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The structural basis of calcium transport
by the calcium pump

Claus Olesen™?, Martin Picard’f, Anne-Marie Lund Winther"?, Claus Gyrup’, J. Preben Morth'~, Claus Oxvig®,
Jesper Vuust Mgller™? & Poul Nissen'?

The sarcoplasmic reticulum Ca?"-ATPase, a P-type ATPase, has a critical role in muscle function and metabolism. Here we
present functional studies and three new crystal structures of the rabbit skeletal muscle Ca®>*-ATPase, representing the

phosphoenzyme intermediates associated with Ca* binding, Ca®" translocation and dephosphorylation, that are based on
complexes with a functional ATP analogue, beryllium fluoride and aluminium fluoride, respectively. The structures complete
the cycle of nucleotide binding and cation transport of Ca?*-ATPase. Phosphorylation of the enzyme triggers the onset of a
conformational change that leads to the opening of a luminal exit pathway defined by the transmembrane segments M1

through M6, which represent the canonical membrane domain of P-type pumps. Ca®" release is promoted by translocation of
the M4 helix, exposing Glu 309, Glu 771 and Asn 796 to the lumen. The mechanism explains how P-type ATPases are able to

form the steep electrochemical gradients required for key functions in eukaryotic cells.

P-type cation pumps constitute an important family among actively
transporting ATPases, with fundamental roles in cell function and
in maintaining the cellular environment. Prominent examples
include Ca®*-ATPases and Na*,K"-ATPase, which alone consume
approximately one-third of the energy used in humans'. Besides
cation pumps, P-type ATPases are of critical importance in the
homeostasis of heavy metals and the asymmetric distributions of
lipids in membranes. The transport processes of the P-type
ATPases are based on cyclical changes between two main conforma-
tional states, denoted E1 and E2, during which the ATPase is phos-
phorylated by ATP at a conserved aspartic acid side chain, and
subsequently dephosphorylated. These processes are coupled to
vectorial transport and counter transport by the controlled opening
and closing of cytoplasmic and extracellular/luminal pathways.

Ca’*-ATPases energize the Ca’ " -mediated signalling networks of
the cell and maintain steep Ca>* gradients across plasma membranes
and inner membranes®. The sarco-endoplasmic reticulum Ca®”-
ATPase isoform la (SERCAla) pumps Ca** from the cytosol of
skeletal muscle cells into the sarcoplasmic reticulum store, thereby
terminating a muscle contraction event’. SERCA1la activity results in
transmembrane Ca> " concentration ratios of three to four orders of
magnitude (from a sub-micromolar to a millimolar level), in a high
coupling ratio (approaching 2:1) of Ca>* transport with ATP hydro-
lysis**, and with counter transport of luminal protons®®.

Several aspects of the structure and overall transport mechanism
of rabbit SERCAla are well understood as a result of numerous
investigations into the functional properties and owing to a range
of crystal structures representing well-defined states of the functional
cycle®™. SERCAla is composed of ten transmembrane helices
(M1 through M10) and three cytosolic domains’: N (nucleotide
binding), P (phosphorylation) and A (actuator). In its El form,
SERCA1la binds two Ca®>" ions with high affinity in the middle of
the ten transmembrane helices, whereas in the E2 form the cation-
binding sites are associated with protons. Of particular importance,
it has been shown that transition states of phosphorylation and

dephosphorylation (as studied by aluminium fluoride complexes)
are coupled to occlusion of bound calcium''* and protons',
respectively. In the forward direction of the functional cycle, the
Ca,E1~P state, formed by reaction of Ca,E1 with ATP, is converted
to an E2P state, accompanied by translocation of Ca®". The E2P state
is then dephosphorylated along with a counter transport of protons.
All steps in the reaction cycle are reversible; thus ADP stimulates the
dephosphorylation of the Ca,E1~P state through regeneration of
ATP, and Ca®"/Ca®>" exchange is observed at high vesicular levels
of Ca®" (refs 16-18) .

Despite detailed insight into the occluded transition states of phos-
phorylation and dephosphorylation, structural information on the
essential step by which Ca®" is transferred from the cytosol into the
intraluminal space of sarcoplasmic reticulum vesicles is lacking. Does
it occur through a gated channel (as, for example, suggested for
Na™,K"-ATPase'®) or is it the result of conformational changes that
project the intramembrane binding sites towards the vesicle lumen®%?
In this article we address this question on the basis of new crystal
structures of the Ca®>*-ATPase, all obtained in the absence of inhibi-
tors bound in the membrane, namely: (1) the Ca,E1~P state formed
by adenosine 05’—(B,y—imido)—triphosphate (AMPPNP) and deter-
mined at 2.8 A resolution, (2) an E2-BeF;  complex, representing
a genuine E2P state, determined at 2.65 A resolution, and (3) a struc-
ture determined at 3.0 A resolution of the E2-AlF,” complex in
the presence of the non-hydrolysable ATP analogue adenosine 5’'-
(B,y-methylene)-triphosphate (AMPPCP), representing the ATP-
modulated transition state of dephosphorylation, here denoted as
E2-P*. We show how product separation in the high-energy
Ca,E1~P state allows for the transition to the E2P state with expo-
sure of a luminal pathway, which is resealed on the subsequent
replacement of Ca>* by H' and through formation of a dephosphor-
ylation site in the E2-P* state. Together, these studies complete the
overall view of SERCAla structure and function and provide ratio-
nales that can be transferred to all members of the P-type ATPase
family.
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Overall comparison of new structures

Crystals were obtained in the presence of native lipids and crystal
structures were determined as described in Methods.

