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What the structure of a calcium pump tells us about its mechanism
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The report of the crystal structure of the Ca#+-ATPase of skeletal

muscle sarcoplasmic reticulum in its Ca#+-bound form

[Toyoshima, Nakasako and Ogawa (2000) Nature (London) 405,

647–655] provides an opportunity to interpret much kinetic and

mutagenic data on the ATPase in structural terms. There are no

large channels leading from the cytoplasmic surface to the pair of

high-affinity Ca#+ binding sites within the transmembrane region.

One possible access pathway involves the charged residues in

transmembrane α-helix M1, with a Ca#+ ion passing through the

first site to reach the second site. The Ca#+-ATPase also contains

a pair of binding sites for Ca#+ that are exposed to the lumen. In

the four-site model for transport, phosphorylation of the ATPase

leads to transfer of the two bound Ca#+ ions from the cytoplasmic

to the lumenal pair of sites. In the alternating four-site model for

transport, phosphorylation leads to release of the bound Ca#+

INTRODUCTION
The P-type ATPases are a large family of membrane proteins

that are responsible for the active transport of cations across

biological membranes. The family can be divided into three

major groups: those that transport heavy metals such as Cu#+,

Cd#+ and Hg#+, the plant and fungal H+-ATPases, and the

(Na+,K+)- and Ca#+-ATPases [1,2]. The energy required to move

cations against their electrochemical potential gradients comes

from the hydrolysis of the terminal phosphate bond of ATP,

to give ADP and P
i
. During the process, an Asp residue

in an invariant sequence DKTGT(I}L)T on the ATPase

becomes phosphorylated; it is this feature that distinguishes

the P-type ATPases from other transport ATPases, such as the

V-type ATPases and the F
!
F

"
-ATPases.

The Ca#+-ATPase of muscle sarcoplasmic reticulum (SR) or

endoplasmic reticulum (ER) consists of a single polypeptide

chain, unlike other ATPases, which exist as α,β-heterodimers.

Three genes code for the SR}ER Ca#+-ATPases (SERCAs) :

SERCA1, SERCA2 and SERCA3. The SERCA1 gene encodes

the Ca#+-ATPase of the SR, which is expressed mainly in fast-

twitch skeletal muscle. The recent publication of the X-ray

crystal structure of the SERCA1 Ca#+-ATPase of rabbit skeletal

muscle SR by Toyoshima et al. [3] provides many insights into

the mechanism of the Ca#+-ATPase. The aim of this review is to

describe the mechanism of the Ca#+-ATPase, and to show how

far the mechanism can be interpreted in terms of the high-

resolution crystal structure.

OVERALL STRUCTURE OF THE Ca2+-ATPase
Sequencing of the Ca#+-ATPase led to a predicted secondary

structure comprising three globular cytoplasmic domains con-

Abbreviations used: A domain, activation domain; N domain, nucleotide binding domain; P domain, phosphorylation domain; ER, endoplasmic
reticulum; SR, sarcoplasmic reticulum; SERCA, sarcoplasmic reticulum/endoplasmic reticulum Ca2+-ATPase ; HAD, haloacid dehalogenase; C12E8,
octa(ethylene glycol) monododecyl ether ; TNP-AMP, 2«,3«-O-(2,4,6-trinitrophenyl)-AMP; PC, phosphatidylcholine.
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ions directly from the cytoplasmic pair of sites, linked to closure

of the pair of lumenal binding sites. The lumenal pair of sites

could involve a cluster of conserved acidic residues in the loop

between M1 and M2. Since there is no obvious pathway from the

high-affinity sites to the lumenal surface of the membrane,

transport of Ca#+ ions must involve a significant change in the

packing of the transmembrane α-helices. The link between

the phosphorylation domain and the pair of high-affinity Ca#+

binding sites is probably provided by two small helices, P1 and

P2, in the phosphorylation domain, which contact the loop

between transmembrane α-helices M6 and M7.

Key words: Ca#+-ATPase, Ca#+ transport, membrane proteins,

sarcoplasmic reticulum, skeletal muscle.

nected by a helical stalk segment, S, to ten transmembrane α-

helices (M1–M10) [4], as shown in modified form in Figure 1.

The first of the cytoplasmic domains, initially referred to as the

transduction or β-strand domain, is a 125-residue loop connected

to stalk regions S2 and S3. A larger loop of about 410 residues,

connected to stalks S4 and S5, was originally proposed to consist

of a phosphorylation domain (P domain) (containing the residue

Asp-351 that becomes phosphorylated), followed by a nucleotide

binding domain (N domain) and a hinge region connecting to S5.

This original domain assignment was modified following the

realization that the Ca#+-ATPase belongs to a superfamily of

haloacid dehalogenases (HADs) that includes, as well as the P

domain of the P-type ATPases, the catalytic domains of HADs,

phosphoglycomutases and serine}threonine phosphatases, all of

which form an aspartyl ester intermediate [5,6]. The crystal

structure of L-2 HAD from Pseudomonas sp. YL (1JUD) shows

a catalytic domain consisting of a typical Rossman fold of a six-

stranded β-sheet surrounded by five α-helices, with a subdomain

inserted into the catalytic domain between the first β-sheet and

the first α-helix of the catalytic domain [7]. By analogy, it was

therefore suggested that the N domain of the Ca#+-ATPase

formed an insert within a combined phosphorylation}hinge

domain, as shown in Figure 1 [6]. These predictions are largely

in agreement with the X-ray structure for the Ca#+-ATPase

(Figure 2).

The crystal structure of the Ca#+-ATPase shows the presence

of ten transmembrane α-helices, with three clear globular do-

mains on the cytoplasmic side of the membrane with small loops

on the lumenal side (Figure 2). The number of transmembrane

α-helices has been the subject of some controversy. Secondary

structure predictions all agreed that four transmembrane α-

helices were present in the N-terminal half of the protein, but
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Figure 1 Secondary structure of the Ca2+-ATPase based on the crystal structure of Toyoshima et al. [3]

The three cytoplasmic domains A (activation), P (phosphorylation) and N (nucleotide binding) are connected to the ten transmembrane α-helices by four α-helical stalks (numbered 2–5, in accordance

with the transmembrane α-helix to which they are attached). The N domain forms an insert into the P domain. The locations of a number of conserved motifs are shown.

disagreed with regard to the number present in the C-terminal

half. Confirmation of the localization of the N- and C-termini of

the Ca#+-ATPase on the cytoplasmic side by antibody binding

studies showed that the number of transmembrane α-helices had

to be even [8]. A model with ten transmembrane α-helices was

supported by antibody binding studies, which showed that

residues between Lys-870 and Ile-890 (the M7–M8 loop) were

on the lumenal side of the membrane [9,10].

Whereas secondary structure predictions suggested the pres-

ence of five α-helices in the stalk region connecting the cyto-

plasmic domains to the transmembrane region [4], in fact there

are only four, connected to transmembrane α-helices M2–M5;

N-terminal residues 1–50 are connected directly to M1 without

the predicted stalk region S1. The stalk regions consist of

extensions of the transmembrane α-helices above the expected

membrane surface. The stalk regions of the α-helices differ from

the transmembrane regions in being much less hydrophobic and

in containing a high proportion of charged residues, particularly

Glu and Asp. The stalk S5 is particularly remarkable, forming,

with the transmembrane α-helix M5, a continuous 41-residue α-

helix stretching from Phe-740 to Ala-780, giving the appearance

of a pillar running up the centre of the protein.

At the centre of the cytoplasmic headpiece is the P domain.

The P domain is made up of two parts, widely separated in the

amino acid sequence: an N-terminal region from about Asn-330

to Asn-359 and a larger C-terminal region from Lys-605 to Asp-

737. The structure of the P domain is analogous with that of the

HADs, as predicted by the sequence identity [6]. The N domain

is the largest of the three cytoplasmic domains, running roughly

from Gln-360 to Arg-604. The N domain is inserted into the

sequence between the two components making up the P domain,

like the subdomain inserted into the catalytic domain of the

HADs. The N domain is a seven-stranded antiparallel β-sheet

sandwiched by two bundles of α-helices linked to the P domain

by two loops. This presumably gives the N domain considerable

flexibility with respect to the rest of the structure, and explains

the fact that several proteases release a stable fragment of the

Ca#+-ATPase, comprising residues Thr-357 to Thr-608, which

retains the ability to bind nucleotides [11].

The 145 residues between stalks S2 and S3, together with the

50 residues in the N-terminal region, form what has been called

the activation domain (A domain) by Toyoshima et al. [3] ; this

was previously called the transduction or β-strand domain. The

region between S2 and S3 forms a distorted jelly-roll structure,

and the N-terminal region contains two short helices [3]. The

domain is almost isolated from the rest of the structure, being

connected to the transmembrane region by three long loops. The

second trypsin cleavage site (T2) at Arg-198 is in an exposed loop

on the outermost edge of the A domain. Trypsin cleavage at T2

is enhanced by binding of Ca#+ and blocked by phosphorylation

[12], suggesting that this domain might move during transport.

The N-terminal region shows little identity with the other P-type

ATPases. Daiho et al. [13] found that deletion or substitution of

some of the residues in the Ala-3 to Thr-9 region led to a much

reduced level of expression, suggesting that the N-terminal region

is critical for correct folding of the ATPase.

