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Acidic phospholipids increase the affinity of the plasmamem-
brane Ca2�-ATPase pump for Ca2�. They interact with the
C-terminal region of the pump and with a domain in the loop
connecting transmembrane domains 2 and 3 (AL region) next to
site A of alternative splicing. The contribution of the two phos-
pholipid-binding sites and the possible interference of splicing
inserts at site A with the regulation of the ATPase activity of
isoform 2 of the pump by phospholipids have been analyzed.
The activity of the full-length z/b variant (no insert at siteA), the
w/b (with insert at site A), and the w/a variant, containing both
the 45-amino acidA-site insert and aC-site insert that truncates
the pump in the calmodulin binding domain, has been analyzed
in microsomal membranes of overexpressing CHO cells. The
A-site insertion did not modify the phospholipid sensitivity of
the pump, but the doubly inserted w/a variant became insensi-
tive to acidic phospholipids, even if containing the intact AL
phospholipid binding domain. Pump mutants in which 12
amino acids had been deleted, or single lysine mutations intro-
duced, in the AL region were studied by monitoring agonist-
induced Ca2� transients in overexpressing CHO cells. The
12-residue deletion completely abolished the ATPase activity of
the w/a variant but only reduced that of the z/b variant, which
was also affected by the single lysine substitutions in the same
domain. A structural interpretation of the interplay of the pump
with phospholipids, and of themechanism of their activation, is
proposed on the basis of molecular modeling studies.

The plasma membrane Ca2�-ATPases (PMCAs)2 extrude
Ca2� from cells, maintaining the resting level of intracellular
Ca2� and controlling the Ca2� transients induced by agonists.
Four basic PMCA isoforms are encoded by four independent
genes. PMCA1 and -4 are ubiquitously expressed, whereas
PMCA2 and -3 are restricted to brain, muscles, and few other
tissues; the tissue-restricted isoforms aremore active in export-

ingCa2� than the ubiquitous isoforms (1), probably due to their
higher affinity for the activator calmodulin. The transcript of
each gene is subjected to alternative splicing at sites A and C.
About 30 splice variants have so far been detected at theRNAor
protein levels (2).
The architecture of the PMCAs predicts 10 transmembrane

domains, two large intracellular loops, and N- and C-terminal
cytoplasmic tails. The 90-residue N-terminal portion appears
not to have specific functions even if it contains a consensus
binding site for the 14-3-3 protein, which inhibits three of the
four pump isoforms (3, 4). The cytosolic loop between trans-
membrane domains 2 and 3 contains a site that binds activatory
acidic phospholipids and site A of alternative splicing upstream
of it. Pump variants containing the A-splice site insert are tar-
geted to the apical plasma membrane (5), and the insert has
recently been suggested to have a role in the interactions of the
pump with lipids in the plasma membrane (6). The C-terminal
tail contains other regulatory sites of the pump, among them
the positively charged calmodulin binding domain, which also
binds acidic phospholipids (7), the consensus sites for protein
kinases A (PKA, isoform-specific) and C (PKC), and high affin-
ity allosteric Ca2�-binding sites.

Under nonactivated conditions, the C-terminal tail of the
pump is proposed to fold over to interact with two sites in the
first and second cytosolic loops of the enzyme, compromising
the access to the active center. Calmodulin then interacts with
its binding domain, removing it from its docking sites next to
the active center and freeing the pump from autoinhibition.
The calmodulin regulation of the pump has been extensively

investigated and is now well understood but that mediated by
acidic phospholipids is still unclear. Acidic phospholipids
enhance the Ca2� sensitivity of the PMCA to a greater extent
than calmodulin (8–11). The order of stimulatory potency
(phosphatidylinositol 4,5-biphosphate � phosphatidylinositol
4-phosphate � phosphatidylinositol � phosphatidylserine
(PS) � phosphatidic acid) is proportional to the number of
negative charges on the lipids (12). The stimulation is apprecia-
bly reduced by complexing the negative charges with polyamines
or neomycin (13). Recently, diacylglycerol has also been shown to
be a stimulator of the PMCA. Interestingly, the activation induced
by diacylglycerol is additional to that produced by calmodulin and
PKC, suggesting that diacylglycerol interacts with the PMCA
through a specific mechanism (14).
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The acidic phospholipid-binding region next to splice A was
recently deleted in a variant of PMCA4 containing an inserted
exon at splicing site A (variant xb) (15, 16). Partial deletions did
not alter Ca2� transport activity butmade the pump insensitive
to acidic phospholipids. However, complete removal of the
domain made the pump inactive (15).
The contributions of the two phospholipid-binding sites,