The three structures are shown in Fig. 1, along with the previously
published structure of the ATP-bound E2 state'® (using AMPPCP).
Together, these structures represent a minimal scheme comprising
four cornerstones of the functional cycle. Conformational changes
occur as a result of concerted movements of transmembrane helices
connecting the reactions at the phosphorylation site with binding
events at the cation-binding sites in the membrane. The coupling is
transmitted through movements of the A domain. Worth noting,
E2-BeF; — and E2-AlF,” —AMPPCP complexes are the first struc-
tures obtained of calcium-free SERCAla without structural bias from
membrane domain inhibitors like thapsigargin'®'*'>*22,

The Ca,E1~P state

The conformation of SERCA1a crystallized in the presence of Ca**
and AMPPNP is similar to the Ca,E1-AMPPCP and Ca,E1-ADP-
AlF,~ forms described earlier as the pre-state and transition state of
phosphorylation, respectively, associated with occlusion of two Ca®™"
ions in the membrane'"'">. However, unbiased difference Fourier
maps show important changes at the phosphorylation site (Fig. 2a),
indicating that a genuine aspartyl-phosphoanhydride has formed at
Asp 351 along with AMPPN (like ADP) at the nucleotide-binding
pocket. The changes result in a ~3.1A net separation of the
(bridging) B,y-imido nitrogen and the y-phosphoryl group trans-
ferred to Asp351. The authenticity of phosphoenzyme formation
was confirmed by mass spectrometry of re-dissolved crystals (Supple-
mentary Fig. 1). In experiments on sarcoplasmic reticulum vesicles

ATP + 2-3 H+

E2-P*-ATP
E2-AIF,~AMPPCP

Figure 1| Overall comparison of SERCA1a structures representing key
states of the reaction cycle. The new structures of Ca,E1~P-AMPPN, E2-
BeF;  and E2-AlF,  complexes form the basis of this report and the E2-
BeF;  complex is increased in size to emphasize its critical importance.
Cation- and nucleotide-exchange reactions are indicated. The structures are
depicted by grey, transparent surfaces and by cartoon representations, with
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we also confirmed a previous finding® that SERCAla cleaves
AMPPNP in a Ca®’-dependent reaction. The hydrolysis rate of
AMPPNP (with a V. of around 1 nmolper mg of protein per
min at pH7.1 and 23°C) is approximately 5,000 times slower
than observed with saturating amounts of ATP, yet Ca®* transport
is sustained with a high coupling ratio of 1.5 (+0.2):1 (Fig. 2b, ¢, and
Supplementary Fig. 2), corresponding to what is observed with
ATP at similar conditions'”**. In other words, AMPPNP is a fully
functional but slow substrate for SERCA. The AMPPN (ADP)
remains enclosed at the phosphorylation site with the aspartyl-
phosphoanhydride trapped in a high-energy product complex, in
accordance with the Ca,E1~P state being ADP sensitive.

An important consequence of phosphorylation is that the nucleo-
tide no longer bridges across the interface between the Nand
P domains: the N domain with the ADP-leaving group can therefore
separate from the P domain, whereas the aspartyl-phosphoanhydride
interacts with residues and a divalent cation of the P domain (Fig. 2a).
Unlocking the domain interface by phosphorylation allows the
ATPase to explore other conformational states that, according to
recent kinetic evidence, lead to the rapid and reversible formation
of E2P%, as established previously in connection with the Na™-
dependent phosphorylation of Na*, K -ATPase??".

The E2P state with an exit pathway exposed to the lumen

The E2-BeF; ™ structure reveals a new and unique conformation of
SERCAla, showing an open, luminal pathway (Fig. 1, and Supple-
mentary Fig. 4). The Asp 351 side chain is covalently modified by
BeF;  and associated with a Mngr ion (Fig. 3a), and the site is
isosteric to that of the phosphorylated Ca,E1~P state. We find that