The transmembrane region consists of ten transmembrane α-

helices. Two Ca#+ ions are bound in the transmembrane region

between helices M4, M5, M6 and M8 (Figure 2). Ca#+ ions

bound to proteins are typically co-ordinated by seven oxygen
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Figure 2 Structure of the Ca2+-ATPase

The three cytoplasmic domains A, P and N are coloured blue, yellow and green respectively. The

N-terminal region is coloured dark blue. The four transmembrane α-helices involved in

binding Ca2+ at the high-affinity pair of sites are coloured as follows : M4, yellow ; M5, lilac ;

M6, green ; M8, blue ; the other transmembrane α-helices are coloured red. Of the two bound

Ca2+ ions (orange), only one is visible in this view. Trp residues are shown in ball-and-stick

representation. Charged residues in helix M1 are shown in space-fill representation. (PDB file

1EUL).

ligands, in a non-symmetrical arrangement [14], and that is what

is seen here (Figure 3). The two Ca#+ ions are bound side by side,

5.7 A/ apart, at almost the same distance from the membrane

surface. Site I contains oxygen ligands from M5, M6 and M8,

whereas site II contains oxygen ligands predominantly from M4.

The two sites are bridged by Asp-800 in M6, which contributes

a carboxyl oxygen to both sites. Co-ordination at site I is

provided by side-chain oxygens of Asn-768 and Glu-771 from

M5, Thr-799 and Asp-800 from M6, and Glu-908 from M8.

Disruption of the helical structure of M6 around Asp-800 and

Gly-801 is required to allow both Thr-799 and Asp-800 to

contribute to the site [3]. The oxygen atoms are arranged roughly

in a plane, except for the two carboxyl oxygens of Glu-771,

which are located beneath (on the lumenal side of) the plane. Site

II is markedly different, with a much more uniform distribution

of oxygen ligands around the Ca#+ ion and with contributions

from both side-chain and backbone oxygens. Oxygens are

provided by side-chain oxygens of Asn-796 and Asp-800 from

M6 and Glu-309 from M4, and by backbone oxygens of Val-304,

Ala-305 and Ile-307 from M4. Again, this pattern of co-

ordination requires that the helix that contributes most ligands

to the site (M4) is unwound between Ile-307 and Gly-310. The

unwound region of M4 contains the PEGL (Pro-Glu-Gly-Leu)

motif found in the P-type ATPases ; the Glu residue is replaced

by Cys or His in ATPases that transport heavy metals [2].

The two sites are linked most obviously by Asp-800, which co-

ordinates both Ca#+ ions, and also by a hydrogen bond between

Asn-768 at site I and Ala-306 in the Val-304–Glu-309 loop

important in co-ordinating Ca#+ at site II. Extensive hydrogen-

bonding networks link the residues at both sites to residues in

neighbouring helices. This is obviously important in stabilizing

the unwound helices within the environment of the lipid bilayer,

since the energetic cost of losing a hydrogen bond in a hydro-

phobic environment is very high [15].

MECHANISM OF THE Ca2+-ATPase

The mechanism of the Ca#+-ATPase is usually discussed in terms

of the E1–E2 model developed from the Post-Albers scheme for

(Na+,K+)-ATPase, as shown in Scheme 1 [16]. The model

proposes that the Ca#+-ATPase can exist in one of two distinct

forms, E1 and E2. In its original form, the model further

proposed that, in the E1 conformation, the ATPase contained

two high-affinity binding sites for Ca#+ that were exposed to the

cytoplasm, whereas in the E2 conformation these two sites had

been transformed into low-affinity sites exposed to the lumen

of the SR; this is the alternating-site model (Figure 4). Following

the binding of MgATP to the Ca#+-bound form of the

ATPase, the ATPase is phosphorylated and undergoes a change

in conformation to E2PCa
#
, a state in which the two Ca#+ binding

sites are of low affinity and inwardly facing. Following loss of

Ca#+ to the lumen of the SR, the ATPase is dephosphorylated

and is recycled to E1.

The phosphorylation events on the Ca#+-ATPase are reversible.

The phosphorylated ATPase can react with ADP in the presence

of Ca#+ to regenerate ATP. More surprisingly, the dephosphory-

lation event is also reversible, so that incubation of the Ca#+-

ATPase with P
i

in the absence of cytoplasmic Ca#+ leads to

phosphorylation of the ATPase [17–20]. Since acyl phosphates

have larger negative free energies of hydrolysis than even ATP

[16], spontaneous formation of an acyl phosphate, in the absence

of any source of energy, is unusual. It implies stabilization of the

acyl phosphate on the ATPase, presumably by interaction with

Mg#+ (necessary for the reaction) and with groups on the ATPase.

In this back-reaction (Scheme 2), Mg#+ and P
i
bind randomly to

the ATPase. The level of phosphorylation decreases markedly

with increasing pH, since although H
#
PO−

%
and HPO#−

%
can both

bind to the ATPase, only binding of H
#
PO−

%
leads to phosphory-

lation, with an equilibrium constant (K
&
in Scheme 2) of 2.3 [21].

Many the features of this reaction scheme are still controversial.

As a minimum, we can say that binding of Ca#+ to the high-

affinity sites on the ATPase causes a change in chemical reactivity,

from being reactive with P
i
and water in the absence of Ca#+ to

being reactive with ATP and ADP in the presence of Ca#+ [22].

A wide range of experiments on the rate of phosphorylation of

the ATPase by ATP can be interpreted simply in these terms,

without the need for two conformations (E1 and E2) for the

ATPase [23,24]. However, a variety of spectroscopic experiments

have been interpreted in terms of a pH-dependent equilibrium

between two forms, E1 and E2 (see [25]). The equilibrium be-

tween E1 and E2 fits the simple scheme shown in Scheme 3,

with a value of K
"
of 4 with stronger binding of H+ to E2 (K

$
¯

3¬10) M−") than to E1 (K
#
¯ 5¬10& M−") explaining the shift

towards E2 with decreasing pH [25].
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Figure 3 Two high-affinity Ca2+ binding sites on the Ca2+-ATPase

Residues contributing to the binding sites are shown. Also shown is Glu-58 on transmembrane α-helix M1.

Scheme 1 E1/E2 scheme for the Ca2+-ATPase

Either ATP or Ca2+ can bind first to the E1 conformation of the Ca2+-ATPase. A series of conformational changes leads to the intermediate E1§Ca2[ATP, which undergoes phosphorylation to give

E2PCa2. This loses Ca2+ into the lumen and can then be dephosphorylated to form E2, which can return to E1.

More recently, it has become clear that the alternating-site

model shown in Figure 4 is not compatible with much of the

kinetic and equilibrium data available for the Ca#+-ATPase. In

particular, the alternating-site model predicts that binding of

Ca#+ to the ATPase from the lumenal side (to the E2 con-

formation) will be competitive with binding of Ca#+ from the

cytoplasmic side (to the E1 conformation). In fact, it has been

shown that the presence of Ca#+ in the lumen of the SR has no

effect on the affinity of the cytoplasmic sites for Ca#+, or on the

proportions of the ATPase present in the E1 and E2 confor-

mations at equilibrium [20,21]. A possible explanation for these

results might have been that Ca#+ is unable to bind to the E2

conformation from the lumenal side of the membrane, although

it must be able to bind to E2P, since E2PCa
#
is an intermediate

in the reaction cycle. However, this suggestion would be in-

consistent with the observed effects of lumenal Ca#+ on the level

of phosphorylation of the ATPase by P
i
. If lumenal Ca#+ could

bind only to E2P, and not to E2, the presence of very high

concentrations of lumenal Ca#+ would pull the equilibrium for

phosphorylation of the ATPase by P
i
fully over to the phosphory-

lated form (Scheme 4), and this is not seen [17,20]. Rather, only

a proportion of the ATPase becomes phosphorylated, depending

on the concentrations of Mg#+ and P
i
. This means that the

unphosphorylated and phosphorylated forms of the ATPase

must bind an equal number of Ca#+ ions from the lumenal side.

Thus lumenal Ca#+ must be able to bind to both E2 and E2P, and

yet not compete with binding of Ca#+ to the cytoplasmic pair of

sites. The simplest explanation is that the Ca#+-ATPase contains

separate pairs of cytoplasmic and lumenal binding sites for Ca#+,

so that Ca#+ can bind simultaneously from the two sides of the

membrane [20] ; this is the four-site model shown in Figure 4. In

terms of this four-site model, the E1 and E2 conformations differ
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Figure 4 Three models for transport of Ca2+ by the Ca2+-ATPase

The alternating-site model proposes the presence of one pair of sites which alternate from being exposed to the cytoplasm in the E1 conformation to being exposed to the lumen in the E2 and

E2PCa2 states. In the four-site model, two Ca2+ ions move on phosphorylation of the Ca2+-ATPase from a pair of sites exposed to the cytoplasm in E1 to a separate pair of sites exposed to the

lumen in E2PCa2 and E2. In the alternating four-site model, the pair of transport sites changes from being exposed to the cytoplasm in E1 to being exposed to the lumen in E2PCa2 ; in the E2

conformation, the transport sites are not accessible from either side of the membrane. Phosphorylation also leads to closure of a pair of lumenal sites. The net result is that only two Ca2+ ions

can bind to all E2 conformations from the lumenal side of the membrane. The importance of the lumenal pair of sites in the alternating four-site model is to prevent the build-up of large amounts

of phosphorylated ATPase as a result of back-reaction with Pi in the cytoplasm. In all three models, binding of Ca2+ to the cytoplasmic sites is ordered ; binding of the second Ca2+ ion (blue)

blocks release of the first Ca2+ ion (orange). Lumenal Ca2+ ions are shown in grey.

