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In this article the morphology of sarcoplasmic reticulum, classification of
Ca2+-ATPase (SERCA) isoenzymes presented in this membrane system, as well as
their topology will be reviewed. The focus is on the structure and interactions of
Ca2+-ATPase determined by electron and X-ray crysta]logz'raphy, lamellar X-ray and
neutron diffraction analysis of the profile structure of Ca *_ATPase in sarcoplasmic
reticulum multilayers. In addition, targeting of the Ca2+-ATPase to the sarcoplasmic
reticulum is discussed.

The classical studies of Heilbrunn and 1964) on the Ca%* regulation of muscle con-
Wierczinsky (1947), Ebashi (1961; 1962), traction by the sarcoplasmic reticulum (SR)
Hasselbach (1961; 1963) and Weber (1959; set the stage for the exploration of the unique
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role of calcium in the regulation of a wide
range of metabolic processes and for the eluci-
dation of mechanisms by which cytoplasmic
and intraorganellar Ca?" concentrations are
controlled in living cells.

THE MORPHOLOGY OF
SARCOPLASMIC RETICULUM

The SR of skeletal muscle consists of two
morphologically and functionally distinct re-
gions: the junctional SR and the free SR (for
review see Peachey & Franzini-Armstrong,
1983). The junctional SR membrane contains
the ryanodine receptor (RyR) Ca%" channel
with feetlike projections on its cytoplasmic
surface that interact with the dihydropyridine
receptor (DHPR) particles contained in the
junctional region of the T-tubules, forming the
T-SR (triad or dyad) junction. The T-SR junc-
tion is involved in the transmission of the ex-
citatory stimulus from the surface membrane
to the SR, causing Ca?" release from the
sarcoplasmic reticulum (Martonosi & Pikula,
2003). The free SR contains the Ca2" trans-
port ATPase as its principal membrane com-
ponent. It is usually divided into the lateral
sacs (cisternae), and the longitudinal tubules,
which differ in protein composition. The lat-
eral sacs contain electron-dense material in
their lumen, which is attributed to the
lumenal Ca2+—binding proteins of SR (calse-
questrin, calreticulin, high affinity CaZ"bind-
ing proteins, etc.) that may serve as storage
sites for the accumulated Ca?*. The slender
longitudinal tubules connect the lateral sacs
through the center of the sarcomere and
across the Z line; they contain little or no
calsequestrin.

Differential and sucrose gradient centri-
fugation permits the separation of the various
membrane elements into vesicular fractions
enriched in T-tubules, lateral sacs, and longi-
tudinal tubules, which differ in Ca?* transport
activity and protein composition (Caswell et
al., 1988; Chu et al., 1988; Costello et al., 1988;

Mitchell et al., 1988). Among the SERCA
Ca?*-ATPase isoenzymes, the SERCA1 and
SERCA2a Ca®" transport ATPase isoforms
are evenly distributed throughout the free SR
and most of the lateral sac, but are apparently
excluded from the junctional SR. The
SERCA2b isoform may be preferentially local-
ized near the T-SR junction. Detailed classifi-
cation of SERCA isoforms is described in the
next paragraph.

CLASSIFICATION OF Ca2*-ATPase
ISOENZYMES

The determination of the amino-acid se-
quences of the sarcoplasmic reticulum CaZ*
ATPase (MacLennan et al., 1985), and of the
closely related Na+,K+-ATPase (Kawakami et
al., 1985; Shull et al., 1985) has opened a new
era in the analysis of ion transport mecha-
nisms. Since 1985 several large families of
structurally related ion transport enzymes
were discovered that are the products of dif-
ferent genes. Within each family several iso-
enzymes may be produced from a single gene
product by alternative splicing. Our discus-
sion will concentrate on the CaZ* transport
ATPases that occur in the SR of muscle cells
of diverse fiber types and in the endoplasmic
reticulum (ER) of nonmuscle cells.

The sarco/endoplasmic reticulum CaZ*.
ATPases of mammalian tissues can be divided
structurally into 3 main groups (SERCA1-3)
representing the products of different genes.

The SERCA1 gene (ATP2A1) produces two
isoforms of the Ca2+—ATPase, that are derived
by alternative splicing of the primary gene
product (MacLennan et al., 1985; Brandl et al.,
1986). SERCA1a denotes the CaZ*-ATPase of
adult fast-twitch skeletal muscle with glycine
at its C-terminus in the rabbit (Brandl et al.,
1987; Korczak et al., 1988), and alanine in the
chicken (Ohnoki & Martonosi, 1980; Karin et
al., 1989). The C terminus of the lobster en-
zyme is apparently blocked (Ohnoki &
Martonosi, 1980). SERCA1Db is the alterna-
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tively spliced neonatal form of SERCAI, in
which the glycine at the C-terminus is re-
placed by the alternative sequence -Asp-Pro-
Glu-Asp-Glu-Arg-Arg-Lys (Brandl et al., 1986;
1987). The gene encoding SERCA1 is on hu-
man chromosome 16 (MacLennan et al.,
1987). A selective defect in its expression is
the cause of some forms of Brody’s disease
(MacLennan, 2000).

The SERCA2 gene (ATP2A2) also produces
at least two isoforms that are tissue specific.
SERCA2a is the principal form of the
CaZ*-ATPase in adult slow-twitch skeletal and
cardiac muscles and in neonatal skeletal mus-
cles (Barndl et al., 1986; MacLennan et al.,
1987; Lytton et al., 1988; 1992; Wu et al.,
1995; Verboomen et al., 1995). It is also ex-
pressed at much lower levels in nonmuscle
cells (Wu et al., 1995). Its C-terminus is
Pro-Ala-Ile-Leu-Glu. SERCA2b is an alterna-
tively spliced product of the same gene
(Gunteski-Humblin et al., 1988; Lytton et al.,
1989). It is located primarily in nonmuscle tis-
sues and in smooth muscles, where it serves
as the major intracellular CaZ" pump.
SERCA2b is characterized by a long
C-terminal extension of 50 amino acid resi-
dues ending in Trp-Ser (Gunteski-Humblin et
al., 1988; Lytton et al., 1988; 1989). The gene
for both forms of SERCAZ2 is located on hu-
man chromosome 12 (MacLennan et al.,
1987). Its expression is not affected in Brody’s
disease, suggesting that the two major forms
of SR Ca?'-ATPases are independently regu-
lated.

SERCAS is encoded by the ATP2A3 gene
(Dode et al., 1996). It is broadly distributed in
skeletal muscle, heart, uterus, and in a variety
of nonmuscle cells (Burk et al., 1989; Wuytack
et al., 1995; Dode et al., 1996; Kovacs et al.,
2001). The mRNA levels are particularly high
in intestine, lung and spleen, while it is very
low in liver, testes, kidney and pancreas. In
the muscle tissue SERCA3 may be confined
primarily to nonmuscle cells (endothelial
cells, etc.). The C-terminus of SERCAS3 is
Asp-Gly-Lys-Lys-Asp-Leu-Lys; it may serve as

a sorting signal for retention of the enzyme in
the endoplasmic reticulum (Burk et al., 1989).

Sequences of SERCA type CaZ"-ATPases
were also obtained from Plasmodium yoelii
(Murakami et al., 1990), Artemia (Palmero et
al., 1989), and Drosophila (Magyar et al.,
1995). These enzymes are similar in size to
SERCA type CaZ"-ATPases from mammalian
muscles, but based on their N- and C-terminal
sequences they represent a distinct group. In
spite of the wide phylogenetic variations be-
tween them, they all share a common N-ter-
minal sequence (Met-Glu-Asp) that differs
from mammalian enzymes.

The molecular masses of all SERCA type
CaZt transport ATPases of muscle are close to
110 kDa. Their N-terminal sequences are simi-
lar: Met-Glu-X(Ala, Asn, Glu, Asp)-X (Ala, Gly,
Ile). The Met-Glu-X-X sequence serves as sig-
nal for the acetylation of N-terminal
methionine both in soluble and in membrane
proteins (Tong, 1977; 1980).

THE PREDICTED TOPOLOGY OF
Ca2+-ATPases

Combining structural and biochemical infor-
mation, MacLennan and his colleagues con-
structed a hypothetical model of the tertiary
structure of Ca?"-ATPase (MacLennan et al.,
1985; 1997) that had interesting mechanistic
implications (Fig. 1), and was largely con-
firmed by recent structural data (MacLennan
& Green, 2000; Toyoshima et al., 2000; Green
et al., 2002; Toyoshima & Nomura, 2002;
Toyoshima et al., 2003). The structure was di-
vided into three major parts, designated as
the cytoplasmic headpiece, the stalk domain
and the transmembrane domain. Only short
loops were assumed to be exposed on the
luminal side of the membrane.