E2-ATP
E2(TG)-AMPPCP

2 Ca2* +ADP

Ca,E1~P-ADP
Ca,E1~P-AMPPN

the A domain in yellow, N domain in red, P domain in blue, transmembrane
segment M1-2 in purple, M3—4 in green, M5-6 in wheat and M7-10 in grey.
The TGES motif is shown by pink space-filling, residues 309, 771 and 796
(mentioned in the text) as sticks, and bound Ca*" ions as grey spheres. Here,
and in the following figures, structural representations were prepared with
Pymol (http://pymol.sourceforge.net/).
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BeF; ™ reacts with Ca*"-ATPase with an affinity in the nanomolar
range, yet our data also show that millimolar levels of Ca**, when
granted access at the luminal side, lead to rapid and full re-activation
of the BeF; -complexed Ca**-ATPase (Fig. 3b, ¢, and Supplemen-
tary Fig. 3), characteristic of an E2P state exposed to the lumen.
Indeed, the signature by tryptophan fluorescence spectroscopy and
a reduced Ca® " -binding affinity have previously been used to argue
that the BeF; -bound complex mimics the genuine E2P state>*’.
A key question is then how phosphorylation has triggered the
formation of an exit pathway? The answer is to be found in specific
interactions of the A domain with the phosporylation site. The con-
served TGES loop of the A domain replaces ADP and the N domain
and forms a tight seal at the phosphorylation site by an extensive
range of interactions with the Mg®"-bound aspartyl phospho-
anhydride (Fig. 3a, and see later). To yield this interaction of the
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Figure 2 | The Ca2E1~P state obtained with AMPPNP. a, Refined structure
(stick representation) of the Ca,E1~P-AMPPN complex. The unbiased
(Fo—F¢) difference map of the nucleotide complex (green mesh, 5.5G), and
the experimental (FOAMPPNP*FOADP'AIF) difference map (—4c and 4G, red-
brown and blue, respectively) show phosphoryl transfer to Asp 351. b, The
upper panel shows Ca>" accumulation by sarcoplasmic reticulum vesicles as
a function of AMPPNP concentration. ¢, Ca>" uptake, relative to AMPPNP
hydrolysis at 200 UM of nucleotide. Dashed lines indicate initial rates of
Ca®" uptake, used for calculation of the coupling ratio (see text). The
AMPPNP hydrolysis rate remains constant, whereas the Ca®" transport rate
declines owing to Ca’"/Ca** exchange (J.V.M., unpublished observations).
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TGES motif the A domain has rotated approximately 120° around
the P domain and wedged itself into the N domain, which is now
displaced from its interaction with the P domain. As a result of this
movement the A domain exerts a powerful drag on transmembrane
segments M1-M2 and M3-M4 and forces them to spread out and
separate from M5-M6, which remain joined with the remaining
transmembrane helices in an M5-M10 complex (Fig. 4). Indeed,
intact linkers between the A domain and the membrane are of critical
importance for Ca>* transduction: thus proteolytic cleavage of the
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Figure 3 | The E2P state obtained with beryllium fluoride. a, Refined
structure (stick representation) of the E2-BeF; complex with unbiased
(Fo—Fc) electron density shown at the phosphorylation site (55), showing
BeF;  associated with Asp 351. Water molecules are shown as red spheres.
b, ¢, Ca’"-mediated displacement of BeF;  as a function Ca**
concentration (circles, 10 mM; triangles, 5 mM; squares, 2 mM ; diamonds,
1 mM) using purified and leaky Ca”>*-ATPase preparations (b) or intact
sarcoplasmic reticulum vesicles (c) in the presence (filled symbols) or
absence (open symbols) of A23187 ionophore, thus distinguishing
intravesicular and extravesicular effects of Ca®". y axis, recovery of activity
relative to that of a BeF;~ unmodified control; x axis, duration of Ca>"-
ATPase or vesicle exposure to 10 mM Ca*™.
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A-M3 linker® and shortening of the A-M1 linker*" block formation
of the E2P state, whereas proteolytic cleavage of the A-M2 linker* or
extending the A-M1 linker™ inhibit subsequent dephosphorylation
of E2P, despite the conformational changes at the cytoplasmic
domains. The transition of EIP—with a 10-15 A hydrophobic bar-
rier of the Ca** -binding sites to the lumen—to the E2P state leads to
the formation of a three-lobed structure with a luminal pathway
opening from the cation-binding sites towards the lumen (Fig. 4).
The new configuration also distorts the calcium-binding sites in the
membrane, primarily because of: (1) rotational movements of M6
bringing Asp 800 and Asn796 away from their binding positions
between Ca’” sites I and 11, (2) a ~6 A translational movement of
M4 with Glu309 in the luminal direction, and (3) smaller trans-
lational movements of Glu771 and Glu 908 (Fig. 4a, b). As a result,
the luminal pathway exposes three of the Ca®"-liganding residues,
Glu 309 (site IT), Glu 771 (siteI) and Asn 796 (siteI and II), to the
lumen through a funnel-shaped polar pathway characterized by a
width spanning from around 4 A at the location of the exposed
Ca®*-liganding residues to around 15A at the luminal mouth of
the pathway (Fig. 4d). In previous studies, exactly the same residues
were pinpointed by site-directed mutagenesis as candidates for the
luminal proton exchange during the reaction cycle’**>. The homo-
logous residues in the occluded K,E2-P; state of Na*t K" -ATPase®
(E327, E779, D804) interact with K and are also important residues
in formation of the E2P-like conformation of the palytoxin open
channel”.

