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Abstract 
Electron microscopy has recently provided improved structures for P-type ion pumps. In the case of Ca”-ATPase, the use of unstained specimens 

revealed the structure of the transmembrane domain. The composition of this domain has been controversial due to the variety of methods used to 
study the number and exact locations of transmembrane crossings within the sequence. After reviewing the results from several members of the family, 
we found a consensus for 10 transmembrane segments, and also that 10 helices fitted well into the structure of Ca’+-ATPase. Thus, we present the 
most detailed model for transmembrane structure so far, in the hope of stimulating more precise experimental strategies. 
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1. Introductiou 

Integral membrane proteins are difficult to crystallize 
and only a few high-resolution structures are known. 
Our only structural clues to mechanisms of ion transport 
come from bacteriorhodopsin, for which an atomic 
structure has been deduced by electron crystallography 
[l]. Mechanisms for P-type ion pumps are based mainly 
on kinetic studies, mutagenesis, affinity labelling and 
analysis of sequences. Although there are no foreseeable 
prospects for an atomic structure for these pumps, there 
has been recent progress in structure determination by 
electron microscopy with prospects for a structure at 6 
A resolution. In this review, we discuss some recent work 
on the structure of Ca*‘-ATPase and Na’/K’-ATPase, 
summarize the numerous attempts to determine the 
transmembrane topology of P-type pumps, and use the 
emerging consensus to model the transmembrane struc- 
ture of Ca2’-ATPase. 

2. Electron microscopic structure determination 

Skriver et al. were the first to report crystallization of 
a P-type pump [2], using vanadate to induce 2D crystals 
within purified membrane fragments of Na’/K’-ATP- 
ase. Similar conditions were used by Dux and Martonosi 
to induce a similar crystal form of Ca*‘-ATPase in sarco- 
plasmic reticulum vesicles [3]. These crystal forms lead 
to several 3D reconstructions at 25-35 A resolution of 
negatively stained Ca*‘-ATPase [4,5] and Na’/K’-ATP- 
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ase [69]. Thus, the general shape of the cytoplasmic 
domain of Ca*‘-ATPase has been well established and its 
mass distribution across the sarcoplasmic reticulum 
membrane has been determined by low-angle, X-ray dif- 
fraction [lo]. Reconstructions of vanadate-induced crys- 
tals of Na’/K’-ATPase [6-91 have generally been at 
lower resolution and the expected similarities between 
the subunit and Ca*‘-ATPase have therefore been diffi- 
cult to recognize; also, identification of the a subunit of 
Na’/K’-ATPase has not been possible. 

Additional crystal forms have been discovered both 
for Ca*‘-ATPase and for Na’/K’-ATPase and offer op- 
portunities for higher resolution structures. In the case 
of Na’/K’-ATPase, a recent structure at - 25 A resolution 
has come from negatively stained crystals induced with 
Co(NH,),ATP [l 11; the resulting molecule bears a rea- 
sonable resemblance to Ca*‘-ATPase, but there are still 
uncertainties about the precise location of the membrane 
and identification of the /I subunit. Answers to these 
important questions require larger crystals and the use 
of frozen-hydrated, unstained specimens for electron mi- 
croscopy. Indeed, the most recent crystals of Na’/K’- 
ATPase, grown at low pH (4.8), contain larger, better 
ordered arrays [12] and it may be possible to study them 
by these methods. In the case of Ca*+-ATPase, the most 
recently discovered crystal form requires sub-solubilizing 
concentrations of detergent [ 131, which allows molecules 
to insert into both sides of the bilayer; as a result, the 
bilayers stack to form multilamellar crystals [14]. Al- 
though not ideal for 3D reconstruction by electron mi- 
croscopy, unstained, frozen-hydrated crystals diffract to 
4 A [15] and the stacking has been shown to be well 
ordered, both in side views of small crystals and in large 
flat crystals tilted to 30” (Stokes and Toyoshima, unpub- 
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Fig. 1. Cartoon of the structure of Ca”-ATPase as determined by 

