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The Ca2�/Mn2� transport ATPases 1a and 2 (SPCA1a/2) are
closely related to the sarco(endo)plasmic reticulum Ca2�-
ATPase (SERCA) and are implicated in breast cancer and Hailey–
Hailey skin disease. Here, we purified the human SPCA1a/2
isoforms from a yeast recombinant expression system and com-
pared their biochemical properties after reconstitution. We
observed that the purified SPCA1a displays a lower Ca2� affinity
and slightly lower Mn2� affinity than SPCA2. Remarkably, the
turnover rates of SPCA1a in the presence of Mn2� and SPCA2
incubated with Ca2� and Mn2� were comparable, whereas the
turnover rate of SPCA1a in Ca2� was 2-fold higher. Moreover,
we noted an unusual biphasic activation curve for the SPCA1a
ATPase and autophosphorylation activity, not observed with
SPCA2. We also found that the biphasic pattern and low appar-
ent ion affinity of SPCA1a critically depends on ATP concentra-
tion. We further show that the specific properties of SPCA1a at
least partially depend on an N-terminal EF-hand–like motif,
which is present only in the SPCA1a isoform and absent in
SPCA2. This motif binds Ca2�, and its mutation lowered the
Ca2� turnover rate relative to that of Mn2�, increased substrate
affinity, and reduced the level of biphasic activation of SPCA1a.
A biochemical analysis indicated that Ca2� binding to the N-ter-
minal EF-hand–like motif promotes the activity of SPCA1a by
facilitating autophosphorylation. We propose that this regula-
tion may be physiologically relevant in cells with a high Ca2�

load, such as mammary gland cells during lactation, or in cells
with a low ATP content, such as keratinocytes.

Transient alterations in subcellular Ca2� concentrations
drive numerous physiological processes. The local Ca2� levels
in cells are tightly regulated by membrane transport proteins
such as ion channels, exchangers, and active transport ATPases
(1, 2). Among them, the Ca2� transport ATPases utilize the
energy released from ATP hydrolysis to pump Ca2� ions
against the concentration gradient, i.e. from the cytosol to the
exoplasmic compartments. In humans, three types of Ca2�-

ATPases were identified that are localized in distinct membrane
compartments: the closely related P2A-type ATPases sarco(endo-
)plasmic reticulum Ca2�-ATPase (SERCA)3 and secretory path-
way Ca2�-ATPase (SPCA), sharing 29% sequence identity and
over 40% sequence similarities, and the P2B-type ATPase plasma
membrane Ca2�-ATPase (PMCA), which is more distantly
related (3). All Ca2�-ATPases undergo transient autophosphory-
lation during the transport cycle.

The SPCA pumps are located in later compartments of the
Golgi/secretory pathway and transport both Ca2� and Mn2�

ions with high affinities, which represents a unique feature
among the Ca2� transport ATPases. SPCA isoforms ensure a
constant filling of the Golgi and secretory pathway with Ca2�

and also Mn2�. Both ions are cofactors of many Golgi enzymes
that support protein trafficking and post-translational modifi-
cations (reviewed in Ref. 3). Excess Mn2� intake leads to man-
ganism, a Parkinson-like disease that affects miners, welders,
steel, and battery workers due to Mn2� intoxication (4), and
SPCA1 may play a role in Mn2� detoxification in the liver (5).

Most eukaryotes express a single SPCA orthologue, which is
called plasma membrane-related Ca2�-ATPase 1 (PMR1). In
tetrapods, two isoforms are found, SPCA1 and SPCA2, which
share 63% sequence identity and 73% similarity. The human
isoform SPCA1 is ubiquitously expressed from the ATP2C1
gene. Haplo-insufficiency of SPCA1 leads to Hailey–Hailey dis-
ease, an autosomal dominant skin disorder characterized by
loss of cell– cell adhesion (6). The second human isoform,
SPCA2, is encoded by the ATP2C2 gene and SPCA2 protein
expression is constrained to brain, testis, and actively secreting
cells, such as mammary gland epithelial cells, suggesting a more
specialized function (7–10).

The two human SPCA isoforms activate the plasma mem-
brane Ca2� channel Orai1, which is referred to as store-inde-
pendent Ca2� entry (SICE) (11, 12). Although store-operated
Ca2� entry (SOCE) relies on the depletion of the endoplasmic
reticulum Ca2� store that triggers STIM1-mediated Orai1 acti-
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vation, SICE leads to Ca2� entry through the Orai1 channel
independently of STIM1 (11, 12). The incoming Ca2� in cells is
subsequently transferred to the secretory pathway (12, 13).
Because both SPCA1 and SPCA2 are up-regulated in the mam-
mary gland during lactation, SICE may promote cellular Ca2�

uptake for subsequent secretion in the milk via the secretory
pathway (14, 15). In addition, SICE is chronically activated by
SPCA2 in luminal-type breast cancer cells, which causes Ca2�

dyshomeostasis and aberrant cell proliferation (11). SPCA1 is
implicated in the basal-type breast cancer (16, 17), whereas up-
regulation of both SPCA genes is associated with microcalcifi-
cations during breast cancer (16).

Structures of the SERCA1a Ca2� pump were solved in the
main catalytic states providing detailed insights into its Ca2�

transport mechanism and domain architecture, which seems to
be highly conserved between Ca2�-ATPases (18, 19). But com-
pared with SERCA1a, the PMCA and SPCA pumps contain
longer N- and C-terminal extensions, which presumably act as
regulatory elements. The C terminus of PMCA clearly serves as
an autoinhibitory domain that is regulated by calmodulin, pro-
tein kinases, and lipids (20). The functional role of the N or C
termini of SPCA isoforms is also gradually emerging. Trunca-
tions of the SPCA2 N and C termini functionally impair SPCA2
(12). Moreover, a motif in the N terminus of SPCA2 controls
the binding to Orai1 (11), whereas at the corresponding posi-
tion of the Saccharomyces cerevisiae orthologue PMR1, a Ca2�-
binding EF-hand–like motif is found, which is important for ion
selectivity (21). Of interest, the ion selectivity of the yeast PMR1
protein to Ca2� and Mn2� depends on this N-terminal element

(21), although other residues in the TM region are also impor-
tant (22).

In this study, we directly compared the functional properties
of the purified SPCA1a and SPCA2 protein in reconstituted
proteoliposomes and discovered unexpected isoform-specific
differences in Ca2� versus Mn2� affinities and turnover rates.
These differences depend at least in part on a Ca2�-binding
EF-hand–like motif in the SPCA1a N terminus that is absent in
SPCA2.