The occluded E2-P* transition state without thapsigargin

The continuation of the functional cycle leads to the dephosphoryla-
tion reaction, as described earlier for the thapsigargin-bound com-
plexes of SERCAla with AIF,” mimicking the E2-P* transition
state', or with MgF,*” mimicking the liberated but still entrapped
phosphate of the E2-P; state'’. The authenticity of earlier E2 struc-
tures has been questioned, owing to the presence of thapsigargin or
other inhibitors. However, the crystal structure of the E2-AlF, -
AMPPCP complex obtained here in the absence of thapsigargin
shows that the effect of the inhibitor is minimal (Supplementary
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Fig. 5), even at the binding pocket for thapsigargin between M3,
M5 and M7. The inhibitory effect of thapsigargin thus seems to be
based on trapping SERCA1la in the occluded E2 conformation. We
have previously shown that the E2-AlF,” form represents an
occluded state associated with the binding of probably 2-3 protons
for counter transport'*, more correctly denoted H, 3E2-AlF, . Thus,
during dephosphorylation, the M1-M2 and M3-M4 segments close
against the M5-M10 region, burying the cation-binding residues in
the membrane (Figs 1 and 4c). Worth noting, these residues adopt
nearly the same configuration in thapsigargin (TG)-bound forms'®"?,
and also in the E2-BeF; ~ complex, though stabilized by a Mg® " ion in
the latter (Fig. 4b, e). The reclosure of the transmembrane domain
transmits to a ~10° perpendicular rotation of the A domain around
the phosphorylation site of the P domain (away from the N domain
and towards the membrane), in relation to which the TGES loop is
moved by formation of a phosphorolytic site centred on Glu 183
(Fig. 5). The AMPPCP nucleotide of the E2-AlF,” complex (repre-
senting modulatory ATP) is bound at an exposed site centred on
the Phe 487 region of the N domain and interacting with Lys 205 of
the A domain (Fig. 5¢), in a similar way to the binding of ADP to the
E2(TG)-MgF,*~ complex'.

A nucleotide exchange mechanism of Ca2*-ATPase

In transition from the Ca,E1~P-ADP state to the E2P state the
nucleotide-binding pocket at the N domain has gained access to
the cytoplasmic environment, lined by the Arg174 residue of the
Adomain (Fig. 5b). The E2-BeF; structure (representing E2P)
was obtained in the absence of nucleotide. However, AMPPN (repre-
senting the ADP leaving group) of the Ca,E1~P-AMPPN nucleotide
complex provides a snug fit in the E2-BeF; ™~ structure when docked
on the basis of a structural alignment of the N domain (Fig. 5b), and
even when modelled as ATP. We suggest that this site provides the
basis for ADP release in exchange for ATP in the E2P state. Putting
this model into context with the structures of E2-AlF, -AMPPCP
(this study), E2(TG)-AMPPCP", and the Ca,E1~P-AMPPN form
(this study) a systematic progression is observed during which ATP
enters from an exchange site, moving to modulatory sites and then to

Figure 4 | The luminal exit pathway of sarcoplasmic reticulum Ca®*-
ATPase. a, The Ca,E1~P form of SERCA1la (full stick representation and
backbone trace) showing the Ca>* -binding residues (carbon, green; oxygen,
red; nitrogen, blue) and occluded Ca®>" ions (grey spheres). b, Same
representation of the E2-BeF;~ complex (grey-blue sphere for Mg*") with a
similar orientation of the M7-10 region to a, now showing a luminal exit
pathway and exposure of Ca>™ ligating residues. ¢, Similar representation of
the E2-AlF,  structure with reclosure of the protonated state. d, Larger view

of the E2-BeF; form (as in b) with colours of transmembrane segments as
in Fig. 1. Approximate dimensions of the funnel-shaped exit pathway are
indicated. e, Stereoview of the E2-BeF; ™ complex (space-filling) as seen from
the luminal side onto the membrane and showing a polar surface of the exit
pathway. Carbon, white; sulphur, yellow; nitrogen, blue; oxygen, red, except
for CaH-binding residues, green (Glu 309, Glu 771 and Asn 796). f, Sideview
of the E2-BeF; ™ complex (perpendicular to e), displaying well-defined
boundaries of an apolar surface for membrane localization.
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the final catalytic site as the enzyme proceeds from E2P (Fig. 5b) in
the forward direction by Ca”*-activated phosphorylation (Fig. 5).
The Arg 174 residue of the A domain would seem to stabilize nucleo-
tide binding in the E2P state. This residue is not conserved among
P-type ATPases and may be the basis of the SERCA-specific ATP
modulation of the Ca,E1~P to E2P transition®.