electron microscopy at 14 A resolution. The surface of the bilayer is 
indicated by the two shaded planes; the cytoplasmic side is on top and 
the luminal (equivalent to extracellular) side is below. The large cyto- 
plasmic part has three distinct components, though smaller domains 
can be distinguished in the reconstruction. The lumenal part appears 

as a single small domain. The transmembrane part consists of three 
distinct lobes labelled A, B, and C; the A lobe was further subdivided 
into Al (lying beneath the stalk) and A2 (lying to one side of the stalk). 

Reprinted with permission from Nature [17]. 

lished results). Thus, there is hope for a higher resolution 
structure of Ca’+-ATPase, e.g. _ 6-8 A. In addition to 
providing a structure in which helices could be directly 
observed, comparison of this structure with that from 
vanadate-induced crystals could reveal structural 
changes induced by Ca*+-activation of the enzyme. This 
conformational difference had been suspected based on 
crystallization requirements [3,13] and recent, explicit 
studies of crystallization have more precisely defined the 
conformation as E,Ca2 in multilamellar crystals and E, 
or E,*ATP in vanadate-induced crystals [16]. 

The most informative structure so far has come from 
a recent reconstruction of vanadate-induced crystals of 
Ca”-ATPase in the frozen-hydrated, unstained state 
[17]. Like a previous attempt with frozen-hydrated spec- 
imens [18], the helical symmetry of these tubular crystals 
was used for reconstruction, but unlike this previous 
attempt, four crystals were averaged and the resolution 
was much improved (14 A). As a result, the bilayer is 
clearly visible and domains of Ca*‘-ATPase can be delin- 

eated both inside and outside this bilayer (Fig. 1). Com- 
parison of this structure to the extensive predictions that 
have been made on the basis of sequence, mutagenesis, 
and labelling by substrate analogues generated some 
speculative assignments of several features in the struc- 
ture, though these assignments remain to be confirmed 
by other means. Unfortunately, a resolution of 14 A is 
too low to resolve individual helices, so we still have no 
direct evidence for their number or their arrangement in 
the transmembrane domain. 

3. Topology of the membrane domain by indiect means 

The similarity between the sequences of the cytoplas- 
mic domains of the P-type ion pumps is in the range of 
3060% and suggests a common fold. Although the pre- 
dicted transmembrane segments show only slight simi- 
larity in individual amino acids (- 20%), the overall pat- 
terns of hydrophobicity are sufficiently similar to imply 
a common arrangement of transmembrane segments. In 

A 

C 

Fig. 2. Three different arrangements for the transmembrane segments 
of P-type ion pumps. The numbering of segments is based on the 
IO-segment model taken from reference 19. This is not a comprehensive 
list of proposed topologies, rather a comparison of three of the more 
popular arrangements with both C and N tern&i on the cytoplasmic 
side of the membrane. 



34 D. L. Stokes et al. I FEBS Letters 346 (1994) 32-38 

spite of this, widely different interpretations of the hy- 
drophobicity have been made, leading to models with 
between 7 and 12 segments (Fig. 2), and only recently has 
experimental evidence emerged to distinguish between 
them. It is most convenient to discuss this evidence in 
terms of the ten-segment model first proposed for Ca2’- 
ATPase (Fig. 2a) based on hydrophobicity analysis [19]. 

