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The sarco(endo)plasmic reticulum Ca®*-ATPase (SERCA)
couples ATP hydrolysis to transport of Ca?*. This directed
energy transfer requires cross-talk between the two Ca*"
sites and the phosphorylation site over 50 A distance. We
have addressed the mechano-structural basis for this
intramolecular signal by analysing the structure and the
functional properties of SERCA mutant E309Q. Glu** con-
tributes to Ca®>" coordination at site II, and a consensus
has been that E309Q only binds Ca*" at site I. The crystal
structure of E309Q in the presence of Ca>" and an ATP
analogue, however, reveals two occupied Ca®" sites of a
non-catalytic Ca,E1 state. Ca®> " is bound with micromolar
affinity by both Ca>" sites in E309Q, but without coopera-
tivity. The Ca®"-bound mutant does phosphorylate from
ATP, but at a very low maximal rate. Phosphorylation
depends on the correct positioning of the A-domain,
requiring a shift of transmembrane segment M1 into an
‘up and kinked position’. This transition is impaired in the
E309Q mutant, most likely due to a lack of charge neutra-
lization and altered hydrogen binding capacities at
Ca’ " site II.
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Introduction

The sarco(endo)plasmic reticulum Ca®*-ATPase (SERCAla)
is a P-type cation pump that couples ATP hydrolysis to the
active transport of Ca® * across the membrane by a Ca? " /H ™"
exchange mechanism. The ion translocation is achieved by
well-defined steps of a reaction cycle (Figure 1A) where the
enzyme alternates between E1 and E2 and phosphorylated
and dephosphorylated states with inward- and outward-fa-
cing ion binding sites of varying ion affinities (de Meis and
Vianna, 1979; Inesi, 1985; Mintz and Guillain, 1997). A major
conformational change of the enzyme from the E2 to the
El state allows cooperative binding of two Ca*™ ions in
exchange for 2-3 protons at the ion binding sites exposed
to the cytosol. Binding of both Ca®*" ions is required for
activation of the enzyme for autophosphorylation by ATP
(Petithory and Jencks, 1988) to form the [Ca,]E1P state,
in which the two Ca®" ions are tightly occluded at their
binding sites. A conformational change of [Ca,]E1P to the
Ca,E2P state is associated with the exposure of the Ca® ™" sites
towards the lumen, with the Ca** affinity now dramatically
lowered. Ca?" release to the lumen is accompanied by
protonation of the ion binding sites, which activates the
autophosphatase activity and leads to dephosphorylation
(E2 state) and subsequent translocation of protons to the
cytosolic side in the E1 state.

Structural analysis has demonstrated that SERCA consists
of a bundle of 10 transmembrane helices (M1-M10) con-
nected to a cytosolic headpiece comprising three distinct and
flexibly connected domains named N (nucleotide binding),
P (phosphorylation), and A (actuator) (Toyoshima et al,
2000) (Figure 1B). Side chain oxygens and main chain
carbonyls in transmembrane helices M4, M5, M6, and M8
contribute to the coordination of the two Ca*" ions in the
CayE1 and [Ca,]EIP states. Crystal structures of SERCA stabi-
lized in well-defined intermediate states of the transport cycle
have allowed the major functional events to be described also
in structural terms (reviewed in Toyoshima, 2009; Bublitz et al,
2010; and Mpller et al, 2010). Central to the energy interchange
between ATP hydrolysis and Ca?* transport are successive
displacements of the cytosolic domains relative to one
another, which—by their connection to the transmembrane
helices—affect the disposition of the Ca*" binding sites and
vice versa. Along with the E2—E1 transition, the A-domain
rotates ~90° around an axis roughly perpendicular to the
membrane. During this transition, the MI1-M2 segment is
displaced downwards and sidewards with respect to the lipid
membrane, thereby opening up a cytosolic entrance pathway to
the Ca>™* sites (Toyoshima et al, 2013; Winther et al, 2013). The
[Ca,]E1P — CayE2P transition, a rate-limiting step in the
transport cycle (Champeil et al, 1986), structurally
corresponds to the displacement of the N-domain away from
the P-domain and a back-rotation of the A-domain; a
movement, which is transmitted further down to M1-M4,
leading to the disruption of the high affinity Ca®* binding
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Figure 1 SERCA reaction cycle and crystal structure of the mutant
E309Q in the Ca,El state. (A) Ca’>*-ATPase reaction cycle. Major
conformational changes and substrate binding and dissociation
steps are shown. (B) The crystal structure of E309Q. Final electron
density after refinement is shown as blue (2mF,-DF., 0.7 o) and
green (mF,-DF., 2.7 o, for clarity only shown for A-domain region)
mesh. N-domain depicted in red and P-domain in blue. M1-M2 is
shown in pink, M3-M4 in beige, M5-MI10 in grey, and Ca*" ions as
yellow spheres.

sites and the opening up of a luminal Ca*" exit pathway
(Olesen et al, 2007).

A central unresolved issue of the SERCA mechanism is how
the signal is transmitted from the Ca?" sites in the trans-
membrane domain to activate the phosphorylation by ATP at
the catalytic site in the cytosolic region—sites that are sepa-
rated by ~50A4A in the structure. Glu>” in M4 is a conserved
and important residue in the transmembrane ion-binding
pocket. Glu*” is involved in Ca®’" coordination at site II,
the second Ca®?" site to be occupied in a sequential and
cooperative mechanism (Inesi, 1985; Andersen and Vilsen,
1994; Toyoshima et al, 2000). Mutation of Glu*>®° to glutamine
abolishes Ca® © transport activity, and it was reported that the
E309Q mutant is unable to undergo the Ca®*-activated
phosphorylation from ATP, which requires both Ca®™" sites
to be occupied, whereas phosphorylation from P;, occurring
in the absence of Ca’*, is possible (Clarke et al, 1989;
Andersen and Vilsen, 1992). Experiments demonstrating a
defective Ca*> " occlusion after mutation of Glu** indicated
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that GIu®® acts as a gating residue at the cytosolic entrance of
the Ca®™ sites (Vilsen and Andersen, 1992, 1998; Inesi et al,
2004). Equilibrium Ca®" binding measurements performed
at low, micromolar Ca? " concentrations, as well as studies of
the Ca®>" dependencies of intrinsic tryptophan fluorescence
and inhibition of phosphorylation from P; led to the
conclusion that Ca®* site II is unable to bind Ca?" in
E309Q, while site T is almost unaffected. The defective
Ca*" binding at site II has widely been assumed to account
for the apparent inability of E309Q to undergo phospho-
rylation from ATP (Andersen and Vilsen, 1992; Skerjanc
et al, 1993; Zhang et al, 2000; Inesi et al, 2002, 2004;
Lenoir et al, 2006; Montigny et al, 2008).

Mutation of Glu*® furthermore blocks the dephosphoryla-
tion of E2P as formed from P; (Andersen and Vilsen, 1992;
Vilsen and Andersen, 1998; Clausen and Andersen, 2010).
During the transition from [Ca,]EIP to E2P, Glu*® is
displaced towards the luminal side (Olesen et al, 2007),
suggesting a possible link between the importance of Glu*%
for dephosphorylation of E2P and a function of Glu*® as a
ligand at a luminal Ca* " /H " site in E2P, thus being directly
involved also in proton countertransport (Andersen and
Vilsen, 1992; Vilsen and Andersen, 1998; Clausen and
Andersen, 2010; Musgaard et al, 2011).