Discussion

The present data indicate how two cytoplasmic Ca®* ions, occluded
in the membrane in the Ca,E1~P state, can be transferred to the
lumen of the sarcoplasmic reticulum vesicles via an open luminal
pathway formed by the separation of the M1-M2, M3-M4 and the
M5-M6 segments in the E2P state. The transition also results in a
decrease in Ca”*-binding affinity owing to a change in the config-
uration of the liganding residues so that Ca** can be efficiently
translocated from a low- to a high-concentration environment.
The energy required is ultimately derived from ATP hydrolysis at
the phosphorylation site—the motor of the pump—via a phos-
phoenzyme intermediate. All steps of the cycle are reversible, so
how is efficient transport maintained as the electrochemical gradient
builds up? The answer is to be found in the structural characteristics

Ca,E1~P-ADP E2P

b /) Fas7

@

ADP/ATP

ADP/ATP exchange site

Catalytic site

E2-P*-ATP E2-ATP

F487

Modulatory sit Modulatory site

Figure 5 | Changes at the phosphorylation site of SERCA1a in the
functional cycle. Structures are shown as a cartoon with selected residues in
stick representation and with domain colours as in Fig. 1. The functional
states and modes of nucleotide binding are indicated. a, Ca,E1~P-AMPPN.
b, E2-BeF; structure with ADP (white stick) modelled at the N domain on
the basis of the Ca,E1~P-AMPPN structure. ¢, E2-AlIF4~-AMPPCP
structure. d, E2-AMPPCP structure with thapsigargin (PDB 2C88).
Functional state and mode of nucleotide binding are indicated on all panels.

1040

NATURE|Vol 450/13 December 2007

of the pump with the A domain linked to segments M1 through M3
to control the opening and closing of the luminal pathway, and the
energetic input from the P domain connected to the membrane by
the cytoplasmic extensions of M4 and M5. This provides the basis
for coupling between the cation-binding sites in the membrane
and the chemical processes occurring at the phosphorylation site.
Furthermore, the physiological working conditions with a high
ATP-to-ADP ratio in the cell have an important modulatory role,
keeping the protein in a compact, nucleotide-bound state during the
whole cycle (Figs 1 and 5).

To summarize, starting from the ATP-bound H, ;E2 state (Figs 1
and 6), release of protons from the cation-liganding residue, in
exchange for cytoplasmic Ca®" ions, leads to the assembly of the
phosphorylation site with the ATP-bound N domain', and with
the A domain directing the occlusion of bound Ca®" (refs 11 and
12). The Ca,E1~P state is formed through a favourable kinase acti-
vity producing ADP and an energy-rich aspartyl-phosphoanhydride
bond, which unleashes the N domain from the P domain as the

Ca,E1~P E2P

Tense conformation

M4 downwards translated
Lumen open
Ca?*exchanged with H*

A domain rotated
Ca?* occluded
Phosphorylation

E2-ATP
P;released
A domain relaxed
H*+exchanged with Ca2*
(cytoplasmic side)

E2-P*
Protons occluded
Lumen closed
TGES docked
Dephosphorylation

Figure 6 | Schematic representation of the reaction cycle. A schematic
selection of key features of Ca> " -ATPase function is indicated and reveals for
the E2-P state the rotation of the A domain dragging M1-2, and the changes
in the position of the P domain and N domain, pushing M3—4 in an outward
and downward direction. See the Discussion for further detail. A domain,
yellow; N domain, red; P domain, blue; helix M1-2, purple; M3—4, green;
M5-10, wheat; Ca>" ions and protons, green and grey spheres, respectively.
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B,y-phosphodiester bond breaks at the domain interface (Figs 2a and
5a). In the following step the A domain, with the conserved TGES
loop, rotates towards the phosphorylation site, making firm associ-
ations with both the P domain and N domain. This movement exerts
a downward push on the M3-M4 segment and a drag on the M1-M2
segment. In this transition, the configuration at the Ca**-binding
residues in the membrane is forced apart, and the sites are favourably
exposed to the polar environment of the luminal pathway to reduce
the penalty of isolated charges in the membrane. During these move-
ments, the cation-binding sites remain separated from the cytoplasm
by a 15-20 A thick barrier (Fig. 4b), whereas the N domain (left with
ADP) is exposed to the cytosol and primed for ATP exchange
(Fig. 5b), preventing a smooth reversal to the ADP-sensitive
Ca,E1~P state.

Along with (partial) charge neutralization of the luminally
exposed cation-binding sites by protons, a closure of the transmem-
brane segments becomes favourable, coupled to a downward rotation
of the A domain and a movement of the P domain that leads the
enzyme to the E2-P* transition state with occluded protons. In
this state, the occluded protons are separated from the lumen by a
10-15 A thick hydrophobic barrier (Fig. 4c) and a layer of positively
charged residues at the luminal surface'.