and of the alternative splicing at site A next to one of them, to
the regulation of the pump have not been analyzed. It was
interesting to study these aspects on isoform 2 of the pump,

as this isoform has very high activ-
ity even in the absence of calmod-
ulin (17, 18), but it responds to
acidic phospholipids in the same
way as PMCA4 (17). In addition,
the splicing mechanisms of
PMCA2 generate a larger number
of variants than in other isoforms;
up to three exons are inserted
at site A, generating variant z
(no exons included), variant y (two
exons included), variant x (one
exon included), and variant w (all
three exons included). Splicing at
site C excludes two novel exons
(variant b, full length) or includes
them (variant a). The a insertion
leads to a truncated version of the
pump that only contains about
half of the original calmodulin
binding domain (17, 18). We had
previously reported that the z/a
and w/b PMCA2 variants behaved
essentially as the full-length, non-
inserted, (z/b) pump (perhaps, they
were slightly less efficient) (1, 19,
20). The doubly inserted w/a
PMCA2 variant had only limited
ability to rapidly increase activity
when challenged with a Ca2�

pulse but had about the same
highly nonstimulated (basal) ac-
tivity of the full-length z/b variant
(19).
This contribution explores the

activation of splicing variants of iso-
form 2 of the PMCApump by acidic
phospholipids. Because the negative
charges on the lipids are likely to be
important in the stimulatory effect,
the study was performed using a
pump variant in which a 12-residue
stretch in the AL acidic phospho-
lipid binding domain, which con-
tains four positively charged resi-
dues, was removed. Pointmutations
that selectively substituted posi-
tive residues (Lys), or two other

conserved polar residues (Ser and Glu), were also introduced
in the stretch. The scheme of Fig. 1 summarizes graphically
the details of the PMCA2 variants and mutants used in this
study.

EXPERIMENTAL PROCEDURES

Cell Cultures and Transfection—CHO cells were cultured in
Ham’s F-12 nutrient mixture (Invitrogen), supplemented with
10% fetal bovine serum (FBS), 2 mM glutamine, penicillin (60
�g/�l), and streptomycin (120�g/�l) in 75-cm2 Falcon flasks at

FIGURE 1. A, linear representation of the alternative splicing options at site A and site C of the PMCA2
transcript. Exons are indicated by shadow boxes and introns by the black line. The numbers in the boxes
represent the nucleotide number of each exon. B, topography model of the plasma membrane Ca2�-
ATPase and sequences of alternative splicing products of isoform 2. The 10 putative transmembrane
domains are numbered and indicated by shadow boxes. PL indicates the phospholipid binding domain
downstream of site A of alternative splicing; D indicates the catalytic aspartate; ATP and CaMBD indicate
the ATP-binding site and the calmodulin binding domain, which contains site C of alternative splicing.
C, sequences of the PMCA2 region that have been mutated or deleted in the constructs used in this study.
The alanine that replaces the mutated residue in the different constructs is indicated in bold. The dashed
line represents the 12 amino acids deletion.
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37 °C. For the microsomes preparation, CHO cells were plated
on 150 � 25-mm Petri dishes, allowed to grow to 50% conflu-
ence, and transfected according to a calcium-phosphate proce-
dure with 30 �g of total plasmid DNA. For the aequorin and
immunocytochemistry experiments, CHO cells were plated
onto 13-mm glass coverslips, allowed to grow to 50% conflu-
ence, and transfected according to a calcium-phosphate proce-
dure with 3 �g of total plasmid DNA or with 1.5 �g of each
plasmid DNA in the case of co-transfection. GFP-tagged
PMCA2 z/b and w/b are of human origin, and GFP-tagged
PMCA2 w/a variants (WT and del12 mutant) are from rat.
Untagged PMCA2 pump variants (w/a and z/b) of human ori-
gin were also used in the Ca2�measurements of experiments in
living cells. No differences were observed between the GFP-
tagged and -untagged PMCA2 activity.
The average transfection efficiency approached 25%, and the

