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ABSTRACT: Calcium-dependent domain movements of the actuator (A) and nucleotide (N) domains of the
SERCAZ2a isoform of the Ca-ATPase were assessed using constructs containing engineered tetracysteine
binding motifs, which were expressed in insect High-Five cells and subsequently labeled with the biarsenical
fluorophore 4’,5’-bis(1,3,2-dithioarsolan-2-yl)fluorescein (FIAsH-EDT,). Maximum catalytic function is
retained in microsomes isolated from High-Five cells and labeled with FIAsH-EDT,. Distance measurements
using the nucleotide analog 2’,3-0-(2,4,6-trinitrophenyl) adenosine 5’-triphosphate (TNP-ATP), which
acts as a fluorescence resonance energy transfer (FRET) acceptor from FlAsH, identify a 2.4 A increase
in the spatial separation between the N- and A-domains induced by high-affinity calcium binding; this
structural change is comparable to that observed in crystal structures. No significant distance changes
occur across the N-domain between FIAsSH and TNP-ATP, indicating that calcium activation induces
rigid body domain movements rather than intradomain conformational changes. Calcium-dependent
decreases in the fluorescence of FIAsH bound, respectively, to either the N- or A-domains indicate
coordinated and noncooperative domain movements, where both A- and N-domains display virtually
identical calcium dependencies (i.e., K¢ = 4.8 £ 0.4 uM). We suggest that occupancy of a single high-
affinity calcium binding site induces the rearrangement of the A- and N-domains of the Ca-ATPase to
form an intermediate state, which facilitates phosphoenzyme formation from ATP upon occupancy of the

second high-affinity calcium site.

P-type ATPases form a family of primary ion transporters
that utilize ATP to actively transport a wide range of different
ions against a concentration gradient, acting to control many
different fundamental biological processes ranging from
muscle contraction and nerve conduction to the extrusion of
toxic metals from cells (/). Important insights regarding ion
transport mechanisms for this family of P-type ATPases have
been obtained from the wealth of structural information
available for the sarco/endoplasmic reticulum Ca-ATPase
(SERCA),' including the 25 atomic resolution structures
crystallized in nine different enzyme intermediate states (2—5).
These crystal structures confirm earlier spectroscopic mea-
surements that established that ATP binds within a nucleotide
binding domain that is spatially distant (i.e., >50 A) from
calcium ion binding sites located near the bilayer center (6—38)
and that large amplitude domain motions couple ATP
hydrolysis to ion transport (2, 5, 9—14). Movements of three
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cytosolic regions, that is, the nucleotide binding (N), phos-
phorylation (P), and actuator (A) domains (Figure 1), are
modulated by large rearrangements of transmembrane helices
in response to calcium occupancy of high affinity sites. These
changes act to reposition the N-domain relative to the
P-domain, thus promoting the transfer of the y-phosphoryl
group of ATP to Asp®!, which forms a phosphoenzyme
intermediate within the P-domain (5).

Solution structures using probes bound to the N- and
P-domains have been measured and are consistent with high-
resolution X-ray structures (9, /0). Coordinated motions of
the actuator (A) domain are proposed to facilitate the
association between the N- and P-domains necessary for
phosphoenzyme formation and calcium occlusion (5). How-
ever, it remains unclear whether the large amplitude motions
of the A-domain apparent in high-resolution crystal structures
accurately reflect average structures in solution (/5, 16).
Furthermore, as crystal structures depict the fully activated

! Abbreviations: A-domain, actuator domain; 3-ME, S-mercaptoet-
hanol; DMPS, 2,3-dimercapto-1-propanesulfonic acid; EDT, 1,2-
ethanedithiol; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene
glycol bis(f-aminoethylether)-N,N,N',N'-tetraacetic acid; FIAsH-EDT,,
4”,5"-bis(1,3,2-dithioarsolan-2-yl)fluorescein; FRET, fluorescence reso-
nance energy transfer; MOPS, 3-(N-morpholino)propanesulfonic acid;
N-domain, nucleotide binding domain; P-domain, phosphorylation
domain; SERCA, sarco/endoplasmic reticulum Ca-ATPase; SDS—PAGE,
sodium dodecyl sulfate—polyacrylamide gel electrophoresis; TCEP,
tris(carboxyethyl)phosphine; TM, transmembrane; TNP-ATP, 2’,3’-0-
(2,4,6-trinitrophenyl) adenosine 5’-triphosphate.
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FIGURE 1: Locations of engineered labeling motifs within A- and
N-domains of the Ca-ATPase. The headpiece corresponding to the
A-domain (residues 1—43 and 124—235; orange), N-domain
(residues 360—600; dark blue), and P-domain (residues 330—359
and 601—739; green) consists of three discrete structural elements
relative to transmembrane helices TM1—TM2 (residues 44—123;
red), TM3—TM6 (residues 239—329 and 740—821; cyan), and
TM7—TMI0 (residues 831—994; gray) (1su4.pdb), where domain
boundaries are as previously described (7). Positions of FIAsH
labeling are shown (CPK shaded side chains), and represent the
insertion point corresponding to different constructs with either M!-
WDCCKACCK-E? on the A-domain or M3>-WDCCPGCCK-H>7
on the N-domain. Arg®® represents a reference point located in
the nucleotide binding pocket and acts to stabilize the a-phosphate
of bound ATP (/3). Inset shows structure of 4’,5-bis(1,3,2-
dithioarsolan-2-yl)fluorescein (FIAsH-EDT5).

enzyme bound to two calcium ions, it is uncertain how
conformational rearrangements of cytoplasmic domains
contribute to intermediate enzyme states associated specif-
ically with cooperative binding of the second calcium
ion (5, 17).