Results

Purified SPCA1a and SPCA2 present different Ca2�-, but not
Mn2�-dependent activities

To functionally compare the SPCA1a and SPCA2 isoforms,
we purified both isoforms and reconstituted them in proteoli-
posomes following the same procedure as we described before
for SPCA1a (23). In short, the human His-tagged SPCA1a or
SPCA2 isoforms were expressed in S. cerevisiae, affinity puri-
fied from solubilized membrane fractions, and then incorpo-
ratedintolipidvesicles(Fig.1A).TheHis10-taggedSPCA2mono-
mer (105.9 kDa) ran at a slightly higher position on SDS-PAGE
than the His8-tagged SPCA1a (101.8 kDa), matching their pre-
dicted molecular masses. To compare the functional properties
of the reconstituted SPCA1a and SPCA2 isoforms, we evalu-
ated the Ca2�- (Fig. 1B) or Mn2�-dependent (Fig. 1C) ATPase
activities with a colorimetric method to detect Pi levels (24), and
observed remarkable isoform-specific differences. SPCA1a dis-
plays a 2-fold higher Ca2�-dependent maximal ATPase activity

Figure 1. ATPase activity of reconstituted SPCA1a and SPCA2. A, a Coomassie-stained SDS-PAGE gel displays purified and reconstituted SPCA1a and SPCA2
proteins. The SeeBlue Plus2 was used as molecular weight marker. Ca2� (B) and Mn2� (C)- dependent ATPase activities measured on reconstituted SPCA1a
(filled squares) and SPCA2 (empty circles) were normalized to their maximal activities, and fitted with logistic functions. D–F, bar graphs depicting the param-
eters of the maximal ATPase activity (Vmax, D), apparent affinities (Km, E) and cooperativities (n, F) for Ca2� and Mn2� were derived from B and C (n � 3–5).
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(Vmax) as compared with Mn2�, whereas SPCA2 presents a
similar Vmax for both substrates (Fig. 1D). SPCA1a also exhibits
a lower affinity for Ca2� than for Mn2�, whereas this is opposite
for SPCA2 (Fig. 1E). The cooperativity (n) of both enzymes for
Ca2� approximates 1, confirming that one Ca2� is transported
per ATP. The cooperativity of both isoforms toward Mn2� is
slightly, but not significantly higher (Fig. 1F). In conclusion,
SPCA1a presents similar properties as SPCA2 in Mn2� condi-
tions, but a higher Vmax and lower apparent affinity in Ca2�

conditions (Table 1, Fig. 1, B–E).

SPCA1a, but not SPCA2, autophosphorylation presents a
biphasic activation pattern

Like other P-type ATPases, SPCA isoforms catalyze a sub-
strate-dependent autophosphorylation reaction on a conserved
Asp residue in the phosphorylation domain (3, 25). We here
confirm that the reconstituted SPCA isoforms form Ca2�- or
Mn2�-dependent phospho-enzyme (EP) intermediates when
incubated with radiolabeled ATP (Fig. 2, A and B). Note that a
batch-dependent background phosphorylation was sometimes
detected in the EGTA conditions, which most likely represents
another low abundant phosphorylated protein that runs higher
than SPCA1a. Because SPCA2 is slightly larger than SPCA1,
this background signal runs at the same height as SPCA2, mak-
ing it impossible to separate both phosphorylation signals.
Because this additional signal is Ca2�- and Mn2�-independent,
we subtracted it as background from the Ca2�- or Mn2�-de-
pendent EP levels that represent the SPCA activity.

Interestingly, we observed a remarkable difference between
the Ca2�-dependent autophosphorylation behavior of both
isoforms (Fig. 2, A and C). SPCA2 reached maximal autophos-
phorylation already at low micromolar free Ca2�, whereas the
SPCA1a EP level raised further above 3 �M and reached a max-
imum at 3 mM free Ca2�, i.e. well above the physiological Ca2�

concentrations in the cytosol. Thus, the difference between the
apparent Ca2� affinities of SPCA1a and SPCA2 is much more
pronounced in the EP assay (Table 2) than in the ATPase assay
(Fig. 1 and Table 1). This most likely relates to the difference in
ATP concentration between both assays (5 mM ATP in ATPase
assay, versus 5 �M cold and radiolabeled ATP in the autophos-
phorylation assay). Indeed, increasing the ATP concentration
from 5 to 50 �M shifts the SPCA1a EP curve to higher affinity,
whereas reducing the ATP to 0.5 �M lowers the Ca2� affinity
(Fig. S1A). Conversely, decreasing the ATP concentration from
5 mM to 500 �M in an enzyme-coupled ATPase assay (which
ensures that ATP is not depleted) also lowers the Ca2� affinity
of SPCA1a (Fig. S1B). This highlights that the Ca2� affinity of
SPCA1a is highly sensitive to the available ATP concentration.
Moreover, the apparent Ca2� affinity of SPCA1a autophosphor-

ylation would be considerably higher at physiological ATP con-
centrations, i.e. more in line with the ATPase assay.

A similar EP pattern is observed in Mn2� conditions (Fig. 2, B
and D). SPCA2 already reached a maximal EP level in the pres-
ence of 0.3 �M free Mn2�, in line with a very high apparent
Mn2� affinity of SPCA2, whereas SPCA1a displayed a biphasic
stimulation by Mn2�. The first part of the curve plateaus at �3
�M Mn2�, when �60% of the maximal EP level is reached (Fig.
2D). The second part of the curve rises from �30 �M Mn2�

onwards, and the maximal EP level is obtained around 1 mM. Like
for the ATPase activities, both SPCA1a and SPCA2 present n val-
ues higher than 1 in Mn2�-induced phosphorylation, indicating
positive cooperativities (Table 2). However, SPCA1a’s cooperativ-
ity toward Ca2� is lower than one.

Inspired by the biphasic profile of the Mn2�-dependent EP
formation results, we carefully re-analyzed the results of the
Ca2�-dependent EP assays and fitted a biphasic instead of a
mono-sigmoidal curve in the data presented in Fig. 2C. Fitting
with two logistic curves that are separated at 30 �M Ca2� ren-
dered an SPCA1a cooperativity for both the first and second
phases of n � 1 (Fig. 2E, Table 2), suggesting that this may
represent a better fit of the data. However, the biphasic pattern
is not observed in ATPase measurements at 5 mM ATP, because
at high Ca2� or Mn2� concentrations (i.e. above 10 �M) the
ATPase activity of both isoforms decreases, which is known as
back-inhibition of the pump (Fig. S2, A and B). However, once
the ATP concentration in the ATPase assay is lowered to 0.5
mM, we found that SPCA1a also displayed a biphasic activation
profile in the physiological Ca2� concentration range (above 1
�M Ca2�) (Fig. S3). We therefore conclude that at low ATP
concentration SPCA1a presents an unusual biphasic activation
behavior, which may point to an autoregulatory mechanism
that controls SPCA1a’s activity and substrate affinity and is sen-
sitive to the ATP concentration.