More than half of the total mass of the
ATPase molecule is exposed on the cytoplas-
mic surface of the membrane, forming the cy-
toplasmic head piece (Fig. 1). The headpiece
contains six subdomains: the N-terminal re-
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Figure 1. Model of the CazJr transport ATPase of sarcoplasmic reticulum.

The diagram shows the approximate relationships between secondary structure elements within domains and a
possible set of relationships between domains. a-Helical segments are represented as cylinders, and S-strands as ar-
rows. The stalk helices are marked S and the transmembrane segments as M. For clarity, the stalk segments 2, 3,
and 4 are linked by dashed connections of arbitrary length to the main cytoplasmic domains. An arrangement con-
sistent with the lobes present in three-dimensional reconstructions is obtainable by rotating the major cytoplasmic
region about the axis indicated in the upper right. This brings the phosphorylation and central hinge domains
(shaded) behind the nucleotide domain and into close proximity with the stalk. The ATP binding cleft would be ap-
proximately in the plane of the paper and the first trypsin cleavage site (trypsin 1), and the A5y antibody site would
be exposed on the surface. The S-strand, or B domain, could be positioned so that the conserved TGES loop is near
the cleft, which would be consistent with the effects of vanadate on this domain. The positions of 13 sites at which
insertions or deletions are observed are indicated by °. Sites of mutations in the calcium pump that affect activity
are widely distributed but are confined to well-conserved sites. The sequences of these regions and the effects of mu-
tations are shown. Five main types were distinguishable: (1) No effect, X (only a few of the 150 sites are shown); (2)
decreased CaZ" transport, &; (3) no transport, but normal phosphorylation implying that the step E;{P—=E,P is
blocked, <¢; (4) no Ca®" control of phosphorylation, A; and (5) no transport, no phosphorylation, 0. Some
nonmutated residues, shown in lower case, are included to provide context for the mutants. The residues (*) modi-
fied by affinity labels of the ca® pump are all lysines (K), which, from left to right, are labeled by ATP.PAL/ Ca2+,
ATP.PAL/EGTA, FITC. Sites that are labeled in the Na+,K+ATPase (@) are FSBA(K), CIR.ATP(D). The secondary
trypsin cleavage site(s) are shown as trypsin 2. The position of ATP between the phosphorylation and nucleotide do-
main is indicated with the terminal phosphate next to Asp351 that serves as phosphate acceptor. Mutations in the
stalk sector and in the periphery of transmembrane domain had little effect on Ca® transport. The binding site for
antibody Ay is on the luminal surface. Printed with permition from Green & Stokes (1992).

gion (residues 1-40), the strand domain C-terminal region (residues 902-). The
(residues 131-238), the phosphorylation do-  phosphorylation and nucleotide binding do-
main (residues 328-505), the nucleotide  mains (residues 328-680) form the active
binding domain (residues 505-680), the site of ATP hydrolysis and are closely related
hinge domain (residues 681-738), and the structurally and functionally.
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The stalk region (S1-S5) connects the head-
piece to the membrane (Fig. 1). In the early
models of the enzyme, the eighteen glutamic
acid and three aspartic acid residues in the
stalk helices (S1-S5) were considered to form
the high affinity binding site for Ca?" at the
entrance to the putative CaZ* transport chan-
nel. The low affinity CaZ* binding sites were
tentatively assigned to the cluster of four
glutamic acid residues located in a loop be-
tween transmembrane helices M1 and M2 on
the lumenal side of the membrane. However
mutagenesis of the acidic or amidated amino
-acid residues in the stalk region or in the
lumenal loop had little or no effect on
ATP-dependent CaZ* transport or on enzyme
phosphorylation, and the CaZ* binding sites
were eventually located in the transmem-
brane domain.

The intramembranous part of the molecule
(the transmembrane domain) was predicted
to contain ten hydrophobic transmembrane
helices (M1-M10) that anchor the Ca?*-
ATPase to the lipid bilayer and form the
transmembrane channel for the passage of
CaZ* (Toyoshima et al., 2000) (Fig. 1). Both
the N- and the C-terminal segments of the
SERCA1 Ca?"-ATPase are exposed on the cy-
toplasmic surface of the membrane, while the
loop containing residues 877-888 is on the
lumenal surface. The extended tail section of
SERCA2b may form an additional eleventh
transmembrane domain, locating its C-ter-
minus on the lumenal surface.

THE STRUCTURE AND
INTERACTIONS OF Ca2'-ATPase
DETERMINED BY ELECTRON
CRYSTALLOGRAPHY

Early observations

The Ca?"-ATPase of SR was first visualized
by negative staining with uranyl acetate or
K-phosphotungstate in the form of 40 A diam-
eter surface particles, that were attached to

the membrane by a narrow stalk (Ikemoto et
al., 1968; Martonosi, 1968). Freeze-etch elec-
tron microscopy revealed 85 A diameter intra-
membranous particles, that were more nu-
merous in the cytoplasmic than in the lumenal
fracture face of the membrane (Baskin &
Deamer, 1969). These early observations es-
tablished that the Ca2*-ATPase consists of a
cytoplasmic domain, connected by a stalk to
an intramembrane domain, and that the dis-
position of Ca?"-ATPase in the membrane
plane is asymmetric, with much of its mass on
the cytoplasmic surface and within the cyto-
plasmic leaflet of the bilayer.

Both in native SR and in reconstituted
Ca%"-ATPase preparations the average den-
sity of 40 A surface particles (20 000-30 000/
,umz) was about four times greater than that
of the intramembrane particles (4500-7000/
,umz) leading to the suggestion that the 85 A
particles represent the membrane domains of
ATPase oligomers consisting on the average
of four ATPase molecules (Jilka et al., 1975;
Franzini-Armstrong & Feguson, 1985). Asso-
ciation between ATPase molecules was also
observed by fluorescence energy transfer
measurements on native and reconstituted
membranes (Vanderkooi et al., 1977; Papp et
al., 1987), and by exclusion chromatography
on detergent solubilized preparations
(Andersen, 1989). These observations indi-
cate a tendency of the CaZ"ATPase to form
oligomers, although the functional signifi-

cance of these associations remains still
ill-defined.

Crystallization of Ca2"-ATPase in various
conformations

The tendency for ATPase-ATPase interac-
tions becomes particularly pronounced when
the Ca2*-ATPase is stabilized by ligands in the
E; or E9 conformation. Under these condi-
tions extensive arrays of ATPase crystals
form within native SR membranes or in sys-
tems containing solubilized or purified
Ca2+—ATPase, that have distinct morphology
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depending on crystallization conditions.
Three distinct crystal forms of the CaZ*"-
ATPase have been developed (Taylor et al.,
1988a; Martonosi et al.,
1992, 1995) (Fig. 2).

1991; Martonosi,
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Dimeric tubular crystals are induced by
vanadate or inorganic phosphate in a
Ca%' free medium; these are assumed to rep-
resent the Eg conformation of the Ca?"-
ATPase (Dux & Martonosi, 1983a, 1983c;
1984; Taylor et al., 1984; 1988a; 1988b) (Fig. 2
top panels). Monomeric tubular crystals are
induced by umolar calcium or lanthanides at
pH 8.0; these are assigned to the Eq state (Dux
et al., 1985) (Fig. 2 middle panels). Both
dimeric or monomeric tubular crystals readily
form in native or reconstituted SR vesicles.
These two crystal forms can be reversibly
interconverted by changing the ionic composi-
tion or membrane potential (Dux & Marto-
nosi, 1983d; Beeler et al., 1984; Dux et al.,

1985b; Jona & Martonosi, 1986). Since the
E{—E transition does not involve changes in
the circular dichroism spectrum of the
CaZ"-ATPase (Csermely et al., 1987), the struc-
tural differences between these two states

Figure 2. The interactions between ATPase mole-
cules in projection maps of three distinct
Ca2+-ATPase crystals.

