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ABSTRACT: The skeletal muscle sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA1a) mediates muscle
relaxation by pumping Ca2+ from the cytosol to the ER/SR lumen. In efforts aimed at understanding the
structural basis for the conformational changes accompanying the reaction cycle catalyzed by SERCA1a,
we have studied the ATP-binding domain of SERCA1a in both nucleotide-bound and -free forms by
NMR. Limited proteolysis analyses guided us to express a 28 kDa stably folded fragment containing the
nucleotide-binding domain of SERCA1a spanning residues Thr357-Leu600. ATP binding activity was
demonstrated for this fragment by a FITC competition assay. A nearly complete backbone resonance
assignment of this 28 kDa ATP-binding fragment, in both the AMP-PNP-bound and -free forms, was
obtained by means of heteronuclear multidimensional NMR techniques. NMR titration experiments with
AMP-PNP revealed a confined nucleotide-binding site which coincides with a cytoplasmic pocket region
identified in the crystal structure of apo-SERCA1a. These results are consistent with previous site-directed
mutagenesis studies of SERCA1a.

Transient increases in intracellular Ca2+ levels govern a
spectrum of cellular processes in eukaryotic cells, including
muscle contraction, fertilization, vesicle trafficking, gene
expression, and quality control of protein folding (1, 2). The
activation of Ca2+ channels in the plasma membrane permits
entry of Ca2+ from extracellular spaces, while the activation
of Ca2+ release channels in the sarco(endo)plasmic reticulum
permits entry of Ca2+ from internal stores. After acting on
its intracellular targets, Ca2+ is pumped out of the cytoplasm
by Ca2+-ATPases (Ca2+ pumps) located at the sarco(endo)-
plasmic reticulum (SERCA)1 or plasma membrane (PMCA).
Ca2+ pumps have the highest affinities for Ca2+, thereby
defining resting Ca2+ concentrations.

In fast-twitch skeletal muscle, Ca2+ released from the
sarcoplasmic reticulum through a Ca2+ release channel
known as ryanodine receptor isoform 1 (RyR1) initiates a
contraction cycle. The removal of Ca2+, primarily by the
Ca2+-ATPase isoform SERCA1a, rapidly reduces cytoplas-
mic Ca2+ concentrations to resting levels of<100 nM,
initiating relaxation and replenishing sarcoplasmic reticulum
Ca2+ stores in preparation for subsequent cycles of contrac-
tion (3). Disruption of both copies of theATP2A1gene
encoding SERCA1 leads to Brody disease (4), an autosomal
recessive myopathy characterized by exercise-induced con-
tracture due to a slow rate of removal of Ca2+ from the
cytosol. The disruption of one copy of theATP2A2gene
encoding SERCA2 leads to Darier disease, an autosomal
dominant skin disorder characterized by loss of adhesion
between epithelial cells, which is associated with breakdown
of the desmosomal-filament complex and premature kera-
tinization (5). Clearly, these diseases result from aberrant
SERCA function (6-8).

SERCAs translocate Ca2+ against a 1000-fold concentra-
tion differential (2), hydrolyzing 1 mol of ATP per 2 mol of
Ca2+ that is translocated (9). An essential step during the
reaction cycle is the phosphorylation of a highly conserved
Asp residue, an unusual site for phosphorylation in eukary-
otes. Cation ATPases that are phosphorylated by ATP,
including the Na+/K+-ATPase (10) and H+-ATPase (11), are
collectively classified as P-type ATPases, since they share
numerous mechanistic and structural similarities (12, 13).
Kinetic studies have indicated that Ca2+-ATPases undergo
conformational changes between two main reactive states
(E1 and E2), altering the affinity for Ca2+. In the E1 state,
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the affinity for Ca2+ is 3 orders of magnitude higher than
that in the E2 state. While ATP can bind in the presence or
absence of Ca2+, phosphorylation of Asp351 by ATP is
contingent upon binding of Ca2+ to both sites. Phosphoryl-
ation by ATP triggers conformational changes leading
successively to high- and low-energy states (E1P and E2P,
respectively), while dephosphorylation leads to the E2 state.
Release of Ca2+ into the ER lumen occurs during the
transition from E1P to E2P (reviewed in refs14 and 15).
Structural predictions, based on primary sequence (16) and
the findings of numerous mutagenesis studies (17, 18),
indicated a large separation between the membrane-embed-
ded Ca2+ binding sites and the ATP binding and phospho-
rylation sites which were mapped to cytoplasmic regions.
Accordingly, there was speculation that long-range move-
ments must occur through stepwise conformational changes
to account for the communication between the Ca2+ binding
sites and those involved in ATP binding and phosphorylation.

