (see,

however, [25]). Intriguingly, besides the P domain that is con-

served in all the family members, it has excellent alignment with

the SERCA N-domain, unlike the Cu#+-ATPase and Neurospora

enzymes. For the rest of the protein, however, gapped-BLAST

did not detect homology at all. Other members of the type IV

group showed better alignment (not shown), so this represents an

extreme case.

Table 1 summarizes the gapped-BLAST alignments of a

sampling of P-type ATPases with the SERCA structure. Each of

the sequences was inspected in the same way as in the examples

in Figure 3. The symbols represent the extent of alignment:

complete, largely complete and partial. Where a space in the

Table is blank, gapped-BLAST did not detect any homology.

Strictly speaking, this means that if there is any homology, it fell

below the threshold set by the program. Because the substitution

probability matrix used was BLOSUM62, it should be borne in

mind that a different probability matrix might produce a more

sensitive result. With this caveat, some conclusions can be drawn.

First, the P domain, with its Rossmann fold comprised of two

different portions of the large intracellular loop, is the only

consistently conserved segment for the whole gene family. The

only portions of the N domain that are always aligned are

the extended strands that emerge directly from the two halves

of the P domain, the P domain connectors (yellow in Figure 1C).

Otherwise, there is little alignment of the N domain for any of the

type Ia or Ib ATPases, and excellent alignment with all of type

II. It aligned with only one of eight type III sequences examined,

and some of type IV. Alignment with the A domain also varies :

excellent to reasonably good with types I, II and IIIa, and quite

variable with types IIIb and IV. For the transmembrane spans of

the SERCA enzyme, no single segment is invariably aligned

with other ATPases, but the tendency for maximum align-

ment with spans M2, M3, M4b and M5 is apparent. M4b and

M5 are the helices that connect to the Rossmann fold of the

P domain, and all of these most-conserved spans have stalk

segments in the cytoplasm.

The classification of subtypes developed by Palmgren and

associates [12] was based on eight stretches of core sequence

found in all P-type ATPases, not on the full-length sequences,

which were too divergent to be aligned in their entirety. It can

now be seen that the eight core stretches are not representative of

all of the folding domains of the SERCA1a structure: the first

three are all in the L2–3 loop portion of the A domain, the fourth

is M4, and the rest are all from the P domain, plus one of the

connecting links between the P and N domains. The pair-wise

gapped-BLAST alignments that we have examined here suggest

that groupings based on N domain and membrane domain

differences may contribute to further classification of evolution-

ary relationships between groups.

Figure 4 features the Golgi Ca#+-ATPase of yeast (group IIa,

like SERCA) and the Na,K-ATPase (group IIc), because they

show much more extensive alignment. The sequence identity of

SERCA and the Golgi Ca#+-ATPase is 33% and the function is

very similar to that of SERCA, suggesting that they may be

considered orthologues [certain homologues (genes with related

DNA sequences) can be labelled more precisely : a paralogue is

a different gene in the same species, structurally related but

divergent in sequence, originating from gene duplication; an

orthologue is a gene that is the closest functional and structural

homologue in a different species]. The identity between SERCA

and Na,K-ATPase is almost the same. The fact that the Na,K-

ATPase representative of type IIc is more similar to type IIa

Ca#+-ATPases than are type IIb Ca#+-ATPases has been recog-

nized [9], although phylogenetic-tree analysis did not produce

this distinction [12].

The close relationship suggests the hypothesis that the SERCA

Ca#+-ATPase and the Na,K-ATPase have the same fold. To

examine this possibility, we will look first at the linear alignment

and then at some identified sites on the Na,K-ATPase to see if

observations in the literature are consistent with a shared fold.

Several sites on the homologous gastric H,K-ATPase will also be

considered.

LINEAR ALIGNMENT OF SERCA AND Na,K-ATPASE

Figure 5 shows the linear alignment of rabbit SERCA1a and rat

Na,K-ATPase α1 produced by DDV, the alignment feature of

Cn3D. Amino acids that do not align are in lower-case letters

and are shown with gaps in the other sequence. The output of the

program has been modified to show the numbering of each

sequence, and the colouring scheme from Figure 1 is used to

delineate the different domains. Later Figures will refer to some

of the details. The yellow blocks are positions of transmembrane

α-helices, not taken from hydropathy plots, but transcribed from

the SERCA structure (the position of the lipid bilayer can be

roughly inferred from a low density of water molecules in the

crystal [1]). Four of these helices extend well into the cytoplasm,

and these extensions (the stalk segments, S2, S3, S4 and S5) are

indicated with a lighter shade of yellow.

HOMOLOGY AND HYDROPHOBICITY

The principal source of controversy in the predicted topologies

of various transport ATPases has been hydropathy plots. Such

plots have been highly successful in predicting transmembrane

spans in proteins with no transport role or that transport only

protons, but their application to Na,K-ATPase and its relatives

has resulted in conflicting models for the arrangement of the C-

terminal end of the protein. Examination of the SERCA structure

reveals that there are actually quite a few polar residues buried

in the membrane and a number of hydrophobic residues in the

connecting short loops, and this complicates hydropathy analysis.

The principal advantage of using gapped-BLAST for alignment

is that it ignores hydrophobicity and gives equivalent con-

sideration to all amino-acid-sequence homology, utilizing prob-

ability relationships derived from the analysis of evolutionarily

related proteins. The outcome (Figure 5) is a credible alignment

of all ten transmembrane spans and of the connecting short loops

in the C-terminal end. Even the longest C-terminal loop, L7–8

(which extends out from the rest of the protein on the luminal

face) aligns with the corresponding sequence in the Na,K-

ATPase, except that the Na,K-ATPase has short deletions at

each end that would bring the rest closer to the membrane. The

most significant discrepancy in alignment of transmembrane

spans is in M7: in Na,K-ATPase it is preceded by one short

insertion and interrupted by two more, although the remainder

nonetheless contains seven identical and six highly conserved

residues. M2, M4 and M8 also appear to be shorter in Na,K-

ATPase.