To examine how calcium binding promotes the activation
of the Ca-ATPase through changes in average domain
conformation, and the relevance of reported crystal structures
to the average conformation of the enzyme in solution, we
have used molecular probes to label sites engineered into
separate constructs of SERCA2a on the nucleotide and
actuator domains of the Ca-ATPase. These measurements
utilize the biarsenical fluorescent probe 47,5’-bis(1,3,2-
dithioarsolan-2-yl)fluorescein (F1AsH), which binds through
a unique tetracoordinate linkage to four introduced cysteines
engineered in a tagging sequence loop in the A-domain (i.e.,
ML-WDCCKACCK-E?) or the N-domain (i.e., M>">-WDC-
CPGCCK-H?"). These constructs permit the selective label-
ing of sites in the Ca-ATPase expressed in microsomes (/8)
(Figure 1). The ability to selectively label the engineered
tagging sequence using biarsenical probes permits structural
changes to be measured in isolated microscomes and avoids
the requirement for the engineering of mutant proteins to
contain single reactive thiols that have to be labeled following
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their purification and prior to their functional reconstitu-
tion (/19—21).

Using the nucleotide analog TNP-ATP as a fluorescence
resonance energy transfer (FRET) acceptor, we find that the
spatial separation between the biarsenical probe FIAsH bound
to either the A- or N-domains and TNP-ATP is in excellent
agreement with prior crystal structures of the Ca-ATPase
(7, 8, 22). Further, we detect coordinated and noncooperative
changes in the fluorescence signals from FlAsH bound to
the A- and N-domains of the Ca-ATPase upon calcium
activation, which indicate that conformational rearrangements
associated with enzyme activation involve linked domain
movements through direct coupling to occupancy of a single
high-affinity calcium binding site.

EXPERIMENTAL PROCEDURES

Materials. 4',5"-Bis(1,3,2-dithioarsolan-2-yl)fluorescein
(FLAsH-EDT;) was synthesized as previously described (23, 24).
N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
(HEPES), tris(carboxyethyl)phosphine (TCEP), 3-mercap-
toethanol (5-ME), and 1,2-ethanedithiol (EDT) were obtained
from Sigma-Aldrich (Milwaukee, WI). All other chemicals
were the purest grade commercially available.

DNA Constructs and Vectors. The rat cardiac muscle
sarcoplasmic reticulum Ca-ATPase (SERCA2a) cDNA used
for these studies was the kind gift of Dr. Jonathan Lytton,
University of Calgary. This SERCA2a cDNA was subcloned
into the pMT?2 vector at the EcoRI sites, but the cDNA also
contained a single EcoRI restriction site (1443-GAATTC-
1448) within the open reading frame. To remove the internal
EcoRI restriction site, a silent mutation (1443-GAGTTC-
1448) was made using the QuikChange II XL site-directed
mutagenesis system and XL10-Gold ultracompetent cells
(Agilent Technologies (Stratagene), La Jolla, CA). The
correct mutation was confirmed by DNA sequencing and by
EcoRI restriction analysis of the mutated SERCA2a pMT?2
construct. Next, the SERCA2a cDNA was excised from the
pMT2 vector using EcoRI restriction digestion and subcloned
into the EcoRI site in the pVL1392 baculovirus transfer
vector (BD Biosciences Pharmingen Inc., San Diego, CA).
The correct orientation of the SERCA2a cDNA was con-
firmed by DNA sequencing at the junction of the pVL1392
and SERCA2a cDNA and by restriction analysis, taking
advantage of the single BgI/II restriction site in the pVL1392
multicloning site and the single Bg/II restriction site in the
SERCA2a cDNA open reading frame. At that time, the
decision was made to utilize the Bac-to-Bac baculovirus
expression system (Invitrogen Inc., Carlsbad, CA). Therefore
the rat SERCA2a cDNA was excised from pVL1392 using
the restriction enzymes Nofl and Xbal, then subcloned
into the corresponding sites in the pFastBacl baculovirus
transfer vector multicloning site (Invitrogen). All subsequent
mutagenesis work was carried out using this construct.

SERCA2a Mutagenesis. Two tetracysteine motif SERCA2a
constructs were made. The first contained the amino acid
sequence Trp-Asp-Cys-Cys-Lys-Ala-Cys-Cys-Lys inserted
between Met! and Glu?> in the A-domain of wild-type
SERCA2a. The second construct contained the amino acid
sequence Trp-Asp-Cys-Cys-Pro-Gly-Cys-Cys-Lys inserted in
the N-domain between Met’’> and His’’® in the wild-type
sequence. The insertion mutants were made using the



12450 Biochemistry, Vol. 47, No. 47, 2008

QuikChange XL site-directed mutagensis system and XL10-
Gold ultracompetent cells (Stratagene). The presence of the
insert was confirmed by cDNA sequencing.