increase of PMCAprotein in overexpressing cells, calculated by
densitometric analysis ofWestern blotting showing the endog-
enous PMCA (i.e. blots developed with the monoclonal anti-
body 5F10 that recognized all PMCA isoforms) and corrected
for thewhole cell population, would correspond to about 3-fold
the endogenous level (data not shown).
MicrosomalMembrane Preparations from CHOCells—Cells

from five 150 � 25-mm dishes were washed once with phos-
phate buffered saline (PBS) containing 1 mM EDTA and har-
vested in 10ml of PBS containing 0.1mMphenylmethylsulfonyl
fluoride (PMSF) and a mixture of EDTA-free protease inhibi-
tors (Roche Applied Science). Cells were collected by centrifu-
gation (2000 � g, 10 min) at 4 °C and resuspended in 6 ml of a
hypotonic solution of 10mMTris-HCl, pH 7.5, 1mMMgCl2, 0.1
mM PMSF, a mixture of EDTA-free protease inhibitors, and 2
mM dithiothreitol (DTT). The cells were swollen for 15 min on
ice and then subjected to three cycles of freeze and thaw. The
homogenate was diluted with an equal volume of 0.5 M sucrose,
0.3 M KCl, 2 mM dithiothreitol, 10 mM Tris-HCl, pH 7.5,
homogenized again with three cycles of freeze and thaw, and
centrifuged at 5000� g for 15min. KCl was added up to 0.6 M in
the supernatant, and to remove calmodulin, an excess of EDTA
(1.5 mM) was also added. The suspension was centrifuged at
100,000 � g for 40 min to pellet the microsomal fraction. The
final pellet was resuspended in a solution containing 0.25 M

sucrose, 0.15MKCl, 10mMTris-HCl, pH7.5, 2mMDTT, and 20
�M CaCl2, at a protein concentration of 1–3 mg/ml, and stored
in liquid N2.
ATPase Activity Assay—The ATPase activity was measured

by the coupled enzyme assay (modified from Ref. 21) monitor-
ing the absorbance of NADH at 340 nm. The decrease in A340
can be converted into ATPase activity where one molecule of
NADH oxidized to NAD� corresponds to the production of
one molecule of ADP by the ATPase. The assay was carried out
at 37 °C in a final volume of 1ml of a mixture containing 20mM

Tris-HCl, pH 7.2, 5 mM MgCl2, 0.5 mM EGTA, 0.1 M KCl, 0.5
mM phosphoenolpyruvate, 0.15 mM NADH, 1.4 units of pyru-
vate kinase/lactic dehydrogenase (Roche Applied Science), 4
mM ATP, 25 �g of PMCA membranes, and 50 �M CaCl2. The
ATPase activity, detected at 340 nm (DU640 Spectrophotome-
ter, Beckman Coulter), was expressed in micromoles of
Pi/min/mg of protein (moles of phosphate originated from the

ATP hydrolysis); the maximal activity and the basal activity
were calculated by multiplication of the activity curve slope
value by a factor considering the NADHmolar extinction coef-
ficient (�NADH) and the amount of protein (inmicrograms). The
real activity was obtained subtracting the basal activity from the
maximal activity. The assay was performed in the presence of 5
�g/ml oligomycin and 0.1 �M thapsigargin. To test calmodulin
(CaM) or phosphatidylserine (PS) activation of the pump, 200
nMCaMor 25�MPSwas preincubatedwith themembranes for
5 min at 37 °C before starting the assay.
Generation of PMCA2z/b_del12 and PMCA2z/b Mutant

Expression Plasmids—To generate PMCA2z/b with the dele-
tion of 12 amino acids in the domain that binds acidic phospho-
lipids, two PCR amplification products that did not contain
the portion of 12 amino acids were generated using four
different primers bearing restriction sites for EcoRI/HindIII
and HindIII/BamHI as follows: 5�-cggGAATTCatgggtgacat-
gaccaac-3�; 5�-cggTTCGAAgtgcatgctggccttcct-3�; 5�-cgg-
TTCGAAgctgtgcagatcgggaag-3�; cggGGATCCctaaagcgac-
gtctccag. The PCR products were digested with the
respective restriction enzymes and were inserted in a three-
part ligation reaction in pcDNA3 vector (Invitrogen)
digested with EcoRI and BamHI. The construct was con-
trolled by sequencing.
In vitro site mutagenesis in the PMCA2z/b was carried out

with QuikChange II site-directed mutagenesis kit (Strat-
agene) according to the manufacturer’s instructions using
the following primers: Lys-336 sense 5�-ccagcatgcacaagGC-

