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a b s t r a c t

Sarcoplasmic reticulum Ca2+ ATPase (SERCA) is essential for muscle function by transporting Ca2+ from
the cytosol into the sarcoplasmic reticulum through ATP hydrolysis. In this report, the effects of substi-
tution mutations on the isolated SERCA-nucleotide binding domain (SERCA-N) were studied using NMR.
15N–1H HSQC spectra of substitution mutants at the nucleotide binding site, T441A, R560V, and C561A,
showed chemical shift changes, primarily in residues adjacent to the mutation sites, indicating only local
effects. Further, the patterns of chemical shift changes upon AMP–PNP binding to these mutants were
similar to that of the wild type SERCA-N (WT). In contrast to these nucleotide binding site mutants, a
mutant found in patients with Darier’s disease, E412G, showed small but significant chemical shift
changes throughout the protein and rapid precipitation. However, the AMP–PNP dissociation constant
(�2.5 mM) was similar to that of WT (�3.8 mM). These results indicate that the E412G mutant retains
its catalytic activity but most likely reduces its stability. Our findings provide molecular insight into pre-
vious clinical, physiological, and biochemical observations.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The sarco(endo)plasmic Ca2+ ATPase (SERCA) is responsible for
transporting cytosolic Ca2+ into the lumen of the sarcoplasmic
reticulum (SR) upon muscle relaxation, through hydrolysis of ATP
[1–4]. SERCA dysfunction has been implicated in heart failure [5–
7] and in a skin disorder known as Darier’s disease [8–12]. Thus,
it has been an important target for basic and translational research
[7,13,14]. Crystal structures of SERCA at different stages in the Ca2+

transport cycle have shown the step-by-step interactions of the
three cytosolic domains and the transmembrane domain [15–21].
In the Ca2+ pump mechanism, there are two major conformational
states, E1 and E2, that allow Ca2+ ions to cross from the cytoplasm
and luminal sides, respectively [22]. One of the cytosolic domains,
SERCA-N, is an ATPase and contains an ATP binding site. This do-
main plays a major role in the conversion from E1 to E2 and inter-
faces with the other domains, SERCA-A and SERCA-P.

Previous studies on several mutants of SERCA-N suggest that
slight changes of domain conformation can influence both Ca2+

transport and ATPase activity, but not necessarily to the same de-
gree. For example, while mutation at the ATP binding site, T441A,
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reduced both Ca2+ transport capacity and ATPase activity to about
50% of the WT level, R560V displayed approximately 60% of the WT
Ca2+ transport capacity and only 30% of WT ATPase activity [23].
However, mutation at a residue adjacent to R560, C561A, reduced
Ca2+ transport rate to ca. 80% of WT without affecting ATP binding
affinity [23]. Although these apparent discrepancies could be ex-
plained by distinct conformational changes in the protein upon
mutation of specific residues, an analysis of the conformational im-
pact of these mutations has not been performed. Furthermore,
E412G mutation, which has been found in patients with Darier’s
disease but not in those with heart dysfunction [8–12], has not
been analyzed at a structural level. An understanding of the struc-
tural consequence of the E412G mutation, which is located in the
interior of the N-domain, over 16 Å away from the nucleotide-
binding site, may be useful to understand why the mutation does
not cause heart dysfunction. Overall, while the structural basis of
SERCA phosphorylation and its interactions with phospholamban
and the membrane [24–28] have been well characterized, the
structural consequences of the N-domain mutations have not been
reported.

The isolated SERCA-N domain retains its nucleotide binding
activity and its native structure [29–31], and was, therefore, used
in the described Circular Dichroism and NMR studies. Specifically,
single substitution mutations of E412G, T441A, R560V, or C561A
were created to elucidate the effect of each mutation on the SER-
CA-N structure. Our findings provide atomic level insight into pre-
vious biochemical and clinical observations.

http://dx.doi.org/10.1016/j.bbrc.2010.12.094
mailto:ishima@pitt.edu
http://dx.doi.org/10.1016/j.bbrc.2010.12.094
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