Extensive biochemical analyses of rabbit SERCA1a pre-
dicted that this 994-residue protein was comprised of 10
transmembrane segments and 3 cytoplasmic domains: ac-
tuator (transduction), nucleotide-binding, and phosphorylation
domains (19) (see Figure 1). Structural studies of the Ca2+

pump using three-dimensional reconstruction from negatively
stained 2D crystals or diffraction from frozen tubular
structures provided low-resolution “snapshots” of some of
the reaction cycle intermediates (20-23). An 8 Å model of

the Ca2+-ATPase in the E2 state illuminated the relative
arrangement of the 3 cytoplasmic domains and the 10
transmembrane segments under Ca2+-free conditions (24).
In a recent landmark study, the structure of SERCA1a in
the Ca2+-bound E1 state was reported at 2.6 Å resolution,
allowing the resolution of bond-level detail of the cytoplas-
mic and transmembrane domains (25). Understanding of the
intricate residue and helix interactions at the Ca2+ binding
sites was extended considerably by such high-resolution
analysis. In addition, the crystal structure showed the
association of two helices at the N-terminus of the molecule
with a cytosolicâ-strand domain between helices M2 and
M3 to form an actuator domain and a cytosolic loop between
transmembrane helices M6 and M7, which winds around and
links several elements of the stalk sector. These two features
set up linkages that might involve virtually all of the
transmembrane helices in the conformational movements that
drive Ca2+ transport (26).

While the overall shape of the molecule was consistent
between the crystal structure and earlier structures, the
cytoplasmic domains were widely separated in the 2.6 Å
model of the E1 state, in stark contrast to their compact
packing in the 8 Å E2model. Only minor changes were noted
in the transmembrane segments. The effects of nucleotide
binding were not evident in the crystal structure, however,
since the addition of ATP dissolved the crystals. Crystals in
which TNP-AMP was infused provided a 4 Å electron

FIGURE 1: (A) Schematic cartoon of the topology of SERCA1a. Transmembrane segments are denoted M1-M10. The location of the
ATP-phosphorylatable Asp351 as well as the boundaries of the soluble nucleotide domain [SERCA1a(357-600)] are denoted with arrows.
(B) Amino acid sequence of SERCA1a(357-600).
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density map that could not conclusively identify changes in
the nucleotide-binding domain or the Ca2+ binding segments
due to low resolution. Therefore, it remains a challenge to
gain insight into the conformational changes that occur
following ATP binding. Such changes might occur within
the nucleotide-binding domain, between nucleotide-binding
and phosphorylation domains, and/or within the Ca2+ binding
sites.

Here we report findings from our solution nuclear mag-
netic resonance (NMR) studies of a 28 kDa recombinant
peptide which constitutes the complete nucleotide-binding
domain of SERCA1a, SERCA(357-600). Analysis of the
isolated nucleotide-binding domain provides an opportunity
to look closely at intradomain conformational changes solely
due to interactions with the nucleotide. In this paper, we
describe backbone1H, 13C, and15N resonance assignment
of residues in this domain and examine nucleotide binding
to a nonhydrolyzable ATP analogue.

MATERIALS AND METHODS

Subcloning, Expression, and Purification of the Nucle-
otide-Binding Domain.Rabbit SERCA1a cDNA encoding
the sequence of residues Thr357-Leu600 was amplified by
PCR using primers that introduced restriction sitesNdeI and
XhoI at the 3′ and 5′ ends, respectively. The PCR protocol
that was implemented was in accordance with that of
Stratagene’s Quick Mutagenesis Kit. The amplified product
was concatenated using a Klenow-kinase-ligase reaction
(27), gel purified, digested, and subcloned between theNdeI
andXhoI restriction sites of the expression plasmid pET15b
(Novagen), downstream of the sequence encoding a hexa-
histidine tag and a thrombin recognition site. This was used
to transformEscherichia colistrain BL21(DE3) for expres-
sion. Bacterial growth was routinely carried out in 1 L of
LB medium (unlabeled protein) at 37°C until an OD600 of
0.4 was reached. IPTG was then added to the growing culture
to achieve a final concentration of 0.5 mM, and the culture
was left for at least 5 h at 37°C. Cells were harvested by
centrifugation for 20 min at 6000 rpm (Sorvall GSA rotor)
at 4 °C, and resuspended in 20 mL of ice-cold buffer [25
mM Tris-HCl (pH 8), 500 mM NaCl, 10% glycerol, 5 mM
imidazole, and protease inhibitors]. The cell suspension was
incubated with 10 mg of lysozyme and 100µg of DNase I
in the presence of 10 mM MgCl2 for 45 min with gentle
agitation at 4°C, and then lysed by sonication on ice. The
clear lysate was separated by centrifugation at 100000g
(Beckman Ti 50.2 rotor) for 30 min. The soluble lysate was
applied to 5 mL of Ni-NTA resin (Qiagen), and protein
was eluted with buffer containing 500 mM imidazole after
extensive column washing. The N-terminal histidine tag was
removed by digestion with thrombin.