The residues that ligate Ca#+ in the SERCA structure are

largely conserved in the Na,K-ATPase (Figure 5). Presumably

the size of the ion-binding pocket, and its capacity for two K+ or

three Na+ ions, is controlled by the spacing of the transmembrane

spans, which in turn is controlled by other amino acids and the

conformation changes occurring during transport. The con-
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Figure 5 Linear alignment of SERCA and Na,K-ATPase

The gapped-BLAST alignment of SERCA and Na,K-ATPase, following the colour convention introduced in Figure 1. Transmembrane spans are marked with yellow and the stalk segments in pale

yellow. Residues that ligate Ca2+ in the SERCA crystal structure are marked with (g) ; a majority are conserved in Na,K-ATPase. Numbers in circles are for reference to Figure 6. Kinks required

to form the ion-binding pocket are marked. The numbering of Na,K-ATPase residues can differ between species and between laboratories. Human α1 is the same length as rat α1 (shown), but

sheep α1 (often used for mutagenesis) is two residues shorter. Most investigators began numbering the Na,K-ATPase from the mature N-terminus, GRDKY, but some numbered from the pro-

sequence, MGKGV.

servation of the directly liganding residues supports the auth-

enticity of the alignment, however, particularly since some of the

contacts are made by backbone carbonyl groups.

The alignment of Na,K-ATPase transmembrane spans is

consistent with recent protein chemistry [26–28] and much of

the older protein chemistry [9,29,30]. Most studies of antibodies
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with mapped epitopes also gave topologies consistent with the

aligned structure, once epitopes were determined with confidence

[31–42]. An exception is the extracellular monoclonal antibody

VG2, which has an epitope that should be intracellular in the

structure. It either has a more complex epitope than originally

thought [43], or it may detect conformational instability of the

M5–M6 hairpin [44–46].

TOPOLOGY

Efforts to determine topology with invasive molecular methods

such as epitope insertion and β-galactosidase fusion proteins

gave less consistent results for Na,K-ATPase topology. Some

epitope insertions were consistent with the SERCA model,

including those at Ala*, Met)#( and Pro"!!) [47] ; Glu""(, Lys)#),

Gln*!! and Val*$* [48] ; and Ser""%, Arg"') and Leu$"$ [49]. Other

insertions gave topologies incompatible with the SERCA struc-

ture: Arg*$' and Leu*($ [47] ; Phe)(' and Thr*)" [49] ; and Leu*($

[50]. Note that one laboratory numbered residues from the pro-

sequence of rat α1 [47,49], and so numbers in their papers are

larger by 5. The insertion at Phe)(' was found inside, but the site is

projected to actually be within M7 near the extracellular surface.

Arg*$', which was found outside, is projected to be in the L8–9

loop, and is adjacent to the protein kinase A site ; a protein-

chemistry approach found Leu*%$ (equivalent to Phe*%! in rat α1)

on the cytoplasmic surface [51]. Thr*)", which was found inside,

is projected to be at the extracellular end of M10. Leu*($, which

was found inside by two groups of investigators, is projected to

be in the L9–10 extracellular loop. These insertions had a low

transfection efficiency when it was studied, and so it seems likely

that there was some interference with normal folding. Similar

epitope insertions were made in the gastric H,K-ATPase [52] :

insertions at Leu)%% (equivalent to rat α1 Arg)#*) and Pro)*) (α1

Glu))$) gave topologies consistent with the SERCA model, but

an insertion at Phe**' (α1 Pro*)!) should be at the extracellular

end of M10, but was displayed at the intracellular surface

instead.

When topology was studied by making fusion proteins with β-

galactosidase as a reporter enzyme, topology consistent with the

SERCA model was obtained for fusions at Arg'# (N-terminal

A domain), Glu"") (extracellular loop L1–2), Ala#%* (L2–3 A

domain), Leu$"$ (extracellular loop L3–4), Ile*%) (intracellular

loop L8–9), and Arg*(% (extracellular loop L9–10) [53]. Results

suggesting an inverted orientation were obtained with fusions in

the M5–M7 region, however: inside for a fusion at Ala(*"

(projected to be in the extracellular L5–6 loop), outside at Met)""

(in M6, near the cytoplasmic side), and inside at Asp))' (extra-

cellular loop L7–8). The same results were obtained with ex-

pression in either bacteria or yeast. The authors interpreted the

data as evidence for a different assignment of M5 and M6, and

for a re-entrant P loop in L7–8, analogous to those in the mouth

of ion channels. In view of the alignment of Na,K-ATPase with

the SERCA structure, however, it now seems more likely that the

discrepancies were due to the special folding requirements of

the M5–M8 portion of the Na,K-ATPase, which does not follow

conventional signal-anchor}stop-transfer rules [54,55]. Fusion

proteins unable to form M5–M6 and M7–M8 hairpins for

insertion may have given anomalous results.

Related to the proposal that L7–8 could extend through the

membrane and be exposed on the other side [56], there have been

reports that both the native SERCA’s L7–8 loop and that of

Na,K-ATPase were exposed on the cytoplasmic surface under

some experimental conditions [14,43,57]. In the case of the

Na,K-ATPase, data on the binding of monoclonal antibody

IIC9 have been interpreted to indicate detergent effects on the

exposure of a site that was really always on the extracellular

surface [39]. This is also consistent with the proximity of the

epitope to the site of interaction with the Na,K-ATPase β

subunit [58–60]. The two-sided exposure of the SERCA epitope

877–888 may have a similar explanation, in that effects of non-

solubilizing detergent concentrations were seen [14], but the

interpretation is not yet completely clear.