20 W. Myint et al. / Biochemical and Biophysical Research Communications 405 (2011) 19–23
2. Materials and methods

2.1. Protein expression and purification

The WT SERCA-N sequence (residues 357–660) from rabbit SER-
CA1a was cloned into a pET15b vector, as described by Mitsu
Ikura’s group [30], and was modified at the N-terminus to incorpo-
rate a tobacco etch virus (TEV) cleavable Poly-Histidine sequence
(His6-tag). The final protein sequence contains an additional
three-residue, amino acid sequences of SVD before T357 instead
of the GSHM sequence in the previously studied construct [30].
The SERCA-N mutants E412G, T441A, R560V, and C561A were con-
structed by site directed mutagenesis of the WT plasmid following
manufacturer’s protocol (Stratagene). The vector was transformed
into Rosetta 2 (DE3) cells, and protein was expressed in 1 L cultures
of minimal M9 medium with 1 g/L [15N]-NH4Cl at 18 �C for 16 h by
addition of isopropyl b-D-1-thiogalactopyranoside (IPTG) at a final
concentration of 0.8–1 mM. For the WT and C561A mutant, addi-
tional protein sample was prepared with minimal M9 medium
supplemented with 1 g/L [15N]-NH4Cl and 2 g/L [13C6]-glucose at
37 �C. Proteins in cell lysate in a buffer A (50 mM Sodium Phos-
phate pH 7.5, 500 mM NaCl, 20 mM Imidazole, 0.02% NaN3, and
5 mM b-mercaptoethanol) were first purified by applying to a
5 mL HisTrap HP column (GE Healthcare) and then eluting with a
buffer containing 500 mM Imidazole in A, The aggregate was re-
moved by a Superdex-75 (GE healthcare) gel filtration chromatog-
raphy column, equilibrated in buffer B (25 mM Sodium Phosphate
pH 7.5, 50 mM NaCl, and 0.02% NaN3). The His6-tag was removed
by overnight TEV digestion, and proteins were purified by applica-
tion to a HisTrap HP column (GE Healthcare) at 4 �C. The buffer was
exchanged by dialysis to 25 mM Bis–Tris pH 6.5, 150 mM NaCl,
5 mM TCEP, and 0.02% NaN3 and the proteins were concentrated
using Amicon Ultra Centrifugal Filter Units (Millipore) prior to
flash freezing by liquid nitrogen. Samples were stored at �80 �C
with or without lyophilization.
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2.2. Circular Dichroism and UV spectroscopies

Protein samples for Circular Dichroism (CD) spectroscopy mea-
surements were prepared by exchanging the buffer with 20 mM
Tris, pH 7.5, and 100 mM NaCl resulting in final protein concentra-
tions of 5–12 lM. The concentrations were determined from three
absorbance measurements at 280 nm using the theoretical Beer–
Lambert Law extinction coefficient of 13,200 M�1 cm�1. Spectra
were measured on a J-810 Spectropolarimeter (Jasco Inc., Easton,
MD, USA) at 25 �C and averaged over 10 accumulations with a
scanning speed of 100 nm/min.

The relative aggregation property at higher protein concentra-
tions was estimated by measuring the amount of protein remain-
ing in the soluble fraction after incubation at 50 �C. Specifically,
30 ll of 100 lM protein in 20 mM Tris, pH 7.5 and 100 mM NaCl
were incubated on a 50 �C heat block from 0 to 16 min. Samples
were subsequently centrifuged at 4 �C in an Eppendorf FA45-30-
11 rotor (Eppendorf, Hauppauge, NY, USA) at 4000 RPM for
20 min. The level of protein in the soluble fraction was determined
from absorbance at 280 nm. These experiments were repeated
three times to estimate the average and the standard deviation
of the residual protein concentrations.
190 200 210 220 230 240 250 260
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Fig. 1. The Circular Dichroism spectra of the WT (gray solid line), E412G (dashed
line), T441A (dotted line), R560V (dot-dashed line), and C561A (black solid line)
SERCA-N in 20 mM Tris pH 7.5 and 100 mM NaCl at 25 �C. Inset figure indicates
qualitative estimate of protein stability recorded at 50 �C for WT (black circle),
T441A (open square), R560 V (cross), and C561A (open circle) SERCA-N mutants
(see Section 2).
2.3. NMR experiments