NMR samples were prepared from modified growth media.
Minimal M9 medium supplemented with 1 g/L [15N]NH4Cl
and/or 2 g/L [13C6]glucose was used instead of LB. On
occasion, labeling of the protein with2H was sought and
achieved using 50-99% [2H]H2O-based M9 medium, supple-
mented with the other stable isotopes, as required. [2H]H2O-
based growth was typically carried out in a 2 Lculture that
was left overnight at 15°C after addition of IPTC to ensure
good expression levels. Following protein purification, as

described above, the sample was exchanged into NMR
buffer [20 mM Tris-HCl (pH 7.5), 300 mM NaCl, 200 mM
Na2SO4, 10 mM DTT, and 1 mM AEBSF] and concentrated
by ultrafiltration on a Centricon-10 unit (Amicon). The final
protein concentration of NMR samples was 30 mg/mL in a
volume of 0.5 mL (∼1 mM).

FITC Labeling Assay.FITC labeling reactions were carried
out as described previously (28), using a purified protein
sample with an uncleaved N-terminal His6 tag. Briefly, a
0.5 mg/mL protein sample in 50 mM Tris-HCl (pH 7.5) and
20 mM EDTA was incubated with 5µM FITC in 20 µL of
reaction mix at 22°C for 10 min with or without 5 mM
ATP and 2.5 mM MgCl2. No EDTA was included in the
reaction mix when ATP or MgCl2 was added. Reactions were
stopped by the addition of 20µL of stop solution [3 volumes
of 3× SDS loading dye, 1 volume of 10% SDS, 1 volume
of 8 M urea, 1 volume of 100 mM Tris-HCl (pH 8.8), and
0.5% (v/v) â-mercaptoethanol]. Positive control reactions
were carried out with rabbit SERCA1a extracted from fast
skeletal muscle according to published protocols (29) and
purified further, as follows. The F3 protein preparation at
10 mg/mL, suspended in 20 mM MOPS (pH 7), 1 mM
CaCl2, 1 mM MgCl2, 20% glycerol, and 250µM DTT, was
diluted to 2 mg/mL and solubilized in 0.5% C12E8, vortexed
briefly, and then centrifuged at 20000g for 10 min at 4°C.
The supernatant fraction was removed and diluted with
detergent-free buffer so that the final protein concentration
was 0.5 mg/mL in 0.1% C12E8. The resulting preparation
ran as a single 94 kDa band on SDS-PAGE and was used
in the FITC labeling reactions, as described above, except
that the reaction buffer was 20 mM MOPS (pH 7). Reactions
in which the protein was mixed with 1% SDS prior to
incubation with FITC were included as a negative control.
Aliquots of the reaction mixes were loaded on 12 or 8%
denaturing polyacrylamide gels under reducing conditions
to resolve protein bands. Gels were viewed under UV light
to detect FITC-conjugated bands prior to staining with
Coomassie blue.

NMR Spectroscopy Experiments.NMR spectra were
recorded at 23°C using a 500 or 600 MHz Varian INOVA
spectrometer.1H-15N heteronuclear single-quantum coher-
ence (HSQC) spectra were measured on a15N-labeled sample
using 128 complext1 increments of 1152 data points and 16
transients. Spectral widths were 36 and 14.9 ppm for the
15N (F1) and 1H (F2) dimensions, respectively. A different
protein sample that was uniformly labeled with2H (>99%),
15N, and 13C was used to record the following triple-
resonance experiments: (1) HNCOCA, (2) HNCOCACB,
(3) HNCA, and (4) HNCACB (30, 31). These 3D spectra
were recorded using 64 complext1 increments of 1024 data
points and 8 (HNCOCA and HNCOCACB) or 16 (HNCA
and HNCACB) transients. NMR data were routinely pro-
cessed with NMRDraw and NMRPipe (32), while the
program XEasy (33) was used to analyze the spectra.