Scheme 2 Phosphorylation by Pi

in that, whereas in the E1 conformation the Ca#+-ATPase can

bind a total of four Ca#+ ions, in the E2 conformation the pair of

cytoplasmic sites are unavailable for binding and Ca#+ can only

bind to the lumenal pair of sites. In the four-site model,

phosphorylation of E1Ca
#
to give E2PCa

#
causes the cytoplasmic

pair of sites to close as the pair of Ca#+ ions transfer to the

lumenal pair of sites, from which they are released into the lumen

of the SR [20].

Scheme 3 Effect of pH on the E1/E2 equilibrium

A major difference between the alternating- and four-site

models for transport is, therefore, that in the alternating-

site model the two bound Ca#+ ions are released directly to the

# 2001 Biochemical Society
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Scheme 4 Effect of lumenal Ca2+ on phosphorylation by Pi

lumen from the pair of sites to which they first bind (the cyto-

plasmic pair of sites), whereas in the four-site model the two Ca#+

ions are released from the other, lumenal pair of sites. However,

as will be described later, experiments using site-directed muta-

genesis support a model in which the bound Ca#+ ions are

released directly into the lumen from the cytoplasmic pair

of sites. This is consistent with a different formulation of the four-

site model, which we have called the alternating four-site model

(Figure 4). This proposes that phosphorylation of the ATPase

results in a change in the cytoplasmic pair of binding sites into a

state in which they are exposed to the lumen and of low affinity

for Ca#+, as in the alternating-site model. Phosphorylation also

results in closing of the pair of lumenal binding sites on the

ATPase. Finally, the pair of transport sites are unavailable for

binding Ca#+ from either side of the membrane in the E2 state

(Figure 4). This ensures that E2 and the phosphorylated ATPase

(E2P) can both bind only two Ca#+ ions from the lumenal side,

as required by the P
i
phosphorylation experiments. The import-

ance of the lumenal pair of sites in the alternating four-site

model would be to prevent the build-up of large amounts of

phosphorylated ATPase as a result of back-reaction with P
i
in

the cytoplasm; in the absence of such a pair of lumenal sites,

binding of lumenal Ca#+ to E2P would highly favour the

phosphorylated form, as already explained. The differences

between these two models will be explored further later in this

review.

Binding of Ca#+ to the high-affinity pair of sites on E1 is co-

operative, probably with a conformation change occurring

between the binding of the first and second Ca#+ ions, according

to the scheme:

E1­Ca#+ %E1Ca%E1«Ca­Ca#+ %E1«Ca
#

where the E1 conformation possesses only a single high-affinity

Ca#+ binding site, and the conformation change E1Ca!E1«Ca

is necessary to create the second site [25,26].

The substrate for the ATPase reaction is MgATP, but Mg#+

and ATP can bind and dissociate from the catalytic site in-

dependently or as the MgATP complex [27]. Mg#+ can bind to

preformed E1«Ca
#
[ATP, so that the catalytic Mg#+ binding site

cannot be ‘buried’ underneath the ATP. Similarly, since Mg#+

can dissociate from the catalytic site independently of ATP, the

phosphates of ATP cannot be held in a pocket by the Mg#+ ion,

since in such a model the Mg#+ ion would have to dissociate from

the ATPase before ATP could dissociate [27]. This mirrors the

observation that binding of Mg#+ and P
i
are random in the back-

phosphorylation reaction, as shown in Scheme 2.

The ATPase can either first bind Ca#+ and then MgATP, or

first bind MgATP and then Ca#+ ; the differences between these

two pathways are described in more detail below. Taking just the

upper pathway in Scheme 1 as an example, when MgATP is

added to preformed E1«Ca
#
, the rate-determining step for phos-

phorylation is a conformational change following the binding of

MgATP (the E1«Ca
#
[ATP!E1§Ca

#
[ATP step in Scheme 1) ;

this is followed by fast phosphorylation with a rate constant (k)

of & 1000 s−" [28]. The conformational change is thought to

involve movement of the γ-phosphate of ATP towards the

phosphorylation site, aligning it for rapid phosphoryl transfer

[28].

Only a single Ca#+-bound phosphorylated form (E2PCa
#
) is

shown in Scheme 1. In the original formulation of the E1–E2

model, two phosphorylated forms, E1PCa
#

and E2PCa
#
, were

included, giving the pathway E1§Ca
#
[ATP!E1PCa

#
!E2PCa

#
[16]. The evidence for two forms came from experiments in which

ADP was added to the ATPase phosphorylated with ATP in the

presence of Ca#+. A biphasic loss of phosphoenzyme was

observed, and it was proposed that the component reacting

rapidly with ADP was E1PCa
#
(reacting with ADP to give ATP)

and that the slowly reacting component was E2PCa
#
, which had

to undergo the E2PCa
#
!E1PCa

#
(slow) transition before re-

action was possible with ADP [16]. In this scheme, the relative

proportions of the fast- and slow-reacting components depend

on the ratio of E1PCa
#

to E2PCa
#

at steady state, and is

independent of the ADP concentration added. However, Pickart

and Jencks [29] found that the proportions of the two components

did depend on the ADP concentration; they showed that the

decay was, in fact, consistent with the rapid formation of enzyme-

bound ATP, followed by a slow dissociation of the bound ATP:

E2PCa
#
­ADP%E2PCa

#
[ADP%E1§Ca

#
[ATP

%E1«Ca
#
­ATP

This model predicts that the magnitude of the fast component

(the burst size), α, is dependent on the concentration of ADP,

and is given by:

α¯ [1­K
int

(1­KADP

d
}[ADP])]−"

and the rate constant k for the slow component is given by:

k¯αk
off

where KADP

d
is the dissociation constant for ADP, K

int
is the

equilibrium constant for phosphorylation on the ATPase, and

k
off

is the rate constant for the dissociation of ATP. Thus, under

conditions where the ATPase is fully Ca#+-bound, the presence of

a single form of the ATPase will give biphasic dephosphorylation

on addition of ADP. These results do not, therefore, require the

existence of two forms of the ATPase, E1PCa
#

and E2PCa
#
. In

Scheme 1 the singly phosphorylated, Ca#+-bound form of the

ATPase has been designated E2PCa
#
, according to the definition

being used here that the E1 and E2 conformations differ in that

E2 conformations cannot bind Ca#+ from the cytoplasmic side of

the membrane.

The value of K
int

describing the overall equilibrium

E1«Ca
#
[ATP%E2PCa

#
[ADP is 0.48 [30]. This can be compared

with the formation of an acyl phosphate from a carboxylate

group and ATP in solution, which is unfavourable, being

described by an equilibrium constant of 6¬10−$ [16,31]. The

large increase in equilibrium constant for phosphorylation on

the Ca#+-ATPase presumably reflects favourable interactions

between the phosphate group and the enzyme in the phosphoryl-

ated ATPase, and also a destabilization of ATP when bound to

the ATPase, as described later.

MgATP, as well as being the substrate for the ATPase,

increases the rates of a number of the steps in the reaction cycle,

including the rates of the E2!E1 step, of Ca#+ binding, of Ca#+

release into the lumen and of dephosphorylation, resulting in a

complex dependence of overall rate on ATP concentration (see

[32]). The observation that MgATP increases the rate of dephos-

phorylation [33] shows that MgATP must be able to bind to the

phosphorylated ATPase; this is also consistent with the ob-

servation that MgATP can bind to the ATPase complexed with
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vanadate, an analogue of P
i
that binds with high affinity to the

ATPase [34]. Many of these observations can be explained by

assuming that MgATP binds to the nucleotide binding site on the

phosphorylated ATPase that is made vacant when ADP dissoci-

ates [32]. This does, however, raise a problem. It has been

reported that the catalytic Mg#+ ion remains bound to the

ATPase following phosphorylation [35–37]. Thus binding of

MgATP to the phosphorylated ATPase would give a species with

two bound Mg#+ ions, and there is no direct evidence for such a

species. Binding of free ATP to the phosphorylated ATPase

would give a species with a single bound Mg#+ ion, but the

concentration of free ATP present under the normal assay

conditions of high Mg#+ concentrations would be too low to play

any significant role in the reaction [32]. Possibly MgATP binds

to the phosphorylated ATPase, forming a transitory complex

with two bound Mg#+ ions, followed by rapid loss of one of the

Mg#+ ions. An alternative possibility is that MgATP binds to

the phosphorylated ATPase at a site other than the catalytic site ;

although there is no direct evidence for two nucleotide binding

sites on the Ca#+-ATPase, there has been considerable discussion

about this possibility.