On dephosphorylation stimulated by the TGES motif, the cycle
completes by release of the liberated phosphate stimulated by ATP
binding" in the E2 state, with a cytoplasmic pathway opening for
exchange of protons with calcium ions'>".

The pronounced conformational changes associated with Ca®"
translocation are in accordance with the role of Ca’*-ATPase as a
primary, active transporter. This is based on transitions between
(at least) four different and well-defined conformational states,
including the phosphoenzyme intermediates. A fundamental char-
acteristic is a highly efficient separation between the cytoplasmic
and extracellular/luminal environments at all steps in the cycle.
The luminal pathway is broad and provides structural evidence for
the long-sought E2P access channel on the basis of electrophysio-
logical evidence*”** and from firmly anchored membrane transpor-
ters in general***".

Glu309 is a key player in Ca®"-ATPase function, as previously
pointed out’*? and can be described as a carrier of Ca>* (and pos-
sibly protons) that moves up and down by about 6 A with the M4
helix as the ATPase shuttles between E1 and E2 states (Fig. 6). Taken
together, this pumping mechanism stands out as being powerful,
and different to mechanisms based on narrow intramembranous
pathways controlled by gating residues, such as those proposed
for secondary transporters, like the lactose permease” and
the sodium-coupled glutamate transporter*’. At the same time, the
coupled transport—counter-transport schemes are inherent to the
system, compared to one-way transport of ABC transporters*>*,
and show a high resistance to backflow as compared to V-type
ATPases; because of this, P-type ATPases perform well as electrogenic
pumps.

The functional cycle of sarcoplasmic reticulum Ca**-ATPase rests
on principles and structural elements that apply to all P-type
ATPases. Indeed, P-type ATPases have been independently selected
in fungi/plants (H'-ATPase) and animals (Na®,K*-ATPase) for
energization of strong plasma membrane potentials.

Finally, the open E2-BeF; ™ structure presented here provides a
better template for modelling of the binding of clinically important
inhibitors like omeprazole to H',K'-ATPase (Supplementary
Fig. 6), and ouabain to the Na™,K"-ATPase.

METHODS SUMMARY

Purification, crystallization and structure determination. Ca>"-ATPase from
rabbit fast-twitch skeletal muscle (SERCAla) was prepared in sarcoplasmic
reticulum membranes by differential centrifugations and solubilized by
octaethyleneglycol dodecylether (C;,Eg) in buffers containing ligands as
required for the formation of individual complexes. Supernatants from a final
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ultracentrifugation, with a protein concentration of approximately 12 mgml™",
were >90% pure and used directly for crystallization experiments. Crystals were
obtained by the vapour diffusion method in hanging drops using PEG6000 or
PEG2000 monomethyl-ether as the precipitant and tert-butanol, methylpenta-
nediol (MPD), or dimethyl sulfoxide as additives.

Crystallographic data were collected at ESRF in Grenoble, France, and at
EMBL/DESY in Hamburg (Supplementary Table 1). Structures were determined
by molecular replacement (Supplementary Fig. 1) and the final model refine-
ment employing the use of TLS parameterization was achieved with programs of
the PHENIX package®’.

Detection of phosphorylated Ca®*-ATPase by mass spectrometry. We deve-
loped a mass spectrometry method for detection of phosphorylation of Ca*-
ATPase by AMPPNP, based on previous reports***’. Fast hydrolysis of the aspar-
tyl-phosphoanhydride residue prevents the direct detection by mass spectro-
metry. However, borohydrin reduction of the aspartyl-phosphoanhydride
followed by CNBr treatment produces a Ca>*-ATPase fragment (Met 327 to
Met361) with a stable homoserine occurring in place of phosphorylation at
Asp 351. The peptide was identified and analysed by MALDI-TOF mass spec-
trometry (Supplementary Fig. 1).

Biochemical assays. The AMPPNP-supported Ca®" transport by Ca>* -ATPase-
containing sarcoplasmic reticulum vesicles was assessed by current protocols®>*
with particular care to avoid nucleotide contamination due to the low turn-over
rate of AMPPNP-driven compared to ATP-driven transport (Supplementary
Fig. 2). Ca>" displacement of E2-BeF; ™~ was followed by measuring the recovery
of enzyme activity on Ca®* addition; experiments using sarcoplasmic reticulum
vesicles used the Ca’* ionophore A23147 to differentiate between the effect of
intravesicular and extravesicular Ca®* (Supplementary Fig. 3).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Purification and solubilization. Ca® "-ATPase prepared from rabbit fast twitch
skeletal muscle (SERCAla) was purified from sarcoplasmic reticulum vesicles
according to established procedures®.