Secondary structure analysis was performed using the
chemical shift index (CSI) method (34). CSI calculations
were modified to account simultaneously for the13CR-13Câ
resonances and to take into consideration the two flanking
residues in the sequence (35). A weighted CSI function was
used as follows:
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where∆CRi and ∆Câi correspond to the deviation of the
observed chemical shift values of the CR and Câ atoms,
respectively, of residuei from the random coil values for
the same residue type.

NMR titration experiments entailed acquiring spectra at
various protein:ligand ratios to probe gradual changes in the
chemical shifts of the protein (or ligand). All titration
experiments reported here involved recording 2D spectra that
measured either1H-15N (15N HSQC) or1H-13C (CT 13C
HSQC) correlation. Titration with unlabeled AMP-PNP
(Sigma) was carried out with a 1 mM 15N-labeled protein
sample. A1H-15N HSQC spectrum was recorded initially
in the absence of AMP-PNP. Then the sample was taken
out of the NMR tube and mixed with 2.5µL of a 100 mM
AMP-PNP solution to achieve a nucleotide:protein molar
ratio of 0.5:1, before a new1H-15N HSQC spectrum was
recorded. More nucleotide solution was added incrementally
to measure HSQC spectra at nucleotide:protein molar ratios
of 1:1, 2:1, 4:1, 6:1, and 8:1. The concentration of the protein
was not adjusted after each titration point due to the small
volume of nucleotide solution that was added. Spectra
corresponding to 0:1 and 8:1 nucleotide:protein molar ratios
were compared to calculate normalized weighted average
chemical shift differences (∆ave/∆max) for the 1H and 15N
chemical shifts of the protein with and without AMP-PNP
(36). To discern amino acids for which a most significant
1H-15N chemical shift change occurred, three cutoff values
above of the mean∆ave/∆max (calculated from non-zero∆ave/
∆max values) were chosen. Peak changes were categorized
into different significance levels: 3-, 2-, and 1.5-fold above
the mean.

Titration of an unlabeled protein sample with uniformly
15N- and13C-labeled AMP-PNP (37) was also carried out to
investigate changes in the nucleotide due to protein binding.
A 1H-13C HSQC spectrum was recorded initially for a 1
mM solution of the labeled nucleotide in the absence of
protein. This was mixed with 0.25 equiv of unlabeled
SERCA1a(357-600), and a new1H-13C HSQC spectrum
was recorded. Subsequent titration points involved measuring
spectra at 1:0.5, 1:0.75, and 1:1 nucleotide:protein ratios.
Addition of the protein solution to the nucleotide caused
considerable dilution of both, but no adjustment was made
to the volume since the molar ratio was preserved. However,
the number of transients was increased for the last two
titration points to improve the signal-to-noise ratio. All1H-
13C HSQC spectra were recorded using 64 complext1
increments of 1024 data points and 8 transients (16 and 24
for the last two titrations). The1H, 13C, and15N chemical
shifts have been deposited in BioMagResBank under acces-
sion number BMRB-5161.

RESULTS AND DISCUSSION

Delimiting the ATP-Binding Domain.SERCA1a(357-
600) constitutes roughly 25% of the full sequence and is
located within the large cytoplasmic domain of the Ca2+-
ATPase delimited by M4 and M5 (Figure 1). Our limited
proteolysis studies and those published by others (38, 39)
indicated that this region of SERCA1a forms an indepen-
dently folded domain readily released by digestion with a

variety of proteases. Design of the amino acid boundaries
for the minimal sequence of the nucleotide-binding domain
was based on the findings of Champeil et al. (38) and
involved engineering 12 separate constructs varying in size
between 28 and 35 kDa, all within the cytoplasmic sequence
of SERCA1a. These constructs were designed so that the
N-terminus started at Ile348, Asp351, or Thr357 and the
C-terminus ended at Ala652, Arg615, Ser610, or Leu600
(data not shown). Small-scale expression inE. coli was
performed to assess the relative solubilities of these frag-
ments. Optimal solubility properties were found for con-
structs starting at Thr357 and ending at Leu600. Expression
of SERCA1a(357-600) in E. coli routinely yielded 15 mg
of soluble purified protein per liter of LB medium. SERCA1a-
(357-600) gave excellent NMR spectra and was selected
for further analyses.