Recombinant Baculovirus Preparation. All baculovirus
preparation work was carried out using serum-free Sf-21 cells
from PharMingen. Recombinant baculoviruses containing
either the wild-type SERCA2a cDNA or the tetracysteine
SERCAZ2a construct cDNAs were prepared using the Bac-
to-Bac baculovirus expression system (Invitrogen). The
presence of the given cDNA in the recombinant bacmid was
verified by PCR analysis according to the manufacturer’s
instructions, except that M13 forward and M 13 reverse PCR
primers from Integrated DNA Technologies were used in
place of the corresponding primers recommended by Invit-
rogen. Passage 1 viral stocks for each construct were
generated according to the manufacturer’s instructions. The
viral stock was plaque-purified, and the resultant virus
solution was amplified twice to produce a high-titer stock.
Viral titer in the stock solutions was determined using the
BacPAK baculovirus rapid titer kit (Clontech Inc., Mountain
View, CO). Baculovirus stocks typically had a titer of 1 x
108 pfu/mL or greater and were stored at 4 °C in the dark.

Protein Expression and Characterization. SERCA2a (wild-
type and mutant) was expressed in High-Five insect cells
(Invitrogen) as reported elsewhere (25). Microsomes were
harvested 48 h after baculovirus infection and stored in small
aliquots at —80 °C. Protein concentrations were measured
(26) using bovine serum albumin (Sigma) as a standard. The
amount of SERCAZ2a in the microsomes was quantified by
gel electrophoresis and immunoblotting to correspond to
about 1.5% of expressed protein, using methods described
previously (25). For the immunoblotting, the anti-SERCA2a
monoclonal antibody 2A7-A1 (Affinity Bioreagents, Golden,
CO) was the primary antibody used, and protein A conju-
gated with horseradish peroxidase (BioRad Inc., Hercules,
CA) was used as the secondary antibody. Immunoblots were
developed colorimetrically using the horseradish peroxidase
assay (BioRad) and analyzed by densitometry. This permitted
the measurement of expression levels of the two SERCA2a
tetracysteine motif mutant constructs relative to wild-type
enzyme.

SERCA2a Activity Assays. Ca>" concentration-dependent
rates of ATP hydrolysis were measured using High-Five
insect cell microsomes (0.05 mg/mL) in 50 mM MOPS (pH
7.0), 3.0 mM MgCl,, 100 mM KCI, 1.0 mM EGTA, and
variable amounts of CaCl, to give the desired ionized Ca?*
concentration, as previously determined (25), where the
formation of inorganic phosphate was measured using a
colorimetric malachite green—ammonium molybdate assay
(ATPase activity), as previously described (25). To initiate
the ATPase reaction, 5 mM MgATP was added to the
incubation tube at 37 °C, and inorganic phosphate liberation
was measured as a function of time. SERCAZ2a samples were
pretreated with 20 ug of the calcium ionophore A23187 per
milligram of total protein to prevent Ca?' build-up within
the microsome during the assay. Calcium-dependent activity
curves were fit using the Hill equation fitting function.

Labeling with FLAsH-EDT,. Following incubation of
microsomes (8 mg/mL) in 150 mM MOPS (pH 7.0) with
10 mM S-ME and 10 mM TCEP for 1 h at 25 °C, the
tetracysteine motif engineered into either the A- or N-
domains of the Ca-ATPase were reacted with FIAsH-EDT,
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(15 uM) for 30 min at 25 °C. Samples were diluted 3-fold
to stop the reaction into 150 mM MOPS/TRIS (pH 7.0) and
50 uM DMPS, and unbound probe was separated from
microsomes by two successive centrifugation steps (100 000
x g for 45 min). The resulting pellet was resuspended in
150 mM MOPS/TRIS (pH 7.0). Labeled proteins were
imaged using a Kodak IS2000MM imager (Rochester, NY),
using interference filters centered at 465 nm for excitation
and 535 nm for detection.

Fluorescence Measurements. Fluorescence measurements
used a Fluoro Max-2 fluorometer (SPEX, Edison, NJ), using
exitation and emission slits of 5 nm. In all cases, the sample
temperature was 25 °C. Changes in the solvent accessibility
of FIAsH were assessed through collisional quenching, where
variable amounts of acrylamide were added to FIAsH-labeled
SERCA expressed in microsomes (50 pg/mL). Data were
analyzed as Fy/F as a function of the titrated acrylamide
concentration and according to the Stern—Volmer equation:

Fy/F=1+K[0Q] ey

where F and F are the respective fluorescence intensities
in the absence and presence of added acrylamide [Q]. Ky is
the Stern—Volmer quenching constant (27).

RESULTS

Expression and Activity of the Ca-ATPase. Wild-type rat
SERCA2a and mutants that contain tetracysteine tagging
sequences inserted into nonconserved regions in the N- or
A-domains were expressed in High-Five insect cells. Quan-
titative immunoblots and a consideration of fluorescent
labeling (see below) indicate that the Ca-ATPase represents
about 1.5% of the expressed protein in these preparations
and that there is very little endogenous SERCA in these
insect microsomes. Consistent with their small size, the
introduction of tetracysteine binding motifs engineered in
the N-domain (i.e., M’>-WDCCPGCCK-H>"®) or the A-
domain (i.e., M-WDCCKACCK-E?) has a minimal effect
on either the abundance of SERCAZ2a in isolated microsomes
or the migration of SERCA2a on SDS—PAGE, indicating
that these tagging sequences do not dramatically affect the
overall enzyme conformation to induce, for example, ir-
reversible protein associations. Further, the expressed Ca-
ATPase retains full activity irrespective of the introduction
of tetracysteine tagging sequences, where maximal rates of
ATP hydrolysis (i.e., 30 umol Pi/(mg min)) are comparable
to SERCAZ2a activity observed in microsomes isolated from
hearts upon correcting for relative differences in SERCA2a
abundance (Figure 2) (28).