The efficacy of SPCA1a’s autophosphorylation is higher with
Ca2� than Mn2�

SPCA proteins transport Ca2� and Mn2� via the same ion-
binding pocket in the transmembrane domain (26). Because
binding of Mn2� or Ca2� at this binding pocket causes EP for-
mation, we anticipated that saturating Ca2�/Mn2� concentra-
tions (3 �M for SPCA2 or 3 mM for SPCA1a) should yield similar
EP levels for each isoform. To verify this, we directly compared
the EP levels of both isoforms at 3 �M and 3 mM Ca2� or Mn2�.
As predicted, we observed that the SPCA2 EP levels were com-
parable at saturating concentrations of Ca2� or Mn2� (3 �M).
No stimulation of EP levels was observed at higher Ca2� or
Mn2� concentrations (Fig. 3, A and B). Although the EP level at
3 �M Ca2� or Mn2� was also similar for SPCA1a, the maximal
EP level at 3 mM Ca2� was 4.2-fold higher than at 3 mM Mn2�

(Fig. 3, A and B), which indicates that the autophosphorylation
reaction of SPCA1a is more stimulated by Ca2� than Mn2�. To
further test the ion specificity of this EP stimulation, we com-
pared normal (5 mM) versus higher (8 mM) Mg2� concentra-
tions. Mg2� is an essential divalent ion that is included in the
assay at 5 mM to support the ATP coordination and autophos-
phorylation reaction. However, Mg2� ions, in the absence of
Ca2� or Mn2�, did not induce any EP formation of the SPCA

Table 1
Summary of parameters obtained from the ATPase assay

Km n Vmax

�M �mol Pi/�mol SPCA/s
SPCA1a-Ca 0.13 � 0.01 1.17 � 0.05 4.94 � 0.42
SPCA2-Ca 0.03 � 0.00 1.08 � 0.04 1.03 � 0.01
SPCA1a-Mn 0.07 � 0.01 1.53 � 0.13 2.43 � 0.44
SPCA2-Mn 0.06 � 0.01 1.41 � 0.23 0.77 � 0.01
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isoforms (Fig. 3, A and B), indicating that only Ca2� is able to
maximally activate SPCA1a autophosphorylation.

The maximal EP levels observed at 3 �M Ca2� for SPCA2 and
3 mM Ca2� for SPCA1a reflect the active protein fractions,
which can be used to determine the maximal turnover rates.
The ratio between the maximal ATPase activity (nmol of Pi
released/�g of protein/s) and the maximal level of autophos-
phorylated protein (nmol of protein phosphorylated/�g of pro-
tein) is typically used to calculate the maximal turnover rates of
Ca2� transport ATPases (s�1), as described before (27–29).
The maximal turnover rate of SPCA1a is almost twice as high
with Ca2� than with Mn2�, or as compared with SPCA2 (Fig.
3C). For SPCA2, the maximal turnover rates are similar with
Mn2� or Ca2� (Fig. 3C).

Next, we verified that the second activation step of the
SPCA1aautophosphorylationrepresentsthecatalyticautophos-
phorylation of the conserved Asp residue. It is possible that the
second activation step may be caused by a low abundant kinase
that promotes phosphorylation of SPCA1a on a Ser/Thr/Tyr

acceptor site. To discriminate between both possibilities, we
administered hydroxylamine (HA) to the phosphoenzymes,
which specifically quenches acyl phosphates on the Asp, but is
not reactive to phospho-Ser/Thr/Tyr residues (30). HA
treatment completely abolished the Ca2�-dependent phos-
phorylation signal of SPCA1a and SPCA2, confirming that
the EP levels represent aspartyl phosphorylation at the cat-
alytic autophosphorylation site (Fig. 3, D and E). In contrast,
HA treatment did not quench the Ca2�-insensitive back-
groundphosphorylationsignal,confirmingthatitoccursinde-
pendently of the autophosphorylation reaction, most likely
on an unrelated trace protein (Fig. 3, D and E). Together,
only Ca2� is able to maximally activate catalytic SPCA1a
autophosphorylation, which may point to a Ca2�-dependent
regulation mechanism of SPCA1a.

Only in SPCA1a, Ca2� is able to replace Mg2� to induce
autophosphorylation

We hypothesized that the strongest stimulation of SPCA1a
autophosphorylation by Ca2� and the two-step activation pat-
tern may be explained by a regulatory Ca2�-binding site that is
only present in SPCA1a and not in SPCA2. The presence of
such an ion-binding element is supported by the observation
that high concentrations of Ca2� result in a mobility shift of the
SPCA1a monomer on native PAGE (Fig. 4A). The sharp
SPCA1a monomer band that is observed in the EGTA condi-
tion becomes more diffuse and migrates at a higher part of the
gel when 3 mM Ca2� is supplied (box in Fig. 4A). This behavior
is less pronounced with 3 �M Ca2� or 3 �M/3 mM Mn2� (Fig.

Figure 2. Autophosphorylation of reconstituted SPCA1a and SPCA2. A and B, phosphorimages depict the radiolabeled SPCA1a (upper) and SPCA2 (lower)
phospho-intermediates (EP) at various Ca2� (A) or Mn2� (B) concentrations, separated by gel electrophoresis. The arrows indicate the Ca2�- or Mn2�-sensitive
phosphorylated SPCA1a bands. The radioactivity was quantified with ImageJ software and the EGTA signal was subtracted as background. C and D, radioac-
tivity was used as a measure of EP formation, which was plotted in a Ca2� (C)- or Mn2� (D)-dependent manner and was fitted with logistic functions. The SPCA1a
Mn2�-dependent autophosphorylation curve was fitted with two consecutive logistic functions, revealing a biphasic activation curve. E, re-fitting of the
SPCA1a Ca2�-dependent autophosphorylation data in C with two consecutive logistic functions, revealing a biphasic activation pattern (n � 3–7).

Table 2
Summary of parameters obtained from the autophosphorylation
assay of SPCA1 and SPCA2

Km n Fitting

�M

SPCA1a-Ca 68.5 � 10.4 0.63 � 0.05 Monophasic
7.9 � 0.1 0.95 � 0.03 Biphasic part I
294.0 � 51.0 1.14 � 0.27 Biphasic part II

SPCA2-Ca 0.22 � 0.01 1.08 � 0.07 Monophasic
SPCA1a-Mn 0.43 � 0.03 1.89 � 0.32 Biphasic part I

103.2 � 52.4 0.004 � 0.001 Biphasic part II
SPCA2-Mn 0.13 � 0.05 2.99 � 1.38 Monophasic
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4A). Note that we also observed SPCA1a dimers on native
PAGE, which were less influenced by Ca2� binding (presum-
ably due to the low resolution of the separation of larger protein
complexes in gradient gels). The addition of Ca2� had no effect
on the SPCA1a monomer/dimer ratio (Fig. 4B). Furthermore,
no mobility shift of the monomer band was observed for SPCA2
and SERCA1a at 3 �M or 3 mM Ca2�, although the monomer/
dimer ratio was altered (Fig. S4). Together this indicates that
the Ca2�-induced mobility shift of the monomer is an SPCA1a-
specific behavior, which may be due to changes in charge, mass,
and/or conformation of SPCA1a caused by the binding of Ca2�.
Because the mobility shift was less pronounced with Mn2�, this

indicates that the regulatory binding site of Ca2� may differ
from the Ca2�/Mn2�-binding site for transport in the trans-
membrane region.