All NMR experiments were performed on a Bruker Avance NMR
spectrometer equipped with a cryogenic-probe (Bruker Biospin,
Billerica, MA, USA) and operating at a 1H Larmor frequency of
600.23 MHz. Protein samples for NMR experiments were prepared
in 25 mM Bis–Tris pH 6.5, 150 mM NaCl, 5 mM TCEP, and 0.02%
NaN3 with 5% D2O at protein concentrations ranging from 242 to
398 lM. 15N–1H heteronuclear single quantum coherence (HSQC)
spectra of the WT, E412G, T441A, R560V, and C561A SERCA-N
15N-labeled samples were recorded at 25 �C, unless otherwise
noted. The HNCA spectra were recorded for 15N/13C isotope en-
riched WT and C561A SERCA-N for resonance assignment. For
the mutants that exhibited 15N–1H HSQC spectra very similar to
that of WT protein, the resonance assignments were estimated
by placing the residue assignment from the WT spectrum with
the closest peak in the mutant spectrum. 15N–1H HSQC spectra of
E412G, T441A, R560V, and C561A SERCA-N were also recorded at
different concentrations of AMP–PNP (Adenosine 50-(b,c-imido)tri-
phosphate), ranging from 0 to 20 mM, at protein concentrations of
242 lM, 297 lM, 309 lM, 398 lM, and 242 lM, respectively.

All NMR data sets were processed using NMRPipe [32] and ana-
lyzed using CARA (www.nmr.ch) [33] and NMRViewJ (One Moon
Scientific Inc.) [34]. The weighted net changes in chemical shift be-
tween the WT and mutants and those for changes on binding of
AMP–PNP were obtained for the 15N and 1H dimensions using

the equation: Dd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dd2

H þ
cN
cH

DdN

� �r
. Residues that showed Dd val-

ues four times greater than the resolution were considered to have
significant Dd. Dissociation constants were estimated from the
changes in the Dd as a function of AMP–PNP concentration.

3. Results

3.1. Effect of mutation on SERCA-N secondary structure

The WT and E412G, T441A, R560V, and C561A proteins could be
expressed and purified with reasonable yields, ca. 20 mg/L culture.
To confirm that the proteins were folded, CD spectra were recorded
for all the mutants as well as for the WT SERCA-N. The spectra in
the far-UV region of all the mutants showed an almost identical
secondary structural content as the WT (Fig. 1).

To determine whether the substitution mutations altered the
thermal stability of the protein, we attempted differential scanning
calorimetry. However, due to the precipitation of the samples at
high temperature (data not shown), we were unable to obtain use-
ful data. Therefore, thermal stability at high protein concentration
(100 lM) was qualitatively evaluated by measuring the amount of
soluble protein after incubation at 50 �C (Fig. 1, inset). All SERCA-N

http://www.nmr.ch
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constructs precipitated sooner than the WT. In particular, the
C561A mutant had a greater tendency for precipitation despite
the fact that the free cysteine residue was substituted to an ala-
nine. The same experiment was not performed for the E412G mu-
tant, which precipitated even at 25 �C and showed small but
significant differences in the signal position in the 15N–1H HSQC
spectrum as described later (Fig. 2A).

3.2. Effect of mutation on SERCA-N chemical shifts

The WT SERCA-N 15N–1H HSQC spectrum was almost identical
to the spectrum in the previous report by Ikura’s group [30]. The
only notable differences were in a few residues located at the N-
terminal end of the protein, for example T357 and T358, which
could be due to the slightly altered sequence employed in our
study (see Section 2). Assignments of backbone amide 1H and
15N of the 224 residue resonances were made for the WT protein
using an HNCA spectrum and were confirmed by the chemical shift
information from the previous study [30].