On the one hand, the first four segments are clearly 
defined in all the pumps. There is no evidence inconsis- 
tent with two hydrophobic hairpins in this region (Ml- 
M2 and M3-M4) with a cytoplasmic domain of - 150 
residues between the hairpins (Fig. 2 and Table 1). The 
second hairpin (M3-M4) is followed by the major cyto- 
plasmic domain of - 450 residues containing conserved 
sites of phosphorylation and nucleotide binding. On the 
other hand, the C-terminal portion of the molecule has 
been more problematic. Of the six C-terminal segments, 
MS and Ml0 are the least hydrophobic and, if these were 
to be assigned to the lumen and cytoplasm respectively, 
an eight segment model would result (Fig. 2b). The other 
main source of uncertainty is the shortness of the M5-M6 
hairpin if one excludes the polar N terminus of M5. 
Indeed, many models for Na’/K’-ATPase assign only 
one transmembrane segment to this region, thus invert- 
ing the topology of the subsequent segments (e.g. Fig. 
2c). 

Attempts to distinguish these models experimentally 
have been based on a variety of techniques to identify the 
loops exposed on the cytoplasmic or extracellular faces 
of the membrane. These include the use of impermeant 
chemical reagents, proteases, antipeptide antibodies, 
anti-pump antibodies against subsequently mapped epi- 
topes and, finally, the expression of fusion proteins. In 
order to facilitate comparisons between the varied meth- 
ods applied to the different pumps, we considered the 
results on a loop-by-loop basis rather than comparing 
models deduced by the various investigators. For each 
loop, the evidence for or against a cytoplasmic location 
is summarised in Table 1. No single study is definitive, 
given the pitfalls of individual experimental techniques, 
but a consensus can be developed by considering the 
results en masse. 

The L56 loop is very short and lacks polar residues, 
offering little in the way of epitopes or sites for proteol- 
ysis. The only direct evidence for its location comes from 
the labelling of a cysteine in or near this loop of the 
H’/K’-ATPase by omeprazole or pantoprazole, reagents 
which are strictly confined to the lumenal surface [4 1,421. 
This is strong evidence for two segments rather than one 
in this region and this conclusion is further supported by 
most of the evidence on the location of the next loop, 
L67. This consists of a number of proteolytic experi- 

Table 1 

Summary of published evidence for cytoplasmic or luminal location of loops 

Loop l-2 Loop 34 Loop 5-6 Loop 6-l Loop 7-8 Loop 8-9 Loop 9-10 C-term 

cyt lumen cyt lumen cyt lumen cyt lumen cyt lumen cyt lumen cyt lumen cyt lumen 

SR Ca*‘-ATPase 

protease 

epitopes 

NA+/K’-ATPase 

protease 

epitopes 

labels 

H’/K’-ATPase 

protease 

epitopes 

labels 

fusion proteins 

MgZ’-ATPase 

fusion proteins 

20 20 20- 20 

22,25 

21,24,25 

26,21 

29 37 30,31 28,29 (28) 29,31 30 

3536 36 

41 41 41 41 41 41 

38,39 

40 41,42 41 

43 43 43 43 43 43 

47 41 47 47 41 41 47 

2 fu- 1 fusion 

sions 

PM Ca”-ATPase 
epitopes 

H’-ATPase 

protease 

antibodies 

46 

Numbers in the table correspond to papers employing the techniques listed in the left-hand column. 