As a first possibility for a regulatory divalent cation-binding
site, we considered the conserved Mg2�-binding site near the
ATP-binding site that is present in all P-type ATPases. It is
known that high Mn2� levels interfere with Mg2� binding in
proteins (31, 32). We therefore reasoned that by competing
with Mg2� at this site, the millimolar concentrations of Ca2� or
Mn2� may affect the ATP coordination and autophosphoryla-
tion reaction of SPCA1a in a different way than SPCA2. We
therefore tested if the elevated EP level in SPCA1a may be

Figure 3. Comparison of the Ca2�-, Mn2�-, or Mg2�-induced autophosphorylation in SPCA1a and SPCA2. A, phosphorimages of the radiolabeled SPCA1a
(upper) and SPCA2 (lower) phospho-intermediates (EP) separated by gel electrophoresis. Indicated concentrations of Mn2� or Ca2� were supplied in the
presence of 5 mM MgCl2. In the Mg2� conditions, only 5 or 8 mM MgCl2 was administered. B, bar graphs depicting the EP levels in various conditions. The
radioactivity was quantified with ImageJ software and the EGTA signal was subtracted as background. C, bar graph depicting the turnover rates of both
isoforms. Turnover rates were calculated by dividing the maximal ATPase activities over the maximal phosphorylation activities (n � 3). D, representative
phosphorimages of SPCA1a or SPCA2 treated with radiolabeled ATP followed by administration of HA, a quencher of aspartyl-phosphate intermediates.
Experiments were conducted in the presence of EGTA, 3 �M or 3 mM Ca2� (n � 3). E, quantification of radioactivity in D was performed using ImageJ software.
One-way ANOVA was performed followed by post hoc Bonferroni test. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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explained by the competition between Mg2� and Ca2� or
Mn2� (Fig. 4, C and D). Both SPCA1a and SPCA2 largely
retained high EP levels when 5 mM Mg2� was replaced by 3 �M

or 3 mM Mn2� (Fig. 4, C and D), indicating that Mn2� is able to
substitute for Mg2� in both isoforms. In contrast, in the
absence of Mg2�, 3 �M or 3 mM Ca2� is unable to induce EP
formation in SPCA2 (Fig. 4D). Remarkably, EP formation is
observed for SPCA1a when 3 mM Ca2� is used, albeit signifi-
cantly lower (19.3%) than when Mg2� is present (100.0%) (Fig.
4C).

Thus, SPCA2 can be autophosphorylated with Mg2� or
Mn2� as ATP coordinating ions, whereas SPCA1a is also able to
use Ca2� for ATP coordination and autophosphorylation.
However, Ca2� is 4-fold less efficient to induce autophosphor-
ylation in the absence of Mg2�. Because the strong stimulatory
effect of millimolar Ca2� on the SPCA1a autophosphorylation
depends on the presence of Mg2� (Fig. 4C), we hypothesized
that another SPCA1a-specific region than the Mg2�-binding
site may be responsible.

The N terminus of SPCA1a, but not SPCA2, contains a
Ca2�-binding site

Yeast PMR1 possesses a Ca2�-binding EF-hand–like motif in
its N terminus, which determines substrate selectivity and

pumping activity (21). This motif is partially conserved in
SPCA1a sequences of higher vertebrates (Fig. 5A), but the loop
of the EF-hand–like motif of PMR1 comprises one extra amino
acid. The critical acidic residues at positions Asp-51, Asp-53,
and Glu-63 of the motif in PMR1 are reasonably conserved in
SPCA1a (Gln-39, Asp-41, and Glu-50), but less conserved in
SPCA2 (Cys-70, Asp-72, and Ser-81) or in invertebrate PMR1
sequences. Based on this alignment, we hypothesized that the
N-terminal region of SPCA1a may hold a Ca2�-binding motif
that may explain the Ca2�-dependent stimulation of SPCA1a’s
autophosphorylation activity.

We turned to an NMR analysis of the human SPCA1a N
terminus to pinpoint residues that may contribute to Ca2�

binding. We first purified a GST-labeled N-terminal SPCA1
fragment and removed the GST tag via thrombin cleavage. This
rendered a �95% pure protein fragment corresponding to
Val-20 to Glu-67 of SPCA1a (Fig. 5B), which was suitable for
NMR analysis. This purified peptide was analyzed in the
absence and presence of Ca2� using NMR spectroscopy (Fig.
5C). Based on the chemical shift changes of backbone amide
signals in 15N-HSQC spectra at different titration steps, we
were able to unambiguously identify a stretch of residues that
are significantly affected at their backbone by Ca2� binding:

Figure 4. Binding of Ca2� and Mn2� to SPCA proteins. A, native PAGE of purified SPCA1a protein following incubation with varying concentrations of Ca2�

or Mn2�. Bands were visualized by Coomassie staining. The arrows point to the SPCA1a monomer and dimer bands in the EGTA condition. The monomer
protein band appears less focused in the presence of 3 �M Ca2� and migrates higher as a smear in the 3 mM Ca2� condition (boxed region). B, quantified
monomer/dimer band ratio of the SPCA1a in Native PAGE (n � 7). C and D, bar graphs depicting the quantified EP levels of SPCA1a (C) and SPCA2 (D). Indicated
concentrations of Mn2� or Ca2� were supplied in the presence (5 mM) or absence (0 mM) of MgCl2 (n � 2). The EP levels were normalized to the maximal level
of each isoform. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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Ser-36 to Leu-42 (Fig. 5C). The observed chemical shift
changes can be attributed to direct interaction with Ca2� or
local conformational changes upon Ca2� binding (33). The
identified region contains Gln-39 and Asp-41, which are
conserved residues in the EF-hand–like motif of PMR1 and
SPCA1a (Fig. 5A).

After titrating with CaCl2, we also added MnSO4 as a com-
petition experiment. Strong impact on protein signals upon
binding Mn2� is expected because its unpaired electron
induces paramagnetic relaxation effects on NMR active nuclei
within a distance of about 15 Å. Therefore, binding of the pep-
tide with Mn2� would result in line broadening and potentially
removing signals from the NMR spectra (34). To avoid this
problem and to potentially allow a second titration, the amount
of Mn2� added was an order of magnitude smaller than the
added amount of Ca2� but should still suffice to establish any
influence (binding) of Mn2� to the peptide. The absence of
any observable changes in NMR spectra after the addition of
MnSO4 indicates that this N-terminal peptide of SPCA1a
does not bind Mn2� (Fig. 5D). Together, our data show that
SPCA1a harbors a Ca2�-selective EF-hand–like motif in its
N terminus.