The 15N–1H HSQC spectra of the WT and mutant proteins exhib-
ited similar patterns of resonance peaks (Figs. 2 and S1), and are
consistent with the similarity observed in the CD spectra, indicat-
ing that the basic fold of the protein is not altered by the muta-
tions. This observation was also confirmed by 15N transverse
relaxation and {1H}–15N NOE experiments that provided similar
profiles for the WT, T441A and C561A proteins (Figure S2). Amide
signals in the 15N–1H HSQC spectra of T441A and R560V mutants
almost completely overlapped with the WT protein, except for
the region around the mutation sites; therefore, most of the back-
bone amide chemical shifts of the two mutants could be estimated
based on the WT assignments (Fig. 2B and C, respectively). The
HSQC spectrum of the C561A mutant also showed signals at similar
positions to those of WT (Figure S1). However, since some of the
C561A signals showed no overlap with the WT (changes in chem-
Fig. 2. Differences in amide backbone chemical shifts, Dd, compared to WT SERCA-N for t
to the SERCA1a sequence numbering. The residues within 10 Å of the mutation site are hi
above the resolution of the spectra. In each graph, the mutation site is high-lighted in
(different views were selected for clarification) using PDB code 1IWO (For interpretation
version of this article).
ical shifts Dd � 0.3 ppm), a HNCA experiment was performed to as-
sign signals (Fig. 2D).

E412G mutation caused moderate changes (Dd < 0.15 ppm) in
the 15N–1H HSQC signal positions throughout the protein com-
pared to those of WT (Fig. 2A). The protein sample precipitated sig-
nificantly after a 2 h during HSQC experiment at 25 �C. As
described above, the CD spectrum of E412G is almost identical to
that of WT. Thus, the observed changes in chemical shifts in the en-
tire protein may be explained by a reduction in the thermal stabil-
ity of the protein. In other words, the changes in chemical shifts are
most likely due to the fast exchange between the major, folded
form and the minor, unfolded form. Since the folded WT protein
is stable and the mutation site is located within the protein core,
the observed precipitation is likely caused by the unfolded form.

3.3. Effect of mutation on AMP–PNP binding

To determine whether the nucleotide binding affinity or binding
site is altered by the various mutations, 15N–1H HSQC spectra were
recorded at varying concentrations of AMP–PNP, chosen to allow
direct comparison of our WT results with those obtained in the
previous report [30]. Signal positions in the NMR spectrum of the
WT were shifted upon AMP–PNP titration (Fig. 3A), indicating that
the exchange is in the fast exchange condition (i.e. the exchange
rate is faster than the difference in chemical shifts between the free
and bound forms). Significant shifts were observed for residues
S423, T441, E442, S488, D490, M494, S495, A517, and L562
(Fig. 3A), all located in the nucleotide-binding pocket. These obser-
vations are consistent with those made previously by Ikura’s group
[30]. However, upon close inspection of the spectra, additional res-
idues were found to be perturbed in response to AMP–PNP binding.
These residues included T447 and R476, which are located far from
the binding site, approximately 14 Å and 17 Å, respectively, indi-
cating long-range effects of the nucleotide binding (Fig. 4A).
he (A) E412G, (B) T441A, (C) R560V, and (D) C561A mutants are shown with respect
ghlighted with gray background bars. Chemical shift changes above 0.0297 ppm are
red and the nucleotide site is shown in purple at the ribbon structure generated
of the references to colour in this figure legend, the reader is referred to the web



Fig. 3. Differences in amide backbone chemical shifts, Dd, between proteins in the
presence of 10 mM AMP–PNP and in the absence of AMP–PNP for the (A) WT, (B)
E412G, (C) T441A, (D) R560V, and (E) C561A SERCA-N. The residues within 10 Å of
the nucleotide binding site are highlighted with gray background bars. Note that at
10 mM AMP–PNP, the fraction of protein bound to AMP–PNP are 65.8%, 79.9%,
51.3%, <49.5%, and 72.0%, respectively. Insets show the changes in the Dd as a
function of AMP–PNP for residue S423 (black squares).