Top panels Egvanadate crystals induced by vanadate
in a Ca'free medium. Dimer chains of pear-shaped
ATPase molecules wind diagonally around the crystal-
line tubules. Osmotic lysis occasionally separates indi-
vidual dimer chains (top left). The two ATPase mole-
cules within the dimers are in antiparallel arrange-
ment, held together by massive bridges; these are
marked by the corners of the dimeric unit cells in the
projection map (top right). The dimers form dimer
chains by interactions between the lobes and the heads
of adjacent ATPase molecules. The stippled area repre-
sents the cytoplasmic surface of the bilayer and the
broken lines indicate positive densities that connect
the dlmer chains within the bilayer. Middle panels. E;
type Ca’"-ATPase crystals induced by praseodymium.
The structural units of the E; crystals are ATPase
monomers arranged in a parallel orientation, and their
interactions are distinct from those seen in Egvanadate
crystals. Bottom panels. Ca “induced ATPase crys-
tals in detergent solutions. The Ca”"-ATPase molecules
project symmetrically from both sides of the bilayer
and interact with ATPase molecules in adjacent
lamellae. From Martonosi (1995).

were suggested to arise by sliding motions of
domains rather than by a rearrangement of
the secondary structure of the protein. Deter-
gent-solubilized Ca®"-ATPase forms multi-
lamellar crystals at pH 6.0 and 10-20 mM
Ca®" concentration (Dux et al., 1987; Pikula et
al., 1988; Taylor et al., 1988b; Misra et al.,
1991; Varga et al., 1991) (Fig. 2 bottom pan-
els). The conformational assignment of this
crystal form is uncertain because the low pH
and very high Ca?* concentration produces
structural effects (Arrondo et al., 1987) that
do not occur under physiological conditions
and are distinct from the properties of kine-
tically defined E{Cay state.
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The characteristics of these three crystal
forms will be discussed in turn.

The vanadate-induced tubular Ey crystals

Vanadate ions or inorganic phosphate in the
absence of calcium shift the conformational
equilibrium of Ca®"-ATPase toward the Eo
state and induce the formation of P2 type
Ca’"-ATPase crystals with Ca'-ATPase
dimers as structural units (Dux & Martonosi,
1983a; 1983b; 1984; Taylor et al., 1984; 1986a;
1986b) (Fig. 2 top panels). The unit cell dimen-
sions area—65.9 A;b— 114.4 Aandy —77.9
A (Taylor et al., 1984). The vanadate-induced
Ca?*-ATPase crystals are disrupted by in-
creasing the Ca?" concentration of the me-
dium to 0.1-10 mM (Dux & Martonosi,
1983c).

The vanadate-induced Eq type crystals con-
sist of chains of Ca2"-ATPase dimers (Fig. 2,
top panels) wound in a righthanded helix
around the cylindrical tubules of 600-900 A
diameter. These dimer chains were observed
by negative staining (Taylor et al., 1984;
1986a), freeze-fracture (Peracchia et al., 1984;
Ting-Beall et al., 1987), freeze-drying and ro-
tary shadowing (Ferguson et al., 1985;
Franzini-Armstrong & Ferguson, 1985), and
in frozen-hydrated specimens (Taylor et al.,
1986b). Occasionally the helical lattice un-
winds revealing isolated chains of ATPase
dimers separated from neighboring dimer-
chains by variable distances (Dux &
Martonosi, 1983c).

The cylindrical geometry of crystalline tu-
bules is determined by the forces of the
ATPase-ATPase interactions (Varga &
Martonosi, 1992). During the crystallization
of Ca?*-ATPase in giant spherical vesicles of
1-25 um diameter, long crystalline ridges de-
velop separated by deep furrows; as the crys-
tallization proceeds the ridges eventually
pinch off and close into long crystalline cylin-
ders of 600-900 A diameter with a curvature
that is consistent with the geometry of
ATPase-ATPase interactions. We assume

that the conversion of spherical into longitudi-
nal SR in developing muscle, that follows the
accumulation of Ca?"-ATPase in the mem-
brane (Boland et al., 1974; Tillack et al., 1974;
Martonosi 2000), may also reflect the influ-
ence of ATPase molecules on membrane
shape.

Three-dimensional reconstruction of the
structures of vanadate-induced Ca?"-ATPase
crystals preserved in uranyl acetate yielded
an image of the cytoplasmic region of the mol-
ecule at 20-25 A resolution (Taylor et al.,
19864a). In the view normal to the membrane
plane, each map shows pear-shaped densities
arranged in antiparallel strands (Fig. 2, top
panels) that correspond to the ribbons of
CaZ"-ATPase dimers. The Ca®"-ATPase mole-
cules extend about 60 A above the surface of
the bilayer, and their profiles are 65 A long in
a direction parallel to the “a” axis of the crys-
tal and about 40 A wide in the direction of the
“b” axis. The only visible cytoplasmic connec-
tion between the two molecules that make up
the Ca®"-ATPase dimers is a 17 A thick bridge
that crosses the intradimer gap at a height of
42 A above the surface of the bilayer (Taylor et
al., 1986a). The cytoplasmic domains recon-
structed from negatively stained (Taylor et al.,
19864a) and from frozen-hydrated rabbit (Tay-
lor et al., 1986b) and scallop (Castellani et al.,
1985) SR have similar shapes.

Cryo-electron microscopy and helical recon-
struction at 14 A resolution (Toyoshima et al.,
1993) confirmed the pear-shaped profile of the
cytoplasmic domain and revealed four dis-
tinct segments (Al, A2, B, C) in the trans-
membrane domain of Ca?"-ATPase. These
were tentatively assigned to transmembrane
helices M2-M5 (A1), M6, M8 (A2), M7 (B) and
M1, M10 (C), respectively. The small lumenal
mass was assigned to the M7-M8 loop
(Toyoshima et al., 1993). At 8 A resolution the
pear-shaped cytoplasmic domain emerged in
greater detail and densities corresponding to
all ten transmembrane segments could be
seen (Zhang et al., 1998), but the identifica-
tion of these densities with the transmem-
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brane helices M1-M10 still remained specula-
tive.

CrATP, an inhibitor of Ca*-ATPase, forms a
stable complex with the ATP-binding site of the
enzyme, leading to the occlusion of 2 Ca® ina
nonexchangeable form in the enzyme, with in-
hibition of ATP hydrolysis and Ca%t transport
(Serpersu et al., 1982; Vilsen & Andersen 1992;
Vilsen, 1995). The bound Ca?" is slowly re-
leased from the enzyme in the presence of
EGTA, while CrATP remains firmly attached
to its binding site (Coan et al., 1994; Vilsen,
1995). The CrATP complex of Ca®"-ATPase
was crystallized by vanadate in a CaZ" free me-
dium (Stokes & Lacapere, 1994), and the crys-
tals have been analyzed by cryo-electron mi-
croscopy to determine the location of the
ATP-binding site (Yonekura et al., 1997). Com-
parison of the three-dimensional maps of
Ca®"-ATPase crystals obtained with or without
CrATP showed a highly significant density dif-
ference corresponding to a groove on the lower
surface of the “beak” of the cytoplasmic do-
main. This area was resolved as a 20 X 10 X 7
A hole of low density in the absence of CrATP
that became filled when CrATP was present,
suggesting that it corresponds to the
ATP-binding site. This site is located about 43
A above the surface of the membrane
(Yonekura et al., 1997) in agreement with the
40-60 A distance between the ATP-binding
site and the phospholipid-water interface deter-
mined by fluorescence energy transfer
(Bigelow & Inesi, 1992). There were no signifi-
cant density differences attributable to CrATP
binding in other regions of the Ca"-ATPase.

The assignment of the vanadate and inor-
ganic phosphate induced tubular crystals to
the Eg conformation of Ca®"-ATPase is sup-
ported by the observation that Ca®" at
micromolar concentration prevents (Dux &
Martonosi, 1983c), while thapsigargin pro-
motes their formation (Stokes & Lacapere,
1994). ATP (1 mM), ADP, AMPPCP,
AMPPNP (Dux & Martonosi, 1983c) and
CrATP (Stokes & Lacapere, 1994) that inter-
act with both conformations of Ca2+—ATPase,

had no effect on crystallization. Decavana-
date, that may also serve as an ATP analogue
(Csermely et al., 1985a; 1985b; Varga et al.,
1985; Coan et al., 1986), is the vanadate spe-
cies generally used to induce crystallization.
Some of the decavanadate sites of the
Ca®"-ATPase are blocked by reaction of
Lys515 with fluorescein-5'-isothiocyanate
(FITC), accompanied by inhibition of ATP
binding (Csermely et al., 1985a; 1985b; Varga
et al., 1985). As reaction of Lys515 with FITC
does mnot affect the crystallization of
Ca?*-ATPase by mono- or decavanadate, the
vanadate site blocked by FITC is not required
for crystallization (Csermely et al., 1985a;
1985b; Varga et al., 1985; Xu et al., 2002).

Phospholamban, a CaZ+-dependent inhibitor
of Ca2+-ATPase, was reconstituted at various
molar ratios with the Ca2+-ATPase, and tubu-
lar cocrystals were formed in a crystallization
medium of 0.1 M KCl, 20 mM imidazole, pH
7.0, 5 mM MgCly, 0.5 mM EGTA, 0.5 mM
NagVOy, and various amounts of thapsigargin
(Young et al.,, 2001). The structure of
Ca?*-ATPase at 8-10 A resolution was unaf-
fected by the presence of phospholamban,
suggesting that the inhibition of ATPase activ-
ity and CaZ* transport by phospholamban
may be due to the inhibition of the domain
movements of Ca’"-ATPase that accompany
Ca%* transport.