Targeted Labeling of SERCA Using Biarsenical Probes.
Microsomes were labeled using the biarsenical probe FIAsH-
EDT, (Figure 1), where the bound ethanedithiol (EDT) is
displaced upon association of each arsenic with a pair of
vicinal cysteines in the tagging sequence. Prior measurements
have established the specificity of FIAsH-EDT, for the
labeling of tagged proteins in complex environments. Sub-
sequently FIAsH was used for functional imaging of protein
conformational changes, which is facilitated by the small size
and tetracoordinate linkage of the probe (18, 23, 24, 29—33).

SERCAZ2a constructs with engineered tagging sequences
in either the A- or N-domains are preferentially labeled by
incubation with FIAsH-EDT, for 30 min, each arsenic
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FIGURE 2: Catalytic function of wild-type and engineered constructs
of the Ca-ATPase. Rates of ATP hydrolysis were measured for
the Ca-ATPase in High-Five insect cell microsomes (50 u#g/mL)
expressing wild-type rat SERCA2a (@) or engineered constructs
with tetracysteine insertion sequences in the A-domain (<, @) or
N-domain (O, W) of the Ca-ATPase prior to (<, O) or following
(@, W) incubation with FIAsH-EDT,. ATPase activity was measured
at 37 °C in 50 mM MOPS (pH 7.0), 0.1 M KCI, 3 mM MgCl,, 1
mM EGTA, and sufficient CaCl, to yield the desired ionized
calcium concentration, as previously determined (25). The reaction
was initiated upon addition of 5 mM MgATP. The dashed line
represents the fit to the Hill equation, where n = 1.6 £ 0.2 and K4
= 0.47 £ 0.05 uM free calcium. Maximal ATPase activities were
normalized to the abundance of SERCA2a, where quantitative
immunoblotting indicates that the Ca-ATPase represents on average
about 1.5% of the total protein in isolated microsomes.

free

chelating a pair of vicinal cysteine ligands (Figure 3A). In
the absence of competing 2,3-dimercapto-1-propanesulfonic
acid (DMPS), labeling is not absolutely specific, as evidenced
by the multiple labeled proteins in addition to the Ca-ATPase
visible under UV light. Nonspecific labeling is particularly
pronounced in control experiments that involve expression
of wild-type SERCA2a with no engineered tagging sequence.
However, the tetracysteine tagged SERCA2a constructs
compete more effectively for added FIAsH-EDT, than
nonspecific sites.

Considerable improvements in labeling specificity are
possible if DMPS is added following labeling with FIAsH-
EDT; to displace FIAsH bound to lower affinity nonspecific
sites. Addition of 50 uM DMPS is sufficient to effectively
eliminate nonspecific binding at all sites that do not contain
the tetracysteine tagging sequence (Figure 3A). In this
respect, it is notable that wild-type SERCA2a, which lacks
the tetracysteine tagging sequence, is not labeled under these
conditions, demonstrating that there is minimal nonspecific
labeling of the Ca-ATPase itself (see lane 1 in Figure 3A).
Some unbound (i.e., free) FIAsH-EDT; is apparent near the
dye front under these conditions that can be removed by
centrifugation of labeled microsomes (Figure 3B). Thus, we
demonstrate the facile ability to selectively label the tagged
Ca-ATPase, with background signals associated with non-
specific labeling by FIAsH accounting for less than 9% of
the total fluorescence signal (Figure 3C).