FIGURE 2. Western blotting and densitometric analysis of PMCA2 isoform
overexpression in transfected CHO cells. 20 �g of crude membrane pro-
teins from transfected CHO cells, prepared by a freeze and thaw method,
were separated by SDS-PAGE as described under “Experimental Procedures”
and stained with polyclonal antibody 2N, which recognizes isoform 2 of the
pump or against tubulin. The lanes correspond to cells transfected with the
indicated variants of PMCAs fused to GFP. The data are representative of at
least three independent experiments.
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ggagaagtccgtgc-3� and antisense 5�-gcacggacttctccGCcttgt-
gcatgctgg-3�; Lys-338 sense 5�-tgcacaagaaggagGCgtccgtgct-
gcagg-3� and antisense 5�-cctgcagcacggacGCctccttcttgtgca-
3�; Lys-344 sense 5�-cgtgctgcagggcGCgctcaccaagctg-3� and
antisense 5�- cagcttggtgagcGCgccctgcagcacg-3�; Lys-347
sense 5�-gggcaagctcaccGCgctggctgtgcagat-3� and antisense 5�-
atctgcacagccagcGCggtgagcttgccc-3�; Glu-337 sense 5�-gcatgcaca-
agaaggCgaagtccgtgctgcagggc-3� andantisense 5�-gccctgcagcacgg-
acttcGccttcttgtgcatgc-3�; Ser-339 sense 5�-gcatgcacaagaaggagaag-
Gccgtgctgcagggc-3� and antisense 5�-gccctgcagcacggC-
cttctccttcttgtgcatgc-3�.
The PMCA2_4 M mutant, in which all the four lysines were

mutated, was generated by subsequent cycles of PCR amplifi-
cation using the following primers: Lys-336_338 sense 5�-cca-
gcatgcacaagGCggagGCgtccgtgctgcagg-3� and antisense 5�-cct-
gcagcacggccGCctccGCcttgtgctgctgg-3�; Lys-344_347 sense
5�-cgtgctgcagggcGCgctcaccGCgctggctgtgcaga-3� and antisense
5�-tctgcacagccagcGCggtgagcGCgccctgcagcacg-3�. Mutated bases
are indicated by boldface capital letters.
Immunocytochemistry Analysis—CHO cells were trans-

fected with the different PMCA2 variants and mutants. 36 h
after transfection, the cells were washed twice with PBS and
fixedwith 3.7% formaldehyde for 20min. Themembranes were
permeabilized in 0.1% Triton X-100 for 5 min and washed with
1% gelatin (type B, from bovine skin, Sigma) in PBS. The cells

were immunostained with primary antibodies against
PMCA2 (2N, Sigma) at a 1:100 dilution in PBS and with
secondary antibodies Alexa Fluor 594 (Molecular Probes).
The images were acquired using a Zeiss Axiovert microscope
equipped with a 12-bit digital cooled camera (Micromax-
1300Y, Princeton Instruments Inc., Trenton, NJ) using
Metamorph software (Universal Imaging Corporation, West
Chester, PA).
Preparation of Membranes from CHO Cells, SDS-PAGE, and

Western Blotting Analysis—Thirty six hours after transfection,
CHO cells were harvested in 10 mM Tris-HCl, pH 8.0, 2 mM

EDTA, 2 mM PMSF, 1 mM DTT. They were disrupted by three
cycles of freeze and thaw at �80/37 °C, and the insoluble pro-
teins were sedimented at 11,000 � g for 30 min (4 °C). The
supernatant was discarded, and the pellet was resuspended in 5
mMTris-HCl, pH8.0, and 10% sucrose. Proteinswere separated
by 7.5% SDS-PAGE and transferred to nitrocellulose mem-
branes. 20 �g of membrane proteins were loaded onto each
lane. The sheets were probed with a rabbit polyclonal antibody
2N against PMCA2 (Sigma, diluted 1:1000). After incubation
with anti-rabbit horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA), the
blots were developed with ECL reagents (Amersham Bio-
sciences). The quantitative analysis was carried out by densito-
metric analysis using the Kodak 1D Image Analysis program