It must be remembered that the SERCA crystal structure

represents just one conformation of the protein, and as with all

crystals of proteins with flexible domain interactions, it could

even be distorted by crystal packing forces. It remains technically

possible that the transmembrane spans rearrange significantly

during catalysis. The analysis presented here also does not take

into account the likely locations of the Na,K-ATPase β and γ

subunits [42]. In view of the crystal structure, however, the

possibility that L7–8 could form a re-entrant loop seems remote.

The disposition of water molecules in the SERCA crystal

structure suggested the position of the lipid barrier [1]. However,

it should be noted that the boundaries between aqueous and

lipid phases are still not known with any accuracy, and they may

differ between conformations.

PROTEOLYTIC CLEAVAGE SITES

Proteolysis of SERCA, Na,K-ATPase and gastric H,K-ATPase

has been a useful tool for developing models of protein

arrangement. The proteins all show selective conformation-de-

pendent cleavage at a few sensitive sites, and they also all show

limit digestion of native enzyme in which the domain from M7 to

the C-terminus (Figure 2) is resistant to further digestion [61–66].

On Figure 5, attention is drawn to some proteolytic sites that are

shared by Na,K-ATPase and H,K-ATPase, and their locations

on the SERCA structure are shown in Figure 6. Site (1) is a

cluster of sites (for trypsin and chymotrypsin) on the extended

link between the N-terminus and M1 [61,63,67–70]. The cleavage

site lies in or near a proline-rich stretch that it also thought to be

the site of binding of an SH3 domain protein (see below). On

SERCA the equivalent site (which is moderately well conserved,

but has only one proline residue) is highly exposed. Site (2)

(trypsin) [71,72] is on the extended segment linking M2 to the A

domain, and site (3) (closely spaced trypsin and chymotrypsin

sites on Na,K-ATPase, or trypsin and papain sites on H,K-

ATPase; two arrows) [61,63,68,72] is on the extended segment

linking the A domain to M3. Site (4) (trypsin for Na,K-ATPase,

and trypsin or a nearby papain site for H,K-ATPase) is

interesting, because it is the beginning of the soluble N domain

fragment that can be isolated from all three ATPases [73–76].

Similar N domain fragments capable of folding and binding

nucleotides have also been produced by expressing and

reconstituting fragments of the same region [77–79]. Sites (5), (6)

and (7) are tryptic sites that have been called ‘T1’, ‘T1« ’ and ‘T4’

[34] ; T1 is the most readily cleaved site on the enzyme, and is

exposed preferentially in K+ [80]. Extensive digestion, or digestion

after some structural perturbation, produces several additional

cleavages in the P domain preceding M5, but these sites are not

shown on the Figure because their exposure in native enzyme is

unlikely. Site (7) is the probable end of the soluble N domain

fragments, trypsin (T4) for both enzymes and a nearby papain

site for H,K-ATPase. Site (8) (trypsin, chymotrypsin and

pronase) is the beginning of the protease-resistant C-terminal

domain that was originally called the ‘19 kDa fragment ’
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Figure 6 Na,K-ATPase and H,K-ATPase proteolysis site locations

In this and most of the rest of the Figures, the SERCA structure is shown, but features of Na,K-

ATPase are aligned and identified on it to test whether the alignment is credible. This Figure

shows the principal sites of proteolysis of Na,K-ATPase and gastric H,K-ATPase. All of the sites

have appropriate surface exposure.

[61–63,66,68,71,72,81]. It is exposed to protease only after

digestion of other sites in the cytoplasmic domains. All of the

projected positions of Na,K-ATPase and H,K-ATPase cleavage

site are on the surface (Figure 6), and support the similarity with

the SERCA structure.

One puzzling thing that has been observed for both Na,K-

ATPase and H,K-ATPase is the apparent accessibility of the

L9–10 extracellular loop on the cytoplasmic surface in some

experimental circumstances [52,63,71]. In other digestion experi-

ments, the expected M9–M10 loop was not recovered [64,72].

This may be related to the thermal lability of the C-terminal end

of the protein [42,82,83]. M9 and M10 may slip out of the

membrane to either side after structural perturbation, such as

cleavage at other sites. M5–M6 can also slip out of the membrane

after digestion [44,45,84].

GAPS AND INSERTIONS

When two proteins have the same fold but also have significant

sequence divergence, it is common for insertions to be present in

the form of loops at the surface. As seen in Figure 5, the gapped-

BLAST alignment of SERCA and Na,K-ATPase detects a

number of gaps and insertions. Figures 7(A) and 7(B) illustrate

the portions of SERCA that are insertions relative to Na,K-

ATPase, using the Cn3D display mode called ‘weighted variety ’.

In this colour mode, as in Figure 3 and 4, grey means

that the two sequences could not be aligned at all. The rest of

the residues are colour-coded for degree of similarity : the reddest

residues are identical, the bluest are not conserved at all, and in

between are two shades of purple representing highly conserved

and less conserved substitutions. The spacefill style, in which the

individual atoms are shown rather than the underlying secondary

structure, makes the superficial positions of the insertions more

visible. The identified insertions (stretches not present in Na,K-

ATPase) are labelled. Most of the grey loops begin and end very

close together, consistent with their deletion in Na,K-ATPase

without major alteration in the underlying fold. One exception is

illustrated below in Figure 9.

Figures 7(C) and 7(D) illustrate some of the points at which

Na,K-ATPase has insertions relative to SERCA. Here the two

residues of SERCA that flank each insertion were highlighted

with yellow. Again, all of these points (for insertions of four or

more amino acids) were at the surface, with one major exception.