Ca,E1~P crystals were obtained by solubilization with 30 mM octaethylene-

glycol dodecylether (C;,Eg) in 100 mM MOPS-KOH, pH 6.8, 20% (w/v) gly-
cerol, 80 mM KCl, 5mM AMPPNP and 10 mM CaCl,. The E2-BeF; ™ crystals
were obtained by solubilization with 30 mM C,,Eg in 100 mM MOPS-KOH, pH
7.0, 50 mM LiCl, 5mM MgCl,, 2mM EGTA, 5mM NaF and 0.66 mM BeSO,.
The E2-AlF, -AMPPCP complex was solubilized with 35 mM (C,Eg) in
100 mM MOPS-KOH, pH 6.8, 20% glycerol, 80 mM KCl, 3 mM MgCl,, 2mM
EGTA and 1 mM AMPPCP.
Crystallization. The solubilization was followed by ultracentrifugation at 4 °C
for 35 min at 50,000 r.p.m. in a Beckman TLA-110 rotor. The protein was stored
on ice overnight and then subjected again to ultracentrifugation for 15 min at
70,000 r.p.m. Supernatants, with a protein concentration of approximately
12mgml ™", were > 95% pure and used directly for crystallization experiments.
The hanging drop method was applied (at 19 °C) by mixing 2 pl of protein
solution with 2 pl of crystallization buffer solution composed in the following
way: Ca,E1~P, 8% (w/v) PEG6000, 15% (w/v) glycerol, 200 mM sodium acet-
ate, 4% (v/v) tert-butanol and 5 mM B-mercaptoethanol; E2-BeF; , 18% (w/v)
PEG 6000, 50mM MgSO,, 10% (v/v) glycerol and 4% DMSO; E2-AlF -
AMPPCP, 12% (w/v) PEG2000 mono-methylether, 200 mM MgSO, and 6%
MPD.

Large, single crystals grew within a week for the Ca,E1~P-AMPPN form and
2-3weeks for the E2-BeF;~ and E2-AlF, forms. Crystals were taken directly
from the mother liquor after limited dehydration (Ca,E1~P-AMPPN) or on
addition of glycerol to crystallization drops for cryo-protection (E2-BeF; ™ and
E2-AlF, crystals), mounted in nylon loops, and flash-cooled in liquid nitrogen,
as described>.

Data collection. Crystallographic data were collected at the beamlines ID23-2
and ID29 ESRF (European Synchrotron Radiation Facility) Grenoble, France,
and EMBL/DESY (The EMBL X11 beamline at the DORIS storage ring, DESY)
Hamburg, Germany. Data processing was performed with XDS>, and phases
obtained by molecular replacement using partial search models and the PHASER
program™. The initial molecular replacement phases were refined by density
modification through the RESOLVE prime-and-switch routine® (Supplemen-
tary Fig. 4) and later stages of model building were carried out on the basis of
omit maps and 2F,—Fc maps using O*. Refinement of structures was per-
formed with the CNS program®. Final model refinement employing the use of
TLS parameterization was achieved with programs of the PHENIX package®.
The structures were validated using PROCHECK™.

MALDI-TOF analysis of phosphoenzyme and crystal samples. Direct detec-
tion of the aspartyl-phosphoanhydride residue by mass spectrometry is not
possible owing to nearly instant hydrolysis®. Instead we have used NaBH, to
specifically reduce the aspartyl-phosphoanhydride into a stable homoserine
residue*®* =2 Control samples of SERCAla phosphoenzyme were made by
incubating, on ice, sarcoplasmic reticulum vesicles at 0.2 mg of protein per ml in
50 mM MOPS (3-(N-morpholino)propanesulfonic acid) titrated with Tris (2-
amino-2-hydroxymethyl-1,3-propanediol) at pH 7.8, 100mM KCl, 5mM
MgCl,, 50 UM CaCl, in the presence or in the absence of 5 uM ATP. The reac-
tions were quenched by adding ice-cold 10% (w/v) trichloroacetic acid (TCA
10%) after 20s of reaction. All samples were then kept on ice for 20 min
and centrifuged for 20 min at 4,300 r.p.m. in a bench-top centrifuge (4 °C).
Pellets were resuspended in 750 pl of ice-cold 5% TCA and centrifuged for
10 min at 72,000 r.p.m. in a Beckman TLA-110 rotor (at 4 °C). The pellets were
finally rinsed in 10 mM ice-cold HCI, centrifuged 5min at 72,000 r.p.m. and
lyophilized.

Reduction of the aspartyl-phosphoanhydride to homoserine was performed
by adding 100 pl of freshly prepared 10 uM NaBH, solution, suspended in 100 pil
of DMSO, to the pellets. Incubation was performed for 20 min and quenched by
addition of 200 pl of ice-cold 0.44 M KCIO,. After 30 min incubation on ice, the
samples were centrifuged at 50,000 r.p.m. for 20 min in a Beckman TLA-110
rotor and the pellets lyophilized.

Crystals of the Ca,E1~P-AMPPN form were harvested with crystal mounting
loops and transferred to ice-cold TCA 10% with further manipulations, includ-
ing NaBH, reduction, as described above.