ATP Binding Assay.The nucleotide binding properties of
SERCA1a(357-600) were demonstrated by means of a
fluorescein isothiocyanate (FITC) assay. FITC, a known
inhibitor of P-type ATPases (40), reacts with Lys515 of
SERCA1a in the absence of ATP, but is unreactive when
ATP is bound. Like the full-length protein, the soluble
fragment could be protected from FITC labeling in the
presence of saturating amounts of ATP (Figure 2). Lys515
has been identified as the target of the labeling reaction (40)
and is believed to be within the nucleotide binding pocket,
becoming inaccessible to FITC when ATP is bound. It has

CSI(CRi,Câi) ) 1/4[(∆CRi-1 - ∆Câi-1) +
2(∆CRi - ∆Câi) + (∆CRi+1 - ∆Câi+1)]

FIGURE 2: FITC labeling assay. Protein samples of (A) SERCA1a-
(357-600) and (B) SERCA1a at∼0.5 mg/mL were reacted with
FITC with or without ATP and with or without 1% SDS for 10
min at room temperature prior to analysis via SDS-PAGE. Gels
on the left side were exposed to UV light prior to staining. Bands
appearing in white indicate a FITC-labeled sample. The gels were
stained with Coomassie blue afterward and appear on the right side.
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not been determined, however, whether Lys515 is involved
in direct interactions with the nucleotide. The preservation
of ATP binding, albeit with a lower affinity, to this 244-
amino acid fragment is clearly illustrated. Detection of
residual FITC labeling of SERCA1a(357-600) in the pres-
ence of 5 mM ATP (Figure 2A) indicated weaker nucleotide
binding compared to that of full-length SERCA1a, and is
consistent with previous reports (38). In a negative control
reaction in which no ATP was present, but 1% SDS was
included, no labeling was detected, demonstrating that
reactivity toward FITC was contingent upon preservation of
the structural integrity of the nucleotide binding pocket. An
additional negative control reaction was performed using
CTP instead of ATP. Labeling by FITC was unaffected in
the presence of CTP (data not shown).

While SERCA1a(357-600) constitutes the nucleotide-
binding domain of SERCA1a, it has no ATPase activity on
its own since it is mainly involved in interactions with the
adenine moiety of ATP (see Nucleotide Binding Studies).
Most catalytic residues required for the hydrolysis of ATP
are located in the phosphorylation domain (residues 330-
356 and 605-737; see Figure 1).

Backbone Assignment and Chemical Shift Analysis.1H-
15N HSQC spectra, representing a fingerprint of the protein
backbone, were used in this study as a quick, informative
probe of the changes in backbone conformation. Our
SERCA1a(357-600) construct contained 244 amino acid
residues preceded by a Ser-His-Met N-terminal sequence
(from the vector) and included 8 prolines, 12 asparagines,
and 3 glutamines. Hence, the expected total number of1H-

15N HSQC peaks was 238 backbone1H-15N cross-peaks and
15 pairs of cross-peaks from side chain NH2 groups plus
additional side chain cross-peaks from the 18 lysines, 15
arginines, and 1 tryptophan. For the backbone amide groups,
231 resolvable cross-peaks were observed in the HSQC
spectrum. These were assigned (Figure 3) after analysis of
the 3D triple-resonance spectra. Deuteration was absolutely
essential for obtaining high-quality triple-resonance spectra
for this 28 kDa protein domain. Backbone assignment has
been completed for 94% of the sequence; those remaining
unassigned, partly due to peak overlap, are the tripeptide at
the N-terminus in addition to Thr357, Ile402, Arg403,
Ser404, Ala440, Thr443, Ala444, Leu445, Thr446, Lys492,
Ser493, Ile545, and Leu546.

In the CSI method of secondary structure analysis, residues
in R-helical regions were distinguished by a local clustering
of four or more positive13CR-13Câ CSI values, while those
in â-sheet regions were discerned by a local clustering of
four or more negative13CR-13Câ CSI values (Figure 4).
On the basis of this analysis, we found that SERCA1a(357-
600) consists of 12â-strands and 7R-helices, consistent with
the secondary structure content of the same region of the
published 2.6 Å crystal structure (25). However, two strands,
â6 and â12, seem somewhat shortened or distorted in
solution compared to the crystal structure. Strandâ12 is at
the C-terminus (residues 591-600 in the crystal structure,
and 588-592 in solution) and seems partially melted in
solution, with the last 8 residues disordered. Strandâ6,
however, is situated in the middle of the sequence (residues
479-488 in the crystal structure, and 478-480 in solution)