Figure 7(C) shows four insertion points in the N and P domains

that are all at the surface. Figure 7(D) shows two insertion points

in M7 that would be more disruptive, presumably adding extra

turns to the helix. These insertions are in the cytoplasmic half of

the span, suggesting that, in the Na,K-ATPase, M7 extends

further into the cytoplasm. Two additional insertions preceding

M7 are also shown. Since M7 is at the edge of the bundle of α-

helices, the insertions could be expected to be accommodated

without disrupting the overall fold. We can speculate, on the

basis of these unique insertions and other considerations, that

the Na,K-ATPase β subunit associates with the complex near

M7 and M8 [42].

The most obvious place where Na,K-ATPase and SERCA do

not align is at the N-terminus. In the SERCA crystal structure,

the N-terminal portion of the A domain consists of two short α-

helices at the surface of the protein, and an extended link to M1.

The break between the two α-helices is the sequence

GVSETTGLTP, and the corresponding sequence in Na,K-

ATPase is the homologous GTDLSRGLTP, which strongly

suggests that the two proteins have the same two-helix motif

(Figure 8). Curiously, the other class of Ca#+-ATPases, PMCA

and the proton pump of Neurospora, align with SERCA starting

with the second helix. At the location of the break between

the helices, the Neurospora enzyme has the sequence

QTDTRVGLTS, and PMCA has SPNEGLSGNP. Finally, the

mature form of rat α1 Na,K-ATPase has 34 extra amino acids at

the N-terminus, which includes the protein kinase C

phosphorylation sites (SEHGDKKSKK). No corresponding

structure is found in SERCA, but because of its location relative

to the SERCA structure, this phosphorylation site should be

well-exposed. It is notable that there is great sequence variation

at the N-terminus even within the Na,K-ATPase subfamily,

making a conserved structure there unlikely.

One other notable difference between SERCA and Na,K-

ATPase entails the location of the phospholamban-binding site.

Phospholamban is a 52-amino-acid single-span membrane pro-

tein that regulates SERCA [85]. It was not present in the

crystallized SERCA1a from skeletal muscle, since it is expressed
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Figure 7 SERCA and Na,K-ATPase differences in surface loops

As seen in Figure 5, there are places where there are insertions and deletions when SERCA and Na,K-ATPase are compared. (A) and (B) show in grey the SERCA sequences that are deleted

in Na,K-ATPase : almost all deletions of more than three residues are at the surface. (C) and (D) show in yellow sites where Na,K-ATPase has insertions that are not present in SERCA. In (C),

four representative sites in the N and P domains are all at the surface. In (D) one of two problem areas is highlighted : insertion sites in M7 that may be more disruptive. Note, however, that

elongation of M7 may be accommodated without disrupting the fold.

predominantly in cardiac muscle with the very similar SERCA2a

isoform. The exact position of phospholamban in the enzyme is

not known with certainty, but certain mutations of M6 were

observed to affect phospholamban association [86], and cross-

linking, chimaeras and site-directed mutagenesis led to the

identification of a six-amino-acid stretch at 397–402 in the N-

domain that is critical [87,88]. Figure 9(A) shows all of these

residues in secondary-structure view. Of the residues in M6, only

the residues closer to the cytoplasm, namely Leu)!#, Thr)!& and

Phe)!*, are exposed in this conformation, and they are recessed

between M2 and M9. It seems likely that a more comprehensive

search for phospholamban-contacting residues will find contri-
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Figure 8 The break between the A domain helices

In the N-terminal portion of the SERCA A domain (pink) there are two α-helices broken by the

sequence GLTP. The same sequence is conserved in Na,K-ATPase, supporting the likelihood

that it has the same fold at that position.

butions from other transmembrane spans. The more intriguing

observation is that the N domain site (KDDKVI in SERCA2;

KNDKPI in SERCA1a) (highlighted yellow in Figures 9A and

9B) is on one of the surface regions that is present in SERCA but

not in Na,K-ATPase. This is the same region that is labelled ‘N

domain, APEG…FDGL’ in Figure 7(A) and 7(B). The 21-

amino-acid segment that is absent in Na,K-ATPase is one of the

few that does not begin and end neatly at the same location in

the SERCA structure (Figure 9C). This means that the N domain

structure has to differ between the two ATPases to accommodate

the absence of these residues. Na,K-ATPase has its own single-

span regulator (the γ subunit), but it is unrelated structurally to

phospholamban, and its binding site is not yet known [42].

PREDICTED LOCATION OF CYSTEINE RESIDUES

Cysteine residues, because of their unique reactivity and ability

to form disulphide bonds, are of particular interest in protein

chemistry. The Na,K-ATPase has 23 of them, and a number

have been the target of modification. Several were predicted to be

in transmembrane spans or at the extracellular surface. Since the

gapped-BLAST alignment with the SERCA structure calls for

adjustments to the predicted transmembrane spans, it is useful to

re-examine the positions of those cysteine residues. Figure 10(A)

shows all of the natural cysteine residues in rat α1 that were

predicted to be in or near the membrane. These cysteine residues

have been mutated as a group by Arguello and associates [89],

generating enzyme free of extracellular and membrane cysteine

residues that can be expressed in HeLa cells, and that has no

alteration of Na+ or K+ apparent affinity. All 23 cysteine residues

have been eliminated by Kaplan and associates, creating an

enzyme that can still be expressed with activity in insect cells [90].

Both of these constructs should be valuable for further structural

studies.