The N-terminal EF-hand–like motif provides Ca2� specific
control of SPCA1a activity

Next, we explored whether the N-terminal EF-hand–like
motif of SPCA1a is responsible for the Ca2�-specific activation
mechanism of autophosphorylation. We performed site-di-
rected mutagenesis to disturb the motif, and generated two
single mutants, Q39C and E50S, in which SPCA1a residues are
substituted by the corresponding SPCA2 residues. Because
SPCA2 may not bind Ca2� at the N terminus (Fig. S4), we
hypothesize that by introducing SPCA2 elements, we will affect
the 3D configuration of the EF-hand–like motif and compro-
mise Ca2� coordination. Note also that Glu-50 is a highly con-
served acidic residue in the canonical EF-hand sequences (35).
Finally, we constructed a double mutant in which the two con-
served acidic residues between SPCA1 and PMR1 are replaced
by alanines (D41A/E50A). The three SPCA1a mutants were
purified and reconstituted following the same procedure as for
WT (Fig. 6A). Interestingly, the Ca2�-dependent mobility shifts
of the mutant proteins are less prominent as compared with the
purified WT protein, indicating that Ca2� binding is hampered
by the EF-hand mutations (Fig. 6B).

Figure 5. Binding of Ca2� to the N-terminal EF-hand–like motif in SPCA1a. A, MUSCLE alignment of part of the N-terminal sequences of yeast PMR1
(NP_011348.1), human SPCA1 (NP_001186110.1), and SPCA2 (B4E2Q0), with various animal SPCA1/PMR1 orthologues (XP_001146246.2; NP_786979.1;
NP_001240760.1; XP_003200287.2; NP_730742.1; NP_001021862.1). The regions highlighted in yellow in yeast PMR1 and human SPCA1 correspond to the
loop of the EF-hand–like motif. The critical residues that are identical (red) or conserved (blue) between yeast PMR1 and human SPCA1 are indicated with
numbering. In SPCA2, the underlined residues interact with Orai1 during store-independent Ca2� entry (11). B, Coomassie staining of purified N-terminal
fragment of SPCA1a (including an N-terminal linker SPMGYRGSM followed by the human SPCA1a sequence Val-20 to Glu-67). C, the heteronuclear single
quantum coherence spectra overlay of the SPCA1a N-terminal peptide purified from B in the presence of 0 (red), 4.65 (green), and 9 mM (blue) Ca2� ions.
Encircled residues with the indicated numbers were identified in close vicinity of a Ca2� ion. D, overlay of heteronuclear single quantum coherence spectra
before (blue) and after (red) further addition of Mn2� after the Ca2� titration.
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Remarkably, the biphasic pattern of the Ca2�-dependent
autophosphorylation at 5 �M ATP is more pronounced for the
SPCA1a mutants than for WT (Fig. 6B), which further shows
that our earlier formulated proposal for a biphasic fitting of the
Ca2�-dependent autophosphorylation of WT is justified (Fig.
2E). The mutants Q39C and AA displayed a significantly higher
Ca2� affinity in the first activation phase of Ca2�-dependent
autophosphorylation, whereas the affinity shift for E50S is more
modest (Fig. 6, C and E, Table 3). In ATPase assays in the pres-
ence of 5 mM ATP, all mutants exhibited a significantly higher
apparent affinity for Ca2�, i.e. shifting the Km value closer to

SPCA2’s Km (Fig. 7, A and C). A more modest effect of the
mutations was observed on the apparent Mn2� affinity (Figs. 6,
D and E, and 7, A–C, Table 3). Thus, we show that the EF-hand–
like motif mainly regulates the apparent Ca2� affinity of
SPCA1a, but has a lower impact on Mn2� affinity, which is in
line with the selectivity of the EF-hand–like motif for Ca2� over
Mn2� (Fig. 5, C and D).

Moreover, the EF-hand–like motif also plays a role in the
biphasic activation pattern of SPCA1a (Fig. 6, C and D). Indeed,
the relative magnitudes of the second phosphorylation phase
were reduced in all three mutants (Fig. 6, C and D). The appar-

Figure 6. Autophosphorylation activities of SPCA1a WT and N-terminal EF-hand–like mutants. A, a Coomassie-stained SDS-PAGE gel of the reconstituted
SPCA1a WT and mutants. B, native PAGE of the SPCA1a WT and mutants incubated with or without Ca2�, followed by immunoblotting for detection with a
SPCA1-specific antibody (1:50,000 dilution, Frodo, homemade). C and D, Ca2�- and Mn2�-dependent autophosphorylation activities were measured from
radiograms for all constructs, and fitted with either one (for SPCA2) or two (for SPCA1a and the mutants) logistic curves (n � 3–7). Bar graphs depict the
apparent ion affinities of the first phase (Km, E) and the ratio of the maximal phosphorylation levels of Ca2� over Mn2� (F), which were derived from the
measurements by fitting of each individual measurement, shown in B and C. One-way ANOVA was performed followed by post hoc Fisher (E) and Bonferroni
(F) tests. *, significantly different compared with SPCA1a WT. #, significantly different compared with SPCA2. *, p � 0.05; **, p � 0.01; ***, p � 0.001. AA, double
alanine mutant.
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ent Ca2� and Mn2� affinity of the second phase was higher for
the Q39C and AA mutants as compared with E50S and WT
(Fig. 6, C and D, Table 3). However, the ratio of the maximal EP
levels obtained in Ca2� over Mn2� (EPmax(Ca)/EPmax(Mn))
shows that the three mutants became less responsive to Ca2�

relative to Mn2� (Fig. 6F). In addition, we confirmed in ATPase
measurements that the single mutants displayed a lower
Vmax(Ca)/Vmax(Mn) ratio, more closely resembling SPCA2 (Fig.
7D). Thus, these results reveal that the EF-hand–like motif con-
tributes to the Ca2�-specific activation of autophosphorylation
in SPCA1a, which regulates the maximal Ca2�-dependent
ATPase activity.

Also the maximal ATPase activity of the double mutant is
severely impaired (Fig. S5). However, the Vmax for Mn2�

reduced more than the Vmax for Ca2�, resulting in a remarkably
high Vmax(Ca)/Vmax(Mn) ratio (Fig. 7D). Furthermore, the back-
inhibition of the double mutant already takes place at lower
Ca2� or Mn2� concentrations than WT (Fig. S2, C and D).
Thus, disrupting the N-terminal motif by two alanine muta-
tions dramatically impairs the overall activity of SPCA1a. How-
ever, the difference between the ATPase and EP results of the
double mutant suggests a more complex regulatory mechanism
that most likely also involves downstream steps in EP turnover.
In conclusion, Ca2� binding at the EF-hand–like motif in the N
terminus of SPCA1a is at least partially responsible for the
biphasic stimulation pattern of SPCA1a autophosphorylation,
and contributes to the lower Ca2� affinity and higher maximal
activity of SPCA1a versus SPCA2.