FIGURE 3: 1H-15N HSQC spectrum of SERCA1a(357-600). Backbone peaks are labeled with the amino acid assignments.
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and harbors two nucleotide binding residues, Phe487 and
Ser488 (see Nucleotide Binding Studies). Since both cases
(crystal structure and our CSI study) studied the protein in
the apo form with respect to nucleotide, the distortion of
strandâ6 around the nucleotide binding residues is thought
to be significant, possibly serving to orient these residues
specifically in solution. Nonetheless, the boundaries of other
strands and helices are essentially identical in the crystal and
solution studies, taken within the accuracy limits of CSI
analyses. Thus, the overall secondary structure of the
nucleotide-binding domain is unchanged in solution relative
to that of the crystal structure.

Nucleotide Binding Studies.To map the nucleotide binding
site in SERCA1a(357-600), we recorded1H-15N HSQC
spectra with successive addition of AMP-PNP, a nonhydro-
lyzable analogue of ATP. Addition of the nucleotide
produced modest yet significant displacements to a number
of HSQC peaks of the protein. The changes in peak positions
were observed upon the first addition of the nucleotide
(nucleotide:protein molar ratio of 0.5), but were saturated at
a nucleotide:protein molar ratio of 6, as no more variations
were observed from then onward. Figure 5A shows a

superposition of HSQC spectra recorded in the absence of
AMP-PNP and in the presence of an 8-fold molar excess of
nucleotide. Throughout the titration, the peaks changed in
position gradually, representing a fast exchange on the NMR
time scale. The relatively high nucleotide:protein ratio
required to achieve saturation is indicative of low-affinity
nucleotide binding with an estimatedKd in the range from
10-5 to 10-4 M. In fact, this is consistent with previous results
reporting a 20-fold reduction in binding affinity of an isolated
nucleotide-binding domain relative to the intact SR Ca2+-
ATPase (38). Other parts of the Ca2+ pump must, therefore,
contribute to nucleotide binding. Indeed, residues neighboring
Asp351, including but not limited to Lys352, Thr355, and
Leu356, are known to be involved in interactions with the
phosphate moiety of the nucleotide (41, 42). However, when
1H-15N HSQC spectra were measured in the presence of
AMP instead of AMP-PNP, an essentially identical pattern
of peak movement was detected (data not shown). The
finding that protein binding to AMP is spectrally equivalent
to that of AMP-PNP is consistent with early indications that
catalytic residues which interact with the distal Pi groups of
ATP are located in the phosphorylation domain (42) and are

FIGURE 4: 13CR-13Câ chemical shift index plot for assigned
residues of SERCA1a(357-600). The first half of the sequence is
shown in the top graph, and the remaining residues are included in
the bottom graph. Four or more consecutive negative CSI values
indicate aâ-strand, while four or more consecutive positive CSI
values indicate a helix. Zero-CSI regions are random coil sequences.
The secondary structure composition of the 2.6 Å crystal structure
of SERCA1a (25) is plotted next to theX-axes; spirals represent
helices, while arrows representâ-strands.

FIGURE 5: (A) Superposition of the15N HSQC spectra of
SERCA1a(357-600) without AMP-PNP (black) or with an 8-fold
molar excess of AMP-PNP (red). (B) Normalized weighted average
chemical shift differences (∆ave/∆max) for SERCA1a(357-600) upon
AMP-PNP binding.
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well-separated from the nucleotide-binding domain (25).
Accordingly, the observed binding interactions between
AMP-PNP and SERCA1a(357-600) represent the essence
of the protein-ATP interactions, constituting the core
requirements for specific recognition of the adenine moiety.

To quantitate the extent of peak changes, normalized
weighted average chemical shift differences (∆ave/∆max) for
1H and15N chemical shifts of the protein with and without
AMP-PNP (see Materials and Methods) were analyzed
(Figure 5B). There were 29 amino acids for which a
significant1H-15N chemical shift change has been observed.
The most significant changes were found for Glu442, Thr441,
Met494, Ala517, Ser495, Ser423, and Asp490, which reside
in two R-helices (R2 andR4) and twoâ-strands (â4 and
â7). In hopes of gaining insight into the location of these
“perturbed” amino acids in the structure, we mapped them
onto a surface representation of SERCA1a, utilizing partial
coordinates of the 2.6 Å crystal structure that corresponded
to the sequence of residues Thr357-Leu600 (Figure 6). The
residues with the most significant changes, or highest∆ave/
∆max values (see Figure 5B), are highlighted in accordance
with the significance of their chemical shift changes. Amino
acids displaying alterations in backbone chemical shifts in
the presence of AMP-PNP seemed to cluster about a cavity
region in the structure, which is suggestive of the location
of the nucleotide-binding pocket.