FIGURE 3. A, comparison of Ca2� transport activity measured on microsomal membranes isolated from CHO cells overexpressing PMCA2 z/b, w/b, and w/a
variants. Membranes vesicles were preincubated at 37 °C, and Ca2� uptake was initiated by the addition of 4 mM ATP (where indicated). 50 �M CaCl2 was added
where indicated. B, CaM dependence of Ca2� uptake by microsomal membranes preincubated at 37 °C with 200 nM CaM. C, acidic phospholipid (PS) depen-
dence of Ca2� uptake by microsomal membranes preincubated at 37 °C with 25 �M PS. A–C, ATPase activity was indicated as the decrease of the absorbance
at 340 nm. D, histograms show the means � S.D. of the activity of the pumps. The activity was expressed as micromoles of Pi/min/�g of protein and calculated
as indicated under “Experimental Procedures.” The data are representative of at least three experiments with different membranes preparations. *, p � 0.05,
in respect to the respective controls in the absence of CaM and PS.
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(Kodak Scientific Imaging System, New Haven, CT). Antibod-
ies against �-tubulin or �-actin were also used to normalize the
data obtained from the densitometric analyses.
Cytosolic Ca2�Monitoringwith RecombinantAequorin—CHO

cells were plated on 13-mm glass coverslips and transfected
according to the calcium-phosphate procedure. 36 h after
transfection, the cells were incubated for 3 h with 5 �M of the
aequorin prosthetic group coelenterazine WT in Dulbecco’s
modified Eagle’smediumsupplementedwith 1%FBS at 37 °C in
a 5% CO2 atmosphere.

After incubation with coelenterazine, the coverslips were
placed in a perfused thermostated (37 °C) chamber of a lumi-
nometer positioned in close proximity to a lownoise photomul-
tiplier, with a built-in amplifier discriminator. The experiments
were performed in a Krebs-Ringer medium (135 mM NaCl, 5
mM KCl, 0.4 mM KH2PO4, 1 mMMgSO4, 20 mMHepes, pH 7.4,
at 37 °C) (KRB) supplemented with 0.1% glucose and 1 mM

CaCl2. The cytoplasmic Ca2� concentrations were measured
after addition of 100 �M inositol 1,4,5-trisphosphate-generat-
ing agonist ATP. The experiments were terminated by lysing
the cells with 100 �M digitonin in a hypotonic Ca2�-rich solu-
tion (10mMCaCl2 inH2O) to discharge the remaining aequorin
pool. The light signal from the discriminator was collected by a
Thorn-EMI photon counting board and stored in an IBM-com-
patible computer for further analysis. The aequorin lumines-
cence data were calibrated off line into [Ca2�] values, using a
computer algorithm based on the Ca2�-response curve of wild
type aequorin (22).
In Silico Analysis—The protein sequence of human PMCA2

was retrieved from the NCBI data base (accession number
NP_001674) (23), and amino acid conservation was evaluated
with Conseq (24). Secondary structure and disorder were pre-
dicted by a consensus approach (25) and SPRITZ (26), respec-
tively. A consensus of three methods (Prodiv-TMHMM,
HMMTOP, and PHOBIUS) was adopted to predict the trans-
membrane regions. A homology-derived three-dimensional
structure model of human PMCA2 was constructed using the
Homer-A modeling server based on the PDB structure 2agv
(chain A) of sarco/endoplasmic Ca2�-ATPase (SERCA1a).3
The loop insertions in human PMCA2 were modeled using a
divide and conquer method (27). The C-terminal PMCA2
CaM-binding region in complex with calmodulin was modeled
using the PDB structure 2KNE as template. We used the
PyMOL Molecular Graphics System (DeLano Scientific, San
Carlo, CA) tomap the residue positions in the protein structure
and visualize the electrostatic surface calculated by the Adapt-
ive Poisson-Boltzmann Solver tool (28).
Statistical Analysis—Data are reported as means � S.D. Sta-

tistical differences were evaluated by Student’s two-tailed t test
for unpaired samples, with p value 0.01 being considered statis-
tically significant.