Coordinated and Noncooperative N- and A-Domain Mo-
tions upon Calcium Binding. An ability to selectively label
individual sites on the A- and N-domains of SERCA in native
microsomes provides a means, for the first time, to simul-
taneously assess movements between these key domain
elements upon calcium activation of the Ca-ATPase. Calcium-
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dependent conformational changes were assessed from a
consideration of both (i) solvent accessibilities to the
collisional quencher acrylamide and (ii) fluorescence intensity
changes for FIAsH bound to either the A- or N-domains of
the Ca-ATPase. Prior to calcium activation, the solvent
accessibilities of FIAsH bound to either the A- or N-domains
of the Ca-ATPase are very similar (Figure 4). Upon calcium
activation, there is a large increase in the solvent exposure
of FlAsH bound to the A-domain as evidenced by the
increased slope. Increases in solvent exposure at this labeling
site are consistent with high-resolution structures, where
calcium activation results in a large reorientation of the
A-domain that repositions the tagging sequence away from
the interdomain interface with the N-domain (i.e., liwo.pdb
vs Isud.pdb) (34). These large movements of the A-domain
are proposed to allow the N- and P-domains to move into
closer proximity to facilitate phosphoenzyme formation (3, 22).
In comparison, there are no significant changes in the solvent
accessibility of FIAsH bound to the N-domain upon calcium
activation, as is expected from the relatively modest calcium-
dependent changes in the orientation and structure of the
N-domain in available high-resolution structures. Observed
changes in the solvent accessibilities of FIAsH bound to the
A- or N-domains upon calcium activation are further reflected
by the magnitude of the fluorescence intensity, as the
fluorescence intensity of FIAsH bound to either the A- or
N-domains, respectively, decreases by 23% and 9% upon
calcium activation of the Ca-ATPase (Figure 5A,B).
Using changes in the fluorescence intensity of FIAsH
bound to either the A- or N-domains to monitor their
calcium-dependent activation, we observe that both signals
increase with calcium concentrations but to different extents.
However, essentially identical calcium dependencies are
observed, which suggests coordinated movements following
calcium binding (Figure 5C). Upon fitting both data sets,
we find that the macroscopic dissociation constant (Kg)
obtained from fitting the data to the Hill equation is 0.48 +
0.04 uM, which is essentially identical to that associated with
the calcium-dependent activation of ATP hydrolysis (Figure
2). However, in contrast to observed calcium-dependent
increases in rates of ATP hydrolysis (ng = 1.6 &= 0.2) (Figure
2), we observe that calcium-dependent transitions involving
both the A- and N-domains are noncooperative with a Hill
coefficient (ny) of 0.93 £ 0.07 (Figure 5C). These latter
results suggest that occupancy of a single high-affinity
calcium binding site is sufficient to mediate the large
conformational changes apparent in the crystal structure.
Changes in Spatial Arrangement of A- and N-Domains
upon Calcium Activation. From available high-resolution
crystal structures, high levels of ATP in the cell are suggested
to modulate the structure of the Ca-ATPase, acting to
maintain a compact headpiece organization (22). Movements
of the A-domain are proposed to play a central role in
mediating concerted movements of transmembrane helices
upon calcium binding that promote phosphoenzyme forma-
tion from ATP (3). In the case of the A-domain, sensitivities
of proteinase K cleavage sites Leu''” and Thr?*? in stalk
regions connecting the A-domain to the transmembrane
helices have provided a means to assess ligand-dependent
structural changes in solution. These measurements confirm
that calcium binding induces an A-domain reorganization
that acts to expose Thr?*? for proteolytic cleavage (compare
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FIGURE 3: Selective Labeling of the Ca-ATPase Expressed in High-Five Microsomes. (A) fluorescence signals from FlIAsH-labeled proteins
following SDS—PAGE separation of microsomal proteins (40 ug) expressing wild-type SERCA?2a (lane 1) or engineered constructs containing
insertion sequences in the A-domain (lane 2) or N-domain (lane 3) assayed immediately after incubation with FIAsH-EDT, (5§ uM) for 10
min at 25 °C in the presence of 5 mM $-ME and 5 mM TCEP and the indicated amount of 2,3-dimercapto-1-propanesulfonic acid (DMPS)
to reduce nonspecific binding (/8); (B) Coomassie blue protein stain (left lanes) or fluorescence (right lanes) imaging following FIAsH
labeling, incubation in DMPS (50 M), and SDS—PAGE separation of High-Five insect cell microsomes (10 ug) expressing engineered
SERCAZ2a, where the insertion sequence is within the A- (WDCCKACCK) or N-domain (WDCCPGCCK) of the Ca-ATPase; (C) fluorescence
emission spectra of High-Five insect microsomes (0.1 mg/mL) expressing either wild-type SERCA (dashed line) or the engineered N-domain
tag (solid line) following incubation with FIAsH-EDT, (10 uM), where Aex = 500 nm. The fluorescence emission spectrum of FIAsH-

labeled vesicles expressing the A-domain tag were virtually identical to that shown using the N-domain tag.
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FIGURE 4: Solvent accessibilities of FIAsH bound to A-domain or
N-domain of the Ca-ATPase. Stern—Volmer quenching was
measured as decreases in the fluorescence intensity (F) relative to
the initial value (Fy) for FlAsH-labeled microsomes expressing
SERCA2a (50 ug/mL) in 150 mM MOPS (pH 7.0) and 5 mM
MgCl, in the presence of either 2 mM EGTA (@) or 0.2 mM CaCl,
(O) at 25 °C. Slopes of the lines (i.e., the Stern—Volmer quenching
constant, Ky,) for the A-domain are 0.49 4 0.03 M~! (EGTA) and
0.96 & 0.05 M~! (Ca?™); for the N-domain K, = 0.56 £ 0.03
M~ (EGTA) or 0.58 + 0.04 M~! (Ca?"). Aex = 500 nm; Aeyy =
530 nm.
liwo.pdb with Isu4.pdb in Figure S1 in Supporting
Information) (12, 34, 35). However, in the presence of bound
nucleotide, there is no direct correspondence between the
proteinase K cleavage sensitivities and surface accessibilities
in high-resolution crystal structures (e.g., compare 2c¢88.pdb
and 1t5s.pdb in Figure S2 in Supporting Information) (12, 13).
To ascertain whether the crystal structures reliably assess
average structures of the Ca-ATPase in solution, we have
measured the spatial relationship between FIAsH bound to
the A- and N-domains of the Ca-ATPase and TNP-ATP
bound to the N-domain. These distance measurements use
FlAsH as a fluorescence resonance energy transfer (FRET)
donor and TNP-ATP as a FRET acceptor, where prior
measurements have demonstrated that TNP-ATP effectively
substitutes for ATP in the nucleotide binding site but is not
hydrolyzed under these experimental conditions (36, 37). The
FlAsH labeling sites in the A- and N-domains permit us to
assess calcium-dependent changes in both the interdomain
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FIGURE 5: Calcium-dependent conformational sensitivity of A-
domain (panel A; O in panel C) or N-domain (panel B; @ in panel
C) constructs of Fl1AsH-labeled SERCA2a (50 ug/mL) in 150 mM
MOPS/TRIS (pH 7.0), 5 mM MgCl,, 0.5 mM EGTA, and sufficient
calcium to yield the indicated ionized (free) calcium concentration.
Values represent averages and standard errors of the mean from
three independent measurements, where Aex = 500 nm and Ae, =
530 nm. Line in panel C represents nonlinear least-squares fit of
both data sets to the Hill equation, where the macroscopic
equilibrium constant K4 = 0.48 & 0.04 uM and the Hill coefficient
is 0.93 + 0.07. Temperature was 25 °C.