20 

30 

41 

43 

41 

23 

33 

31,32 28 

34 

44 

38 

41 

45 

48,49 

48 
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Fig. 3. Hypothetical packing of 10 transmembrane helices. (A). Fitting of 10 helices into the transmembrane domain of Car’-ATPase determined 
by electron microscopy at 14 A resolution. This view is normal to the membrane surface and the net corresponds to the molecular boundary obtained 
for - 100% volume recovery for the entire molecule. The distance between lines in this net is 2 A. The transmembrane lobes Al, A2, B and C are the 
same as Fig. 1. Helices have been placed at the edges of the density based on observations of bacteriorhodopsin reduced to - 15 A resolution, shown 
in B. This low resolution map of bacteriorhodopsin was generated by applying a temperature factor of 2070 to the structure factors used in reference 
1 and the positions of the helical backbones are those determined by the high resolution structure presented therein (structure factors and model 
courtesy of Richard Henderson). (C) Azimuthal arrangement of these 10 transmembrane helices. The helical wheels, taken from Green [50], were 
redrawn in accordance with their probable orientation. They are viewed from the cytoplasmic surface so that the odd numbered helices run away 
from, and even numbered ones (mirrored letters) run towards the viewer. The N-terminal residue of each helix is marked (+) and its number appears 
in the center. Around the periphery, the numbers 2-7 designate the remainder of the first heptad of the helix. Each numbered residue is linked to 
the corresponding residue of succeeding heptads by the curved arrows. The variable sites (0) were defined by minima in the plots of mean pairwise 
identity within a family of nine Ca*’ pumps. Residues which are thought to contribute to the Ca*+ site [54] are also marked (A). Because at least 
23 residues are shown for each helix, the N and C termini overlap and are shown by doubled residues with the C-terminal ones at higher radius. 
The main transmembrane masses are designated A,, A,, B, and C as in Figs. 1 and 3a. 
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ments from different laboratories showing cleavage from 
the cytoplasmic side [20-222527,411 and two sets of 
experiments with antibodies [30,31]. The only conflicting 
evidence (discussed further below) arose from use of one 
monoclonal antibody against Na’/K’-ATPase [28,29] 
and an anomalous result from a fusion protein [47]. 

The L78 loop is the longest extracellular segment (35 
residues) and it is immunologically the most reactive. At 
least six independent sets of experiments on four differ- 
ent pumps assign this loop to the extracellular surface 
[21,24,25,29,31,36,38,39]. Only one antibody suggested 
a cytoplasmic location [28] and immunogold labelling 
[29] has recently shown this same antibody to bind on the 
extracellular surface. 

Immunogold labelling [29] has also been used to re- 
evaluate the location of the antibody to the interface 
between M6 and L67 [28] and, in this case, the extracel- 
lular location of this antibody was confirmed. It is diffi- 
cult to reconcile this result with numerous others relating 
to this loop, but the authors favored a model in which 
a large segment from the middle of M6 to the beginning 
of M8 was extracellular. Because a different antibody to 
an overlapping epitope has been found to bind to the 
cytoplasmic surface [3 11, and because there are also con- 
flicts with results from proteolysis [26,27] and epitope 
insertion [30], further characterization of this antibody 
is desirable. Possibly the cytoplasmic epitope was inac- 
cessible (as was observed for L67 of Ca”-ATPase 
[22,25]) and the observed binding was due to a cross- 
reacting epitope on the extracellular surface. 

The evidence for the location of the C-terminus in the 
cytoplasm, both from antibodies [23,31,32,38,48] and 
from C-terminal proteolysis by carboxypeptidase [44], is 
also extensive and conclusive. Contrary evidence from 
pyridoxal phosphate labelling was subsequently shown 
to be artefactual [33]. Only a single antibody experiment 
has given an unexplained extracellular location [28]. 

We are left with the locations of the two short loops 

L,, and Lg,10 for which evidence is sparse and conflicting. 
On the one hand, tryptic cleavage sites in L89 were acces- 
sible from the cytoplasmic face [20,41] in both the Ca”- 
and H’/K’-ATPases. On the other hand, epitopes in- 
serted into L,, and Lg,,, of Na’/K’-ATPase [30] were 
found to be extracellular and cytoplasmic, respectively, 
supporting the &segment model in Fig. 2b. The prote- 
olytic experiments [20,41], however, suggested that both 

Lg9 and L~JO were accessible from the cytoplasm, 
implying a different %segment model in which M9 and 
Ml0 are both located there; in the case of Ca*‘-ATPase, 
M9 seems to be membrane associated because it is re- 
tained by the membrane after proteolysis. These results 
not only conflict with each other, but also with two 
comprehensive studies using expression techniques 
[43,47]. 