The cryo-electron microscopic structures of
renal Na' , K'-ATPase obtained from frozen-
hydrated vanadate-induced E9V type crystals
at 9.5-11.0 A resolution (Hebert et al., 2001;
Rice et al., 2001) show considerable similarity
with the structure of Ca2+-ATPase, but there
are also differences partly due to the presence
of the 8 and y subunits in the Na*,K"-ATPase.

Crystallization of Ca%"-ATPase by CaZ*
and lanthanides

The Ca?*-ATPase was also crystallized in
rabbit SR vesicles in a medium of 0.1 M KCI,
10 mM imidazole, pH 8, and 5 mM MgCly by
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the addition of either CaCly (100 uM) or
lanthanide ions (1-8 uM) that stabilize the E{
conformation of the enzyme (Martonosi et al.,
1991; Martonosi, 1995; Dux et al., 1985b;
Ting-Beall et al., 1987). After incubation at
2°C for 5 to 48 h, crystalline arrays were ob-
served on the surface of about 10-20% of the
vesicles in SR preparations obtained from
fast-twitch rabbit skeletal muscles. The crys-
tals induced at micromolar Ca®" concentra-
tion are likely to represent the E{Cay state sta-
bilized by Ca®* binding to the two high affinity
sites of the Ca®"-ATPase.

Analysis of the lanthanide-induced crystal-
line arrays by negative staining (Dux et al.,
1985b) or freeze-fracture electron micros-
copy (Ting-Beall et al., 1987) reveals
obliquely oriented rows of particles, corre-
sponding to individual Ca®"-ATPase mole-
cules (Fig. 2, middle panels). The unit cell di-
mensions for the gadolinium-induced
Ca?*-ATPase crystals are a=61.7 A, b =54.4
A, and y = 111. Similar cell constants were
obtained for the crystals induced by lantha-
num, praseodymium and calcium (Dux et al.,
1985b). The unit cell dimensions of the Eq
crystals are consistent with a single
Ca?*-ATPase monomer per unit cell. The
space group of the E; type crystals is P1 (Dux
et al., 1985b), while that of the Eg crystals is
P2 (Taylor et al., 1984; 1986a; 1988a;
Martonosi et al., 1991). At the relatively low
resolution (about 20 A) that is currently
available, the projected pear-shaped profiles
of the cytoplasmic domains of ATPase mole-
cules appear similar in the E; and E9 type
crystals; however, the pattern of ATPase-
ATPase interactions revealed by these crys-
tals is clearly different, and analysis at
higher resolution is likely to reveal structural
differences.

CrATP, a suicide inhibitor of Ca2+-ATPase,
that arrests the enzyme in a Ca>"-occluded Eq
state (Serpersu et al., 1982; Vilsen &
Andersen, 1992; Vilsen 1995), produced E;
type crystals very similar to those obtained
with calcium or lanthanides (Dux et al.,

1985b). These observations support the as-
signment of the P1 type crystals to the E; con-
formation of the CaZ*-ATPase. After chelation
of Ca®" with EGTA and addition of vanadate,
the E; type crystals are reversibly converted
into the E9 form (Dux et al., 1985b). Stabiliza-
tion of E; state by inside negative membrane
potential imposed by ion substitution acceler-
ated the formation of E{(P1) type crystals and
destabilized the Eo(P2) crystals (Dux &
Martonosi, 1983d; Beeler et al., 1984; Dux et
al., 1985b; Jona & Martonosi, 1986). Inside
positive membrane potential had the opposite
effect.

The assignment of the vanadate- and Pj-in-
duced tubular crystals to the E9 conforma-
tion and the Ca®'- and lanthanide-induced tu-
bular crystals to the E; conformation is fur-
ther supported by partial proteolysis profiles
(Dux et al., 1985a; 1985b; Dux & Martonosi,
1983b; Andersen & Jorgensen, 1985), and by
fluorescence data using protein tryptophan
and covalently bound FITC as reporter
groups (Jona & Martonosi, 1986). Some un-
certainty is introduced into these assign-
ments by the observation that under certain
conditions lanthanides can bind to the
CaZ"-ATPase at sites distinct from the high
affinity CaZ* binding sites (Highsmith &
Head, 1983; Ogurusu et al. 1991) and may
stabilize the Eqg state (Girardet et al. 1989).
As yet no high resolution structure is avail-
able of this crystal form, in spite of its obvi-
ous relevance to the E{Cag state.

Calcium-induced crystallization of
CaZ"-ATPase in detergent-solubilized
sarcoplasmic reticulum

Further advance toward a high resolution
structure of Ca2*-ATPase was achieved by pro-
duction of three-dimensional crystals of suffi-
cient size and quality for X-ray diffraction
analysis. Since the detergent-solubilized
Ca?*-ATPase is notoriously unstable, the first
task was to find conditions that preserve the
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ATPase activity of the solubilized enzyme. By
systematically testing several hundred condi-
tions, it has been found (Pikula et al., 1988;
Taylor et al., 1988Db) that the Ca®*-modulated
ATPase activity was preserved for several
months at 2°C under nitrogen in a crystalliza-
tion medium of 0.1 M KCI, 10 mM K-Mops, pH
6.0, 3 mM MgCly, 3 mM NaNg, 5 mM
dithiothreitol, 25 IU/ml Trasylol, 2 ug/ml
1,6-di-tert-butyl-p-cresol, 20 mM CaCly, 20%
glycerol, 2 mg/ml SR protein, and 4-8 mg/ml
of the appropriate detergent, such as Cq9Eg,
Brij 36T, Brij 56, or Brij 96 (Pikula et al., 1988;
Taylor et al., 1988b). After incubation for
6-10 days under nitrogen, ordered crystalline
arrays of Ca®"-ATPase appeared that in-
creased in number and size during the next
several weeks. The microcrystals formed in
the presence of 20 mM CaZ* and 20% glycerol
contain highly ordered crystalline sheets of
Ca®"-ATPase molecules, that associate into
multilamellar stacks (Fig. 2, bottom panels)
consisting frequently of more than 100 layers
(Dux et al., 1987; Pikula et al., 1988; Taylor et
al., 1988Db). The formation of multilamellar ar-
rays is optimal at low temperature; at 25°C
the crystals rapidly disintegrate, but can be re-
formed again by lowering the temperature to
2°C.

Two distinct patterns of repeats were ob-
served that represent different projections of
the structure (Martonosi et al. 1991;
Martonosi, 1995; Dux et al. 1987; Taylor et al.
1988Db). In the first view, layers of densities
are seen that repeat at about 103-147 A in
sectioned specimens, at 130-170 A in nega-
tively stained material, and at 170-180 A in
images of frozen-hydrated crystals (Taylor et
al. 1988b). These layered structures represent
side-views of stacked multilamellar arrays of
ATPase molecules. The about 40 A thick
stain-excluding core of the lamellae contains a
lipid-detergent phase into which the hydro-
phobic tail portions of the ATPase molecules
are inserted symmetrically on both sides (Tay-
lor et al. 1988b). The periodicity of the
lamellae is defined by contacts between the

hydrophilic headgroups of the ATPase mole-
cules. The 170 A spacing of the layers seen in
frozen hydrated specimens is consistent with
the dimensions of the ATPase molecules, sug-
gesting minimal interdigitation between the
cytoplasmic domains of CaZ"-ATPase that in-
teract from adjacent lamellae (Taylor et al.
1988Db). The interactions between the exposed
headgroups are responsible for the associa-
tion of lamellae into Type I three-dimensional
structures. The high Ca®" concentration
(about 20 mM), low temperature (about 2°C)
and the low pH (about 6.0) required for crys-
tallization presumably promote these interac-
tions.

In the second view of the three-dimensional
crystals, the projected image normal to the
plane of the lamellae (Fig. 2, bottom panels)
shows ordered arrays of 40-50 A diameter
particles with two sets of periodicity of about
50 A and 80 A, respectively; these particles
represent the cytoplasmic domains of ATPase
molecules (Taylor et al. 1988b). Taylor et al.
(1988b) suggested that the crystals belong to
the two-sided plane group C12, in which there
are four ATPase molecules per unit cell of
9113 A3, with ATPase dimers related by a
two-fold rotational axis within the membrane
plane parallel to the b cell axis. While the ar-
rangement of ATPase molecules was highly
ordered within each sheet, there was a slight
rotational misalignment between the succes-
sive layers in the stacks, that prevented the
separation of the projections of individual lay-
ers (Taylor et al. 1988b). Stokes & Green
(1990a; 1990b) confirmed the C12 symmetry,
but they found ordered stacking in the third
dimension, leading to the conclusion that the
crystals belonged to the three-sided space
group C2. The four ATPase molecules occupy
about 35% of the unit cell, leaving the remain-
der of space for lipids and detergents. The
crystals diffracted to 7.2 A in X-ray powder
patterns and to 4.1 A in electron diffraction.