spatial separation between A- and N-domains and possible
intradomain distance changes across the N-domain.

Upon titration of TNP-ATP, we observe a progressive
increase in energy transfer efficiency for FIAsH bound to
either the A- or N-domains of the Ca-ATPase, which
saturates in the presence of approximately 40 uM added
TNP-ATP (Figure 6). Fitting these binding curves to the Hill
equation, we find that the apparent dissociation constants are
very similar to earlier measurements (K4 ~ 10 uM) (36, 38).
Prior to calcium binding (i.e., apo-form of the Ca-ATPase),



Domain Movements and Calcium Activation of the Ca-ATPase

0.8 4 .
|A-domain

o
o
1

o
)
1

Energy Transfer Efficiency
o
N

g
=}
1

0 10 20 30 40 0 10 20 30 40
[TNP-ATP] (uM) [TNP-ATP] (uM)
FIGURE 6: Calcium-dependent change in spatial separation between
A- and N-domains. Fluorescence resonance energy transfer ef-
ficiency (E) was measured using FIAsH (donor) bound to either
the A-domain or N-domain and TNP-ATP (acceptor), where E =
1 — Fu/Fy. Fy4, and Fy are the fluorescence intensity of FIAsH bound
donor prior to and following saturation of the ATP binding site by
the nucleotide analog TNP-ATP. Experiments were carried out
using FlAsH-labeled microsomes expressing SERCA2a (12 ug
protein/mL) in 150 mM MOPS/TRIS (pH 7.0) in the presence of
either 0.2 mM CaCl, (O) or 2 mM EGTA (®). Acx = 500 nm, Ay
= 530 nm, and fluorescence intensities were corrected for the inner
filter effect (27). Lines represent fits to the Hill equation, where
for the A-domain K4 = 13 & 2 uM and E\.x = 0.39 &£ 0.03 in the
presence of calcium (O) and K4 = 11 £ 2 uM and E,,x = 0.47 £
0.03 in the presence of EGTA (®). For the N-domain, K4 = 11 £
1 uM and E,.x = 0.73 £ 0.05 in the presence of calcium (O) and
Ki=9 =+ 1uM and Epsx = 0.69 £ 0.05 in the presence of EGTA
(@).
the maximal energy transfer efficiencies between TNP-ATP
and FIAsH bound to either the A- and N-domains are,
respectively, 47% =+ 3% and 69% =+ 5%, which correspond
to distances of 34.6 + 0.7 A and 30 £ 1 A. These latter
distances compare favorably with two reported high-resolu-
tion structures of the apo-form of the Ca-ATPase with the
bound nucleotide AMPPCP (i.e., 2dgs.pdb and 2c¢88.pdb)
(Table 1). In these two high-resolution crystal structures, the
intermolecular distances between the protein backbone of
the tagging insertion sequence in the A-domain and the 3’
position of the ribose insertion site for the TNP moiety bound
to the N-domain are 34 and 36 A. Intramolecular distances
between the FlAsH-binding site in the N-domain and the
bound nucleotide in the two available structures in the Protein
Data Bank (http://www.rcsb.org/pdb) are 28 A, which agrees
favorably with our measured distance of 30 + 1 A.
Following calcium activation, there are no significant
changes in the measured energy transfer efficiency between
FIAsH bound to the N-domain and TNP-ATP (Figure 6B).
This latter result indicates that there are no significant
changes in the overall dimension of the N-domain upon
calcium activation, in agreement with the high-resolution
crystal structures (5). In comparison, we observe that there
is a substantial decrease in the energy transfer efficiency
between FlAsH bound to the A-domain and TNP-ATP,
which decreases from 47% =+ 3% for the apo-form of the
enzyme to 39% =+ 3% (Figure 6A). The 8% =+ 4% decrease
in FRET is indicative of a 2.4 + 1.0 A increase in the spatial
separation between the A- and N-domains. This latter result
is consistent with the reorientation of the A-domain apparent
in the high-resolution crystal structure that acts to enhance
the association between N- and P-domains necessary for
nucleotide utilization (Figure 7). Together, these results
indicate a central role for calcium binding in modulating
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interdomain interactions in both the absence and presence
of bound nucleotide (Figures 5, 6, and 7) and argues against
prior suggestions that “calcium binding has comparatively
minor effects” in the presence of bound nucleotide (/7).