In Figure 10(A), two significant differences from the traditional

predicted cysteine locations can be seen. Cys"!% (Cys"!' in rat ;

Cys""$ in Xenopus) was originally thought to be in the middle of

M1. It was somewhat surprising that its mutation reduced

ouabain binding [91], and that it reacted with a derivative of

digoxigenin [92,93] and with extracellular mercury [94,95]. It was

even proposed that M1 could be part of a ouabain-binding cleft

[96]. The corresponding position in SERCA, however, is one

turn from the top of M1, and, because M1 sticks out a little more

than surrounding α-helices, this cysteine may be accessible to the

extracellular medium. The other difference was the position of

Cys*'%, the site at which the fluorescent probe BIPM ²N-[p-(2-

benzimidazolyl)phenyl]maleimide´ binds to the Na,K-ATPase

[97,98]. It was originally predicted to be in the middle of M9,

which was puzzling in view of BIPM’s reactivity and usefulness

as a reporter of enzyme conformation. However, Cys*'% has

recently been shown to be accessible both to SDSM (4-

acetamidomaleimidylstilbene-2,2«-disulphonic acid) [26] and to

Hg#+ [95] from the extracellular surface. In agreement with the

conclusions of Lutsenko et al. [26], the projected location is at

the extracellular end of M9. Cys*"", which was somewhat less

reactive to SDSM, should also be extracellular, at the end of M8.

Both Cys*"" and Cys*'% showed conformation-dependent changes

in reactivity [26,95]. Certain residues between SYGQ and Cys*""

have been implicated in interaction between Na,K-ATPase α and

β subunits [99], which may be further evidence for an exposed

extracellular position.

Cysteine residues introduced into the Na,K-ATPase α subunit

in the predicted extracellular loops have been used to test the

topology model [28]. The two most reactive of the natural

cysteine residues, Cys*"" and Cys*'%, were eliminated by mutation

first. The introduced residues, namely Cys"")!Pro, Cys$!*!
Thr, Cys(*$!Leu, Cys)('!Leu, and Cys*($!Met, reacted

with extracellular N-biotinylaminoethyl methanethiosulphonate

(‘MTSEA-biotin ’). Figure 10(B) shows the locations of the

introduced cysteine residues mapped on to the SERCA structure.

All residues except Leu)(' appear to be well-exposed in this

conformation, and Leu)(' is in M7, the span with insertions that

may make it extend further out of the membrane than in

SERCA. Two residues introduced in the L9–10 loop at positions

flanking Met*($ (Cys*'*!Val and Cys*('!Leu) did not react

with the reagent. In the structure, both of these are in L9–10, and

the reason they did not react is not clear. The experimental

evidence on Na,K-ATPase is thus largely consistent with hom-

ology with the SERCA structure.

Introduced cysteine residues have also been used to determine

the accessibility of residues of M5 in both native enzyme and

enzyme treated with palytoxin, a natural toxin capable of making

the Na,K-ATPase act like a non-specific ion channel [100]. Only

a cysteine residue at the position equivalent to Ala(*' of rat α1

was reactive to a methanethiosulphonate derivative in native

enzyme, and, when projected on to SERCA, this site is in the

L5–6 extracellular loop, exposed to the medium. Several other

introduced cysteine residues on M5 became accessible with

palytoxin treatment.

Because omeprazole, a clinically useful inhibitor of gastric

H,K-ATPase, reacts with cysteine residues at the enzyme surface,

those residues have been mapped, and the principal candidates

are in or near the extracellular L5–6, L3–4, and L7–8 loops [101].

Accessibility to several cationic sulphenamides followed by

identification of the labelled fragments pointed to the accessibility

of Cys$#", Cys)"$ or Cys)## and Cys)*# [102]. On the SERCA

structure, Cys$#" and Cys)"$ are the only residues predicted to be

exposed on the extracellular loops; Cys)## would be well-buried

in M6 and Cys)*# would be one turn from the top of M7 (not
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Figure 9 Phospholamban binding sites on SERCA

Residues of SERCA that interact with SERCA’s single-span regulator, phospholamban. In (A), four specific mutations in M6 were found to affect phospholamban binding (Val795–Phe809) ; in the

SERCA structure, the lower three are exposed to some extent and could interact with phospholamban. The critical residues in a loop on the N-domain (yellow) are actually deleted in Na,K-ATPase.

(B) shows the exposed position of this loop. (C) shows the deleted loop in yellow. This is the second problem area : the ends of the deletion are not very close, requiring some rearrangement

of the N-domain fold in the Na,K-ATPase.

shown). Interestingly, site-directed mutagenesis of Cys)"$ and

Cys)## indicated that only mutation of Cys)## blocked inhibition

by omeprazole [103]. Mutation of Cys)"$ had marked effects

on the affinity of another H,K-ATPase inhibitor, SCH 28080,

however.

PREDICTED LOCATION OF CROSS-LINKS

Cross-linking between endogenous cysteine residues by oxidation

to disulphide bonds has been attempted as a way to probe the

organization of transmembrane spans in the Na,K-ATPase.

Before discussing particular observations, it is useful to view the

sites where cross-links have been formed in the SERCA enzyme

itself (Figure 11). The endogenous transmembrane cysteine

residues of SERCA were first removed by mutagenesis, and then

pairs of cysteine residues were reintroduced into M4 and M6 to

probe for interaction [104]. Cross-linking was carried out without

detergent treatment. The geometry of the successful pairs was

favourable when viewed on the SERCA structure. Cross-links

formed most readily between residues 317 and 807 or 321 and

808 in M4 and M6 (Figure 11A); they formed with lower yield

between residues 309 and 796 in the same segments (Figure 11B).

This was interpreted as a greater separation caused by tilt in the

relative orientation of the two helices, but Figure 11 shows a

different interpretation. The proximity of the more-reactive and

less-reactive pairs is not very different, but the less-reactive pair

is more buried within the membrane, and therefore probably less

accessible to the oxidative catalyst, Cu#+-phenanthroline.

Another identified, conformationally sensitive cross-link in

SERCA is between Lys%*# and Arg'() in the N and P domains

respectively catalysed by glutaraldehyde (Figure 11C) [105]. In

this conformation these sites are widely separated, but they

presumably come together in the closed conformation [1,3,106].