WHAT THE STRUCTURE TELLS US

Ca2+ binding

The structure reported by Toyoshima et al. [3] is for a crystal of

the Ca#+-ATPase grown at pH 6.0 in the presence of the detergent

octa(ethylene glycol) monododecyl ether (C
"#

E
)
) and high con-

centrations of Ca#+ [3]. The crystal structure therefore corre-

sponds to the E1«Ca
#
state. The affinity of the ATPase for Ca#+

at pH 6.0 is approx. 10 µM [38], so that it is initially surprising

that crystallization of the ATPase requires a Ca#+ concentration

greater than 100 µM [39,40]. However, the detergent C
"#

E
)

has

complex effects on the properties of the Ca#+-ATPase [41],

including a reduction in affinity for Ca#+ [42,43], and the presence

of C
"#

E
)

during crystallization could therefore explain the

requirement for a high concentration of Ca#+.

The two Ca#+ ions are bound to residues identified previously

by mutagenesis. Residues presumed to be at the Ca#+ binding

sites were identified from mutations that blocked Ca#+-dependent

phosphorylation by ATP, but which left Ca#+-independent phos-

phorylation by P
i

unaltered [44]. Glu-309, Glu-771, Asp-800,

Glu-908, Asn-796 and Thr-799 were assigned to the Ca#+ binding

sites in this way (reviewed in [45]). Assignment of residues to

each of the two Ca#+ binding sites was made on the basis that

binding of Ca#+ to just the first of the two Ca#+ binding sites

could block phosphorylation of the ATPase by P
i
[46]. Mutation

of Glu-309 gave a mutant that was able to bind a single Ca#+ ion

[47,48], and Ca#+ was able to prevent phosphorylation by P
i
,

suggesting that the first Ca#+ ion binding site was intact on the

ATPase, and thus that Glu-309 was part of site II [49]. Mutation

of Asn-796 also gave a mutant that bound a single Ca#+ ion; the

double mutation of both Glu-309 and Asn-796 still allowed a

single Ca#+ ion to bind, showing that Asn-796 and Glu-309

contribute to the same Ca#+ ion binding site [48]. In contrast with

these mutations, mutation of Glu-771 or Glu-908 reduced the

Ca#+ affinity measured both by inhibition of phosphorylation by

P
i
and by stimulation of phosphorylation by ATP, suggesting

that these two residues are located at site I. Similar arguments

were used to suggest that Thr-799 is at site I, whereas Asn-796 is

at site II [50]. Mutation of Asp-800 gave intermediate properties,

suggesting that it could contribute to both sites [49].

Further experiments have made use of the non-phosphory-

lating substrate analogue CrATP, which traps Ca#+ bound to the

ATPase in an ‘occluded’ state from which Ca#+ is lost very

slowly, possibly representing an intermediate state in the normal

transport cycle [51]. Whereas mutation of most Ca#+ binding

residues blocked occlusion of Ca#+ on addition by CrATP,

mutation of Glu-908 at site I to Ala unexpectedly still allowed

Ca#+ occlusion; it was therefore suggested that Glu-908 was less

important in Ca#+ binding than the other acidic residues [50].

Although this suggestion is not borne out by the crystal structure

(Figure 3), it does imply that site II is a more important site in

‘closing off’ the binding sites than site I. An interesting com-

parison can be made with the plasma membrane Ca#+-ATPase,

which binds a single Ca#+ ion. The plasma membrane Ca#+-

ATPase contains just two of the acidic residues present in

transmembrane helices M4, M5, M6 and M8 of the SR Ca#+-

ATPase, corresponding to Glu-309 and Asp-800 in M4 and M6

respectively [52]. The fact that these two residues correspond to

site II also suggests that site II may be more fundamental to the

operation of the SR Ca#+-ATPase than site I, and that occupancy

of site II is required to generate the active conformation of the

Ca#+-ATPase.

That Glu-309 at site II is particularly important is suggested by

experiments in which this residue was replaced by Asp [53]. The

affinity for Ca#+ in Ca#+-dependent phosphorylation by ATP was

little altered by the mutation, but CrATP was unable to occlude

significant levels of Ca#+ [53]. This suggests that Glu-309 plays a

role in trapping Ca#+ in the ATPase as well as in simply binding

Ca#+, with the smaller Asp residue being less good at trapping.

The rate of phosphorylation by ATP was also much reduced by

the Glu-309 to Asp mutation, again suggesting that site II is

important in generating the active conformation of the ATPase

required for phosphorylation.

Mutation of residues close to the Ca#+ binding residues also

blocks Ca#+ binding [54], presumably through secondary effects

of packing. The effects ofmutating the large hydrophobic residues

Phe-760, Tyr-763 and Leu-764 are of interest, since these lie

immediately above site I, on the cytoplasmic side of the mem-

brane. Whereas mutation of Phe-760 and Leu-764 led to a

reduction in Ca#+ affinity, mutation of Tyr-763 to Gly gave an

uncoupled mutant in which Ca#+ transport was uncoupled from

hydrolysis of ATP [54,55]. Mutation of Lys-758 also gives an

uncoupled mutant [45]. It could be that mutation of Tyr-763 or

Lys-758 opens a pathway for the passive leak of Ca#+ through the

ATPase, from the lumenal to the cytoplasmic side. It is more

likely, however, that mutation of these residues allows Ca#+ to be

released from the phosphorylated ATPase to the cytoplasmic

side of the membrane, an example of ‘ true’ uncoupling.

The pathway for Ca2+ binding

The locations of all the acidic residues in the transmembrane

region of the Ca#+-ATPase are shown in Figure 5(A), together

with those in the cytoplasmic and lumenal regions close to the

membrane surface. The surface of the membrane can be defined

in a number of ways. The transmembrane region of a membrane

protein is usually taken to correspond to the region spanning the

hydrocarbon core of the lipid bilayer between the lipid backbone

regions on the two sides of the membrane (see [15]). Thus the

surface of the membrane will be taken as the plane through

the lipid backbone region. Trp residues are frequently found close

to the membrane–water interfaces of membrane proteins, either

in the lipid headgroup region or penetrating into the hydrocarbon

core [15].

The membrane–water interface on the cytoplasmic side of the

Ca#+-ATPase can be identified with some certainty, since a clear

ring of Trp residues can be seen on the cytoplasmic side (Figure

5C). Furthermore, seven acidic residues (Glu-51, Glu-55, Glu-
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Figure 5 Acidic residues in the transmembrane region of the Ca2+-ATPase and close to the cytoplasmic and lumenal surfaces

Trp residues are shown in ball-and-stick representation, and acidic residues are shown in space-fill representation. The two Ca2+ ions are shown in yellow. (A) Positions of the acidic residues.

Acidic residues in the M7–M8 loop are shown in green. The horizontal line shows the likely position of the cytoplasmic surface. (B) A different orientation of the Ca2+-ATPase, making clear the

locations of Asp-59 and Arg-63 in transmembrane α-helix M1 pointing out into the lipid bilayer. Also shown are the other acidic residues in M1, i.e. Glu-51, Glu-55 and Glu-58. (C, D) Ca2+-

ATPase in the same orientation as in (A), showing charged residues that define the likely position of the cytoplasmic surface (C), and two possible locations for the lumenal surface, 21 A/
(C, broken line) or 32 A/ (D, solid line) from the cytoplasmic surface.

109, Asp-254, Glu-258, Glu-918 and Glu-993) are located with

their carboxy groups close to the surface defined by the ring of

Trp residues. Since there are no basic residues located in the

structure close to these acidic residues, it is unlikely that these

residues reside within the hydrophobic core of the membrane. A

basic residue (Lys-262) also points up to this surface from M3,

helping to define the surface (Figure 5C).

Figure 5(A) shows that the ATPase contains no immediately

obvious channels leading from the cytoplasmic surface to the

pair of high-affinity binding sites. In this respect the Ca#+-

ATPase is very unlike the porins [56] and ion channels such as

the potassium channel KcsA [57], where the pathway across the

membrane is obvious in the structure. Identification of the entry

and exit pathways for Ca#+ in the Ca#+-ATPase is made more

difficult by the likelihood that the structure of the Ca#+ binding

sites differs in the absence and presence of Ca#+ because of charge

repulsion between the four carboxy groups in the absence of

Ca#+.

Running along the bottom of the P domain, close to the

cytoplasmic surface, is the M7–M8 loop, which contains four

acidic residues (Figure 5A). Mutation of these acidic residues has

been shown to result in reduced affinity for Ca#+, leading to the

suggestion that the loop could be a direct part of the Ca#+

binding site [58]. However, the location of these residues makes
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Figure 6 Sequence comparisons for Ca2+-ATPases

(A) Comparison of the sequences of the first transmembrane α-helices. The bars represent

the predicted and experimental locations of the helix. (B) Comparison of the sequences of the

M1–M2 loop. Sequences are shown for the following Ca2+-ATPases : SERCA1, fast-twitch rabbit

skeletal muscle [121] ; HVSERCA, Heliothis virescens [122] ; Artemia [123] ; tomato [124] ; PM,

human plasma membrane [125].

their direct involvement in Ca#+ binding very unlikely; the effects

of mutation presumably follow indirectly from changes in the

conformation of the M7–M8 loop. Toyoshima et al. [3] suggested

a pathway for Ca#+ entry leading from the cytoplasmic surface

along a path almost perpendicular to the membrane surface to

site II, between transmembrane α-helices M4 and M6, involving

backbone oxygens of the unwound M4 between Glu-309 and

Pro-312. However, an alternative pathway is suggested by

the unexpected nature of the first transmembrane α-helix of the

Ca#+-ATPase, M1.