In the first of these studies [47], the Mg2+ pump of S. 
typhimurium was expressed in a series of truncated forms 

a b 

C d 

e 

Fig. 4. Analysis of possible folds. Helices were located on a hexagonal 

grid approximating the shape of the observed electron density. All 

possible folds were generated in which (1) loops on a given side of the 

membrane (cytoplasmic or luminal) did not cross one another, (2) no 

connection was longer than two grid units and (3) short loops (L,,, L,,, 

L,,, and L,,,,) were shorter than two grid units. In addition, two further 

criteria were applied: M2, M3, M4, and M5 should form a bundle (dark 

grey shading) to lie beneath the stalk and M4, M5, M6, M8 should be 

packed together to form an ion-binding site (light grey shading). Of the 

possible 14,833 folds (excluding mirror images which are indistinguish- 

able), 38 satisfied the above requirements. Using the method of Taylor 

et al. [Sl], these folds were ranked according to their exposure of 

variable helices and burial of conserved helices as determined by Green 

[50] and shown in Fig. 3c. Based on the variability within the Na’lK’- 

ATPase family, the 6 top-scoring folds were thus ranked from a to f. 

Based on the variability within the Cal’-ATPase, the folds were ranked 

b, a, f, d, c, with fold e falling out of the top 6. The top three folds for 

Ca*‘-ATPase (b, a, f) all place the stalk helices in the correct position 

relative to the reconstruction and also locate Ml underneath the plat- 

form. Of these folds, f also places the longest helix, M7, within the 

sloping lobe B. The double-headed arrows indicate that exchanging the 

two helices does not affect the overall score. Of the two variants on fold 

f, the one shown was preferred as it gives a shorter distance for L,,. 

with j?-lactamase or j?-galactosidase fused as a marker 
protein to the C-terminal residue. Sixteen of 35 fusion 
sites were located either in the short extramembranous 
loops (9 in all, including N and C terminus), or within 
- 4 residues of these loops; /I-lactamase or Sgalactosidase 
activity was then used to determine the sidedness of the 
loops. Only one fusion in L67 gave results inconsistent 
with the lo-segment model, but two other fusions in L67 
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were consistent with the expected cytoplasmic location 
of this loop. Aside from this one inconsistency and some 
ambiguous results from several fusions in the middle of 
transmembrane segments, this work is uniquely consis- 
tent with the 10 transmembrane segments shown in Fig 
2a. Unfortunately, the method is only applicable to bac- 
terial expression systems and so cannot at present be 
used on other P-type pumps. However, the second study 
([43]; Bamberg and Sachs, pesonal communication) used 
in vitro translation of fusion proteins to address the abil- 
ity of individual transmembrane segments to pass 
through the membrane, acting either as signal anchor or 
stop transfer sequences; glycosylation of a sequence 
fused onto the C-terminus was used to detect sidedness 
of this C-terminus. When applied to H’/K’-ATPase, seg- 
ments 1,2,3, and 4 inserted nicely into the membrane 
during translation, as did segments 89, and 10. Segments 
5,6, and 7 were problematic and the authors suggested 
that they may not co-insert during translation, but may 
involve a different, posttranslational insertion. Given 
strong independent evidence for transmembrane loca- 
tion of segments 5,6, and 7, these results are again consis- 
tent with a lo-segment topology. 