To understand the structural and mechanistic basis for the
multiple roles of Glu*® in the binding and translocation of
Ca’" as well as in the mediation of long-range effects of
Ca® ™" binding in the transmembrane region on the phosphor-
ylation and dephosphorylation at the catalytic site, we have
determined the crystal structure of the SERCA mutant E309Q
in the presence of Ca?*. The structure was obtained from the
recombinant enzyme expressed in Saccharomyces cerevisiae
and was refined at 3.5 A resolution. To our surprise, we find
that the crystal structure of E309Q contains not only one, but
two bound Ca?" ions at the transmembrane ion sites. Our
biochemical assays furthermore show that both Ca** ions
are bound with reasonable affinity, albeit without coopera-
tivity, and that a phosphorylated state of E309Q accumulates
in the presence of Ca? " and ATP at 25°C. The maximal rate of
phosphorylation is, however, strongly reduced as compared
with the wild-type enzyme. The structural features of the
mutant explain the impaired signal transmission between the
Ca’>" sites and the catalytic site and point to the structural
determinants of the coupling between the two sites.

Results

Purification and crystallization of SERCA E309Q
Milligram amounts of rabbit SERCAla E309Q were obtained
by overexpression in S. cerevisiae followed by purification by
streptavidin affinity chromatography, affinity tag cleavage,
and gel filtration (Supplementary Figure S1; Jidenko et al,
2005; Marchand et al, 2008; Cardi et al, 2010). The purified
protein was relipidated with 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC). The yield and purity of the E309Q
protein was similar to that obtained previously with the
recombinant wild-type protein (Jidenko et al, 2005), as
evaluated by gel electrophoresis and gel filtration analysis
(compare Supplementary Figures S1A and B with figures 15.5
and 15.4, respectively, in Cardi et al, 2010).

The Ca’"-bound E309Q enzyme was crystallized in the
presence of Ca*" and the non-hydrolysable ATP-analogue
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Table I Data collection and refinement statistics
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E309Q Ca,E1 (AMPPCP)

Wild type [Ca;]E1-AMPPCP

Crystallization
Precipitant
Crystal morphology Hexagonal plate

Data collection

Space group (O c2
Unit cell a=167.0A a=165.6A
Dimensions b=558A b=57.2A
c=161.8A c=163.6 A
p=109.3° p=110.3°

Resolution (A)?

70-3.5 (3.60-3.5)

30-6.4 (6.5-6.4)

Unique reflections® 18252 (1438) 3008 (103)
I/cI® 20.84 (2.74) 9.77 (2.03)
CC (1/2)? 99.9 (83.4) 99.3 (71.7)
Rineas 8.6 (97.3) 8.9 (56.1)
Rpim” 4.0 (38.6)
Completeness (%)° 99.9 (99.9) 95.5 (82.4)
Redundancy® 10.7 (10.6) 3.1 (2.9
Scaling R-factor® 323 364
Refinement

Resolution (A)?
No. of reflections®
Rwork/Rfree (%)a

No. of atoms

67-3.5 (3.68-3.5)
18161 (2564)
22.3/26.7 (27.2/33.2)

Protein 6428
Ca’** /K /DOPC 2/1/54
Water 2

Average B-factors

N-/P-/TM-domain 157.7/108.6/88.1

Ca’ " /K*/DOPC 59.8/149.1/97.8

Water 76.1
R.m.s. deviations

Bond lengths (A) 0.005

Bond angles (deg) 0.67

PEG6000/27 mM MgCl, PEG2000-MME/55mM CaCl, PEG2000-MME/55mM CaCl, PEG6000/100 mM Na-acetate
Irregular plate

Rhombic Rhombic
C2 C2
a=161.44A a=160.0
b:73.1Aﬂ b=73.9
c=150.1A c=151.2
B=109.4° B=108.6°
60-7.5 (8.0-7.5) 100.0-4.6 (4.85-4.6)
2216 (385) 9402 (13006)
9.13 (2.58) 8.52 (2.13)
99.9 (81.6) 99.8 (91.0)
15.2 (68.7) 15.7 (90.4)
99.4 (99.7) 98.5 (95.7)
6.0 (6.0) 3.7 (3.7)
14.9 13.8

“Numbers in parentheses refer to the highest resolution shells as indicated.

"Weighted scaling R-factor against published wild-type data (PDB 1T5S) as calculated with Scaleit for the range of 50-7.5A (Howell and

Smith, 1992).

fB,y-methyleneadenosine 5'-triphosphate (AMPPCP) and
using polyethylene glycol (PEG) 6000 and MgCl, in the
crystallization buffer (‘high MgCl,” condition; Supplementary
Figure S2A). Data were collected and scaled at 3.5A
resolution in space group C2 (Table I). Crystals of the same
form were also obtained with CaCl, and PEG 2000 mono-
methyl ether (MME) (‘high CaCl,’ condition; Supplementary
Figure S2B). Importantly, the unit cell parameters and the
crystal packing of this crystal form differ significantly from
those found previously for the wild-type enzyme (Table I;
Supplementary Figures S3A and B), and no crystals were
obtained with E309Q under the standard conditions used for
the wild-type enzyme (see Materials and methods).

To examine whether the novel crystal form is dependent on
the E309Q mutation, we prepared and crystallized the wild-
type enzyme under similar conditions as those used for
E309Q. Only the PEG2000-MME/CaCl, conditions resulted
in three-dimensional crystals, but distinctly different in mor-
phology (rthombic, Supplementary Figure S2C). We also
reproduced crystals under the previously published condi-
tions for the wild-type enzyme (Sgrensen et al, 2004; Jidenko
et al, 2005) yielding again rhombic crystals (Supplementary
Figure S2D). X-ray diffraction analysis of the wild-type crys-
tals confirmed that the same, previously reported form was

©2013 European Molecular Biology Organization

reproduced (Sgrensen et al, 2004; Jidenko et al, 2005) as also
observed for the D351A and P312A mutant forms (Marchand
et al, 2008). The E309Q crystals therefore stand out as being
specific to the E309Q mutant form (Table I).