The crystallization procedure developed for
SR Ca®"-ATPase (Pikula et al., 1988; Taylor et
al., 1988b) has also been used with appropri-
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ate modification of the ionic conditions for the
preparation of multilamellar crystals of the
pig kidney Na*, K"-ATPase (Varga, 1993; Tay-
lor & Varga, 1994; Varga & Szabolcs, 1994),
pig and rabbit stomach H',K"-ATPase (Varga,
1994), and pig erythrocyte plasma membrane
Ca?"-ATPase (Pikula et al., 1991).

The detergent-solubilized Ca?"-ATPase re-
quired high (10-20 mM) Ca2" concentration
for crystallization (Pikula et al., 1988; Taylor
et al., 1988b) presumably due to CaZ* binding
to low affinity CaZ* binding sites. No multila-
mellar crystals were obtained at submilli-
molar Ca®" concentrations that stabilize the
kinetically defined E{Cay state associated
with Ca2+—binding to the two high affinity
CaZ* binding sites of the calcium ATPase. Fur-
thermore, raising the Ca?" concentration
from 0.1 mM to 10-20 mM caused the appear-
ance of an infrared peak at 1650 cm_l, that is
absent in the E;Cay state stabilized by 0.1 mM
CaZ? (Arrondo et al., 1987). These observa-
tions suggest that the high Ca?" concentra-
tions (10-20 mM) required for the production
of multilamellar Ca2*-ATPase crystals induce
secondary effects on the structure of CaZ*-
ATPase, making the conformational assign-
ment to the kinetically defined E;Cay state
(Toyoshima et al., 2000) doubtful.

Electron crystallography of multilamellar
CaZ"-ATPase crystals

The crystallographic analysis of Ca®"in-
duced multilamellar crystals containing
stacks of 2 two-dimensional arrays presents
technical problems related both to specimen
preparation and to data analysis (Michel,
1990). To overcome these difficulties a major
effort was launched during the last decade to
improve specimen preparation by decreasing
stacking and increasing the area of crystals
through changes in lipid:detergent ratio
(Lacapere et al., 1998; Cheong et al., 1996), the
use of higher glycerol concentration and lower

temperature (Varga et al., 1991; Shi et al.,
1995), and by replacing 0.1 M KCl with 0.8 M
Na-propionate in the crystallization medium
(Misra et al., 1991). There were also advances
in data collection and analysis (Shi et al.,
1998). This led to a projection map of
Ca2"-ATPase at 9 A resolution from CaZ'-in-
duced multilamellar crystals (Ogawa et al.,
1998), and its comparison with the projection
map of the Ca2*-ATPase obtained earlier from
vanadate-induced tubular Ca®"-ATPase crys-
tals (Toyoshima et al., 1993; Zhang et al.,
1998). A conspicuous feature of the Ca®*in-
duced structure is that the cytoplasmic do-
main consists of two well-separated densities
(designated as HL and HS domains). The
large HL. domain contains two subdomains of
nearly equal density that are connected to the
transmembrane domain by a thin rod. The
small HS domain has only weak connection
with the HL or transmembrane domains. The
transmembrane domain contains three col-
umns of densities, all inclined about 30° from
the normal of the bilayer plane. The split ap-
pearance of the cytoplasmic domain in
CaZ"induced crystals (Ogawa et al., 1998) is
in marked contrast to the condensed
pear-shaped structure seen in vanadate-in-
duced tubular crystals (Toyoshima et al.,
1993; Zhang et al., 1998). The largest change
is seen around the groove on the lower surface
of the beak (Ogawa et al., 1998), that was ear-
lier identified as the ATP binding pocket of
Ca%"-ATPase (Toyoshima et al., 1993; Yone-
kura et al., 1997). The stalk segment shifts
from the left to the right of the headpiece in
Ca®"induced multilamellar crystals, and
translational movements together with a
change in inclination of transmembrane heli-
ces were seen in the transmembrane domain
(Ogawa et al., 1998).

These structural differences between CaZ'-
free and Ca2+-ligated enzyme forms are con-
sistent with the large structural changes seen
in earlier X-ray diffraction studies on lamellar
arrays of SR vesicles (DeLong et al., 1993).
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THREE DIMENSIONAL STRUCTURE
OF SERCAla BY X-RAY
CRYSTALLOGRAPHY

Ca2+-ATPase structure in the Ca2+-b0und
state

The three-dimensional structure of CaZ'-
ATPase was determined at 2.6 A resolution
(Fig. 3) by X-ray crystallography of the Ca’"-

mixture of purified Ca’"-ATPase with
phosphatidylcholine against a buffer of 0.8 M
Na-butyrate, 2.7 M glycerol, 10 mM CaCly, 3
mM MgCly, 2.5 mM sodium azide, 0.2 mM
dithiothreitol, and 20 mM Mes, pH 6.1. All
994 amino-acid residues were identified to-
gether with 250 water molecules in the cyto-
plasmic and lumenal regions and 30 water
molecules in the transmembrane domain. The
high resolution structure largely confirms ear-

g

Figure 3. Architecture of the sarcoplasmic reticulum CaZ+-ATPase based on X-ray crystallography of
multilamellar Ca2+-ATPase crystals induced by Ca2+.

a-Helices are represented as cylinders and S-strands as arrows. Cylinders are not used for one turn helices. Three cy-
toplasmic domains are labelled (A, N and P). Transmembrane helices (M1-M10) and those in domains A and P are
numbered. The model is orientated so that transmembrane helix M5 is parallel to the plane of the paper. The model
in the right panel is rotated by 50° around M5. The M5 helix is 60 A long and serves as a scale. Several key residues
are shown in ball-and-stick, and TNP-AMP by CPK. D351 is the residue of phosphorylation. Two spheres represent
Ca?" in the transmembrane binding sites. The binding sites for phospholamban (PLN) and thapsigargin (TG) are
marked as are major digestion sites for trypsin (T1 and T2) and proteinase K (PrtK). Figure prepared with
MOLSCRIPT. Modified from Toyoshima et al. (2000). Printed with permission from Nature Publishing Group.

lier predictions based on the amino-acid se-
quence (MacLennan et al., 1985; 1997; Brandl
et al., 1986; Andersen, 1995; Moller et al.,

induced multilamellar Ca2*-ATPase crystals
(MacLennan & Green, 2000; McIntosh, 2000;
Toyoshima et al., 2000) formed by dialysing a



Vol. 50

Calcium pump of sarcoplasmic reticulum 349

1996), and electron crystallography (Ogawa et
al., 1998), but also reveals significant new fea-
tures in several regions of the molecule. The
cytoplasmic headpiece is clearly separated
into three distinct structures (Fig. 3), desig-
nated as the P, N and A domains.

The phosphorylation or P domain contains
Asp351, the site of autophosphorylation by
ATP. It is composed of an N-terminal part
(residues 330-359), that is connected to
transmembrane helix M4 and a C-terminal
part (residues 605-737) that is linked to
transmembrane helix M5. The nucleotide
binding N domain (residues 360-604) is nes-
tled between these two segments. The P do-
main is assembled into a seven-strand parallel
p-sheet with eight short helixes that form a
typical Rossman-fold. Aspartate 351 is located
at the C-terminal end of the central B strand,
surrounded by the amino acids required for
the hydrolysis of ATP (Fig. 3). The structure is
analogous to the core domain of L-2 haloacid
dehydrogenase (Aravind et al., 1998; Stokes &
Green, 2000). The surface is negatively
charged.

The nucleotide-binding N domain (residues
360-604) inserted between the two segments
of the P domain, is formed by a seven strand
antiparallel S-sheet between two helix bundles
(Fig. 3). Soaking the crystals in a solution of
2',3'-042,4,6-trinitropheny) AMP (TNP-AMP)
permitted the localization of the ATP-binding
sites within the N domain near Phe487,
Lysb515, and Lys492, that are known to be in-
volved in ATP-binding (Andersen, 1995).
Arg560 and Thr441, two newly identified com-
ponents of the ATP binding site, are also in
the vicinity. Lys492 can be covalently labeled
with 8-azido-2',3'-O+(2,4,6-trinitrophenyl) ATP
(8-azido-TNP-ATP) and other ATP derivatives
(McIntosh et al., 1992; McIntosh & Woolley
1994; Andersen, 1995; Moller et al., 1996;
MclIntosh, 1998), and reaction of Lys515 with
FITC decreases the affinity of ATP-binding by
several orders of magnitude (Pick, 1981). The
ATP binding pocket is positively charged in

contrast to the negative charge of the P do-
main surface.