RESULTS

Expression of PMCA2 Isoforms in CHO Cells—GFP-tagged
PMCA2 splice variants z/b,w/b, andw/awere overexpressed
in CHO cells. Crude membranes were prepared, and 20 �g of

total proteins were separated by SDS-PAGE and blotted onto
nitrocellulose filters. The filter was incubated with poly-
clonal antibody 2N that recognizes the PMCA2 isoform and
with an anti-tubulin antibody. Fig. 2 shows that all three
splice isoforms of the pumpwere expressed at approximately
equivalent levels.
Ca2�ATPaseActivity inMicrosomalMembranes—Microso-

mal membranes (containing plasmamembrane fragments/ves-
icles) isolated from transfected cells were assayed in the pres-
ence of thapsigargin and oligomycin to inhibit the activity of the
endogenous sarco/endoplasmic reticulumCa2�-ATPase pump
and theATP-linkedCa2� uptake bymitochondrial vesicles that
could possibly contaminate themicrosomal preparation. Fig. 3,
A and D, shows the PMCA activity in the absence of calmodu-
lin. Both the noninserted full-length PMCA2 z/b variant and
the w/b variant had higher basal activity than the inserted and
truncated isoformw/a. The calmodulin sensitivity of each isoform
was investigated at a fixed Ca2� concentration in the presence of
excess (200 nM) calmodulin (Fig. 3,B andD). As already shown by
previous work, the w/a variant had reduced stimulation by cal-
modulin in respect to the full-length z/b andw/b variants.3 E. Leonardi and S. C. E. Tosatto, unpublished data.

FIGURE 4. ClustalW analysis of the AL domain and the conservation of
mutated residues. The similarity analysis was performed using the ClustalW
program. Human PMCA2 sequence (GenBankTM accession number NP_001674)
is listed with other human PMCAs isoforms sequences (A) and with those of other
species (B). GenBankTM accession numbers are as follows: NP_001001323
(Homo sapiens PMCA1), NP_068768 (H. sapiens PMCA3), NP_001675 (H.
sapiens PMCA4), XP_509257 (Pan troglodytes PMCA1), AY928176 (Rhesus
macaque PMCA4), NP_036640 (Rattus norvegicus PMCA2), AAH75643 (Mus
musculus PMCA2), BC109173 (M. musculus PMCA4), Q00804 (Oryctolagus
cuniculus PMCA1), NP_777121 (Bos taurus PMCA1), NP_999517 (Sus scrofa
PMCA1), AAK11272 (Rana catesbeiana PMCA2), BC077905 (Xenopus laevis
PMCA3), P58165 (Oreochromis mossambicus PMCA2), NP_001116710
(Danio rerio PMCA2), EU559285 (D. rerio PMCA4), AAR28532 (Procambarus
clarkia PMCA3), AAK68551 (Caenorhabditis elegans PMCA3) and
AAR13013 (Stylophora pistillata).
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The splicing event at siteAoccurs
just upstream of one of the two
regions responsible for the binding
of acidic phospholipids. The first
two spliced exons of PMCA2
encode a relatively hydrophobic
stretch of amino acids positioned
amid a highly charged region, sug-
gesting possible effects on the over-
all interaction of the first cytosolic
loop of the pump with acidic phos-
pholipids. The response of the three
pump variants z/b, w/b, and w/a
to phosphatidylserine was thus com-
pared. Fig. 3, C and D, shows that
isoforms z/b and w/b had the same
response, implying that the AL
acidic phospholipid binding domain
was not affected by the site A insert.
Surprisingly, however, the w/a vari-
ant, which has the phospholipid
binding domain contiguous to the
site A insert but lacks about half of
the C-terminal phospholipid bind-
ing domain, was completely insensi-
tive to phosphatidylserine; the
response of the full-length variants
of the pump (variants b) was over
5-fold higher than that of the trun-
cated w/a variant. The finding thus
suggests a predominant role of the
C-terminal phospholipid binding
domain in the response to acidic
phospholipids.
Mutations in the N-terminal (AL)