The structure of SERCA E309Q

The E309Q structure (Figure 1B) was determined by mole-
cular replacement using individual domains of previously
published structures of the wild-type Ca®*-ATPase in the
[Ca,]E1P-like state with bound AMPPCP (PDB 1TS5S;
Sgrensen et al, 2004) or the Ca,El state without nucleotide
(PDB 1SU4; Toyoshima et al, 2000) as search models.
Refinement yielded a final model with an Rgee of 26.7%
and with electron density maps of relatively high quality
for large parts of the structure. Surprisingly, the configuration
of the transmembrane helices in the E309Q mutant is similar
to that seen in the nucleotide-free Ca,El structure of the
native enzyme (Figure 2A). Hence, in E309Q, M1 adopts a
straight, unkinked position, albeit slightly more shifted to-
wards M4 than that of wild-type Ca,E1 (see asterisk in the
bottom part of Figure 2A). In contrast, in the occluded
[Ca,]E1P wild-type states (as represented by the [Ca,]El-
AMPPCP, [Ca,]E1-AlF,~ -ADP, and [Ca,]E1P-AMPPN struc-
tures), the M1/M2 bundle is shifted vertically towards the

The EMBO Journal VOL 32 | NO 24| 2013 3233



Structure and function of SERCA mutant E309Q
JD Clausen et al

Figure 2 Superposition of the E309Q structure with the structures
of wild type in Ca,E1 and [Ca;]E1-AMPPCP states. E309Q depicted
in blue, wild-type Ca,E1 (PDB 1SU4; Toyoshima et al, 2000) in grey
(A), and wild-type Ca,E1-AMPPCP (PDB 1TSS; Serensen et al,
2004) in wheat (B). E309Q A-domain electron density is shown in
blue (2mF,-DF., 0.7 o) and green (mF,-DF., 2.7 o) mesh. Black
arrows in the top and lower panels indicate significant differences in
cytosolic domain and M1/M2 helice bundle positions, respectively.
The lower panels show details of the transmembrane domains,
viewed in the direction of the red arrows in the top panels. The
asterisk in (A) indicates the position shift of M1 and in (B) the
position of the M1 kink near Leu® present in the wild-type[Ca,]E1-
AMPPCP state, but absent in the E309Q Ca,E1 structure.

cytosolic side by roughly two helix turns, and the cytosolic
part of M1 is kinked (near Leu®, see arrow and asterisk in the
bottom part of Figure 2B) in an ~90° angle.

In the E309Q mutant, the position of the N-domain is
roughly halfway between that seen in wild-type Ca,El and
[Ca,]EIP (Figure 2). The electron density for the A-domain
was only weakly defined, indicating that the domain assumes
a flexible position in the crystals (Figure 1B; Supplementary
Figure 3A). Although this led us to omit the A-domain from
the final structural model, we were able to determine the
overall core position of the domain (indicated by the electron
density meshes in Figures 1B and 2) by fitting the published
structure of the A-domain from the wild-type Ca? " -ATPase as
a rigid body into the contours of the electron density map.
The resulting position of the A-domain is some 10 A closer to
the membrane surface relative to its position in the Ca,El
wild-type structures (Figure 2).

The good quality of the model phases (which were derived
from the higher resolution SERCA structures used in mole-
cular replacement), and two strong peaks (>8c) in Ca®™"
omit electron density maps (Figure 3A) allowed us to un-
ambiguously determine that both Ca® " sites are occupied in
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Figure 3 Details of the Ca*" binding sites in the E309Q structure.
(A) Representative section of electron density (blue mesh, 2mF,-
DF., 1.0 o) in the transmembrane region of the E309Q structure.
(B) Simulated annealing mF,-DF, map calculated with empty ion
binding sites (green mesh, 3.5 c). The two Ca*" ions are depicted
as yellow spheres, and relevant side chains and main chain carbo-
nyls are shown as stick model. Ca®"-site I contains a water
molecule (red sphere), as also found in the wild-type Ca,E1 struc-
ture (PDB 1SU4; Toyoshima et al, 2000). (C) Superposition of E309Q
(blue) with the Ca,El1 wild-type structure (grey; PDB 1SU4). The
green mesh represents mF,-DF, average kicked omit maps for the
respective side chains at 3.2 ©. Two possible side chain
conformations (denoted as b for bent and e for extended) are
modelled for GIn3®, dashed lines indicate possible hydrogen bond
networks (distance <4 A) in E309Q.

the E309Q structure (Figure 3B), and not just site I. Placing
Ca®" ions at the sites, the refined B-factors were 50 A (site I)
and 69 A? (site II), comparable to the coordinating protein
atoms (~43-107 A%), whereas refinement of a model with
Mg2+ ions converged to unrealistically low values (~ 30 A?).

©2013 European Molecular Biology Organization



We conclude that the structure contains Ca®" ions at both
sites and at full occupancy.

The side chain atoms of GIn®**® have considerably higher
B-factors (~ 107 A?) than those of the other Ca?* coordinat-
ing residues (~43-73 A?), a feature not observed for the
wild-type glutamate residue. This indicates a higher mobility
of this side chain in the mutant, reflecting the fact that it can
only coordinate the Ca®*" ion in site II through the amide
oxygen, not in a bidentate manner as observed for the wild-
type glutamate. Due to the high flexibility of the GIn®® side
chain and the limited resolution of the data, it was not
possible to unambiguously determine its conformation.
However, assuming a flexible side chain and modelling
possible side chain conformations, we find a hydrogen
bond to be possible between the GIn**” amide group and
the main-chain carbonyl oxygen of Asp®®, an interaction not
likely to occur with the wild-type GIn®**® (Figure 3C).
Furthermore, GIn®**’ may form a hydrogen bond to Glu®®.
Although an accurate distribution of GIn*% side chain con-
formations cannot be assigned at the present resolution, a
test refinement with two side chain conformations at 50%
occupancy gave a more reasonable fit to the data (as judged
from difference maps) than each of the single solutions. The
previously mentioned slight shift in M1 of the mutant,
relative to the wild-type structure (Figure 2A, lower panel),
furthermore brings Glu®® into hydrogen bonding distance
with the main chain amide of Gly*!°, allowing another unique
hydrogen bond in close vicinity to Ca*" binding site II
(Figure 3C).

Another important finding is that the nucleotide ligand in
the E309Q structure is not ordered (Figure 4A). We observe
an electron density peak roughly overlapping with the posi-
tion of the B- and y-phosphate in the published [Ca,]E1-
AMPPCP structures (when superposed on the P-domain), but
the adenosine moiety is invisible in the electron density,
unlike the binding pocket itself, indicating disorder. In the
[Ca,]E1-AMPPCP structures of native and expressed wild-
type SERCA (Sgrensen et al, 2004; Jidenko et al, 2005) the
N- and P-domains come together and both contribute to
sandwich the nucleotide at the Asp>*' phosphorylation site.

Structure and function of SERCA mutant E309Q
JD Clausen et al

The E309Q structure, on the other hand, displays an open
arrangement of the cytosolic domains, with the N-domain
still at a distance from the P-domain. Thus, judging
from the position of the observed electron density peak,
the nucleotide only establishes interactions to the
P-domain—a phenomenon that has been observed before in
crystals obtained with AMPPCP in high Mg®" conditions
(Winther et al, 2013). In this connection, it should also be
noted that the wild-type Ca®"-ATPase has a much lower
affinity for AMPPCP than for ATP in the presence of Mg* "
(see also data below in Figure 6), which is known to
stimulate ATP binding and inhibit AMPPCP binding (Pang
and Briggs, 1977; Picard et al, 2005).

We observe also a lipid molecule (DOPC) between the
transmembrane domains of two crystallographically related
SERCA molecules of the unit cell. The phosphate moiety of
the lipid head group is coordinated by Arg’®® in MI0
(Figure 4B).