Transmembrane α-helix M1 starts at about Glu-51 rather than

at Leu-60, as assumed previously (Figure 6). M1 therefore

contains four acidic residues and one basic residue at its N-

terminal end, which explains its misdiagnosis in hydropathy

plots. Of these charged residues, Glu-58, Asp-59 and Arg-63 are

located within the hydrophobic core of the bilayer, and Glu-51

and Glu-55 are located at the surface (Figure 5B). Glu-58 is

oriented towards the Ca#+ ion bound to site II. Asp-59 is oriented

pointing out into the surrounding lipid bilayer. Location of

charged groups in lipid bilayers is highly unfavourable en-

ergetically, but Asp-59 is stacked against Arg-63 so that they

presumably form an ion pair (Figure 5B).

Of the four acidic residues in M1, all but Glu-51 are conserved

in the family of ER}SR Ca#+-ATPases (Figure 6), suggesting that

this cluster of charged residues is functionally important. The

importance of these residues is also suggested by the fact that two

of the negatively charged residues (equivalent to Glu-55 and

Asp-59) are conserved in the plasma membrane Ca#+-ATPase,

paralleling the observed conservation of two of the four acidic

residues at the pair of high-affinity sites in the SR Ca#+-ATPase

[52]. The location of Glu-58 close to the Ca#+ ion bound to site

II (Figure 3) means that this residue is likely to be able to ‘sense ’

whether or not site II is occupied by Ca#+, with the conformation

of this region of M1 possibly changing on Ca#+ binding. This

could be important, since the ATPase has not only to provide a

pathway for entry of Ca#+ to the high-affinity pair of sites, but it

must also be possible to close off this pathway following

phosphorylation, so that Ca#+ is not lost from the phosphorylated

ATPase to the cytoplasm.

M1 could possibly provide the entry pathway leading to the

Ca#+ binding sites. As shown in Figure 7, a short channel, lined

by Glu-58, leads between Glu-109 and Glu-55 on the membrane

surface to site II buried within the lipid bilayer. This channel is

largely blocked by Glu-309 in the E1«Ca
#
form, but it is possible

that, in the Ca#+-free form, Glu-309 is located to leave free access

to site II. This pathway is on the opposite side of residues

309–312 in M4 suggested by Toyoshima et al. [3] to line the

access pathway (see Figure 7).

Binding of Ca#+ to the cytoplasmic sites is ordered; binding of

the second Ca#+ ion prevents dissociation of the first Ca#+ ion

[59–62]. This is what would be expected if the Ca#+ ions were to

bind within a channel-like structure, where binding of the second

Ca#+ ion to the ‘outer ’ of the two sites would trap the first Ca#+

ion bound in the ‘ inner ’ site. In such a structure, a Ca#+ ion

would have to pass through site II in order to reach site I.

This would be possible if site II were not properly formed in the

absence of Ca#+ at site I, explaining the co-operativity of Ca#+

binding to the ATPase.

Another feature of the Ca#+ binding sites that has to be

explained is that dissociation of Ca#+ is slow; it has been

suggested that the binding and dissociation of Ca#+ are controlled

by a conformational change in a ‘gating’ site [25,62–64]. The rate

of binding of Ca#+ is dependent on pH, and is also affected by

Mg#+ and K+, suggesting that H+, K+ and Mg#+ can all bind to

the gating site [62–64]. In the structure of E1«Ca
#
, the gate is

probably closed. Opening of the gate could correspond to a

twisting of the N-terminal end of M1 (which is somewhat

unwound) to relocate the acidic residues in M1, providing a

pathway for Ca#+ to reach the cytoplasmic pair of sites, together

with a relocation of Glu-309. A conformation for helix M1 in E2

similar to that in E1«Ca
#
could explain why Ca#+ was unable to

bind to the cytoplasmic sites in the E2 conformation; it is

possible that interaction of the Ca#+ ion bound at site II with

Glu-58 enables the gate to open in the E1«Ca
#
conformation, but

that, in the absence of this Ca#+ ion (in the E2 state), the gate is

locked shut.

Arguing against an important role for the acidic residues in

M1 are the results of mutagenesis experiments. Mutation of Glu-

55, Glu-58 and Asp-59 alone has been shown to have no effect on

the rate of accumulation of Ca#+, measured in the presence of

oxalate to precipitate Ca#+ within the lumen of the microsomes;

simultaneous mutation of all three residues led to a 30% decrease

in the rate of accumulation of Ca#+ [65]. However, as long as the

mutations did not block the entry pathway, it is not clear that a

large effect would be expected from mutations under conditions

of high external Ca#+ concentrations. There seem to be no

reported studies of mutagenesis of Glu-51.

Phosphorylation of the ATPase

It has been shown using chemical labelling that the adenine and

γ-phosphate moieties of ATP bind to separate domains on the
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Figure 7 Possible pathway for Ca2+ binding

The view is from the side, in an orientation similar to that in Figure 5(A). The membrane surface is indicated by the horizontal line. Important acidic residues are coloured as follows : Glu-55,

light green ; Glu-58, lilac ; Glu-109, light blue ; Glu-309, dark green. The Ca2+ ion bound at site II is shown in yellow. Residues 310–312 are shown in brown. The bound Ca2+ ion at site II is

clearly visible at the bottom of a short channel lined by Glu-58. The inset shows the same view, but with Glu-309 removed, showing how Glu-309 sits above the Ca2+ ion at site II.

ATPase, the N and P domains respectively. Analogues of ATP

with reactive groups on the rings invariably label residues in the

N domain; these analogues block phosphorylation by ATP, but

not by acetyl phosphate or P
i
[6]. However, if the reactive group

is close to the γ-phosphate, then the residues labelled are in the

P domain and the modified ATPase cannot be phosphorylated

by either ATP or P
i
[6].

The catalytically active E1§Ca
#
[ATP conformation can be

produced by pathways in which either Ca#+ or ATP binds first to

the ATPase (Scheme 1) [23,27,28]. In the pathway in which Ca#+

binds first to give E1«Ca
#

followed by binding of ATP, a slow

(k
$
¯ 220 s−") conformation change leads to the active state. In

the other pathway, ATP binds first, followed by Ca#+ and a slow

(k
'
¯ 70 s−") conformational change to give the active state [23].

By either pathway, the active state can only be reached following

the binding of both ATP and Ca#+. Binding of MgATP is

relatively slow in either pathway,with on andoff rates respectively

of 10( M−"[s−" and 120 s−" for the Ca#+-bound form, and

5.3¬10' M−"[s−" and 24 s−" for the Ca#+-free form [23]. The

relatively low rates of MgATP binding shows that binding is

not simply an encounter process but, rather, must involve a

conformational change on the ATPase.

The structure of the Ca#+-ATPase crystallized in the presence

of Ca#+ and the nucleotide 2«,3«-O-(2,4,6-trinitrophenyl)-AMP

(TNP-AMP) shows TNP-AMP binding to the surface of the N

domain, more than 25 A/ away from Asp-351 (Figure 8) [3]. TNP-

AMP is presumed to bind to the nucleotide binding site, since

binding of analogues of TNP-AMP is competitive with binding

of ATP [66] ; in addition, Lys-515 and Lys-492 are close to the

bound TNP-AMP, and labelling studies have shown that these

two residues are at the active site. Surprisingly, the TNP-AMP

binding site is distinct from that assigned previously to the non-

phosphorylating ATP analogue CrATP on the basis of electron

microscopy studies [67] ; this is particularly clear in the figures

presented in [68].

Binding of ATP to the Ca#+-ATPase in the presence of Ca#+

results in a large conformational change to bring the terminal

phosphate of the bound ATP close to Asp-351. However, the

structure of the ATPase with bound Ca#+ and TNP-AMP is not

significantly different from that in the absence of TNP-AMP [3].

Presumably the γ-phosphate of ATP is required to bring about

the conformational change, and its absence from TNP-AMP

explains the lack of any significant conformational change on

binding of this analogue. The nature of the conformational

change on the Ca#+-ATPase following the binding of Ca#+ and

ATP has been deduced by comparing the crystal structure

of E1«Ca
#
with low-resolution electron microscopy structures of

the Ca#+-ATPase [3]. The E1«Ca
#

conformation corresponds

to the form identified as the open form in electron microscopic

studies, because of the presence of clear, separate domains on the

cytoplasmic side [39]. In contrast, crystallization in the absence

of calcium, but in the presence of vanadate, gives a closed

form of the ATPase in which packing of the cytoplasmic domains

is more compact, which is believed to be similar to the E2 or E2P

forms of the ATPase [39]. Toyoshima et al. [3] showed that the

closed form could be fitted reasonably well to the X-ray structure

by whole domain movements of the cytoplasmic domains. A 90°
rotation of the A domain brings the highly conserved T")"GES

loop into the phosphorylation site. A 20° rotation of the N

domain partially closes the gap between the N and P domains,
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Figure 8 Cytoplasmic domains of the Ca2+-ATPase in a view from the side

Residues shown to be important in binding MgATP are indicated. The two helices P1 and P2 in the P domain are marked, together with the M6–M7 loop believed to be important in coupling

hydrolysis of ATP to transport of Ca2+. Also indicated are the residues in the N domain (K397NDKPV402) believed to be important in interaction with the cytoplasmic domain of phospholamban,

and residues Leu-802 and Thr-805 (shown in yellow) in the transmembrane region of the ATPase which are believed to be important in interaction with the transmembrane domain of

phospholamban.

although a distance of 15–20 A/ still remains between the nucleo-

tide binding site and Asp-351. Complete closure of the two

domains is prevented by a density ascribed to decavanadate

(V
"!