The geometry of known and inferred oxidative cross-links in

the Na,K-ATPase α subunit does not look as favourable (Figure

12), but this may be due to the formation of otherwise-unlikely

cross-links under conditions of atypical structural flexibility. The

oxidative cross-linking studies grew out of the early work of

Askari and his collaborators on cross-linking between subunits

of Na,K-ATPase oligomers, in which the formation of links was

dependent upon enzyme conformation, and in some cases,

promoted by detergent treatment [107,108]. The more recent

attempts to detect intra-subunit cross-links have depended on the

ability to generate identified proteolytic fragments containing

the transmembrane spans [81], and it is notable that the cross-

links were formed after, not before, digestion. In digitonin- or

deca(ethylene glycol) monododecyl ether (C
"#

E
"!

)-solubilized

digested enzyme, oxidative cross-linking produced a link between

the M1–M2 hairpin and the M7–M10 domain, and between this

complex and the β subunit [109,110]. In digested enzyme that

was not solubilized, the same M1–M2 to M7–M10 product was

formed, but β subunit was found with it only if β was cleaved at

a site on the extracellular side, implying that intact β was not

close enough to cross-link without the detergent treatment [111].
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Figure 10 Projected location of Na,K-ATPase cysteine residues

In this Figure the numbering of Na,K-ATPase residues is that of sheep α1 (two shorter than the rat α1 of Figure 5) because the relevant mutagenesis experiments utilized the sheep α1 subunit

[89,90]. (A) Shows the naturally occurring cysteine residues of Na,K-ATPase projected on to the SERCA structure with gapped-BLAST. (B) shows the cysteine residues that Hu and Kaplan [28]

introduced into Na,K-ATPase. In agreement with their protein chemistry, the homologous sites are well exposed.

Figure 11 Identified cross-linking sites in SERCA itself

(A) and (B) show two sites in SERCA where disulphide bonds can be formed between introduced cysteine residues. Proximity for the successful pairs is good. (C) Shows two residues shown

to be cross-linked by glutaraldehyde treatment. Their cross-linking supports large inter-domain movements between the P (blue) and N (red) domains.
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Figure 12 Cross-linking sites in Na,K-ATPase projected on to the SERCA structure

(A) and (B) show the predicted positions of cysteine residues that are likely to be cross-linked by oxidation of disulphides. Proximity is not particularly good, which may explain why cross-linking

requires detergent treatment or proteolysis to proceed in reasonable yield. (C) and (D) show the only spontaneously formed oxidative cross-links detected in native Na,K-ATPase, both in the N

domain. The numbering for rat would be two higher. One occurs at the ends of a surface loop (yellow) that is deleted in Na,K-ATPase (C). The other pair does not show very good proximity in

the SERCA structure (D). (E) shows the location of two regions cross-linked by o-phthalaldehyde.

Cross-linking in the membrane-bound digested enzyme was

inhibited by the presence of Na+, K+ and ouabain [111]. This

was interpreted such that the interactions of these ligands with

the digested enzyme modify the three-dimensional packing of the

transmembrane helices [111]. Others have shown that these

ligands serve to stabilize the complex of digested membrane

fragments against thermal denaturation [61,63], which suggests

the related hypothesis that formation of cross-links may have

required some structural perturbation. Spontaneous cross-link-

ing was observed in C
"#

E
"!

-solubilized digested enzyme, but the

catalyst Cu#+-phenanthroline was required for the membrane-

bound enzyme [110].

The cross-link between M1–M2 and M7–M10 has not been

definitively identified because of low yields [110,112]. In

examining the positions of Na,K-ATPase cysteine residues with

respect to the SERCA structure, the best proximity would

appear to be between Cys"$) in M2 and Cys*'% in M9 (Figures

12A and 12B). In Figure 12(B), M4b appears to come between
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M2 and M9, but it is actually below them, in the cytoplasm.

Some rearrangement of membrane spans to bring the residues

closer together would be needed to link M1–M2 to M7–M10.

The formation of this cross-link was first detected when the

digested complex was solubilized in the absence of stabilizing

ligands [109], and that combined with low yield in the presence

of stabilizing Rb+ [110], is consistent with a sub-optimal orient-

ation of sites.

Further identification of the cross-linked segments after chy-

motrypsin [110] or CNBr cleavage [112] narrowed down the

possible cysteine residues involved, and more evidence was

obtained for the nature of the cross-link between the α and β

subunits [110,112], which appears to be between Cys%% of β and

either Cys*"" or Cys*$! of α. These two residues on α are most

likely at the extreme ends of M8: Cys*"" at the extracellular

surface and Cys*$! at the intracellular surface [26]. Thus the

apparent need to either solubilize the complex in detergent or to

digest the β subunit at the extracellular surface could permit the

β subunit to either ascend or descend in the membrane to form

a cross-link to one of these cysteine residues. Ivanov et al. stated

‘‘ … Evidently some backbone flexibility induced by detergent

solubilization is required for close juxtaposition of the Cys44 of

β with one of the nearby intramembrane cysteines of α to allow

the disulfide bridge formation … ’’ [112].

In addition, there is evidence for a cross-link between Cys*'%

and Cys*)$ (M9 and M10) [110,112]. Figures 12(A) and 12(B)

show the disposition of these two residues mapped on to the

SERCA structure. They do not look very favourably oriented for

intramolecular cross-linking in this conformation, but at least

they are both at the same end of the helix bundle, and a relatively

simple rotation could bring them closer. Future research using

introduced cysteine residues based on the SERCA model may

provide better cross-linking and more satisfactory inter-

pretations.