Phosphorylation of E309Q by ATP

Phosphorylation studies were undertaken with wild type and
E309Q expressed in COS-1 cells. Figure 5A shows the time
course of phosphorylation in the presence of 5 uM [y->*P]ATP,
0.1mM Ca**, and 25mM Mg* " (corresponding to the high
Mg2+ concentration used for crystallization) at both 0 and
25°C. The phosphorylation level is indicated relative to the
‘active site concentration’ as determined by the stoichio-
metric phosphorylation of E2 with 3*P; (Sgrensen et al,
1997; Clausen and Andersen, 2010). First, our data
confirmed the previous findings that no significant
phosphorylation of E309Q from ATP can be detected at 0°C
in buffer conditions where the wild-type enzyme
phosphorylates rapidly (Clarke et al, 1989; Andersen and
Vilsen, 1992; Strock et al, 1998; Zhang et al, 2000). However,
when the temperature was raised to 25°C, a considerable
amount of phosphoenzyme accumulated for the mutant,
albeit at an ~600-fold lower phosphorylation rate as
compared with the wild-type enzyme. Steady-state
accumulation of phosphoenzyme at such a low rate is only
possible  because of the concomitant block of

Figure 4 Details of the nucleotide and lipid binding sites in the E309Q structure. (A) N-domain depicted in red, P-domain in bluze, and electron
density as blue (2mFo-DFc, 1.0 o) and green (mF,-DF,, 3.0 o) mesh (the refined model does not include a nucleotide). The AMPPCP B- and y-
phosphates of the superposed wild-type [Ca,]E1-AMPPCP structure (PDB 1T5S) roughly overlap with the electron density peaks in E309Q. (B)
The DOPC binding site, positioned in a groove between two ATPase molecules, with the phosphate moiety of the lipid head group
being coordinated by Arg’®. Green mesh: mF,-DF, SA-omit map at 3.0 c. Note that the two labelled helices are from adjacent SERCA

molecules in the crystal.

©2013 European Molecular Biology Organization
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Figure 5 Time course and ATP concentration dependence of phos-
phorylation by [y->?P]ATP. (A, B) The time course of phosphoryla-
tion of wild-type Ca® " -ATPase (circles) or mutant E309Q (triangles)
expressed in COS-1 cells was studied at 0°C (open symbols) or 25°C
(closed symbols) by incubation in a medium containing 40 mM
MOPS/Tris (pH 7.0), 80mM KCl, 25 mM MgCl,, 5uM [y->2P]ATP,
and 0.1 mM CaCl, (A) or 5mM CaCl, (B), followed by acid quench
at varying time intervals. (C, D) Phosphorylation of the wild-type
Ca**-ATPase (C) or mutant E309Q (D) was carried out for varying
time intervals at 25°C at various [y—SZP]ATP concentrations. The
medium contained 40 mM MOPS/Tris (pH 7.0), 80 mM KCl, 5 mM
MgCl,, 0.1mM CaCl,, and the following concentrations of
[y-**P]ATP: circles, 1 uM; squares, 2 uM; triangles pointing upward,
SuM; triangles pointing downward, 10 uM; diamonds, 20 uM. In
each case, the level of phosphorylation is shown relative to the total
concentration of Ca®*-ATPase active sites present, as determined
by phosphorylation with 32P;. The lines show the best fits of a
monoexponential function, EP = EP., - (1 —e ™9, to the data, giv-
ing the rate constants shown in Supplementary Table S1 (for panels
A and B) and Supplementary Table S2 (for panels C and D).

dephosphorylation (E2P—E2) characteristic of E309Q
(Andersen and Vilsen, 1992; Clausen and Andersen, 2010).
A rather similar time course was observed when the Mg> ™
concentration was reduced to a more physiological
concentration of 5mM at otherwise similar buffer
conditions (Figures 5C and D). To examine whether the
slow phosphorylation of E309Q is caused by insufficient
saturation of the Ca® " site(s), we determined the phosphor-
ylation rate also in 5mM Ca® " . The 50-fold increase in Ca**
concentration only led to a moderate 1.4-fold increase in
phosphorylation rate for E309Q and a slight increase in the
steady-state phosphoenzyme level (Figure 5B). Hence, the
reduced phosphorylation rate of E309Q does not appear to
result from impaired Ca** binding at site II.

Nucleotide binding

Because a possible explanation for the very low phosphor-
ylation rate of E309Q depicted in Figures 5A and B could be a
deficiency of [y->’P]ATP binding, we examined the ATP
concentration dependence of phosphorylation (Figures 5C
and D). For the wild-type Ca* " -ATPase, the phosphorylation
rate increased 6.5-fold upon increasing the ATP concentration
from 1 to 20 uM ATP, the Ky, (ATP) being ~ 10 pM (see also
Clausen et al, 2001). In comparison, the phosphorylation rate
of E309Q increased only 1.2-fold over the same ATP
concentration range, thus indicating that the mutant is, in
fact, closer to saturation with ATP than the wild type at 1 uM
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Figure 6 Affinity of the E1 state for TNP-8N3-ATP, AMPPCP and
ATP in the absence (left panels) or presence (right panels) of Ca® " .
Wild type Ca® " -ATPase (circles) or E309Q (triangles) expressed in
COS-1 cells was subjected to TNP-8N3-ATP photolabelling at the
indicated concentrations of TNP-8N;-ATP without ATP and
AMPPCP (upper panels), or at 3 x the Ky s for TNP-8N3-ATP with
the indicated concentrations of AMPPCP (middle panels) or ATP
(lower panels). The affinity constants extracted from the analysis
are listed in Table II.

ATP. The observed difference between wild-type and mutant
phosphorylation rates was as large as 1000-fold at the nearly
saturating ATP concentration of 20 pM. A low saturation level
of the ATP binding site of the E309Q mutant can therefore not
explain the low phosphorylation rate, either.

The nucleotide binding properties of the expressed wild-
type and mutant enzymes were further examined by studying
the nucleotide concentration dependence of [y-**P]2/,3'-O-
(2,4,6-trinitrophenyl)-8-azido-ATP  ([y-*2P]TNP-8N;-ATP)
photolabelling of Lys*®* and the ATP/AMPPCP competitive
inhibition thereof using a previously validated method
(McIntosh et al, 1996, 1999; Clausen et al, 2011). The
experiments were carried out at 1mM MgCl, and pH 8.5,
either with or without 0.1 mM Ca?" present. Even without
Ca*" the high pH ensures accumulation of the E1 state in the
wild-type enzyme (Forge et al, 1993). It can be assumed that
E309Q, like the wild type, resides preferentially in the E1 state
at pH 8.5, because the E2 < E1 equilibrium is shifted towards
E1 in E309Q as observed previously in proteolysis
experiments (Menguy et al, 1998; Inesi et al, 2008). As seen
in Figure 6 (left panels) and Table II, there was only a
marginal difference between the wild-type enzyme and
E309Q with respect to the affinity of the Ca® " -free E1 con-
formation for [y-**P]TNP-8N3-ATP, AMPPCP, or ATP. In the
presence of 0.1 mM Ca*" (Figure 6, right panels, and Table
II), E309Q displayed a 2.6-fold reduced affinity for
[y-32P]TNP-8N;-ATP relative to the wild type, whereas the
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Table Il Affinity constants for the binding of nucleotide to the E1 state of wild-type Ca® " -ATPase and mutant E309Q in the absence and presence
of Ca**

EGTA? ca**t P

Wild type E309Q Wild type E309Q
[y—szP]TNP—8N3-ATP 0.214 £ 0.009 0.189+0.026 0.067 £ 0.006 0.171 £0.011
Kos (LM) (n=5/100)° (n=3/58) (n=3/60) (n=3/50)
AMPPCP 11.9+£0.2 11.0+£0.7 11.6x04 9.6%£0.8
Kp (uM) (n=3/60) (n=3/60) (n=3/57) (n=3/60)
ATP 0.106+0.012 0.108 £ 0.010 0.009 +0.0014 0.126 £ 0.006
Kp (uM) (n=3/60) (n=5/95) (n=3/77) (n=3/57)
“Labelling medium consisted of 25mM EPPS/tetramethyl ammonium hydroxide (pH 8.5), 1mM MgCl,, 0.5mM EGTA, and 17.4% (v/v)
glycerol.
*Labelling medium consisted of 25mM EPPS/tetramethyl ammonium hydroxide (pH 8.5), 1mM MgCl,, 0.1 mM CaCl,, and 17.4% (v/v)
glycerol.