O'−

#)
), bound to a highly positively charged groove containing

Arg-489, Lys-492 and Arg-678; binding to such a site could

explain inhibition of ATPase activity by decavanadate. A smaller

vanadate oligomer also appears to be bound close to Asp-351.

The relationship between the P domain and the transmembrane

α-helices M4 and M5 also changes, and the large movement of

the A domain requires changes in the orientations of helices

M1–M3 [3]. The loop connecting helices M6 and M7 moves with

the P domain to a position higher above the membrane surface

than in E1«Ca
#

[3]. These conformational changes are possible

because of the flexible connection between the P and N domains,

and between the A domain and the rest of the protein.

Any conformational alterations in the P domain during these

changes must be relatively small. Fluorescence energy transfer

measurements between labelled residues on the Ca#+-ATPase

and fluorescently labelled phospholipids show that the heights of

Cys-344, Cys-670 and Cys-674 hardly change between the Ca#+-

bound E1 state and the vanadate-bound E2 state [69]. These

measurements also show that Glu-439, located at the end of the

N domain closest to the P domain, and Lys-515 do not move

significantly with respect to the membrane surface between E1

and E2 [69]. The relative heights of these residues above the

membrane surface agree well with the crystal structure, although

the absolute values are overestimated by approx. 20 A/ [69]. This

overestimate of absolute heights can be attributed to the method

of analysis that treats the fluorescently labelled lipid as being

distributed randomly on a plane.However, themembrane protein

will exclude lipids from a volume of the bilayer corresponding to

the volume occupied by the protein itself, and so will effectively

‘cast a shadow’ on to the plane of the membrane, in which there

will be no labelled lipid to take part in fluorescence energy

transfer. The effect will be to reduce the observed level of

energy transfer, so that the usual methods of analysis will give a

maximum value for the height above the bilayer surface. The

method of Gutierrez-Merino et al. [70] accounts for the effect of

the protein and, with a diameter of the transmembrane region

of the ATPase plus the first shell of lipid of approx. 60 A/ , gives

heights of residues above the surface that are in close agreement

with the crystal structure (A. G. Lee and J. M. East, unpublished

work).

The P domain of the Ca#+-ATPase consists of residues from

about Asn-330 to Asn-359 connected to S4, and a larger region

from Lys-605 to Asp-737 connected to S5 [3]. These residues
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form a seven-stranded parallel β-sheet surrounded by eight short

α-helices in a typical Rossmann fold. Between the end of

the first β-strand (Asp-351) and the start of the first α-helix of the

Rossmann fold (Glu-606) is the inserted N domain. Identification

of residues important in phosphorylation has been helped

enormously by the realization that the P-type ATPases are

members of the HAD superfamily of hydrolases [5]. Particularly

useful comparisons have been made with the structure of the

protein FixJ, a member of the HAD family. The structure of FixJ

has been determined in both the unphosphorylated and phos-

phorylated states. On phosphorylation of the Asp residue equiva-

lent to Asp-351 in the Ca#+-ATPase, a conserved Lys residue,

equivalent to Lys-684 in the Ca#+-ATPase, moves to form a salt

bridge with the phosphate group [71]. Whereas in most members

of the HAD family the conserved Lys residue is located in a turn

preceding an α-helix, in the Ca#+-ATPase, Lys-684 is part of an

α-helix which, in the unphosphorylated ATPase, is co-ordinated

to Asp-351 (Figure 8). Thus, although Lys-684 might re-orient

on phosphorylation to form a salt bridge to the phosphate group,

this is unlikely to result in a change in the backbone conformation

around Lys-684 of the type seen in FixJ, because of the stability

of α-helices. More likely is a shift in the relative positions of the

loop containing Asp-351 and the helix containing Lys-684. This

movement could, in turn, lead to changes in the packing of the

transmembrane α-helices, as described below.

The segment to the C-terminal side of Asp-351

(D$&"KTGTLT$&() is highly conserved in the P-type ATPases.

Lys-352, Thr-355, Leu-356 and Thr-357 have been shown to be

critical for Ca#+ transport and for phosphorylation [72]. Mutation

of Lys-352 decreased the affinity for MgATP, suggesting a

favourable electrostatic interaction between the lysine and the

phosphate [73]. Of course, mutation of Asp-351 itself leads to

loss of activity. However, removal of the negative charge on Asp-

351 led to an increased affinity for MgATP, particularly in the

presence of Ca#+ [73]. This is in contrast with the wild-type

protein, for which it has been estimated from rates of binding

and dissociation of MgATP that binding of Ca#+ has little effect

on the affinity for MgATP [74]. The effects of mutation of Asp-

351 suggest strong electrostatic repulsion between the γ-phos-

phate of ATP and Asp-351 in the wild-type protein. This may

serve to prevent the formation of a large energy well within the

reaction cycle (i.e. Asp-351 could destabilize E1§Ca
#
[ATP rela-

tive to E2PCa
#
).

Residues around the nucleotide binding site on the Ca#+-

ATPase have been identified from chemical labelling experiments.

The crystal structure in the presence of TNP-AMP shows

nucleotide binding near to Phe-487, Lys-515 and Lys-492 (Figure

8) ; the binding pocket for TNP-AMP is positively charged due

to residues Arg-489, Lys-492, Lys-515 and Arg-560 [3]. Labelling

of Lys-515 with FITC blocks ATP binding without affecting

phosphorylation by P
i
, and Lys-515 has long been considered a

marker for the ATP binding site [75]. The crystal structure of

the Ca#+-ATPase shows Lys-515 deep in the pocket around the

adenine moiety of bound TNP-AMP [3]. Rather surprisingly,

mutation of Lys-515 to Ala inhibits both ATP- and acetylphos-

phate-supported transport of Ca#+ [72].

Adenosine triphosphopyridoxal labels Lys-684 in the P domain

in the presence of Ca#+, and both Lys-684 and Lys-492 in the

absence of Ca#+, consistent with a change in the relative positions

of these two residues on binding of Ca#+ [76,77]. Lys-492 and

Arg-678 in the P domain are cross-linked by glutaraldehyde [78]

in an ATP-protectable manner, again consistent with a confor-

mational change bringing the N and P domains close together.

Cross-linking of Lys-492 to Arg-678 with glutaraldehyde allowed

ATP-dependent occlusion ofCa#+, but completely blocked release

of Ca#+ to the lumen [78,79]. As can be seen in Figure 8, Arg-678

is located on the top surface of the P domain, pointing towards

the N domain.

McIntosh and Woolley [80] have shown that the γ-phosphate

of an ATP analogue [2«,3«-O-(2,4,6-trinitrophenyl)-8-azido-ATP]

covalently linked to Lys-492 is able to phosphorylate Asp-351,

albeit at a low rate. This implies that Lys-492 and Asp-351 must

be separated by approx. 14 A/ in the Ca#+-bound complex.

Further, it implies that Lys-492 must be close to the adenyl

moiety of the nucleotide in the complex.

Ca2+ transport

In the four-site model for transport, transport corresponds to the

transfer of the two bound Ca#+ ions from the pair of cytoplasmic

sites to the pair of lumenal sites. In the alternating four-site

model, Ca#+ ions are released from the pair of transport sites

following phosphorylation of the ATPase, linked to closure of

the pair of lumenal sites (Figure 4). Unfortunately, the crystal

structure of E1«Ca
#
provides only limited information about the

identity of the lumenal pair of sites for Ca#+. The lumenal pair of

sites are not occupied in the crystal, and the low affinity

(millimolar) of the sites for Ca#+ means that they are likely to be

less easy to identify than the high-affinity sites. It is also difficult

to decide where the lumenal face of the membrane should be

drawn; there is no clear ring of Trp residues on the lumenal

side of the membrane, of the type found on the cytoplasmic side

(Figure 5). Further, it has been suggested that the hydrophobic

thicknesses of the E1 and E2 conformations of the Ca#+-ATPase

are different [81,82]. The thickness of the surrounding lipid

bilayer affects the E1}E2 equilibrium, with dimyristoleoyl phos-

phatidylcholine (dimyristoleoyl-PC) favouring the E1 confor-

mation and dioleoyl-PC favouring the E2 conformation; in-

creasing the chain length of the lipid beyond dioleoyl-PC had no

additional effect on the E1}E2 equilibrium [81,82].

The locations of Asp-963 and Lys-972 without oppositely

charged partners on the lumenal side of the membrane and the

salt bridge between Glu-90 and Lys-297 define a plane close to

that defined by Trp-272, Trp-854, Trp-967, Tyr-295 and Tyr-949,

which could represent the lumenal surface (Figure 5C). This

would define a hydrophobic thickness for the bilayer of approx.