ATP accelerates several steps of Ca®" trans-
port following phosphorylation causing a sec-
ondary activation of ATP hydrolysis at high
ATP concentration. Attempts were made to
explain this effect by ATP-binding at a single
site or at two distinct sites. The observation of
a single binding site for TNP-AMP (Toyo-
shima et al., 2000) tends to favor a mechanism
in which binding of ATP to the catalytic site
accounts for the complex ATP dependence
(McIntosh, 2000). However, the problem is
not fully settled (MacLennan & Green, 2000)
as the binding site of TNP-AMP identified in
Ca®"induced multilamellar crystals (Toyo-
shima et al., 2000) appears to be at some dis-
tance from the binding site of CrATP in the tu-
bular crystals induced by vanadate in the ab-
sence of Ca2* (Zhang et al., 1998; Yonekura et
al., 1997; Ogawa et al., 1998). Furthermore,
the formation of multilamellar crystals was in-
hibited by CrATP and prevented by other ATP
analogues such as AMPPCP (Stokes &
Lacapere, 1994), that did not interfere with
the formation of tubular Ca?"-ATPase crys-
tals. These observations imply that the struc-
ture and location of the ATP-binding site may
be influenced by enzyme conformation and/
or the crystallization conditions.

By fitting the atomic model (Toyoshima et
al., 2000) to the 8 A map of Ca2"-ATPase from
vanadate-induced tubular crystals (Zhang et
al., 1998), a region of high density was seen at
a positively charged groove formed by the N
and P domains. This density was attributed to
decavanadate bound to the Ca’"-ATPase
(Toyoshima et al., 2000). The decavana-
date-binding site is surrounded by positively
charged amino-acid residues, Arg489, Lys492
and Arg678, and it is close to Asp351. The
decavanadate-binding site is formed by rear-
rangement of the cytoplasmic domains of
Ca?"-ATPase in which domain A undergoes an
about 90° rotation with changes in the orienta-
tion of M1-MS3 helices and domain N rotates
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by about 20 partially closing the gap between
the N and P domains. FITClabeled CaZ*-
ATPase can be crystallized by mono- or deca-
vanadate (Csermely et al.,, 1985a; 1985b;
Varga et al., 1985). Therefore, the vanadate
site required for crystallization remains unaf-
fected by the reaction of Lys515 with FITC
(Csermely et al., 1885a), that reduces the af-
finity of ATP-binding by orders of magnitude
(Pick, 1981). However, FITC blocks some
decavanadate sites that are not required for
crystallization (Csermely et al., 1985a).

The large cytoplasmic loop (residues
329-740) that contains the P and N domains
was expressed in E. coli (Moutin et al., 1994;
1998). It folds spontaneously into a native-like
structure and binds TNP-ATP (Kp = 1.6-1.9
uM) in competition with ATP at a single site.
Kp for ATP was 200 uM. The expressed pro-
tein can be labeled by FITC on Lys515, and it
is cleaved by trypsin at the T1 site (Arg505).
However, the specific labeling of Lys492 by
TNP-ATP and the crosslinking of Lys492 and
Arg678 by glutaraldehyde were lost (Moutin et
al., 1998).

The A domain (previously called 3 sheet do-
main) is a small isolated cytoplasmic segment
of 110 residues (residues 131-238) located be-
tween the M2 and M3 transmembrane helices
(Fig. 3); it interacts with the 40 residue-long
N-terminal segment that forms two helices.
The A domain structure is modulated by CaZ".
The cleavage of Ca?"-ATPase by trypsin at the
T2 site (Arg198) is inhibited in a CaZ'-free
medium either by vanadate or by phospho-
rylation with inorganic phosphate (Dux &
Martonosi, 1983b; Immamura et al., 1984;
Andersen & dJorgensen, 1985; Dux et al.,
1985a). Ca®" also affected the cleavage of
Ca?*-ATPase by proteinase K at Lys120 and
Asp243 and by V8 protease (Yuul et al., 1995;
Danko et al., 2001a; 2001b).

The high resolution structure of the trans-
membrane domain confirmed the existence of
10 transmembrane helices, but the folding
pattern of these helices is different from ear-
lier predictions (Toyoshima et al., 2000) (Fig.

3). Helix M5 is very long (about 60 A); it ex-
tends from the lumenal surface to the center
of the P domain and together with helix M4
forms the connections to the large cytoplas-
mic loop that contains the P and N domains
(Fig. 3). Helices M2 and M3 also extend be-
yond the membrane and serve as anchorage
site for the small cytoplasmic loop that con-
tains the A domain. Helices M4, M6 and M10
are unwound near the middle of the mem-
brane (Toyoshima et al., 2000; Soulie et al.,
1999). Lumenal loops are short except the one
between M7 and M8 (loop L78) that contains
35 residues. A possible site for thapsigargin
binding was located at Phe256 near the cyto-
plasmic membrane interface of M3 (Yu et al.,
1998).

Two high density peaks detected near the
middle of the bilayer surrounded by helices
M4, M5, M6 and M8 were identified as two
bound calcium ions (Toyoshima et al., 2000)
(Fig. 3). The two Ca?" sites (Iand II) are 5.7 A
apart at the same level of the bilayer, within
2.2-2.6 A from six coordinating oxygen at-
oms. Site I is between M5 and M6 with contri-
butions from side chain oxygens of Asn768
(M5), Glu771 (M5), Thr799 (M6), Asp800
(M6), and Glu908 (M8). There is a water mole-
cule adjacent to the bound CaZ" in site L. Site
IT is formed largely on M4 with contributions
by carbonyl oxygens of Val304 (M4), Ala305
(M4) and I1e307 (M4) and side chain oxygens
of Glu309 (M4), Asn796 (M6) and Asp800
(M6). Asp800 is coordinated to both calcium
ions. The two sites are stabilized by hydrogen
bond networks that together with Asp800 ac-
count for the cooperativity of CaZ* binding.

Calcium ions may enter the Ca®" sites
through a cavity between M2, M4, and M6 and
exit to the lumen between M3, M4, and M5
(Toyoshima et al., 2000). Mutagenesis data
support the role of the N-terminal region of
the M3 helix in the control of the access to the
Ca?" binding sites (Andersen et al., 2001). A
less likely alternative is an entry pathway
near M1 lined by Glu58, Glul09 and Glu55
that leads to Ca2" site II (Lee & East, 2001).
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The route from the Ca’" sites to the SR lumen
probably opens as a result of a conformational
change during CaZ* transport. The conditions
governing the kinetics of the entry and exit
process are still not fully settled (Forge et al.,
1995; Canet et al., 1996; Mintz & Guillain,
1997).

The absence of lanthanide binding in the
membrane domain (Toyoshima et al., 2000) is
consistent with earlier observations that most
of the lanthanides are bound to Ca®"-ATPase
in the stalk region and near the phospholipid
head groups, outside the membrane domain
(Asturias & Blasie, 1991; DeLong & Blasie,
1993; Asturias et al., 1994a).

In the classical interpretation of Ca?" trans-
port the two high affinity Ca?" sites of the
phosphorylated Ca?*-ATPase are converted
into low affinity sites before CaZ" is released
into the lumen of SR (Mintz & Guillain, 1997).
Some recent results (Meszaros & Bak, 1992;
1993; Jencks et al., 1993; Myung & Jencks,
1994; 1995; Lee, 2002) were interpreted, how-
ever, in terms of four Ca?* binding sites per
ATPase, assuming that the two high affinity
CaZ* binding sites coexist with two low affin-
ity CaZ" sites on each ATPase molecule. In the
multilamellar Ca?"-ATPase crystals preserved
in 10 mM CaCly at pH 6.1, all Ca’" sites are ex-
pected to be saturated. While low affinity
Ca’" sites may be difficult to resolve, the find-
ing of only two well-defined CaZ* binding sites
(Toyoshima et al., 2000) tends to reinforce the
classical interpretation of two Ca?" sites with
alternating affinity.