:‘n’ indicates the number of experiments/the total number of data points used in the fits.

In the presence of Ca?*t, the ATP dependence of TNP-8N3-ATP photolabelling of the wild-type enzyme is biphasic, resulting from the fact
that the Ca**-bound E1 form of the wild-type enzyme is able to utilize ATP for phosphorylation and subsequently proceed through the
various partial reactions steps of the Ca? " -transport cycle. As rationalized in Results, the two phases likely correspond to ATP binding to
CayEl (Ky5=0.037+0.003 uM; constituting 36% of the total enzyme at steady state) and E2P (Kys=274%69uM; 64% of the enzyme at
steady state), respectively. Based on the fits of the Hill equation for competitive inhibition to the data, applying the Ky 5 for the binding of
[y->*P]TNP-8N;3-ATP of 0.067 uM in the calculation, the true affinity of the Ca,El state of the wild-type enzyme can be calculated as indicated,

corresponding to a 14-fold higher ATP affinity than that of the Ca,E1 state of mutant E309Q.

affinity of E309Q for AMPPCP was wild type-like. The inhibi-
tion of [y-**P]TNP-8N3-ATP photolabelling by ATP was also
studied in medium containing 0.1 mM Ca’" (lower right
panel of Figure 6), although the wild type undergoes a
significant phosphorylation when Ca®*" and ATP are present
simultaneously. The wild-type enzyme therefore cycles be-
tween the various intermediate states shown in Figure 1A,
resulting in a biphasic ATP inhibition profile with high- and
low-affinity components that likely reflect ATP binding to
Ca,E1 and E2P, respectively (Champeil et al, 1988). Although
the highest ATP affinity assigned to Ca,El is an apparent
affinity, influenced by the rate constant of phosphorylation, it
is worth noting that it is as much as 14-fold higher than the
ATP affinity of E309Q in the presence of Ca?™. It is also
remarkable that the ATP affinity of E309Q, unlike that of the
wild type, is rather independent of the presence of Ca**,
being ~0.1 uM both with and without Ca®". Hence, there
appears to be a significant difference between the wild type
and E309Q with respect to the ability to respond to Ca®*
binding by a change in the conformation of the nucleotide
binding region.

Equilibrium *°Ca®* binding measurements

Figure 7 shows the results of equilibrium **Ca*" binding
measurements carried out with the purified yeast-expressed
E309Q mutant reconstituted with DOPC. For comparison,
binding of **Ca** by wild-type SERCA from deoxycholate-
purified native membranes was also examined. Reliable
binding data could be obtained by perfusion of the proteoli-
posomes deposited on Millipore filters up to a Ca** concen-
tration of 55uM, where E309Q was found to bind
12.8+0.7nmol Ca®*"/mg protein and wild-type SERCA
11.3 £ 0.8 nmol/mg. With respect to wild type, this corre-
sponds to the binding of two Ca®" per active enzyme
monomer, since even in the best preparations at most 60%
(corresponding to 5-6nmol ATPase/mg) is functional, the
remainder being present in an inactive and aggregated state
as evidenced by measurements of phosphorylation capacity
and HPLC analysis of detergent solubilized ATPase (Andersen
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Figure 7 Equilibrium **Ca** binding measurements. **Ca®" bind-
ing to deoxycholate-purified native sarcoplasmic reticulum vesicles
and to DOPC-reconstituted yeast-expressed E309Q was measured by
filtration. Filters, deposited with the protein samples, were perfused
with 20ml medium containing 100mM MOPS/Tris (pH 7.2),
100 mM KCI, 1 mM MgCl,, 55 uM CaCl, with radiolabelled **Ca® ™,
and various concentrations of EGTA, giving the free **Ca*™ con-
centrations indicated on the abscissa. Circles, wild type; triangles,
E309Q. The lines show the best fits of the Hill equation, Y= Yy -
[Ca? 1%/ (Kys™ + [Ca® 1M, to the data giving the following affinity
constants (Kps) and Hill coefficients (h): wild type,
Kos=0.82+0.16uM, h=1.38 (n=2, 28 data points); E309Q,
Kos=2.4211.96 M, h=0.91 (n=2, 28 data points). In each Hill
fit, the Yinax was defined by the amount of “°Ca?* bound following
perfusion with EGTA-free medium (hence, with 55uM free Ca®*).

et al, 1986; le Maire et al, 2008). For the E309Q mutant
expressed in yeast, the HPLC data also indicate the presence
of inactive, aggregated ATPase (Supplementary Figure S1A).
Because one binding site would correspond to 9.1 nmol/mg
protein in a 100% pure and active enzyme preparation
(the molecular mass is 110 kDa), and there is inactive protein
present in significant amounts, the finding of 12.8 £ 0.7 nmol
bound Ca® " /mg is in good accordance with a similar binding
stoichiometry of two Ca?" per active Ca®"-ATPase for the
wild type and the mutant. By fitting a Hill function to the
binding data in Figure 7, the apparent affinity for Ca*" of
E309Q was found to be ~ 3-fold lower than that of the wild
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type. The Hill coefficient for Ca® " binding was ~ 1.4 for the
wild type, in accordance with cooperative binding (Inesi,
1985; Mintz and Guillain, 1997), while for the E309Q
mutant cooperativity seems to be lost as indicated by a Hill
coefficient close to one (Figure 7).