21 A/ , much lower than the values that have been estimated for

other membrane proteins whose high-resolution structures have

been determined [57,83–88], which lie in the range 25–33 A/ .
However, a hydrophobic thickness for the E1 conformation of

the ATPase of 21 A/ would match the thickness of a bilayer

of dimyristoleoyl-PC, which is approx. 23 A/ [89,90]. For the E2

conformation to match the thickness of a bilayer of dioleoyl-PC,

the lumenal surface in the E2 conformation would have to be

approx. 30 A/ from the cytoplasmic surface. A plane 32 A/ from

the cytoplasmic surface can be defined, as shown in Figure 5(D),

containing Trp-77, Trp-288, Tyr-858, the acidic residues Glu-79,

Asp-281, Asp-861, Glu-892, Glu-895 and Asp-951, and the basic

residues Arg-290 and Lys-960.

The defining features of the hydrophobic thickness in the

E1«Ca
#
conformation are the M5–M6 and M9–M10 loops, which

are much closer to the cytoplasmic surface than are the other

lumenal loops. A relocation of these two loops or a movement of

the transmembrane α-helices could result in an increase in the

effective transmembrane length for helices M5, M6, M9 and

M10. Large changes in the transmembrane region of the Ca#+-

ATPase on phosphorylation are suggested by a comparison of

electron micrographs of the open and closed forms of the Ca#+-

ATPase [39].
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Figure 9 Acidic residues in loops on the lumenal side of the membrane

Shown is an end-on view from the lumenal surface. The two bound Ca2+ ions are shown in yellow. Colours are as follows : M1–M2, yellow ; M3–M4, green ; M5–M6, blue ; M7–M8, brown ;

M9–M10, purple. The acidic residues are shown in space-fill format ; the conserved residues Glu-79, Glu-80 and Glu-83 are shown in yellow. Lys-297, which forms an ion pair with Glu-90, is

also shown.

The only acidic residues on the lumenal side of the membrane

are located in the loops connecting the transmembrane α-helices ;

chemical labelling experiments have shown that acidic residues

on the lumenal side of the membrane are important for function

[91]. The most highly conserved of the loops on the lumenal side

of the membrane is the M1–M2 loop (Figure 6). The sequence

(D}E)EXX(D}E) is conserved in all the Ca#+-ATPases, including

the plasma membrane Ca#+-ATPase. In addition, the sequence

(F}Y)VEP is found at the lumenal end of helix M2 in all except

the plasma membrane Ca#+-ATPase. These residues form a

cluster around the N-terminal end of M2 (Figure 9). The

conservation of these acidic residues makes them a possible

candidate for the lumenal binding sites for Ca#+. Other acidic

residues are located in loop M7–M8, the largest of the lumenal

loops in the SR Ca#+-ATPase, but the loop is poorly conserved

and is much shorter in the plasma membrane Ca#+-ATPase [2].

An acidic residue (Glu-785) is also found in loop M5–M6, but

again this loop shows no obvious conservation in the family of

Ca#+-ATPases [2].

Since there is no obvious channel leading from the cytoplasmic

pair of sites to the lumenal surface, release of Ca#+ must occur as

a result of a major conformational change, perhaps involving an

opening up of the interface between helical bundles M1–M4 and

M5–M10, allowing access to the lumen. During the transport

process, the order of binding of the two Ca#+ ions to the

cytoplasmic pair of sites is lost, so that it is no longer possible to

distinguish between the first and second Ca#+ ion to bind [92,93].

It has also been shown that, at least under some conditions,

release of Ca#+ from the lumenal sites is sequential [94,95].

In terms of the four-site model for transport, the two Ca#+ ions

could become randomized during the transfer between the

cytoplasmic and lumenal sites. The four-site model would also

require that the rate of transfer of the two Ca#+ ions to the pair

of lumenal sites be relatively high, since it is simultaneous with

phosphoryl transfer (E1§Ca
#
[ATP!E2PCa

#
), and phosphoryl

transfer is known to be fast (& 1000 s−" [28]). The rate of

dissociation of Ca#+ from the lumenal sites on E2P is known to

be relatively low,with a rate constant of approx. 20 s−", suggesting

that a significant conformational change is involved in release

[94]. In contrast, dissociation of Ca#+ from the lumenal sites on

the unphosphorylated ATPase must be faster than a rate of

220 s−" [96]. This is because the presence of lumenal Ca#+ has no

effect on the rate of phosphorylation of the ATPase by ATP,

meaning that the rate of dissociation of Ca#+ from the lumenal

sites on the unphosphorylated protein must be higher than the

rate of the conformational change that limits the rate of

the phosphorylation reaction, which is 220 s−" [96].

The kinetics of transport can be explained in a rather more

convincing way in terms of the alternating four-site model. In

the alternating four-site model, if either of the two bound

Ca#+ ions can enter the release channel first, the order of the

two Ca#+ ions would be lost. The location of the release channel

is rather uncertain, but Toyoshima et al. [3] identified a ring of

oxygen atoms between M3, M4 and M5 with bound water

molecules that they suggested could make up the exit pathway. In

the alternating four-site model, phosphorylation of the ATPase

would lead to a conformational change at the pair of transport

sites and a closing of the lumenal pair of sites, which could be fast
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Figure 10 Link between the P domain and the transmembrane α-helices

Helices P1 (browny red) and P2 (purple) in the P domain contact the M6–M7 loop (green).

(& 1000 s−"). The slow step required for release of Ca#+ would

correspond to the major conformational change in the ATPase

required to open up the release pathway from the pair of

transport sites to the lumenal surface of the ATPase; since this

represents a major change in structure, it is likely to be slow. The

required high rate of dissociation of Ca#+ from the lumenal pair

of sites on the unphosphorylated ATPase (" 220 s−") would not

be unexpected, given the low affinity of these sites. It might be

noted that the affinities of the lumenal pair of sites and of the pair

of transport sites on the phosphorylated ATPase are known to

be slightly different ; the pair of transport sites on E2P have a

slightly higher affinity for Ca#+ than the lumenal pair of sites on

E2 [21]. In contrast, the affinities of the lumenal pair of sites for

Ca#+ must be very similar in the E1 and E2 conformations, since,

as described above, the presence of lumenal Ca#+ does not affect

the E1}E2 equilibrium.

Experiments in which acidic residues on the lumenal side of the

membrane were mutated are in somewhat better agreement with

the alternating four-site model for transport than with the four-

site model. Mutation of the acidic residues in the M1–M2 loop

had no effect on the rate of accumulation of Ca#+ measured in the

presence of oxalate as a precipitating agent for Ca#+ [65]. In the

four-site model, if these residues make up the lumenal pair of

sites from which the transported Ca#+ is released, then their

mutation might have been expected to lead to a decrease in the

rate of transport. Although various explanations for the lack of

any observed effect could be put forward, these experiments do

tend to favour the alternating four-site model, since, in this

model, mutation of residues at the lumenal pair of sites would

not be expected to affect the rate of transport.

Linking phosphorylation to transport

The region of the Ca#+-ATPase responsible for linking changes at

the phosphorylation site with changes in the Ca#+ binding sites

is the stalk region. As shown in Figure 10, the loop between

transmembrane helices M6 and M7 (Gly-808 to Gly-831) is

located in the stalk region, running along the bottom of the P

domain. As described above, comparison of the crystal structure

of E1«Ca
#

with the low-resolution structure of the vanadate-

bound ATPase suggests that the M6–M7 loop moves to a

position higher above the surface in the vanadate-bound state,

believed to be similar to the phosphorylated state [3]. The

M6–M7 loop has conserved features [97]. It contains six Pro

residues, four of which are present as pairs. Contacting the loop

are two helices of the P domain, P1 (Leu-336 to Cys-344) and P2

(Glu-606 to Ala-617), as shown in Figure 10. The P1 helix

(V$$*ETLG) is conserved in cation P-type ATPases [1]. Cys-344

at one end of helix P1 abuts directly against Pro-821 and Pro-824

(Figure 11). Helix P1 has the appearance of a piston that can

press against the stirrup-like M6–M7 loop, linking the P domain

and the transmembrane α-helices. Since P1 is part of the N-

terminal region of the P domain that contains Asp-351, move-

ment of P1 on phosphorylation could move the M6–M7 loop,
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Figure 11 Contact between helices P1 and P2 and the M6–M7 loop

The Figure shows the residues at the tips of helices P1 and P2 and in the M6–M7 loop that

are in contact.

and thus move helices M6 and M7. Movement of helices M6 and

M7 could, in turn, lead to movement of other transmembrane

α-helices. Since the ligands for Ca#+ at the high-affinity binding

sites are located on separate helices, any changes in the packing

of the helices would result in large changes in the affinity for

Ca#+. In a similar way, binding of Ca#+ to the cytoplasmic pair of

sites could lead to changes in the packing of the transmembrane

α-helices, and through the M6–M7 loop and helix P1, signal to

the P domain that Ca#+ had bound to the ATPase. Although, at

present, the details of the proposal are largely speculative, it does

at least seem highly likely that the link between changes in the

phosphorylation and transmembrane domains is purely mech-

anical.

Mutation of acidic residues in the M6–M7 loop resulted in

reduced affinity for Ca#+ and led to the suggestion that the loop

could be a direct part of the Ca#+ binding site [58]. The crystal

structure shows that this is unlikely to be the case. It is more

likely that the mutations have an indirect effect through confor-

mational changes in the loop and neighbouring parts of the

structure. Mutation of Pro-811 and Pro-812 had no effect on

the function of the ATPase, but mutation of Pro-820 and Pro-821

reduced Ca#+ affinity, with mutation of Pro-821 having the largest

effect [58]. As shown in Figure 11, Pro-821 contacts Cys-344 at

the tip of helix P1.