DISCUSSION

We have expressed a fully functional SERCA2a isoform
of the Ca-ATPase engineered to contain tetracysteine tagging
sequences in either the A- or N-domains (Figure 2).
Following isolation of microsomes, the encoded tagging
sequence in the Ca-ATPase is labeled specifically using the
small biarsenical probe FIAsH (Figures 1 and 4). We detect
coordinated but noncooperative local structural changes of
both the A- and N-domains upon calcium binding that
suggest binding of a single calcium acts to reposition
cytosolic domain elements (Figure 5C). There are only
minimal changes in either the fluorescence intensity or
solvent accessibility of FIAsH bound to the N-domain upon
calcium activation, and no changes in the intradomain FRET
efficiency between FIAsH bound to the N-domain and TNP-
ATP. In contrast, large calcium-dependent changes in the
solvent accessibilities and fluorescence intensities of FIAsH
in the A-domain are observed (Figures 5 and 6), as well as
a 2.4 A increase in the interdomain distance between FIAsH
and bound TNP-ATP upon calcium binding (Figure 6, Table
1). These measurements are consistent with the substantial
reorientation of the A-domain observed in comparisons of
crystal structures of the homologous SERCAL1 in the absence
(liwo.pdb) and in the presence (1su4.pdb) of bound calcium
(4) (Figure 7).

Prior measurements have demonstrated that the binding
affinity of ATP to the Ca-ATPase is unaffected by calcium
activation despite the fact that occupancy of calcium binding
sites is necessary for the transfer of the y-phosphate from
bound ATP to Asp*! to form a phosphoenzyme intermediate
(12). This observation is consistent with the millimolar ATP
concentrations present in the cell and suggests that calcium
binding acts to promote phosphoenzyme formation rather
than nucleotide binding. Further, in view of the substantial
amount of dynamic disorder associated with cytoplasmic
domains of the Ca-ATPase (2, 9, 10, 14, 39), calcium binding
may promote the adoption of an infrequent conformer
required for phosphoenzyme formation. Insight into the
molecular mechanism underlying calcium-dependent struc-
tural changes is possible from a consideration of the high-
resolution structure, which reveals that the two high-affinity
calcium binding sites are located near the center of the bilayer
in the Ca-ATPase and share several common ligands (5, 40).
However, it has remained uncertain how the association of
either the first or second calcium may differentially modify
the conformation of headpiece elements to affect phospho-
enzyme formation from ATP (5). Our results, demonstrating
a noncooperative movement of the A- and N-domains upon
calcium activation, suggest that occupancy of each calcium
site induces distinct sets of domain rearrangements. For
example, binding of a single calcium may induce large-scale
domain movements to create a more compact headpiece
organization that enhances transfer of the y-phosphoryl
moiety from ATP upon repositioning Asp>! to facilitate its
phosphorylation upon occupancy of the second calcium. In
this respect, closely juxtaposed headpiece domains would
have the potential to enhance transport efficiency, because
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Table 1: Comparison between Solution and X-ray Structures”

interdomain A-domain — N-domain distance (A) distance across N-domain (A)
FRET X-ray structure FRET

(FIAsH — TNP-ATP) (Met! — ribose) (Met! — Arg>®0) (FIAsH — TNP-ATP)

X-ray structure

(Met”’® — ribose)  (Met>’® — Arg%0)

enzyme state

E-ATP 34.6 4+ 0.7 3041
2dgs.pdb 34 35 28 28
2c88.pdb 36 38 28 30

2Ca-E-ATP 37.0 £0.7 2941
1vp.pdb 42 42 27 30
1t55.pdb 42 39 28 29

“ Solution measurements made using fluorescence resonance energy transfer (FRET) between FIAsH bound to tagging sequences on A- or N-domains
and TNP-ATP in comparison to indicated high-resolution X-ray structures (7, 8, 22). Distances represent those between the amino group at the insertion
position of the tag in SERCALI structures and either the O3” ribose position or the proximal NH; side chain of Arg>®, previously identified as a key
interfacial residue that chelates bound ATP (13, 47) and within 4 A from the O3’ ribose.
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FIGURE 7: Headpiece domain reorientation and calcium activation.
Depiction of selected crystal structures of the Ca-ATPase (top) using
domain boundaries defined in the legend to Figure 1. Coordinates were
used for the Ca-ATPase (i.e., E) stabilized in six different states,
corresponding to (i) E, no calcium (liwo.pdb; shown) (35), (i) E—ATP
(2dgs.pdb and 2c88.pdb (shown)) (22), (iii) 2Ca—E—ATP (1vfp.pdb and
1t5s.pdb (shown)) (7, 8), (iv) 2Ca—E—P:ADP (2zbd.pdb, 1t5t.pdb
(shown), or 3ba6.pdb) (3, 7, 48), (v) E—P:ADP (3b9r.pdb or 1wpg.pdb
(shown)) (3, 48), and (vi) E—P (3b9b.pdb and 1xp5.pdb) (3, 49). (bottom)
Distance changes (Ar) between sites of FIAsH labeling (bottom) in the
A-domain (i.e., interdomain spatial separation) or N-domain (intradomain
spatial separation) relative to the nucleotide binding pocket in the N-domain
(i.e., NH; side chain of Arg®® that functions to coordinate binding of the
a-phosphoryl group of ATP (/3)), using high-resolution structures of the
Ca-ATPase stabilized in different enzymatic states (O) in comparison to
experimental measurements using TNP-ATP as a FRET acceptor (@),
normalized to an arbitrary reference point.

phosphoenzyme formation and calcium occlusion is facili-
tated upon occupancy of both high-affinity calcium binding
sites (41).