Discussion

Although ATP binds to SERCA throughout the whole reaction
cycle, only the Ca® " -bound form undergoes phosphorylation
from ATP. In wild-type SERCA, the occupied transmembrane
Ca’" sites thus communicate with the catalytic site to enable
the transfer of the y-phosphate of ATP to Asp®”', and the
E309Q mutation disrupts this coupled activity. By structural
analysis, we found that the mutant has both transport sites
occupied by Ca®™" (Figure 3B) and the transmembrane do-
main possesses a conformation similar to that observed with
the wild type in the absence of nucleotide (PDB 1SU4;
Toyoshima et al, 2000) (Figure 2), despite the presence of
nucleotide during crystallization and a partial electron den-
sity signal in the nucleotide binding site. On the other hand,
the cytosolic domains are arranged in positions different from
those seen in the wild-type enzyme (Figure 2), as considered
further below. Our **Ca*" equilibrium binding measure-
ments confirm that the mutant is able to bind two Ca*™
ions, and the affinity is only three-fold lower than that of the
wild type, but with a lost cooperativity (Figure 7). This
contrasts with previous analyses suggesting that E309Q
binds only one Ca®" ion, at site I (Skerjanc et al, 1993;
Strock et al, 1998; Zhang et al, 2000). Furthermore, we find
that E309Q is able to slowly form a stable phosphoenzyme by
phosphorylation with ATP (Figure 5); again in contrast to
conclusions of previous studies (Clarke et al, 1989; Andersen
and Vilsen, 1992; Strock et al,1998; Zhang et al, 2000), but
consistent with the retention of a residual communication
with the phosphorylation site, as a consequence of the
occupation of both Ca®" sites (Petithory and Jencks, 1988).
The reason why the previous phosphorylation studies failed
to detect phosphorylation of E309Q from ATP is that they
only tested phosphorylation under ice-cold buffer conditions,
where the reaction is too slow to allow the accumulation of
measureable amounts of phosphoenzyme. We find that the
maximum phosphorylation rate of the mutant, as detected at
saturating Ca®*" and ATP concentrations, is three orders of
magnitude lower than that of the wild-type enzyme
(Figure 5), thus clearly attesting to a defective signal trans-
mission between the Ca’* sites and the catalytic site. The
severe inhibition of ATP utilization in E309Q appears to relate
to the straight M1 helix and the disordered nature of the
A-domain in the E309Q structure, reflecting an increased
flexibility of the A-domain. Thus, the formation of a compact
structure of the cytoplasmic A-, P-, and N-domains, enclosing
the phosphorylation site and shielding it from the bulk
solvent, as displayed by the wild-type enzyme in the
Ca,E1/Ca,E1P states (Serensen et al, 2004; Olesen et al,
2007), is likely impeded in the mutant. This leads to a
diminished ability to attain and/or stabilize the catalytic
[Ca;]E1P-ADP transition state, thus lowering the Vi, for
phosphorylation.

In the E309Q crystal structure, the GIn” " side chain can
only take part in coordinating Ca? * II with the amide oxygen.
This is reflected in a higher degree of flexibility than in the

309
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wild-type glutamate, and with several alternative conforma-
tions of the mutated side chain being likely, as indicated by
high B-factors and a test model encompassing two alternating
conformations (Figure 3C). These features probably cause the
incompetence of the mutant with respect to Ca*>* occlusion
(Vilsen and Andersen, 1992; Inesi et al, 2004). Our analysis of
the immediate surroundings of the GIn®* side chain reveals
that the possible side chain conformations would allow
hydrogen bonding interactions with the main chain
carbonyl oxygen of Asp®® in M6, another central Ca®"
liganding residue, and Glu®® in M1 (Figures 3B and C).
Also, the shifted position of M1 in E309Q would allow a
hydrogen bonding interaction between Glu® (M1) and the
carbonyl oxygen of Gly*® (Figure 3C); an interaction absent
in the wild-type structure.

We can now devise a schematic model (Figure 8) to
address the key question of our study: how is the Ca®™-
binding signal transmitted across the ~50A distance from
the Ca® ™" sites in the transmembrane domain to the catalytic
site in the cytosolic region? First we note that in the absence
of nucleotide, the N-, P-, and A-domains are not intercon-
nected, neither in the wild-type enzyme nor in the E309Q
mutant (Figure 8, ‘Checkpoint 1’). For the formation of a
solvent shielded catalytically competent site after ATP bind-
ing, the A-domain has to be properly positioned at the N-P
domain interface, and the M1-M2 segment must undergo an
‘upward’ translation (in the direction towards the cytosol).
This involves the formation of a kink in M1 and leads to the
bound Ca®" becoming occluded via a hydrophobic cluster of
Phe®, Val®?, Leu®, Ile**, Ile’”, and Leu’® that pack against
the bent Cg and C, atoms of Glu*” (Serensen et al, 2004;
Toyoshima and Mizutani, 2004). Furthermore, for stable
occlusion to occur at the Ca®' sites near the M1 kink,
overall neutralization of charges is required, which is
ensured by the negatively charged Glu**® side chain
(‘Checkpoint 2’ in Figure 8). The latter is not fulfilled in
E309Q due to the residual positive charge of the Ca® " ion at
site II. In addition, an alternative hydrogen-bonding pattern
in the mutant, involving GIn*%, Gly*'°, Glu®®, Glu®®, and
Asp®®, could counteract the M1-M2 movements necessary
for Ca>" occlusion and cooperative interaction. Asp®’® may
be instrumental for the cooperative binding pattern of the
wild type, because it coordinates both Ca? * ions, whereas for
E309Q it may instead be affected by engaging in a hydrogen
bonding interaction with GIn*%’, which could negatively
influence cooperativity. The rotational freedom necessary
for proper positioning of the A-domain lateral to the nucleo-
tide binding site is also compromised, rendering catalytically
competent nucleotide coordination and solvent shielding a
less favoured and infrequent event. The result is a strongly
reduced phosphorylation rate, no increase in affinity for ATP
in the presence of Ca®>" (Figure 6), and, as indicated by our
data with AMPPCP, a disorder of the adenosine moiety of the
nucleotide in E309Q (Figure 4A). ATP binding occurs but is
not coupled to Ca** binding, being rather reminiscent of the
ATP binding to E2-thapsigargin (Jensen et al, 2006).

Additionally, it is of interest to consider the central core of
interacting, conserved residues that connect the Ca®> " bind-
ing sites with the phosphorylation site (Scarborough, 2002;
Mpller et al, 2010). These include the residues in M4
stretching from Ca?* site II (Glu*%) to the phosphorylated
residue in the P-domain, Asp®®', as well as the residues in M5
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Figure 8 Scheme for the structural requirements of SERCA for Ca®> " -dependent activation of phosphorylation by ATP. The three structures
shown are (from left to right): wild-type Ca,E1 (PDB 1SU4; Toyoshima et al. 2000), E309Q Ca,E1 (AMPPCP) (present work), and wild-type
[Ca,]E1-AlF, -ADP (PDB 1T5T; Sgrensen et al, 2004). Requirements at both ‘checkpoints’, CP1 and CP2, have to be met; otherwise, the enzyme
activity will be strongly lowered or completely abolished. In each structure, M1 and M2 are shown in pink cartoon, M3 in blue cartoon, the
A-M1 and A-M3 linker regions in red cartoon, and the N-terminal part of the A-domain (amino acids 1-46) in orange cartoon, to aid in
visualizing the upward motion of the M1/M2 bundle as well as the rotational motion of the A-domain upon nucleotide binding to the wild type.
The remainder of the ATPase molecule is shown in surface representation, with the N-domain in brown, the P-domain in light blue, the
A-domain in light orange, and the transmembrane domain in light grey. Some of the amino acids involved in interdomain contacts and Ca**
binding are highlighted in the surface representation by red and green colouring, respectively.

stretching from Ca® ™" site I (Glu’”") to the C-terminal part of
the P-domain containing the long (699-721) signature motif
of P-type ATPases. The central core forms what appears to be
a plastic structure that can be moulded in various ways
during transport. Via this direct connection between the
transport sites and the phosphorylation site, the central
core may enable the cooperatively interacting Ca*" ions to
transmit the long-distance signal that triggers the reaction of
Asp®®! with ATP. In line with this view, molecular dynamics
simulations have indicated that the critical kinetic factor
involved in N- and P-domain movements closing the
nucleotide binding pocket of the wild type (after addition of
Ca’* and ATP to the El state) is Ca®> " binding rather than
nucleotide binding (Espinoza-Fonseca and Thomas, 2011).
Thus, it is likely that the half-open N-domain position seen
in E309Q relative to the [Ca;]E1-AMPPCP state of native
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SERCA reflects a defective signal transmission along the
central core in response to binding at Ca®" site II, with
Glu*® being involved as a critical mediator of the signalling.