Discussion

In the present study, we compared the properties of the
Golgi/secretory pathway Ca2�/Mn2�-ATPases SPCA1a and
SPCA2 in a purified, reconstituted system. We report isoform-
specific differences between the Ca2�- and Mn2�-dependent
properties of SPCA1a and SPCA2 that can at least in part be
attributed to a Ca2�-binding regulatory motif in the N terminus
of SPCA1a, which is absent in SPCA2.

An N-terminal EF-hand–like motif regulates the ion affinity
and maximal activity of SPCA1a

Via a diverse set of approaches on purified SPCA1a and
N-terminal fragments, we revealed a previously unrecognized
Ca2�-dependent regulatory element that is present in SPCA1a,

but absent in SPCA2. First, we observed a biphasic curve for
SPCA1a autophosphorylation, which points to a regulatory
mechanism that controls the activation state in a substrate-de-
pendent manner. Second, we found that Ca2� stimulates
SPCA1a’s EP formation more than Mn2�, in line with a Ca2�-
specific regulatory site. Third, through NMR experiments, we
confined the Ca2� binding to specific Ca2�-coordinating resi-
dues belonging to the EF-hand–like motif in the SPCA1a N
terminus. No Mn2� binding was observed to this site. Fourth,
Ca2� alters the mobility of purified SPCA1a on native PAGE,
which is less clear with Mn2� or with mutations in the
EF-hand–like motif. Fifth, via mutagenesis we demonstrated
that the EF-hand–like motif contributes to the stronger Ca2�-
dependent activation of autophosphorylation, the higher turn-
over rate and lower apparent Ca2� affinity of SPCA1a as com-
pared with SPCA2. In contrast, the mutations minimally affect
the Mn2� properties of SPCA1a. Taken together, the N-termi-
nal EF-hand–like motif specifically binds Ca2� and contributes
to the isoform-specific properties of SPCA1a.

Besides the EF-hand–like motif, also the ATP concentration
critically influences (i) the apparent Ca2� affinity, and (ii)
biphasic activation behavior of SPCA1a. Indeed, we first
observed that the Ca2� affinity of SPCA1a in the autophosphor-
ylation assay at 5 �M ATP is unusually low, whereas SPCA1a’s
Ca2� affinity increases at higher ATP concentrations. Con-
versely, reducing the ATP concentration in the ATPase assay
lowers the apparent Ca2� affinity of SPCA1a. Second, the
biphasic activation pattern of SPCA1a is most clear at low ATP
concentrations in both the autophosphorylation (Fig. 2E) and
ATPase assay (Fig. S3). Moreover, the ATP concentration
determines the Ca2� sensitivity of the SPCA1a activation. At
0.5 mM ATP, the second activation step takes place between 1
and 10 �M Ca2� (Fig. S3), i.e. at physiological Ca2� concentra-
tions. However, at 5 �M ATP, Ca2� concentrations between 30
�M and 3 mM are required to trigger maximal autophosphory-
lation, i.e. well above physiological Ca2� concentrations.

We therefore conclude that at high Ca2� concentrations,
Ca2� binds to the N-terminal EF-hand–like motif of SPCA1a,
and activates it. In contrast, at low Ca2� concentrations
SPCA1a is in a less active state due to the lack of Ca2� binding
to the EF-hand–like motif, which hinders autophosphoryla-
tion. Overall, this explains the low apparent Ca2� affinity of
SPCA1a and its higher Ca2�-dependent ATPase activity. We
showed that this system is sensitive to the ATP concentration.
When the ATP concentration is low, a Ca2� concentration
above 10 �M is required to maximally activate SPCA1a, whereas
at more physiological ATP concentrations a Ca2� level between
1 and 10 �M is sufficient to maximally activate SPCA1a. These
observations suggest that ATP binding and N-terminal regula-
tion are mechanistically linked.

It is not entirely clear how the N terminus may regulate the
relative substrate affinities or how ATP may control this sys-
tem. Because the distal N-terminal region is not directly
involved in Ca2� coordination in the membrane domain, it
most likely modulates the substrate affinity indirectly. The N
terminus may influence the packing of the Ca2�- and or Mn2�-
coordinating residues in the ion entry/exit channels in the
membrane domain or at the substrate-binding site. The ionic

Table 3
The affinity of Ca2� and Mn2� obtained from autophosphorylation
assay of SPCA1 mutants

Km, biphasic
part Ia

Km, biphasic
part IIb

�M

WT-Ca 7.9 � 0.1 285
Q39C-Ca 2.8 � 0.1 204
E50S-Ca 4.6 � 0.4 373
AA-Ca 4.4 � 0.1 189
WT-Mn 0.43 � 0.03 242
Q39C-Mn 0.37 � 0.02 78
E50S-Mn 0.32 � 0.01 259
AA-Mn 0.40 � 0.02 73

a The Km of biphasic part I is calculated from the overall fitting of n � 3–7 curves
via logistic function in Origin Pro9.

b Km of biphasic part II is calculated by enabling “finding x from y” function in Or-
igin Pro 9. The y values are determined with formula, 100 � 0.5 	 (100 � A1),
A1 is the starting y value of the biphasic part II.
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radius of Mn2� (0.8 Å) is smaller than that of Ca2� (0.99 Å) (36)
and the N terminus may induce a local change at the ion-bind-
ing sites that differently affects the ion affinity. Alternatively,
the N terminus of SPCA1a may modulate the conformational
transitions in the catalytic cycle. A reduced apparent Ca2�

affinity may, for instance, be explained by stabilizing the
SPCA1a protein more in the E2 than E1 state.

Both models depend on the interaction of the N terminus
with downstream elements of the pump. Such a mode of action
was already proposed for the yeast PMR1 protein. PMR1 also
contains a Ca2� binding N-terminal EF-hand–like motif that
regulates the substrate affinities and Ca2�/Mn2� selectivity,
and a partial proteolytic digestion analysis indicated that the
N-terminal region may interact with the catalytic ATP-binding
domain of PMR1 (21). An interaction between the N terminus
and the ATP-binding domain may offer a mechanistic explana-
tion of how ATP may modulate the regulation by the N termi-
nus. Future work will focus on identifying the interacting site of
the N terminus in SPCA1a, which will further reveal the mech-
anism of SPCA1a activation.