N-Domain

P-Domain

D981

E80 - R290

calcium-activated

apo-form

FIGURE 8: Calcium occupancy and concerted structural changes in
transmembrane and cytosolic headpiece associated with occupancy
of calcium binding site one and enzyme activation. Amino acids
involved in calcium-dependent salt-bridges are highlighted in apo-
(2c88.pdb) and calcium-activated (1t5s.pdb) forms of the Ca-
ATPase. Arrows in 1t5s.pdb for the calcium-activated form
highlight major calcium-dependent structural changes. Side chains
associated with calcium binding to site one [involving ligands Asn’6
and Glu7”! in TM5 (green helix), Thr’®® and Asp®” in TM6 (blue
helix), and GIu’*®® in TMS8 (not shown)] induce TMS5 helix
reorientation, bringing Arg’6> (TM5) into the proximity of Asp?®!
(TM10 helix in red)) to form a stable salt bridge. Binding of the
first calcium induces the formation of calcium binding site two
(which shares calcium binding site Asn”® and Asp®® on TM6) with
concomitant reorientation of TM4 to stabilize salt bridges (i) Glu®°
(TM1/TM2 loop) with Arg?® (TM3/TM4 loop) and (ii) Glu®° in
TM2 (orange helix) with Lys®7 in TM4 (yellow helix) to form a
helix bundle with the associated formation of the salt bridge between
Lys*” and Glu?® located near the bilayer surface proximal to TM1
(white helix) and TM3 (cyan helix).

High-resolution structures indicate that Arg’%? in TM5 can
act as a molecular switch, since this residue has the potential
to induce concerted movements of the transmembrane helices
that facilitate the formation of high-affinity calcium binding
sites and drive movements involving the cytosolic domain
elements. Prior to calcium binding, Arg’®? is proximal to both
Asn®® (TM5) and Glu®® (TM8) within the bilayer interior.
Upon calcium binding to site I, which includes ligands Asn’®
and Glu®®, Arg’® is reoriented by a large-scale rotational
movement of TM3 to create a new salt bridge with Asp®®!
on TM10 (Figure 8). Thus, charged side chains within the
hydrophobic bilayer remain neutralized. The movement of
TMS and the creation of calcium binding site II promotes
the formation of three additional salt bridges located near
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the aqueous—bilayer interface, which would appear to
stabilize the calcium-activated (E1) structure of the enzyme.
These salt bridges include Glu®—Arg?*° and Glu**—Lys>"’,
which are respectively located in the loop structures of the
lumenal interfacial regions connecting TM2/TM3 and TM4/
TM35, and Glu?#—Lys* located at the cytoplasmic face of
TM3 and TM1 (Figure 8).

Ligand binding of the second calcium involves Glu*® in
TM4, whose conformational rearrangements can directly
modify the position of the Asp®! side chain in the P-domain
to facilitate the transfer of the y-phosphoryl group of ATP
bound to the N-domain to form the phosphoenzyme inter-
mediate. The importance of site II occupancy in facilitating
phosphoenzyme formation is apparent from (i) the calcium-
dependent cooperativity associated with ATP hydrolysis that
mirrors that associated with calcium binding (Figure 2) and
(ii) a consideration of the plasma membrane Ca-ATPase (i.e.,
PMCA), which shares considerable structural homology with
SERCA. In particular, a consideration of the sequence of
the PMCA indicates a single high-affinity calcium binding
site that is homologous to site Il in SERCA (42). Moreover,
the presence of only one high-affinity calcium site is
consistent with the larger thermodynamic barrier opposing
cation transport across the plasma membrane as compared
with that of the sarcoplasmic reticulum. Thus, the calcium-
dependent structural transitions and associated rearrange-
ments of TM4 are conformationally coupled to the cytosolic
headpiece elements to induce phosphoenzyme formation
(43—45).

In conclusion, molecular probes bound specifically to
engineered sites on the A- or N-domains of the Ca-ATP
reveal coordinated but noncooperative domain movements
associated with calcium activation. Large movements of the
A-domain are observed, where the average structures of the
physiologically important nucleotide bound states are in
reasonable agreement with high-resolution crystal structures.
Future measurements should measure the kinetics and
magnitude of domain motions associated with enzyme
activation, and the involvement of specific interfacial sites
that stabilize the two major conformers (E1 and E2), taking
advantage of the current ability to engineer multiple tags that
bind unique small molecule probes (I8, 46).

SUPPORTING INFORMATION AVAILABLE

Space-filling depictions of known structures of the Ca-
ATPase in different enzyme states highlighting solvent
accessibilities of proteinase K cleavage sites Leu''” and
Thr?#2, This material is available free of charge via the
Internet at http://pubs.acs.org.
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