The positioning of the A-domain is also an essential aspect
of the dephosphorylation of E2P, where the conserved
T'!GES motif of the A-domain participates in catalysis of
aspartyl phosphate hydrolysis (Clausen et al, 2004; Olesen
et al, 2004). Therefore, the A-domain displacement towards
the membrane seen in the E309Q structure is likely the reason
why the E2P dephosphorylation, as well, is a severely
retarded reaction step in the E309Q mutant (Andersen and
Vilsen, 1992; Clausen and Andersen, 2010). Analogous to our
model for the realization of a phosphorylation- and occlusion-
competent E1 conformation presented in Figure 8, one can
imagine a scenario in E2P where, akin to checkpoint 1 (ATP
binding), the proper positioning of the T'®'GES motif of the
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A-domain is required not only to mediate the dephos-
phorylation by placing the water molecule in the correct
position for the phosphoenzyme hydrolysis, but also to
bring the cytosolic domains together and carry out the
necessary rearrangement of transmembrane helices M1-M3
(connected directly to the A-domain) leading to the release of
Ca’* from Ca,E2P and subsequent protonation of the carbox-
ylate groups at the transport sites (including also that of
Glu*®). In turn (akin to checkpoint 2, Ca** binding/occlu-
sion), the luminal protonation of Glu** in the E2P state is a
prerequisite for charge neutralization at the transport sites,
acting as the instigator of the signalling from the transport
sites to the catalytic site, these events being blocked in the
E309Q mutant, as mirrored by the severely retarded depho-
sphorylation.

To sum up, we find that the structural features agree very
well with the functional properties of the E309Q mutant.
Thereby, our study also provides information on the basis for
the critical role that Glu*®® plays for the mechanistic aspects
of the signal transmission between the transmembrane ion
binding sites and the catalytic domains in wild-type SERCA.
The signalling depends critically on the range of movement of
the A-domain, which is in turn determined by the hydrogen
bonding pattern and charge neutralization around Glu®®’.

Materials and methods

Purification of protein for crystallization

The purification of the E309Q mutant Ca®"-ATPase (SERCAla
isoform) expressed in Saccharomyces cerevisiae was performed as
described for the recombinant wild-type enzyme in Cardi et al
(2010), made feasible by the presence of a biotin acceptor domain
(biotinylated in vivo in the yeast) linked to the C-terminus of the
Ca® " -ATPase by a thrombin cleavage site. For each preparation, a
typical yield of ~1mg pure E309Q protein was available for
crystallization trials, and was prepared contained in ~100pl of a
buffer composed of 100 mM MOPS/Tris (pH 6.8), 80 mM KCl, 20%
(v/v) glycerol, 1mM CaCl,, 1mM MgCl,, and ~36mg/ml
octaethylene glycol monododecyl ether (Ci,Eg). To relipidate the
protein, the sample was added to a thin layer of N,-dried DOPC to
reach a Cy,Eg/DOPC ratio of 3:1 (w/w), vortexed gently, and
equilibrated overnight at 4°C. Prior to crystallization trials, the
relipidated and C;,Eg-solubilized Ca** -ATPase was supplemented
with CaCl,, MgCl,, and AMPPCP to final concentrations of 10, 3,
and 1 mM, respectively, to accumulate a Ca* " -saturated nucleotide-
bound E1 state. The sample was centrifuged at 20 000 g and 4°C for
30min and the supernatant used for crystallization.

Protein crystallization

Crystallization trials were performed using the vapour diffusion
technique. Each crystallization drop contained a mixture of the
concentrated, DOPC-relipidated, and C;,Eg-solubilized Ca®*-
ATPase solution and the reservoir solution, typically in a 1:1 ratio.
Initial broad spectrum screening in low-volume (0.28pl) crystal-
lization drops was carried out using a liquid-handling Mosquito
robot (TTP Labtech, Melbourn, Hertfordshire, UK), testing various
concentrations of different PEGs, salts, and organic solvents.
Promising hits were subjected to grid screens using higher volume
(1-4 pl) hanging crystallization drops manually pipetted onto sili-
conized glass cover slides (Hampton Research, Aliso Viejo, CA)
sealed to the reservoir with microscopy immersion oil. The crystals
were cryoprotected by addition of an extra 10-20% glycerol to the
reservoir solution and pre-cooling to 4°C for 24-48 h and were then
mounted in either LithoLoops (Molecular Dimensions, Newmarket,
Suffolk, UK) or nylon CryoLoops (Hampton Research, Aliso Viejo,
CA) before flash-cooling in liquid nitrogen.

For E309Q, the final content of the crystallization drops during
set-up was as follows: 4-5mg/ml mutant protein, ~18mg/ml
Cy2Eg, ~6mg/ml DOPC, 50mM MOPS/Tris (pH 6.8), 40 mM KCl,
15% (v/v) glycerol, 0.5mM AMPPCP, and either 5.5% (w/v) PEG
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6000, 5mM CaCl,, 27mM MgCl,, and 3% (v/v) 2-methyl-2,4-
pentanediol (‘high MgCl,” condition), or 7.5% (w/v) PEG 2000
MME, 55mM CaCl, 1.5mM MgCly, and 1.5% (v/v) t-butanol
(‘high CaCl,’ condition).

For SERCAla wild type, the final content of the crystallization
drops during set-up was as follows: ~5 mg/ml protein, ~18 mg/ml
Cy2Eg, ~6mg/ml DOPC, 0.5 mM AMPPCP, 50 mM MOPS/Tris (pH
6.8), 40mM KCl, 15% (v/v) glycerol, and either 4.5% (w/v) PEG
2000 MME, 55mM CaCl,, 1.5mM MgCl,, and 1% (v/v) t-butanol
(‘high CaCly” condition), or 3.5% (w/v) PEG 6000, 5mM CaCl,,
100 mM sodium acetate, and 2% (v/v) t-butanol (wild-type [Ca,]E1
AMPPCP crystallization conditions similar to those reported in
Serensen et al, 2004 and Jidenko et al, 2005).