Fig. 4. Illustration of residues (red spheres) with significant chemical shift changes,
Dd, upon AMP–PNP binding on a SERCA-N structure (PDB ID: 1IWO) for the (A) WT,
(B) T441A, (C) R560V, and (D) C561A mutants. A significant change is considered to
be twofold of standard deviations above the average Dd. In B, C, and D, the mutated
residues are highlighted as blue spheres. The mapping was not made for the E412G
mutant, which exhibited moderate chemical shift changes but was not be assigned
due to the instability of the sample. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Using the NMR titration data (Fig. 3, inset), the AMP–PNP disso-
ciation constant, KD, for the WT protein was estimated to be
5.1 ± 0.8 mM at 25 �C, which is close to the previous estimation
by NMR (�2.4 mM, [31]) but larger than the ATP dissociation con-
stant (0.7 mM, [29]). The ATP dissociation constant for the WT pro-
tein was determined to be 1.3 ± 0.2 mM (data not shown), very
similar to that observed previously.

The AMP–PNP KD value for the C561A mutant was similar to the
WT at 3.80 ± 0.22 mM at 25 �C (Fig. 3E). The KDs for the T441A and
R560V mutants were smaller than the WT at 9.30 ± 0.54 mM and
>10 mM, respectively, at 25 �C (Fig. 3C and D). These tendencies
of AMP–PNP dissociation are consistent with the reported reduc-
tions in the ATPase activities (100%, 50%, and 30% of WT for
C561A, T441A, and R560V, respectively) [23]. The KD for E412G
mutant was estimated to be 2.5 ± 0.2 mM (at 10 �C, to avoid pre-
cipitation). Although it cannot be quantitatively compared to that
of WT, it is noteworthy that the E412G mutant can bind to AMP–
PNP at a qualitatively similar level at low temperature.

4. Discussion

Although mutations that affect the ATPase activity in the SER-
CA-N domain have been identified [23,35,36], the structural conse-
quences of the mutations have not been reported. The results of
this study provide insight into the structure–function relationship
of the SERCA ATPase.

The CD spectra (Fig. 1) and the HSQC chemical shift data (Fig. 2)
of the T441A, R560V, and C561A SERCA-N mutants indicate that
little structural perturbation is present in the mutant proteins.
Based on the fact that these mutations did not completely abolish
the catalytic activity [23], our observation of such small structural
effects is reasonable. Previous crystal structure studies and NMR
studies have shown that the SERCA-N domain does not undergo
major conformational changes upon nucleotide interaction [15–
21]; root mean square deviation (RMSD) of the backbone Ca in
the SERCA-N is only 0.6 Å between the E1 and R2 states (calculated
using structures of the PDB codes, 3BA6 and 3B9B). Our results
confirm that nucleotide binding by these mutants also results pri-
marily in local conformational change, at the binding sites (Figs. 3
and 4). However, small but significant long-range effects were ob-
served upon AMP–PNP binding in both WT and the mutants
(Fig. 4), indicating that re-adjustment of the structure occurs in
the protein core in the domain study level.

In contrast to these mutants, E412G mutation caused severe
protein precipitation at 20 �C. Nevertheless, our data demonstrate
that the E412G mutant can bind to AMP–PNP with a similar pat-
tern of chemical shift changes to that of WT at lower temperature
suggesting that the E412G mutation may not abolish the nucleo-
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tide binding activity. Since the E412G mutation does not cause
heart dysfunction [8,10,11], it is reasonable that the E412G mutant
still maintains the nucleotide binding activity. However, the E412G
mutation is found in the patients with Darier’s disease. It has been
expected that an alternative mechanism exists to rescue the Ca2+-
ATPase function in cardiac muscle [8–12,36,37]. Based on the cur-
rent results, we propose that such shift of the equilibrium between
the native and denatured forms could be rescued by shifting back
the equilibrium by other factors.

The C561A mutant exhibited relatively localized changes on
chemical shifts compared to the WT protein (Fig. 2D). As described
above, such small changes are similar to those of T441A and
R560V. However, the C561A mutant has an equivalent AMP–PNP
KD to that of WT (Fig. 3E) and precipitates faster than the T441A,
R560V, and WT proteins (Fig. 1, inset). Although significant chem-
ical shift changes throughout the protein were not observed for the
C561A mutant, these propensities of C561A mutation are some-
what analogous to those of E412G. Based on this point, the instabil-
ity of the C561A may relate to the mechanism to maintain the
ATPase activity but only causes slight reduction of the Ca2+ trans-
port [23].
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