Gevondyan et al. reported finding spontaneously formed

disulphide bonds in the α subunit on the intracellular side of the

membrane [113] between Cys%&# and Cys%&', and between Cys&""

and Cys&%*. In the SERCA structure, the equivalent positions of

452 and 456 (454 and 458 in rat) are at either end of an insertion

in SERCA, the loop from MNVF to ERAN on the N domain

(Figure 12C); the proximity should be favourable for forming a

disulphide. The other disulphide occurs at two residues that are

only moderately close in the SERCA structure, but they are in a

part of the N domain that may be rearranged in Na,K-ATPase

(compare with Figure 9C). Disulphides found in purified enzyme

do not necessarily occur in the reducing environment of the cell,

and it has been demonstrated that mutation of these residues

does not inactivate the Na,K-ATPase [89,114].

The last example of an identified cross-link site (Figure 12E) is

from Ala(%* to Ala((! of the P domain just before the M5–M6

hairpin to Asn)$"–Arg)%" of the L6–7 intracellular loop, close to

T19 (Figure 6), where trypsin cleaves to generate the M7–M10

tryptic fragment. This link was formed by reaction with o-

phthalaldehyde in digested or digested and solubilized enzyme in

the presence of Rb+ [59]. When these regions are highlighted

on the SERCA structure, they are quite close. There is evidence

for the importance of the L6–7 loop in conformation change in

both Na,K-ATPase and SERCA itself [1,115,116].

PROXIMITY RELATIONSHIPS FROM METAL-ION CLEAVAGE

Some unique insights into interdomain movements in the Na,K-

ATPase have come from the exploitation of the fact that bound

metal ions such as Fe#+, Fe$+, or Cu#+ can catalyse specific

protein cleavages in the immediate vicinity of the metal, under

oxidative conditions [117]. For Fe cleavage, several protein

fragments were obtained with the same time course and

concentration-dependence, suggesting cleavage of spatially

clustered loops on the cytoplasmic surface. One bound Fe atom

resulted in the cleavage of three sites in the P domain and one in

the A domain in a conformation-dependent manner: cleavage

occurred in E2 but not in E1. The sites cleaved were all highly

conserved among P-type ATPases, supporting their importance

as structural elements critical for conformation change, brought

together in only one conformation. Cleavage at a second site

near the membrane interface was not affected by conformation.

Mg#+ and P
i
were shown to non-competitively prevent the Fe-

catalysed cleavage in the P domain, presumably by preventing Fe

binding, and leading to prediction of sites involved in binding of

each of these ligands [118], nor far from sites supported by site-

directed mutagenesis [119–121]. ATP forms a complex with Fe

that, in turn, can be used as an affinity reagent for the active site.

Because cleavage only occurred in conformations with high-

affinity ATP binding (E1 and E1Na), the sites partially differed

from those in E2 with Fe alone [122]. Furthermore, differences

were noted in E1P and E2P, strongly supporting large

conformation-dependent domain movements. In E1, N is

predicted to dock on to P with A moved off to one side, whereas,

in E2(K), A is predicted to dock on to P and N is displaced. The

data also predict a shift in Mg#+ binding from the P domain to

the N domain. Much more detail and useful diagrams can be

found in a review [123] by the above-cited authors. Cu#+ was

observed to catalyse cleavages at the opposite surface in extra-

cellular loops of α and in the β subunit [27]. All of the data are

consistent with the SERCA1a crystal structure, and in fact

support the emerging model of how the pump works.

BINDING SITES FOR OTHER PROTEINS

Proteins with known specific binding sites on the Na,K-ATPase

include protein kinases C and A, the cytoskeletal protein

ankyrin, and an SH3-domain-containing protein, phospho-

inositide-3 kinase. The likely locations of the binding sites for

protein kinase C and A have been reviewed elsewhere [124].

The protein kinase C site is on the N-terminal extension of

Na,K-ATPase that has no corresponding segment in SERCA,

and, with its high density of charge, it is anticipated to be well-

exposed. The predicted location of the protein kinase A site is

very close to the membrane and rather hidden, which appears to

explain why Na,K-ATPase cannot be phosphorylated by protein

kinaseA in �itrounless it is treatedwith detergent.Anoutstanding

question is how activation of protein kinase A produces the

various activating and inhibiting effects on Na,K-ATPase that

are seen in cells.

Ankyrin, which is involved in restricting the distribution of

Na,K-ATPase to particular membrane regions in some cells,

binds with the highest affinity to a site on the L2–3 intracellular

loop (Ser"%#–Val"'') [125,126]. On SERCA, this site is highly

exposed on the segment that links the A domain to M2 (Figure

13A). A lower-affinity site was also identified in the large L4–5

intracellular loop [127], but on SERCA this site is quite buried

within the N domain (Figure 13B). However, the sequence

(ALLK) is adjacent to a loop that is deleted in Na,K-ATPase

and adjacent to the site of the disulphide bond detected by

Gevondyan et al. (Figure 12C), and so it is conceivable that the

Na,K-ATPase structure is altered enough to expose the site.

ALLK is homologous to the sequence ALLLK which participates

in ankyrin binding in anion exchanger 1.
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Figure 13 Protein association sites

Projected binding sites on Na,K-ATPase for ankyrin (A and B) and SH3 domain binding proteins (C). The high-affinity ankyrin binding site on the end of M2 is very well exposed (A). The low-

affinity site ALLK (B) is completely buried and perhaps not credible unless Na,K-ATPase N domain structure differs here. The SH3 domain protein binding site is well exposed just before M1

(C). (D) shows in yellow the ankyrin (left) and SH3 (right) sites side-by-side in spacefill format on the extended sequences that link the A domain to the membrane domain. The structure is rotated

relative to that in (A) and (C), and the point of view is indicated by the buff arrow on (C).
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Phosphoinositide 3-kinase has been proposed to bind to the

Na,K-ATPase through its SH3 domain at the high-proline site

TPPPTTP, which is on the stretch that links the N-terminal part

of the A domain to M1 (Figure 13C). This stretch is highly

exposed on the SERCA structure, and, despite the paucity

of proline residues in SERCA, the surrounding sequence is

otherwise well-conserved. The SH3 domain-containing phos-

phoinositide 3-kinase is involved in controlling Na,K-ATPase

down-regulation by endocytosis [128].