Earlier chemical modification, mutagenesis,
fluorescence, lamellar X-ray diffraction, and
electron crystallography studies suggested
that major conformational changes accom-
pany ATP hydrolysis and Ca?" transport
(Andersen, 1995; Moller et al., 1996; Mintz &
Guillain, 1997; McIntosh, 1998; Lee & East,
2001; Lee, 2002). The scope and structural ba-
sis of these changes is becoming clearer with
the high resolution structure (MacLennan &
Green, 2000; McIntosh, 2000; Toyoshima et
al., 2000; Green & MacLennan, 2002; Lancas-

ter, 2002; Toyoshima & Nomura, 2002). The
nucleotide-binding pocket is about 80 A away
from the bound calcium ions and the site of
phosphorylation, Asp351 is more than 25 A
away from the bound nucleotide (Toyoshima
et al., 2000). The two residues cross-linked by
glutaraldehyde, Lys492 and Arg678 (Mc-
Intosh et al., 1992), are also separated by
more than 25 A (Toyoshima et al., 2000).
These data suggest that domains P and N are
brought close together during ATP hydrolysis
or in the occluded state stabilized by CrATP.
CaZ* binding affects the availability of Lys492
for reaction with adenosine triphospho-
pyridoxal (Yamamoto, 1989), facilitates the
crosslinking of Asp351 to Lys684 by ATP
imidazolidate (Gutowski-Eckel et al., 1993),
changes the reactivities of the enzyme with
ATP and P; Mintz & Guillain, 1997) and al-
ters the sensitivity of cleavage sites to trypsin
(Dux & Martonosi, 1983b; Imamura et al.,
1984; Andersen & Jorgensen, 1985; Dux et al.,
1985b), proteinase K (Yuul et al., 1995), V8
protease (Danko et al., 2001a; 2001b) and
vanadate (Vegh et al., 1990; Molnar et al.,
1991; Hua et al., 2000). These changes are pre-
sumably brought about by a Ca%*induced re-
orientation of the transmembrane helices that
are transmitted to the cytoplasmic domains.
The loop L67 between helices M6 and M7
probably plays an important role in the coordi-
nation of these movements (Falson et al.,
1997; Menguy et al., 1998; Zhang et al., 2001).
There is extensive homology between the
SERCA type CaZ"ATPase and the Na',K'-
ATPase, that extends through all ten trans-
membrane domains (Hebert et al., 2001; Rice
etal., 2001; Sweadner & Donnet, 2001). These
structural similarities provide the basis for
the observed similarities between the two en-
zymes in the mechanism of ion transport
(Apell & Karlish, 2001; Jorgensen & Peder-
sen, 2001; Glynn, 2002). Homology modeling
of the Na'- and K'-binding sites of the
Na' K'-ATPase was carried out (Ogawa &
Toyoshima, 2002) based on the structures of
Ca2*-bound (Toyoshima et al., 2000) and CaZ*
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free (Toyoshima & Nomura, 2002) forms of
the Ca?"-ATPase. The model identified three
Na'- and two K -binding sites, with reciprocal
binding of the two ions and explained the ki-
netic effects of several site specific mutations
(Ogawa & Toyoshima, 2002).

Crystal structure of the CA2+-ATPase in a
Ca2*free state at 3.1 A resolution

The affinity-purified Ca?"-ATPase was com-
plexed with thapsigargin and crystallized by
dialysis against a buffer containing 2.75 M
glycerol, 4% polyethyleneglycol (PEG 400), 3
mM MgCly, 2.3 mM sodium azide, 2 ©g/ml
butylhydroxytoluene, 0.2 mM dithiothreitol,
0.1 mM EGTA, and 20 mM Mes buffer, pH 6.1
(Green & MacLennan, 2002; Toyoshima &
Nomura, 2002; Lancaster, 2002). Thapsi-
gargin is an inhibitor of Ca?"-ATPase that is
assumed to stabilize the enzyme in a Ca?*free
E9TG state that may be analogous to the
kinetically defined Eg form (Stokes &
Lacapere, 1994; Sagara et al, 1992). Two
types of crystals of different symmetry (P21
and P41) were obtained but only the P41 was
analyzed in detail.

The three cytoplasmic domains (A, P, and
N) that were widely separated in the open
structure of the Ca2’-induced crystals
(Toyoshima et al., 2000; Ogawa et al., 1998)
are closely associated in the Ca®"-free EoTG
state (Toyoshima & Nomura, 2002; Green &
MacLennan, 2002; Lancaster, 2002;
Toyoshima et al., 2003); they form a compact
cytoplasmic domain in which the nucleo-
tide-binding site and the phosphorylation
site move close to each other (Fig. 4). This is
achieved by the horizontal rotation of the A
domain by 110s, causing the inclination of
the N domain by nearly 90 with respect to the
membrane and by 50 with respect to the P do-
main. The P domain is inclined by about 30
with respect to the membrane, linked to the
tilting of transmembrane helices. The closed
configuration of the CaZ"free state is stabi-
lized by interactions at the A-N and A-P inter-

faces without much change in the internal
structure of the P and N domains relative to
the Ca®"bound state.

The dissociation of Ca%* from the high affin-
ity sites occurs with rearrangement of
transmembrane helices M1-M6 (Toyoshima &
Nomura, 2002). Helices M1 and M2 move up
toward the cytoplasm, while M3 and M4 move
down toward the lumen by about 5 A. The in-
clination of the P domain associated with the
bending of M5 causes movements of M3-M6
with decrease in the affinity of Ca2* binding
and the release of CaZ* from the binding sites
(Toyoshima & Nomura, 2002). The access
pathways to the CaZ* binding sites remain
ill-defined, but Glu309 is likely to play a role in
the entry, while the lumenal loops L34 and
L78 in the exit of CaZ*. The Ca2+-binding sites
are not freely accessible from the lumen in the
EoTG state.

The binding site of thapsigargin is located in
a cavity between helices M3, M5, and M7.
Thapsigargin binding may stabilize the
Ca?" free EoTG state by decreasing the mobil-
ity of transmembrane helices (Toyoshima &
Nomura, 2002). A similar role may be played
by Ca?' in stabilizing the detergent-solu-
bilized Ca®"-ATPase in the multilamellar crys-
tals (Pikula et al., 1988; Taylor et al., 1988b).

The transition between the open structure of
Ca®"-ATPase in the Ca®"-induced multi-
lamellar crystals (Toyoshima et al., 2000;
Ogawa et al., 1998) and the closed structure in
the Egvanadate (Toyoshima et al., 1993;
Zhang et al., 1998) or EoTG state (Toyoshima
& Nomura, 2002) cannot be confidently as-
signed to the structural transition between
the kinetically defined E;Cag and E9 states of
the Ca®"-ATPase for several reasons.

The E;Caqy state is stabilized at micromolar
Ca®" concentrations, that do not induce the
formation of multilamellar Ca2*-ATPase crys-
tals. The stabilization of E;Cag state is due to
CaZ" binding to the two high affinity Ca"-bin-
ding sites of the Ca2"-ATPase (MacLennan et
al., 1997; Mintz & Guillain, 1997; MacLennan
& Green, 2000) that induces the formation of
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tubular P1 type crystals (Dux et al., 1985b;
Ting-Beall et al., 1987).

The Ca?"-induced multilamellar CaZ'-
ATPase crystals are formed only at 10-20
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Egvanadate state stabilized by vanadate in
CaZ*free solutions (Arrondo et al., 1987). Dif-
ferences between infrared spectra obtained at
low and high Ca®" concentration were also

Figure 4. Ribbon representation of SR Ca2+'ATPase in the Ca2+-b0und form (E1C32+) and that of the
E5(TG) form in the absence of Ca2+ but in the presence of thapsigargin (TG).

Inset, a simplified reaction scheme showing only the forward reactions. Colours change gradually from the amino
terminus (blue) to the carboxy terminus (red). Two purple spheres (circled) in ElCa2+ represent bound Ca2+. Red cir-
cles in E5(TG) indicate extra hydrogen bonds. Large arrows in Elca2+ indicate the direction of movement of the cy-
toplasmic domains during the change from ElCa2+ to Eo(TG). PtrK, proteinase-K digestion site (around Glu243);
T2, trypsin digestion site at Arg198; ATP, binding pocket for the adenosine moiety of ATP. Principal residues are
marked: Glu183 (A domain), Phe256 (thapsigargin-binding site), Asp351 (P domain, phosphorylation site), Lys400
(N domain, phospholamban-binding site) and Arg751 (linking M5 and the loop (L.67) connecting M6 and M7). Pre-
pared with MOLSCRIPT. Modified from Toyoshima & Nomura (2002). Printed with permission from Nature Pub-

lishing Group.

mM Ca®" concentrations, presumably due to
Ca?" binding to low affinity Ca®’ binding
sites, and are distinct from the P1 type tubu-
lar crystals formed at micromolar Ca%* (Dux
et al., 1985b; Ting-Beall et al., 1987).