Phospholipid Binding Domain—Mu-
tational experiments on the phos-
pholipid binding domains were
performed to further explore the
molecular mechanism of the acti-
vation of the pump by acidic
phospholipids.
As for the possible mechanism

of acidic phospholipid stimula-
tions, in the case of the binding
sequence in the C-terminal cal-
modulin binding domain, it was
reasoned that the headgroups of
positively charged residues could
be neutralized by acidic phospho-
lipids, weakening the autoinhibi-
tory intramolecular interaction of
the C-terminal tail of the pump
with its receptor sites in the main
body of the molecule. The study of
the phospholipid binding domain
in the C-terminal region was lim-
ited to comparison of the a variant
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(in which the splicing truncation removes about half of the CaM
binding domain and, presumably, affects the binding of acidic
phospholipid binding domain) with the full-length b variant. No
mutationswere introduced in the full-lengthC-terminal region of
the b variants.
In the AL region, structural rearrangements of the transduc-

tion (activator) and catalytic domains of the pump could occur
following the binding of phospholipids that would facilitate the
access of Ca2� to its single high affinity site in the transmem-
brane sector. The four lysines in the AL phospholipid-binding
region, which are very conserved among the PMCAs isoforms
(Fig. 4A) and in the PMCA across species (Fig. 4B), could form
a charged bend that could easily accommodate a charged phos-
pholipid head. It was thus decided to mutate them. It was also
felt that two other well conserved residues in the AL binding
domain (Glu-337 and Ser-339, Fig. 4) could also have a role in
the interaction (see below). It was thus decided to mutate them
as well. It was also decided to study the effect of the deletion of
the 12-residue lysine-rich stretch in the AL domain that had
been previously performed by others (29).
Generation, Expression, and Activity of PMCA2zb_del12 and

PMCA2wa_del12Mutants—The 12-residue lysine-rich stretch
located in the N-terminal portion of the domain was analyzed
first, as it had already been shown that the deletion of this
stretch failed toaffect theplasmamembrane targetingof thepump
(29). The effect of the deletion of region 380–391 in thew/a vari-
ant, which has lost at least half of the C-terminal acidic phospho-
lipid binding domain, and of region 336–347 in the full-length z/b
variant, which contains it, was studied in over-expressing CHO
cells. The activity of the deleted variants of the expressed pump
was compared with that of their respective wild type variants.
Appropriate controls (Western blotting and immunocytochemis-
try analysis) established that the mutant pump variants were
expressed at about the same levels with respect to their WT ver-
sions and were correctly delivered to the plasma membrane (Fig.
5A). The PMCA2wa_del12 was expressed as a GFP fusion chi-
mera; the fusionwithGFPdid not alter the targeting nor the activ-
ity of the pump (29). As reported previously (19), the w/a variant
wasmuch less efficient than the z/b variant in re-establishing rest-
ing cytosolic Ca2� concentrations following the increase induced
by the stimulation of the cells with the purinergic agonist ATP
(traces in Fig. 5, B and C). The Ca2� transient generated by the
stimulation reflects the inositol 1,4,5-trisphosphate-mediated
Ca2� release from the intracellular stores but also the Ca2�

influx from the extracellular medium through channels acti-
vated by the depletion of the endoplasmic reticulum stores. The
lowering of the Ca2� peak with respect to untransfected cells
reflects the ability of the overexpressed pumps to respond with
a burst of activation, i.e. of Ca2� extrusion, to the arrival of the