Helix P2 is located at the C-terminal end of the N domain, and

so is ideally placed to link movements of the N domain with

changes in the transmembrane α-helices. The P2 helix is im-

mediately N-terminal of the conserved sequence D'!"PPR'!%.

Arg-604 is hydrogen bonded to Gly-354 in the phosphorylation

loop and to Asp-737 at the top of the long transmembrane α-

helix M5. However, P1 and P2 themselves form few hydrogen

bonds and no salt bridges with the rest of the ATPase, suggesting

that movement of P1 and P2 would not involve any large

activation energy. Similarly, the M6–M7 loop should be able to

move relative to the P domain, because there are no salt bridges

and few hydrogen bonds linking the loop to the P domain.

Cys-344 is in a very interesting part of the structure, as

described above. Cys-344 is labelled with high specificity by (4-

bromomethyl)-6,7-dimethoxycoumarin. Labelling results in only

a 30% decrease in ATPase activity [98], suggesting that, despite

its critical position, the residue is not involved in any specific

chemical interactions ; consistent with this interpretation, Cys-

344 is not conserved in the Ca#+-ATPases. The labelled residue

shows a very conformationally sensitive fluorescence, with phos-

phorylation with ATP or P
i
leading to changes in fluorescence

intensity [98]. Fluorescence also changes on addition of Mg#+ in

a pH- and Ca#+-sensitive manner; it was suggested that effects of

pH and Mg#+ followed from binding at the gating site that

controls access of Ca#+ to the high-affinity sites [25].

Other regions of the ATPase important in transport have been

identified using mutagenesis. Mutants defective in transport have

been classified depending on the response of the phosphorylated

ATPase to the addition of ADP. The phosphorylated ATPase

can exist in an ADP-sensitive form, where the rate of dephos-

phorylation is increased by addition of ADP because of the back-

reaction of the phosphorylated ATPase with ADP forming ATP.

Alternatively, the phosphorylated ATPase can be in an ADP-

insensitive form, where addition of ADP does not affect the rate

of dephosphorylation. In terms of Scheme 1, ADP-sensitive and

-insensitive forms correspond to E2PCa
#

and E2P respectively.

However, mutants that are trapped in the ADP-sensitive form

are often referred to in the literature as E1P mutants [45]. The

notation E1P was based on a reaction scheme for the ATPase in

which an intermediate phosphorylated form, E1PCa
#
, was pro-

posed to form before E2PCa
#
, although, as described above,

results from kinetic experiments do not require such an inter-

mediate [29].

There are a number of ways in which the phosphorylated

ATPase could be locked in the ADP-sensitive form. One is that

dissociation of Ca#+ from E2PCa
#

is blocked, so that the ADP-

insensitive E2P is not formed from the ADP-sensitive E2PCa
#
.

Alternatively, mutation could block the phosphorylated ATPase

in some intermediate state before formation of the normal

E2PCa
#
. A range of mutations have been found to block the

ATPase in the phosphorylated, ADP-sensitive form [45]. Many

are located in rather non-obvious regions of the structure and

presumably have their effects through non-specific changes in

conformation of the ATPase. For example, mutation of Thr-181,

Gly-182 and Glu-183 in the A domain results in block in an

ADP-sensitive form [45], and mutation of Arg-198 has been

shown to reduce the rate of dephosphorylation [99]. However, a

number of sensitive residues have been identified in the S4 stalk

region and in the sequence connecting S4 to the P1 helix. For

example, mutation of Pro-312 at the top of M4 gave an enzyme

that was phosphorylated normally but was blocked in the E2PCa
#

form, so that the phosphorylated ATPase remained ADP-

sensitive and the rate of dephosphorylation was very low; in

contrast, phosphoenzyme formed from P
i
in the absence of Ca#+

was dephosphorylated at the normal rate [100]. More detailed

studies show that effects can be rather complex. For example,

mutation of Leu-319 to Arg decreases the rate of phosphorylation

when enzyme in the absence of Ca#+ is mixed with Ca#+ and ATP,
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whereas there is little effect when ATPase in the presence of Ca#+

is mixed with ATP [101]. Thus a step leading to E1«Ca
#
is slowed.

Mutation of residues in the S5 stalk region have also been shown

to affect the rates of Ca#+ binding and of dephosphorylation

[102]. These studies confirm the importance of the stalk region in

the transport process.

Mutation of Lys-297 at the bottom of M4 on the lumenal side

of the membrane also gave a mutant blocked in the ADP-

sensitive, phosphorylated form [45]. Lys-297 forms a salt bridge

with Glu-90 on the lumenal side, linking transmembrane α-

helices M2 and M4 (Figure 9) ; it was argued above that the site

of Ca#+ release into the lumen could be close to the M1–M2

lumenal loop. Some of the mutations in M4, M5 and M6 that

reduce Ca#+ sensitivity also reduce the rate of dephosphorylation

of E2P produced by phosphorylation with P
i
[45]. This serves to

demonstrate the link between the Ca#+ binding sites and the

phosphorylation site, but the mechanism of the link is not clear.

It is known that transport of Ca#+ by the ATPase is linked to

movement of H+ out of vesicles. It has been suggested that

protonation of the residues at the empty Ca#+ binding sites in

E2P is necessary for normal dephosphorylation of E2P, and that

mutations at the Ca#+ binding sites could affect this protonation

[45].

CONTROL OF THE Ca2+-ATPase

The activity of the Ca#+-ATPase in cardiac muscle is controlled

by interaction with phospholamban, a 52-residue protein found

in the SR membrane [103]. Reconstitution studies and co-

expression studies have shown that the activity of skeletal muscle

Ca#+-ATPase is also modulated by interaction with phospholam-

ban [103–106]. Phospholamban contains a hydrophilic N-ter-

minal domain and a hydrophobic C-terminal domain, which

forms a transmembrane α-helix [107]. It is agreed that binding of

phospholamban to theCa#+-ATPase results in a reduced apparent

affinity of the ATPase for Ca#+, which is clear in studies of the

rate of hydrolysis of ATP or of Ca#+ uptake as a function of Ca#+

concentration [103]. Direct studies of Ca#+ binding, however,

detect no effect of phospholamban on Ca#+ affinity [105,108], so

that the effects on apparent affinity detected in kinetic studies

must follow from effects on the rates of one or more of the steps

involved in Ca#+ binding. More controversial are effects of

phospholamban on the rate of hydrolysis of ATP by phospho-

lamban. Some groups detect effects on V
max

[105,106,109,110]

and some do not (see [103]). It has been suggested that the

transmembrane domain of phospholamban is responsible for

effects on the apparent affinity for Ca#+, whereas the cytoplasmic

domain is responsible for effects on V
max

[105,106,109].

Phospholamban has been shown to interact with residues in

the region K$*(NDKPV%!# of skeletal muscle Ca#+-ATPase [104].

These are located on the underside of the N domain (Figure 8)

in a region shown in antibody binding experiments to be exposed

[111]. This region stretches from 29 to 40 A/ above the bilayer

surface. The cytoplasmic domain of phospholamban contains

about 30 residues, and so is able to reach up to this region of the

ATPase. It has been suggested that the transmembrane region of

phospholamban interacts with residues at the top of transmem-

brane α-helix M6 [112] ; of the identified residues, Leu-802 and

Thr-805 are on the outer face of M6, where they could interact

with phospholamban (Figure 8).

The Ca#+-ATPase is inhibited by a variety of hydrophobic

molecules, including sesquiterpene lactones such as thapsigargin

and trilobolide and simple hydroxy-containing molecules such as

dihydroxybenzene [113–117]. The presence of hydroxy groups

has been shown to be important in both sets of inhibitors [118].

The mechanism of inhibition is complex, involving more than the

formation of a simple dead-end complex; a modified E2

conformation of the ATPase is produced, which is unable to

undergo phosphorylation with P
i
[114,116].

The S3 stalk region between residues 254 and 259 is important

for binding thapsigargin and a third class of inhibitor, cyclopia-

zonic acid [119]. However, the effects of binding of the two

inhibitors are distinct, since mutation of Phe-256 reduces the

affinity for thapsigargin but not for cyclopiazonic acid [119].

The effect of Phe-256 on binding of thapsigargin is particularly

important, since spontaneous mutations of Phe-256 were found

in three cell lines following the development of resistance to

thapsigargin [120]. The residues important in binding are located

immediately above the interface, so that the hydroxy groups on

the inhibitors presumably form hydrogen bonds with polar

residues in the stalk region, with the hydrophobic groups on the

inhibitors interacting with hydrophobic residues in the trans-

membrane α-helices.

CONCLUSIONS : ION PUMPS AND ION CHANNELS

Before the publication of the high-resolution structure of the

Ca#+-ATPase, there was much speculation that ion channels and

ion pumps might be structurally rather similar. This is clearly not

the case. Whereas with porins and ion channels such as the

potassium channel KcsA the pathway for transport across

the membrane is very obvious [56,57], this is not so for the

Ca#+-ATPase. Transport of the two bound Ca#+ ions across

the membrane must involve a significant change in the packing

of the transmembrane α-helices. It is this requirement for a sig-

nificant conformational change that results in a rate of ion

movement for the Ca#+-ATPase that is very much lower than the

rate of ion movement through an ion channel.
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