Post-translational modifications may influence SPCA1a
activity in a cellular context

In a previous report from our lab we compared the biochem-
ical properties of SPCA1d and SPCA2 in membrane fractions of
HEK-293 overexpressing cells (27). In that study, SPCA1d and
SPCA2 displayed a similar apparent affinity in the ATPase assay

(Km of 0.041 and 0.037 �M, respectively), whereas the catalytic
turnover rate of SPCA1a was lower (27). This is clearly different
from the measurements on purified SPCA1a and SPCA2 in this
study. Also the biphasic activation pattern of SPCA1a was not
observed before. Because the SPCA1a and SPCA1d splice vari-
ants only differ in the C terminus and contain the same N ter-
minus, the discrepancies between both studies may not merely
reflect differences between splice variants. Instead, several fac-
tors may influence the N-terminal activation mechanism in a
cellular context, such as post-translational modifications, lipid
interactions, or regulatory proteins that are absent in the puri-
fied systems. In that respect, we observed remarkable differ-
ences in the mobility of SPCA1a in HEK-293 microsomes ver-
sus proteoliposomes. The purified SPCA1a from yeast runs as a
single monomer and single dimer band (Fig. 1A), whereas we,
and others (14, 37, 38), observe that monomers of the SPCA1
splice variants in mammalian membrane fractions migrate as a
double band (Fig. S6A). Remarkably, the lower band of SPCA1a
in microsomes diminishes after treatment with reducing agent
in combination with heating, and the higher band becomes
stronger, which is not observed for SPCA1a in proteoliposomes
(Fig. S6B). This may point to post-translational modifications
of SPCA1a, such as disulfide bridges, which are only present in
microsomes. These modifications may influence the biochem-
ical properties, possibly explaining the difference between
SPCA1a in proteoliposomes and in microsomes. These intrigu-

Figure 7. ATPase activities of SPCA1a WT and N-terminal EF-hand–like mutants. A and B, Ca2�- and Mn2�-dependent ATPase activities were measured on
all constructs and fitted with logistic curves. Bar graphs depict the apparent ion affinities (Km, C) and the ratio of maximal ATPase activities with Ca2� over Mn2�

(D) (n � 3). Statistical analysis was performed using one-way ANOVA followed by a post hoc Bonferroni test. *, significantly different from SPCA1a WT. #,
significantly different from SPCA2. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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ing observations may point to an unknown regulatory system of
SPCA1a in the cell, but future studies are needed to clarify this
point. Analyzing the purified proteins, i.e. in the absence of
confounding cellular elements, revealed an N-terminal regula-
tory element in SPCA1a, which otherwise would have been
missed in the microsome context.

Physiological implications of the Ca2�-dependent regulation
of SPCA1a

We compared the biochemical properties of purified
SPCA1a and SPCA2 proteins in a fixed membrane environ-
ment, which eliminated cell-based confounding factors. The
two human SPCA isoforms present different affinities and
turnover rates toward Ca2� and Mn2� ions, their preferred
substrates. SPCA1a displayed a 2-fold higher maximal turnover
rate with Ca2� than with Mn2�, whereas SPCA2 presented
similar turnover rates for both substrates. In addition, the two
isoforms exhibited similar Mn2� affinities, whereas the appar-
ent Ca2� affinity of SPCA1a is significantly lower as compared
with SPCA2.

These isoform-specific properties may have important phys-
iological implications. Due to its extremely high Ca2� affinity,
but 2-fold lower Mn2� affinity, SPCA2 may mainly transport
Ca2� ions. The dominant Ca2� transport function of SPCA2
may be relevant for secretory cells where SPCA2 is predomi-
nantly expressed (7, 8). In secretory cell types like mammary
gland, SPCA2 is functionally coupled to the Orai1 Ca2� chan-
nel where it transports Ca2� that comes in from the extracellu-
lar environment via Orai1 into the secretory pathway (11, 13).
In contrast, SPCA1a is ubiquitously expressed and fulfills a
housekeeping function by delivering both Ca2� and Mn2� into
the Golgi/secretory compartment to support protein folding
and maturation (3). The slightly higher affinity of SPCA1a for
Mn2� than Ca2� suggests that at low ion availability the relative
Ca2� and Mn2� concentrations will determine which ion will
be transported by SPCA1a.

Our biochemical analysis further suggests that depending on
the Ca2� and ATP concentration, the EF-hand–like motif may
switch SPCA1a between a high affinity/low capacity Ca2�/
Mn2� pump to a lower affinity, but higher capacity Ca2� pump.
Consequently, SPCA1a presents a higher Ca2� transport
capacity when the cytosolic Ca2� load increases, which may
occur in cell types undergoing Ca2� signaling or fulfilling secre-
tory functions. Like SPCA2, SPCA1a expression is elevated in
mammary gland during lactation (14, 38), and both isoforms
may operate together to transfer Ca2� into the milk (11, 13).
Although SPCA2 may be the major activator of Orai1 (11),
SPCA1a may present a higher Ca2� transport capacity than
SPCA2. SPCA1a is detected in the subplasma membrane region
close to the plasma membrane Ca2� channel Orai1, where it
may participate in SICE (13) and may become fully activated by
the local Ca2� increase (up to 300 �M in microdomains near
Ca2� channels (39)). Our data suggest that SPCA2 may not be
further activated by Ca2�, but this does not exclude that the
SPCA2 activity may respond to other stimuli such as the direct
interaction with Orai1.

Mutations in SPCA1a lead to the skin disease Hailey–Hailey,
which is manifested in the keratinocytes. Keratinocytes

undergo substantial changes in their intracellular ATP and
Ca2� concentrations, and in this context, SPCA1a regulation by
the EF-hand–like motif may take place. Keratinocytes contain
merely one-third to one-fourth of the ATP concentration of
artery smooth muscle cells (40). These low ATP levels further
decrease when extracellular Ca2� levels are increased (40),
which may resemble the situation in the outer layers of the skin
epidermis where extracellular Ca2� progressively increases
(41). The local environment with low ATP and high Ca2� con-
centrations may affect the activity of SPCA1 via the N-terminal
EF-hand–like motif. Moreover, in isolated keratinocytes of
Hailey–Hailey disease patients with dysfunctional SPCA1, the
ATP concentration is reduced, whereas the ATP levels fail to
increase when extracellular Ca2� is supplied (40). The altered
ATP and Ca2� concentrations in Hailey–Hailey disease may
contribute to the dysregulation of SPCA1a activity.

In conclusion, our work on purified SPCA1a and SPCA2 pro-
teins provides a comprehensive analysis of the isoform-specific
Ca2�- and Mn2�-dependent activities. We discovered a Ca2�-
binding EF-hand–like motif in the N terminus of SPCA1a that
is absent in SPCA2. This motif is at least partially responsible
for the SPCA1a-specific biochemical properties. Depending on
the ATP concentration, the N terminus switches SPCA1a
between a high affinity/low capacity state at low Ca2� concen-
trations, and a low affinity/high capacity state at high Ca2�

loads. This mechanism may play a role in secreting cells like
mammary gland during lactation, or in keratinocytes in the
outer layers of the skin epidermis.

Experimental procedures

Plasmids and mutagenesis

The C-terminal His8-tagged human SPCA1a WT or mutants
were introduced via Q5 site-directed mutagenesis (New Eng-
land Biolabs) as previously described (23). The C-terminal
His10-tagged human SPCA2 in the pADANS vector was a kind
gift from Dr. S. Yamamoto, Kyorin University School of Medi-
cine (42).