Raising the Ca’" concentration from 0.1 mM
to 10-20 mM causes the appearance of an in-
frared peak at 1650 cm™? (Arrondo et al.,
1987). This peak is absent in the E;Cay state
stabilized by 0.1 mM CaCly, but present in the

seen in phospholipid extracts of SR at 1741
em ! (Arrondo et al., 1987). The changes in the
infrared spectra induced by 10-20 mM Ca%*
suggest structural changes both in the
Ca?"-ATPase and in the lipid phase that are not
characteristic of the kinetically defined E;Cag
state. The possibility of CaZ" effects on minor
SR protein components are difficult to exclude.

These observations imply that the high
(10-20 mM) Ca?" concentrations required to
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produce the multilamellar Ca?"-ATPase crys-
tals may induce secondary effects on the
structure of Ca2+-ATPase, making the
conformational assignment to the kinetically
defined E{Cag state (Toyoshima et al., 2000;
Toyoshima & Nomura, 2002) arbitrary. The
P1 type Ca?"-ATPase crystals induced by 0.1
mM Ca?" in sarcoplasmic reticulum vesicles
are more plausible representatives of the
kinetically defined E{Cay state (Dux et al.,
1985b; Ting-Beall et al., 1987). Unfortunately
no high resolution structure is available for
this crystal form. Further studies are required
to establish the relevance of the multilamellar
CaZ*-induced crystals to the kinetically de-
fined E;Cay state.

LAMELLAR X-RAY AND NEUTRON
DIFFRACTION ANALYSIS OF THE
PROFILE STRUCTURES OF
Ca®"-ATPase IN SARCOPLASMIC
RETICULUM MULTILAYERS

Blasie and his colleagues have determined
the separate profile structures of the lipid
bilayer and of the CaZt transport ATPase mol-
ecule within the sarcoplasmic reticulum mem-
brane to 11 A resolution by a combination of
X-ray and neutron diffraction techniques
(Blasie et al., 1985; Herbette et al., 1985).

In oriented, partially dehydrated multi-
layers, under conditions suitable for X-ray dif-
fraction studies, the SR vesicles retain much
of their ATP-energized Ca?* transport activ-
ity. The CaZt transport can by initiated by
flash-photolysis of P3-1(2-nitro)phenylethyl—
adenosine-5'-triphosphate (caged ATP). The
flash photolysis of caged ATP rapidly releases
ATP and effectively synchronizes the Ca%*
transport cycle of the ensemble of CaZ*-
ATPase molecules (Blasie et al., 1985). Time
resolved changes in the profile structure of
the sarcoplasmic reticulum during Ca’" trans-
port imply that associated with enzyme phos-
phorylation, about 8% of the mass of the
Ca?"-ATPase is redistributed from the extra-

vesicular surface to the membrane bilayer re-
gion and to the intravesicular surface within
200-500 msec after the flash- photolysis of
caged ATP (Blasie et al., 1985; 1990). During
the next five seconds there was no further
change in the profile structure, although the
Ca%"-ATPase completed several cycles of Ca®"
transport. This may be explained by assuming
that the E{~ P form of the enzyme is the dom-
inant intermediate during the steady state.
La®" and Tb®" also activate the phospho-
rylation of Ca2*-ATPase (Asturias et al.,
1994b) and the Th®" induced phosphoenzyme
formation was accompanied by decrease in
electron density in the outer phospholipid
monolayer and an increase in the inner
phospholipid monolayer. These changes are
qualitatively similar to those observed in the
presence of Ca®" (Herbette et al., 1985; Blasie
et al., 1990) but smaller in magnitude due per-
haps to the lower steady state concentrations
of E ~ P found in the presence of Th3*
(Asturias et al., 1994b).

In contrast to the effects associated with en-
zyme phosphorylation, low temperature and
low Mg2+ concentration cause the redistribu-
tion of Ca®'-ATPase mass from the lipid hy-
drocarbon region into the cytoplasm (Pasco-
lini & Blasie, 1988; Pascolini et al., 1988;
Asturias et al., 1989; 1990). These effects of
temperature and Mg2+ concentration on the
structure of the lipid phase and on the trans-
membrane disposition of Ca®"-ATPase are
manifested in slower rate of E{P formation
and longer lifetime of E{P at near 0°C temper-
ature and at low Mg2+ concentration (Pasco-
lini & Blasie, 1988; Pascolini et al., 1988;
Asturias et al., 1989; 1990).

Photolysis of the calcium chelator DM
nitrophen can be used to rapidly release CaZ*
in SR multilayers (DeLong & Blasie, 1993).
Ca2+-binding to the SR in the absence of ATP
caused increased electron density in three re-
gions of the membrane profile, corresponding
to the intravesicular membrane surface, the
center of the bilayer and the junction of the
stalk and headpiece regions of the cytoplasmic
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domain of the Ca®"-ATPase (DeLong & Blasie,
1993). The Ca2+-binding site in the center of
the bilayer corresponds to the location identi-
fied by X-ray analysis of multilamellar
CaZ"-ATPase crystals (Toyoshima et al., 2000).
The Ca2+-binding sites on the inner surface and
in the stalk region may be related to negatively
charged regions of the Ca®"-ATPase near the
entrance and exit of the Ca?" channel.
Ca2+-binding to these sites is associated with a
decrease in electron density in the adjacent re-
gions, suggesting conformational changes in
the Ca"-ATPase associated with Ca2+-binding
(DeLong & Blasie, 1993). La®" and Tb®" are
bound with high affinity to the stalk portion of
the cytoplasmic domain about 12 A from the
phospholipid head group region of cytoplasmic
membrane surface. This site accounts for
about 80% of the bound lanthanides. The re-
mainder is bound with lower affinity near the
phospholipid head groups on the cytoplasmic
and lumenal membrane surface (Asturias &
Blasie, 1991; Asturias et al., 1994a; Blasie et al.,
1992). Tb3+, in contrast to La3+, also binds to
the site in the center of the bilayer presumably
in competition with Ca®" (Asturias et al.,
1994a; Blasie et al., 1992). Phosphorylation of
Ca?*-ATPase induced by Th®" causes the move-
ment of metal density toward the intra-
vesicular surface presumably due to changes in
the affinity of the various metal binding sites
(Asturias et al., 1994a).

TARGETING AND INSERTION OF
THE Ca?’-ATPase TO THE
SARCOPLASMIC RETICULUM

The SR Ca?"-ATPases are synthesized on
membrane-bound polysomes and cotrans-
lationally inserted into the sarcoplasmic reticu-
lum membrane (Martonosi, 2000). The role of
various CaZ*-ATPase domains in targeting and
insertion was analyzed by in vitro transcrip-
tion-translation scanning (Bayle et al., 1995),
and by constructing chimeras of the SERCA
Ca?"-ATPase with the plasma membrane CaZ*-

ATPase (PMCA) (Foletti et al., 1995; Newton et
al., 2003), that possess distinct targeting infor-
mation. Transmembrane domains M1, M2,
M3, M4, M7 and M9 acted both as signal an-
chor and stop-transfer sequences while do-
mains M5, M8 and MI10 acted only as
stop-transfer sequences (Bayle et al., 1995;
Newton et al., 2003). Transmembrane domain
M6 did not insert cotranslationally into the
membrane. The extended C-terminal region of
SERCA2b had both signal anchor and
stop-transfer capacity, consistent with serving
as an eleven transmembrane domain; this
would place the C terminus of SERCA2b on the
lumenal side, while SERCA1 and 2a have both
ends on the cytoplasmic side. The absence of
signal anchor sequence in M5 suggests that it
does not insert independently, while M7 and
MBS are probably inserted as a pair. There is no
indication that the Ca2*-ATPase forms stable
interaction with immunoglobulin binding pro-
tein (BiP) or other chaperons (Karin & Settle,
1992). Replacing the N-terminus of PMCA with
the 85 N-terminal residues of SERCA was suffi-
cient to direct retention of the plasma mem-
brane Ca’"-ATPase in the ER (Foletti et al.,
1995). Since truncated PMCA lacking the
N-terminal 204 amino-acid residues was still
expressed in the plasma membrane, the
SERCA N-terminus overrides the tendency of
PMCA for plasma membrane localization.
These observations indicate the presence of an
endoplasmic retention signal in the N-terminal
segment of SERCA Ca?"-ATPase. The CaZ'-
ATPase does not contain the Lys-Asp-Glu-Leu/
His-Asp-Glu-Leu or the Lys-Lys-XX and Lys-X-
Lys-X-Lys-X sequences that direct other pro-
teins to the endoplasmic reticulum.
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