In the recently determined 2.6 Å structure of SERCA1a
in the E1 state (25), the authors reported weak diffraction
from the TMP-AMP-soaked SERCA1a crystal. The resulting
4 Å map indicated the general location of the nucleotide
binding. Residues Lys515, Phe487, Thr441, and Lys492 were
determined to be in the proximity of the nucleotide, indicating
their potential for interaction with it. The findings of the
NMR titration study reported here agree with the preliminary
boundaries of the nucleotide binding region outlined in the
crystal structure. Moreover, these NMR results extend the
boundaries of the binding pocket by identifying further
residues influenced by nucleotide binding. Furthermore, on
the basis of our preliminary chemical shift and NOE analyses,
the secondary structural elements remain unchanged upon
AMP-PNP binding. The observed changes in1H and 15N

chemical shifts are probably due to (a) modulation of the
environment of HN groups caused by proximity to the
nucleotide ligand, (b) local side chain rearrangement, and/
or (c) rigid-body movement of a small number ofR-helices
or â-strands with respect to the rest of the molecule.

Investigation of structural similarities between SERCA1a-
(357-600) and coordinates deposited in the Protein Data
Bank using a combinatorial expansion algorithm resulted in
10 unique structural neighbors. The structural alignment was
tenuous, however. The closest structural neighbor that was
found was 4-hydroxyphenylpyruvate dioxygenase, upon
which 55 residues from SERCA1a(357-600) could be
superimposed with an rmsd of 3.4 Å. Interestingly, none of
the structural neighbors were nucleotide binding proteins.

Titration of an unlabeled protein sample with15N- and
13C-labeled AMP-PNP (Figure 7A) was carried out to
investigate sites on the nucleotide directly affected by protein
binding. Recording a constant time13C HSQC spectrum of
the labeled AMP-PNP allows detection of1H-13C reso-
nances from the ribose ring and C5 only. No changes to the
relative peak positions of any of the1H-13C atoms in the
ribose ring were observed upon successive additions of the
protein (data not shown). Rather, considerable peak broaden-
ing was seen for C1-C5 chemical shifts, especially those
corresponding to C3 and C5. Peak broadening is manifested
by a gradual decrease in relative peak intensities throughout
the titration procedure (Figure 7B). This peak broadening is
most likely attributed to (i) the reduction of T2 relaxation
time due to complex formation with the 28 kDa protein
domain and/or (ii) a rapid exchange of the nucleotide due to
the low affinity of binding to this protein domain. This is in
agreement with the aforementioned observation made by the
reverse titration of15N-labeled SERACA1a(357-600) with
unlabeled AMP-PNP.

Comparison with Mutagenesis Data.The large body of
site-directed mutagenesis data available on SERCA1a (7,
43-50) has identified residues that are important to ATPase
activity and allowed dissection of their roles in Ca2+ binding,
nucleotide binding, phosphorylation, and/or conformational

FIGURE 6: Structure of the nucleotide-binding domain of SERCA1a
as reported in the 2.6 Å crystal structure (25). (A) Surface
representation of residues Thr357-Leu600. Highlighted regions
correspond to residues for which a change in the1H-15N chemical
shift was observed upon binding to AMP-PNP. Residues with the
most significant changes (at least 3-fold above average) are colored
in red, while those with slightly less significant changes (at least
2- or 1.5-fold above average) are colored in orange and yellow,
respectively. (B) Ribbon diagram of the same sequence shown in
panel A, showing the identity of some of the residues in the
highlighted regions. Mutation sensitive residues are boxed.