4. Hypothetical packing of 10 transmembrane helices 

Additional support for the lo-segment model came 
from our attempts to fit 10 helices into the density map 
of Ca*‘-ATPase (Stokes, Taylor and Green, unpublished 
results). As a first step towards this fit, it was necessary 
to define the molecular boundary more precisely. Be- 
cause the contrast within the membrane was low, we 
calculated the expected volume of the cytoplasmic do- 
mains (654 residues yielding 87,192 A3) and chose a den- 
sity cut-off for the reconstruction which closely corre- 
sponded to this volume (98.7%); this cut-off was then 
used to generate a molecular envelope within the mem- 
brane and actually generated a volume for the whole 
molecule that was 100.7% of that expected. To determine 
an appropriate position for helical backbones relative to 
the boundary of density, we examined the well-deter- 
mined structure of bacteriorhodopsin [l], which had 
been truncated to 15 A resolution by applying a large 
temperature factor (B = 2070 attenuates data at 15 A by 
90%). At this resolution, the C-a backbone of the 7 he- 
lices of bacteriorhodopsin were right up against the mo- 
lecular envelope (Fig. 3b), indicating that aliphatic and 
aromatic side chains do not generate much contrast with 
respect to aliphatic lipid tails at this low resolution. 
Given these guidelines, we were able to fit 10 helices 
comfortably into the transmembrane envelope of Ca*‘- 
ATPase (Fig. 3a), whereas an 8 helix model would have 
left a lot of empty space. In particular, the relative sizes 
of the A,B and C lobes (defined in Fig. 1) suggested that 
they contained 6, 2 and 2 helices, respectively. 

In order to assign individual helices in this model, we 
applied constraints provided by mutagenesis and struc- 
tural connectivity and the results are shown in Fig. 3c. 
Because one side of the A lobe (Al) lies immediately 
beneath the stalk, we filled it with helices M2, M3, M4 
and M5. Near the membrane surface, the stalk extends 
into a ‘platform’, which partly overlies lobe C, and we 
therefore fitted the 56 residue N-terminal segment into 
this platform and fitted Ml into lobe C (c.f. [17]). The 
long M7 helix was fitted into the highly inclined B lobe 
and M8 into the other side of the A lobe (A2); this is 
consistent with the position of the lumenal domain, 
which must contain the long, antigenic lumenal loop 
(L78) and which clearly links B to A2. We also put M6 
into the A2 lobe such that M4, M5, M6, and M8 could 
cluster together to form the Ca*’ site. This leaves M9 to 
go into the B lobe and Ml0 to accompany Ml in the C 
lobe; a tenuous connection between B and C lobes is seen 
in the map and could represent L9,lO. 

These assignments are consistent with a theoretical 
analysis of Ca*‘-ATPase regarding both the distribution 
of variable residues around the putative transmembrane 
helices [50] and their possible arrangements [51]. In all 
but the three most highly conserved helices (M4, M5, 
M6), the variable residues were clustered on one face of 
each helix, thus defining a surface likely to be exposed 
to the lipid [52]. This surface helped to define both the 
location and the azimuth of the helix within the low 
resolution structure as follows. Many possible arrange- 
ments of the 10 helices were generated and ranked ac- 
cording to the exposure of individual helices to the lipid 
environment. The six most probable arrangements are 
shown in Fig. 4, in which Fig. 4f (ranked third most 
probable) corresponds to the arrangement in Fig. 3c. 
Although these results were obtained with Ca2’-ATPase, 
it is also noteworthy that the family of Na’/K’-ATPase 
sequences showed a similar distribution of variable sites, 
even though the mean pairwise identity between the two 
families was only 20% in the transmembrane region, and 
generated a very similar ranking of helix arrangements 
(Fig. 4) As expected, M4 is deeply buried, both because 
of its high conservation and because of the results of site 
directed mutagenesis [53], which showed large effects on 
activity from mutations located all around this helix. 
Also, the highly variable M3, M9 and Ml0 are all in 
exposed positions. The exposed position of M6 is less 
satisfying, because of its high conservation, but we set- 
tled on this arrangement in order to avoid both a long 
distance between M8 and M9 and a short M5-M6 con- 
nection diagonally across the entrance to the Ca*’ site. 
This, together with the somewhat irregular path of the 
inter-helix connections, are the least satisfactory aspects 
of the model, which otherwise satisfies the complex pat- 
tern of constraints. We hope that this model will suggest 
a number of experimental tests, the results of which will 
undoubtedly lead to future refinements. 
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