Cyanogen Bromide (CNBr) fragmentation was performed by incubating the
NaBH,-reduced material with a 100-fold molar excess of CNBr over methionine.
CNBr was dissolved in 70% trifluoroaceticacid (TFA) and the reactions were
incubated overnight at room temperature. The patterns of fragmentation were
compared for the different samples by matrix-assisted laser desorption ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometry (Supplementary Fig. 1).

nature

Mass spectra were acquired with a Voyager-DE PRO (MALDI-TOF) instrument
(Applied Biosystems) operated in linear mode. Samples were prepared by
crystallization of the peptide analytes with a-cyano-4-hydroxycinnamic acid.
Final spectra were obtained by averaging 200 single shot spectra, and calibrated
externally

AMPPNP-supported Ca>* uptake by sarcoplasmic reticulum vesicles. Active
Ca”" transport by sarcoplasmic reticulum vesicles was measured by Millipore
filtration with the aid of **Ca**, according to current protocols but with the
inclusion of some precautions arising from the slow rates of uptake sustained by
the ATP analogue. The sarcoplasmic reticulum vesicles were kept suspended at a
protein concentration of 0.2—-1 mgml ™" in a 30 mM imidazole buffer, pH 7.1,
containing 150 mM NaCl, 5mM Mg>*, 0.10mM **Ca®" in the presence of
various concentrations of AMPPNP (5-800 uM). Aliquots (comprising 200 pig
of protein) were quenched at different time periods with 4 ml of unlabelled and
ice-cold buffer, without added Ca®", and the vesicles were deposited on a
0.45 pm Millipore filter and further rinsed twice with 3 ml of ice-cold buffer.
We found that when Ca>* uptake measurements were performed in this way,
there was a slow, time-dependent rise in Ca®" retained by the filter, preceded by a
jump in Ca®* accumulation, occurring immediately after the addition of
AMPPNP (Supplementary Fig. 2). This jump (the presence of which is also
apparent from a previous report™) is not attributable to inefficient removal of
Ca?" bound on the outside of the vesicles, which shows that only small amounts
of Ca®* are retained on the filter in the absence of AMPPNP. Instead it is
probably caused by rapid hydrolysis of ATP contaminating the AMPPNP
reagent. In agreement with this view we found that the extent of the jump (which
at a concentration of 0.8 mM nucleotide would correspond to a contamination
of the order of 1.25-2.5%, assuming a coupling ratio between 1 and 2) was
proportional to the concentration of AMPPNP. To remove contaminating
ATP we routinely started the Ca®* uptake experiments by pre-incubating the
AMPPNP and *°Ca*" containing incubation medium with purified and leaky
Ca®"-ATPase membranes (at 0.050 mg of protein per ml) for 15 min, before
starting the Ca®* uptake experiments by the addition of sarcoplasmic reticulum
vesicles. This protocol results in a regular uptake curve that eventually (after
90 min) leads to the same accumulation as observed without the pre-treatment
with the leaky Ca®"-ATPase membranes (Supplementary Fig. 2). From such
curves, we could calculate the initial rates of Ca®" transport after subtraction
of a minor contribution (corresponding to 2—4 nmol of Ca>* per mg of protein)
that was measured immediately after the sarcoplasmic reticulum addition both
in the presence and absence of AMPPNP and thus not attributable to Ca**
transport.

Reaction of Ca®*-ATPase with beryllium fluoride and Ca* reactivation. The
use of beryllium fluoride (BeF; ) as a structural analogue of phosphorylation
that forms an inhibitory complex with SERCAla was pioneered by Murphy
and Coll®. Intrinsic fluorescence and other evidence showing that complexation
is compatible with the formation of an E2P state with luminally oriented Ca** -
binding sites were later provided®*?. In our experiments, we find that in Ca>*-
depleted EGTA media Ca’"-ATPase reacts with BeF; by an irreversible
reaction, characterized by apparent rate constants of 22mM ™' min~' at
pH7.2 and 13mM ™" min~"' at pH6.0, and eventually leading to complete
inhibition of enzyme activity by low (micromolar) concentrations of BeF;
provided that BeF; ™ is present in larger than stoichiometric amounts compared
to SERCAla (Supplementary Fig. 3). However, the stability of the complex is
more sensitive to the presence of Ca** (Fig. 3) as compared to the E2-AlF,~
complex'*?. This creates the problem when using enzymatic spectrophotome-
try®* to follow BeF;~ on- and off-reactions that unwanted re-activation readily
occurs during the assay, resulting in downward deflecting curves (Supple-
mentary Fig. 3). To minimize assay-induced re-activation we performed these
measurements at low Ca®>" concentrations (at [Ca®>" ]/[EGTA] concentration
ratios 0of 0.9:1) and low ATP concentrations (0.1 mM instead of 5 mM MgATP),
which resulted in nearly linear traces.
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