Both the ankyrin site and the SH3-domain-binding site are

exceptionally well exposed on adjacent strands (Figure 13D). A

quite different specific conformation was predicted for the

ankyrin site on the basis of a crystal structure of a fusion protein

containing the ankyrin-binding sequence: the sequence was found

to form a hairpin structure (a seven-residue loop capping a

double β strand) [126]. This has little in common with the

SERCA structure, but the A domain is thought to undergo a

radical rotation in the course of normal conformation changes

[1], necessitating the twisting of both of the exposed strands.

Given the probable importance of the flexibility of the A domain

connectors, one could speculate that proteins that bind to them

might inhibit enzyme activity. On the contrary, ankyrin has been

shown to stimulate Na,K-ATPase activity with an effect on a

rate-limiting conformation change [129]. The structural features

shown here suggest new avenues of investigation.

BINDING SITE FOR CARDIAC GLYCOSIDES

Cardiac glycosides, including digitalis and ouabain, are the

prototypical inhibitors of the Na,K-ATPase subfamily, inhibiting

all paralogues to some extent, except the gastric H,K-ATPase. It

Figure 14 Ouabain-binding site

The projected locations of residues that affect ouabain binding to Na,K-ATPase are displayed

on the SERCA structure. The view is from the extracellular side of the membrane domain, but

tilted at a 45° angle to display all of the sites at the same time. Three sites (two in M4b and

one in M7) are buried, but all of the rest are close to the surface of the protein. L1–2 has eight

sites (sheep numbering), Cys104, Tyr108, Gln111, Glu116, Pro118, Asp121, Asn122, and Tyr124.

L3–4 has one site : Tyr309. M4b has three sites : Leu331, Ala332 and Thr339. L5–6 has three sites :

Phe783, Leu790, and Thr794. M7 has Phe863, and L7-8 has Arg880. M10 has Phe882.

has been known since before the discovery of the Na,K-ATPase

that cardiac glycosides act from the extracellular surface

[130,131]. Ouabain-resistant mutations have led to the identi-

fication of 18 amino acids that individually affect the apparent

affinity for cardiac glycosides, as detected by ability to survive in

the presence of the inhibitor [56,91,132–140]. Figure 14

shows the locations of these residues projected on to the SERCA

structure. All but four (three in M4b in the cytoplasmic half after

the kink, and one in M7) are close to the extracellular surface.

This general conclusion is not new, but the details differ. Certain

residues that were predicted to be within the membrane (Cys"!%,

Tyr"#%, Thr(*( and Phe*)#) are closer to the surface in the SERCA-

based prediction. Phe)'$ was predicted to be at the surface at the

end of M7, but in the projection it is buried, and Arg))!, which

was predicted to be high on the L7–8 extracellular loop, is

instead projected to be just at the end of M7. Any predictions

based on homology with M7 should be viewed with caution,

since in the Na,K-ATPase it has insertions that could alter the

extramembranous exposure of one end or the other, but as

mentioned above, the homology is better at the extracellular end

than the intracellular end, and so the positions for Phe)'$ and

Arg))! shown in Figure 14 may be preferred. Most of the residues

conferring resistance to cardiac glycosides are distributed over at

least four extracellular loops, L1–2, L3–4, L5–6, and L7–8. The

last loop, L9–10, is effectively blocked from access by the vertical

bulk of the larger L7–8 loop, but there nonetheless are effects of

a residue predicted to be in M10, to the side of the L7–8 loop.

The distribution is consistent with solid-state NMR evidence

that ouabain lies across the surface [141].

An inhibitor of the gastric H,K-ATPase, SCH 28080, also

binds at the extracellular surface. Considerable work has

attempted to delineate the site of binding, and in aggregate the

evidence supports binding distributed over several extracellular

loops, as for ouabain [103,142,143]. Most interesting are the

various reports of the inhibition of chimaeras between Na,K-

ATPase and H,K-ATPase: in several cases, the chimaeras can be

inhibited by both ouabain and SCH28080, or gastric H,K-

ATPase acquires the ability to be inhibited by ouabain [144–148].

Even chimaeras with SERCA can show ouabain-sensitivity [149].

The resulting perspective is that binding to the extracellular

surface prevents necessary movements of the transmembrane

domains relative to one another [138].

CONCLUSIONS

The likelihood that the Na,K-ATPase and SERCA Ca#+-ATPase

have the same fold is very high, considering the 30% identity and

65% similarity in sequence, and the high degree of alignment

obtained with gapped-BLAST. Many of the specific examples

shown above are consistent with a shared fold, particularly the

surface locations of sites of proteolysis ; the fact that most

insertion}deletion points are at the surface ; the locations of

accessible cysteine residues at the extracellular surface ; and the

locations of the sites for binding of other proteins. The biggest

discrepancies are in the predicted locations of residues that are

known to be cross-linked, but the need for structural perturbation

to obtain cross-linking in some cases may be the root cause, or

there may be better apposition of the identified regions in

another conformation. The other major difference between Ca#+-

ATPase and Na,K-ATPase is the presence of two additional

subunits in the latter : the β subunit in all tissues and the

γ subunit in the kidney. These must increase the total number of

transmembrane spans from 10 to 12, and they may induce some

rearrangement of associated helices from the α subunit. The
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superior alignment of SERCA with Na,K-ATPase compared

with PMCA and other members of the gene family suggests a

modification of phylogenetic relationships based on structure, to

supplement the known evolutionary relationships.
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