Diffraction data collection and structure refinement

X-ray diffraction data were collected at the Swiss Light Source
beamline X06SA (Villigen, Switzerland) and at the European
Synchrotron Radiation Facility beamline ID23-1 (Grenoble,
France). The data were processed and scaled using the XDS package
(Kabsch, 1993), and structure determination by molecular
replacement was carried out with PHASER, using the PHENIX
AutoMR function (McCoy et al, 2007; Adams et al, 2010). Low
Z-scores for the rotation (RFZ) and translation (TFZ) searches (5.9
and 4.0, respectively) and a high number of packing clashes clearly
ruled out the nucleotide-bound Ca,E1 state search model (PDB
1T5S). The nucleotide-free Ca,E1 model (PDB 1SU4) yielded higher
Z-scores (RFZ=7.4, TFZ=10.6), but was still unable to be packed
without clashes into the new unit cell. We then proceeded to delete
individual domains, and deletion of both the N- and the A-domain
yielded the highest Z-scores (RFZ=8.4, TFZ=14.3) and a log-
likelihood gain (LLG) value of 161. The N-domain was then
placed manually into the extra electron density obtained from the
molecular replacement procedure, while the A-domain never
appeared unambiguously from the electron density maps. The
model was built in Coot (Emsley et al, 2010) and refinement was
performed with PHENIX (Adams et al, 2010) using rigid body
refinement in initial rounds, followed by refinement of atomic
coordinates, B-factors and TLS motion (five TLS groups:
N-domain, P-domain, MI1/M2-, M3/M4-, and M5-M10 helix
bundles). Even though the exact position of the A-domain could
not be deduced from the electron density maps, including it in to the
model (derived from a previously solved structure and placed
manually as a rigid body to match the electron density cloud)
during refinement (rigid body and B-factors only) and omit map
calculation, led to a considerable improvement of the model phases
(most likely for low-resolution structure factors in particular) and
thereby of the resulting maps. For this reason, all electron density
maps, except for those in Figures 1 and 2, were calculated from
models including the A-domain. Unbiased difference Fourier maps
(simulated annealing omit maps or average kicked omit maps) were
calculated with PHENIX to reveal the presence or absence of
expected ligands or to evaluate the position of side chains. The
atomic coordinates and experimental data (code 4NAB) have been
deposited in the Protein Data Bank (www.pdb.org).

Protein expression in mammalian cell culture

For expression of the Ca® " -ATPase in COS-1 cells to be used in the
phosphorylation and photolabelling experiments, cDNA encoding
the wild-type or mutant enzyme was inserted into the expression
vector pMT2 (Kaufman et al, 1989). COS-1 cells were transfected
using the calcium phosphate precipitation method (Chen and
Okayama, 1987), and microsomal vesicles containing the
expressed Ca? " -ATPase were isolated by differential centrifugation
(Maruyama and MacLennan, 1988). The concentration of the
expressed Ca®"-ATPase was determined by measurement of the
maximum capacity for phosphorylation with P; in the presence of
dimethyl sulfoxide (‘active site concentration’; Sgrensen et al, 1997).

Measurements of phosphorylation by [v-*?PIATP

The phosphorylation by [y->*P]ATP at various buffer and tempera-
ture conditions (detailed in the figure legends) of wild type and
mutant Ca®"-ATPase expressed in COS-1 cells was carried out
either by manual mixing or using a Bio-Logic quench-flow module
QFMS-5, as described (Serensen et al, 2000). Acid quenching of the
phosphorylated enzyme was performed with 0.5-2 volumes of
25% (w/v) trichloroacetic acid containing 100 mM H3PO4. The
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acid-precipitated protein was washed by centrifugation and
subjected to SDS-polyacrylamide gel electrophoresis in a 7%
polyacrylamide gel at pH 6.0 (Weber and Osborn, 1969), and the
radioactivity associated with the separated Ca®>* -ATPase band was
quantified by imaging with a Cyclone Storage Phosphor System
(Perkin Elmer, Waltham, MA). Background phosphorylation levels,
determined in parallel experiments by adding an excess of EGTA,
were subtracted from all data points.

Nucleotide affinity determination by [y-*?PITNP-8N3-ATP
photolabelling

The synthesis of the [y->*P]TNP-8N3-ATP photolabel, its application
as a specific photolabel of the recombinant Ca® © -ATPase expressed
in COS-1 cells, the competitive inhibition by ATP of [y->*P] TNP-8N;-
ATP photolabelling, the quantification of *2P-labelled bands by
electronic autoradiography following SDS-PAGE, and the analysis
of the results were carried out using previously established proce-
dures (Seebregts and McIntosh, 1989; McIntosh et al, 1996) with the
modifications to the photolabelling set-up detailed in Clausen et al
(2011). The medium used for the photolabelling contained 25 mM
EPPS/tetramethyl ammonium hydroxide (pH 8.5), 1mM MgCl,,
either 0.5mM EGTA or 0.1mM CaCly, 17.4% (v/v) glycerol,
4-5nM Ca®"-ATPase and [y-*?P]TNP-8N3-ATP without or with
ATP or AMPPCP at the concentrations indicated in the figures.
The analysis of the data obtained from the ATP or AMPPCP
inhibition of TNP-8N3-ATP photolabelling was generally based
on the Hill equation for inhibition, Y= Yy.,-(1 — [ATP]"/
(Ko.s"+ [ATP]™), in which Y and Y. are the amount of photo-
labelled Ca? " -ATPase and the maximal value, respectively, K s is
the concentration of ATP giving half-maximum effect, and h is the
Hill coefficient (varying between 0.86 and 1.01 for the present data).
The ‘true’ dissociation constant, Kp, for ATP binding was calculated
from the measured Kjs values using the validated equation for
competitive inhibition (McIntosh et al, 1996). In one case, namely
the wild-type data for the inhibition by ATP of TNP-8N;-ATP
photolabelling in the presence of Ca*", the data displayed
a biphasic inhibition profile, and the analysis was therefore
based on a two-component Hill equation for inhibition,
Y= Ymaxi - (1= [ATPIM/(Ky 51" + [ATP]")) + Yinaya - (1 — [ATP])"?/
(Ko.5.2™ + [ATP]"), in which the parameters are defined as above
but assuming two reaction intermediates.

Equilibrium #°Ca?* binding measurements
The yeast-expressed E309Q mutant, eluted in 50 mM Tris (pH 7.0),
150 mM NaCl, 20% (v/v) glycerol, 2.5 mM CaCl,, 1 mM B-mercapto-
ethanol, and 0.5mg/ml n-dodecyl-B-p-maltopyranoside (DDM),
was concentrated to ~1mg/ml, followed by reconstitution into
proteoliposomes by addition of 2.5mg/ml DOPC, solubilized by
5mg/ml DDM. The detergent was then removed by addition
of 200mg Bio-beads per mg detergent and gentle stirring for
3h, followed by resuspension of the reconstituted sample in
100mM MOPS/Tris (pH 7.2), 100mM KCl, and 1mM MgCl,.
For the **Ca’" binding experiments, 220ug samples of either
deoxycholate-purified native SERCA vesicles or reconstituted
E309Q were deposited on double layers of 0.45uM Millipore filters
(Merck Millipore, Darmstadt, Germany). The filters were perfused
with 20 ml of 100 mM MOPS/Tris (pH 7.2), 100 mM KCl, and 1 mM
MgCl,, containing in addition 55uM CaCl, with radiolabelled
45Ca%* and various concentrations (0, 25, 40, 70, and 1000 uM) of
EGTA. Ca*" binding was calculated from the difference between the
radioactive counts in the upper and lower Millipore filters.

The validity of the reconstitution procedure was checked by
subjecting native SERCA in sarcoplasmic reticulum vesicles,
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