FIGURE 7: (A) Structure of AMP-PNP. (B) Change in the relative
peak intensities of carbon atoms of15N- and 13C-labeled AMP-
PNP during titration with SERCA1a(357-600). Peak intensities
were normalized for each spectrum relative to a reference non-
nucleotide peak.
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changes (41). The NMR data presented here are in excellent
agreement with those previously reported mutations affecting
ATP binding. Specifically, Phe487, Ser488, Arg491, and
Lys515 are mutation-sensitive residues whose backbone
chemical shifts change in the presence of AMP-PNP.
Mutagenesis studies have predicted that these residues are
directly involved in nucleotide binding due to the effect of
their replacement on the apparentKd of ATP. It is noteworthy
that Lys515 has long been identified as the residue protected
by ATP from derivatization with FITC, a known inhibitor
of the Ca2+ pump (40), but whose exact role in nucleotide
binding remained unclear (44). Data from our NMR titration
studies suggest that Lys515 contributes to nucleotide binding.

Some mutation sensitive residues (i.e., Cys471, Arg489,
Gly516, and Thr547) did not display significant chemical
shift changes upon AMP-PNP binding. All of these residues
except Thr547 are in the proximity of other residues whose
chemical shifts changed upon AMP-PNP binding. This could
be reconciled if the specific role of these amino residues
involves side chain interactions which could not be measured
in our 1H-15N HSQC experiment. Therefore, these interac-
tions would be distant from the backbone region and would
not be “felt” in our measurements. Gly516, however, would
not be expected to partake in such a side chain interaction,
but it is likely that its mutation disrupts the secondary
structure configuration of the surrounding region, giving rise
to compromised ATPase function. With the preceding residue
Lys515, which is mutation sensitive and whose chemical shift
changed significantly upon nucleotide binding, Gly516 may
indeed be serving a structural role.

Mutation-insensitive residues such as Asp490, Ala517, and
Glu519 were seen to experience significant changes to their
backbone1H-15N chemical shifts in the presence of AMP-
PNP. There is no conclusive evidence of specific binding
interactions between these residues and the nucleotide due
to tolerance of mutagenesis at these sites. It is possible that
the single mutations at positions 490, 517, and 519 could be
compensated for and/or accommodated within the protein
and did not have deleterious effects on overall function. Some
of the shifts of these residues are indeed significant (e.g.,
Ala517 and Asp490), implying that relatively large changes
in the local magnetic parameters occur in the presence of
AMP-PNP.

No mutational studies are available on the remaining
residues whose backbone conformation was influenced by
nucleotide binding, such as Met361, Val363, Leu419,
Asn421, Asp422, Ser423, Ser424, Glu439, Thr441, Glu442,
Arg476, Met494, Ser495, Val496, Tyr497, Ser503, Val514,
Val521, Ile522, Cys561, Leu562, Leu564, and Thr569. It
remains to be seen if introducing mutations at any of these
sites would have detrimental effects on SERCA activity. It
is likely that only a small subset of these residues would be
crucial for maintenance of native ATP binding properties,
with the remaining residues having only secondary roles, if
any role at all.

CONCLUSIONS

We have overexpressed and purified the ATP-binding
domain of the ER/SR Ca2+-ATPase, which corresponds to
a 28 kDa protein fragment comprising residues Thr357-
Leu600. A large-scale production of SERCA1a(357-600)

enabled us to study this functionally essential domain by
NMR spectroscopy. Nearly complete backbone1H, 13C, and
15N resonance assignments have been obtained for this
relatively large protein fragment, providing an excellent
probe for the interaction with nucleotide ligands as well as
partner proteins [e.g., phospholamban (51)]. Such work may
include lead compound screening by utilizing the SAR-by-
NMR method (52) in efforts to develop new therapeutic
agents for heart failure that would disrupt the inhibitory
interaction between this 28k Da fragment and the cytoplasmic
domain of phospholamban (53).

Findings from NMR titration of SERCA1a(357-600) with
the nonhydrolyzable nucleotide AMP-PNP offer insight into
the identity of residues lining the nucleotide binding region,
specifying at least 29 amino acids within a confined area.
These results are in excellent concordance with site-directed
mutagenesis studies and are consonant with the model of
the nucleotide-bound state derived from the crystal structure
(25), presenting more comprehensive evidence for the
involvement of other amino acid residues within that region.

Finally, these results strongly suggest that ligand binding
does not induce dramatic conformational changes within the
ATP-binding domain of SERCA. The secondary structure
elements remain essentially identical, and probably no
significant tertiary structure rearrangement occurs in the
transition from the apo to the nucleotide-bound states. These
results support the notion that, while maintaining the same
overall structural architecture, the ATP-binding domain
undergoes a gross movement with respect to the phospho-
rylation domain in the transition from the E1(Ca2+)2 reactive
state to the high-energy E1(Ca2+)2-P-ADP state.
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