Purification and reconstitution of SPCA1a/2

Vectors containing SPCA1a and SPCA2 WT or mutants
were transformed into S. cerevisiae strain BY4741a (his3
1;
leu2
0;met15
0;ura3
0;MATa) as previously described (23).
Each yeast clone was inoculated in minimal medium deprived
of Leu for selection, then grown in yeast peptone dextrose
medium for 30 h before harvesting. Yeast cells were pelleted at
5,000 	 g for 5 min, 4 °C, washed with Milli-Q water, flash-
frozen, and stored at �20 °C. The membrane fractions of yeast
were isolated via differential centrifugations as previously
described (23). The purification of His-tagged SPCA1a and
SPCA2 proteins was performed by nickel-nitrilotriacetic acid
affinity chromatography (23). Reconstitution of SPCA1a and
SPCA2 in proteolipsomes composed of 80% phosphatidylcho-
line and 20% phosphatidic acid (Avanti Polar Lipids) was per-
formed following the protocol in Ref. 23.

SDS protein electrophoresis and protein quantification

Purified or reconstituted SPCA1a or SPCA2 was separated
on a NuPAGE 4 –12% BisTris polyacrylamide gel (200 V, 35
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min, MES buffer) (Thermo Fisher Scientific) and visualized
with Imperial Protein Stain (Thermo Fisher Scientific). SeeBlue
Plus2 Pre-stained Protein Standard (Thermo Fisher Scientific)
was used as a molecular weight marker. The concentration of
purified protein was determined by direct comparison to a
bovine serum albumin (BSA) standard on the same gel (BSA
Standard Ampules, Pierce).

Native PAGE

Purified proteins were incubated for 15 min at room temper-
ature in buffer containing 100 mM MOPS, pH 7.0, 1 mM EGTA,
160 mM KCl, 0.2 mg/ml of dodecyl maltoside and CaCl2 or
MnCl2 to reach the final Ca2� or Mn2� concentration indi-
cated in the experimental conditions. The samples were then
mixed with 4	 native PAGE sample buffer supplemented with
NativePAGETM 5% G-250 Sample Additive according to the
instructions from the manufacturer. The electrophoresis was
performed at 150 V for 100 min at room temperature using
native PAGE running buffer as the anode buffer, and the cath-
ode buffer was supplemented with 0.02% Coomassie Blue
G-250. The native PAGE gel, sample buffer, sample additive
and Coomassie Blue G-250 were purchased from Thermo
Fisher Scientific. The protein bands were visualized by de-
staining or immunoblotting.

ATPase assay

The ATPase activity of reconstituted samples was assayed by
a colorimetric assay via the detection of Pi in the presence of 5
mM ATP, as previously described (43). The reactions were per-
formed for 30 min using 300 ng of purified SPCA1a or SPCA2 in
a reaction volume of 50 �l. The ATPase measurements with
lower ATP concentrations were performed using the NADH-
coupled assay in a 96-well plate. A total reaction mix of 250 �l
contained 100 ng of purified SPCA1a, 50 mM TES/Tris, pH 7,
100 mM KCl, 7 mM MgCl2, 1 mM EGTA, 0.36 mM NADH, 1 mM

phosphoenolpyruvate, 2.4 units of pyruvate kinase, 2.4 units of
lactate dehydrogenase and the indicated free Ca2� concentra-
tions. The reaction was started by addition of the required
amount of ATP. After 20 s mixing, the absorbance was read at
340 nm over 10 min in 30-s intervals with a SPECTRAmax
PLUS384 Microplate Spectrophotometer (Molecular Devices).
The slope of the decreased absorbance over time was used as a
measure of the ATPase rate. All products were purchased from
Merck.

Autophosphorylation assay

The autophosphorylation reaction was performed as de-
scribed in Ref. 44 with slight modifications. Briefly, the reaction
mixture contains 0.5 �g of purified SPCA1a or SPCA2 and 40
�g of BSA in a buffer containing 160 mM KCl, 17 mM Hepes, pH
7.0, 1 mM DTT, 5 mM MgCl2, 1 mM EGTA and various con-
centration of CaCl2, MnCl2, or MgCl2 as indicated in
the experimental conditions. Unless specified otherwise, all
autophosphorylation experiments were performed with 5 mM

Mg2�. The reaction was initiated by addition of 0.074 MBq of
radioactively labeled [�-32P]ATP (PerkinElmer Life Sciences)
in a final concentration of 5 �M. After a 20-s reaction on ice, 500
�l of stop solution containing 6% TCA, 10 mM phosphoric acid,

and 1 mM ATP was added to the reaction mixture for precipi-
tation. The pellet was washed three times with stop solution
before detection in a scintillation counter (Packard, 2900TR) or
by running on an acidic gel as previously described (44) and
then detected with a phosphorimager (Typhoon, FLA9500).
For HA treatment an additional washing step with 0.25 M HA
was performed.

NMR analysis

A GST-labeled N-terminal fragment of the human SPCA1a
(Val-20 to Glu-67) was cloned in the pET41a(�) vector and
expressed in BL21 Escherichia coli with 15N-enriched growth
medium. After affinity purification and thrombin cleavage
to remove GST, a 59-amino acid long peptide (HsSPCA1-
short) was obtained that consists of a 9-residue long linker
(SPMGYRGSM)andtheN-terminalSPCA1asequence(20VLTSKK-
ASELPVSEVASILQADLQNGLNKCVSHRRAFHGWNEFDI-
SEDE69). NMR experiments were conducted with a Bruker
Avance 600 MHz (1H) UltrashieldTM Plus with a CP TCI 600 S3
H-C/N-D-05 Z probe (Bruker, Fällanden, Switzerland). All data
were processed using the TopSpin software (version 3.2) pro-
vided by Bruker and the resulting spectra were analyzed using
the computer-aided resonance assignment software. 1H,15N-
HSQC spectra (45, 46) were recorded at 5 °C using 12 scans
with 4096 data points in the t2 dimension and 200 data points in
the t1 dimension. The spectral width for the t1 dimension was
2311 Hz (38 ppm) and for the t2 dimension 9615 Hz (16 ppm).
During each titration step, 0.5 �l of a CaCl2 solution (0.5 M) was
added. After the Ca2� titration, 5 �l of a MnSO4 solution (0.1
mM) was added to verify interactions between the SPCA1 N
terminus and Mn2�.

Statistical analysis

Values are provided as mean � S.E. from a n number of
independentmeasurements.Radiogramsandgelimagesarerep-
resentative for a minimum of n � 3 experiments. Logistic fitting
was performed via OriginPro 9 software. Statistical significance
was calculated by one-way ANOVA followed by a Bonferroni
post hoc test and indicated by asterisks: *, p � 0.05; **, p � 0.01;
***, p � 0.001.
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