inositol 1,4,5-trisphosphate-generated Ca2� pulse. The faster
clearance of the Ca2� signal is thus due to increased overall
pump activity. Fig. 5B shows the Ca2� response in cells tran-
siently transfected with the wa_wt and wa_del12 variants of
PMCA2. Surprisingly, the deletion of the 12 amino acids in the
phospholipid binding domain completely abolished the activity
of the pump (the heights of the transients were wa_wt, 2.77 �
0.35�M, n	 27;wa_del12, 3.58� 031�M, n	 26; control (only
aequorin), 3.53� 0.48�M, n	 34). The half-time of the declin-
ing phase was 7.69 � 1.23 s, n 	 29, in wa_wt, 44.52 � 4.99 s in
wa_del12, n	 27, and 46.67� 7.35 s, n	 12 in the control (see
Fig. 5B, inset). Fig. 5C shows pump activity in cells transiently
transfected with the wt_zb and zb_del12 PMCA2 variants. The
12-amino acid deletion impaired the activity of the zb variant as
well (zb_wt, 1.31 � 0.17 �M, n 	 31; zb_del12, 2.72 � 0.28 �M,
n 	 10), suggesting that the deleted residues are important to
pump activity independently of splicing processes. However, at
variance with the wa_del12 variant, the zb_del12 variant was
still partially active; the height of Ca2� transient was reduced
with respect to control cells. This finding is also supported by
the analysis of the declining phase of the Ca2� traces, in which
the half-time of the peak decay was 6.31 � 0.85 s, n 	 13, in
zb_wt, 38.64� 5.93 s in zb_del12, n	 14, versus 46.67� 7.35 s,
n 	 12, in the control, p � 0.01 (see Fig. 5C, inset).
Generation, Expression, and Activity of PMCA2 z/b Variants

Harboring Single Lys Mutations in the 336–347 Domain—Sin-
gle amino acids mutants of the PMCA2 z/b pump were gener-
ated by replacing individual lysines in the 12-residue sequence
(336–347 domain). Five mutants were generated as follows:
PMCA2zb_K336A, PMCA2zb_K338A, PMCA2zb_K344A,
PMCA2zb_K347A, and one in which all four lysines were
replaced with alanines, PMCA2zb_4M. The positions of the
mutated lysines in the sequence are shown in Fig. 4. The level of
expression of all mutants and their correct delivery to the plasma
membranewerecheckedand found tobeequivalent (Fig. 6A).The
singlemutation of three of the four lysines impaired the activity of
the pump (the heights of the peak transients induced by the stim-
ulation were as follows: 1.50 � 0.15 �M, n 	 12 for PMCA2
zb_K338A; 1.96 � 0.09 �M, n 	 15 for PMCA2 zb_K344A; and
1.56 � 0.22 �M, n 	 15 for PMCA2 zb_K347 versus 1.31 � 0.17
�M, n 	 31 for the zb_wt, p � 0.01) (Fig. 6B, in which the Ca2�

transients were superimposed to that generated in cells overex-
pressing equivalent levels of PMCA2zb_wt). Fig. 6B shows that
instead the mutation of lysine 336 (K336A) had no effect on the
Ca2� extruding ability of the pump; the height of the transientwas
1.36� 0.15�M, n	 12, as comparedwith 1.31� 0.17�M, n	 31,
in zb_wt-expressing cells.
The mutation of all four lysines impaired the Ca2� extrusion

activity of the pump. The peak height was 1.78 � 0.16 �M, n 	

FIGURE 5. A, Western blotting and densitometric analysis of the variants of the PMCA2 isoform overexpressed in CHO cells. 20 �g of crude membrane proteins
from transfected CHO cells, prepared by a freeze and thaw method, were separated by SDS-PAGE as described under “Experimental Procedures” and stained
with polyclonal antibody 2N. The control lane corresponds to nontransfected cells (CHO). The other lanes correspond to cells transfected with the WT or mutant
variants of the PMCA2 pump. The panel also shows the immunocytochemistry analysis of the transfected CHO cells. The immunostaining was carried out with
the 2N antibody and revealed with the secondary antibody Alexa Fluor 594. B, monitoring of cytosolic [Ca2�] in CHO cells transfected with cytAEQ and
co-transfected with cytAEQ and the WT w/a variant of PMCA2 isoform or deleted PMCA2wa_del12 mutant. C, monitoring of cytosolic [Ca2�] in CHO cells
transfected with cytAEQ and co-transfected with cytAEQ and the wt z/b variant of PMCA2 isoform or deleted PMCA2zb_del12 mutant. The histograms in B and
C show the means � S.D. of [Ca2�]c peaks and of the half-time decays from the peaks. The traces are representative of at least 12 independent experiments. *,
p � 0.01 calculated with respect to control (CHO cells transfected only with cytAEQ).
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15, for PMCA2 zb_4M versus 1.31� 0.17�M, n	 31, for zb_wt,
p� 0.01. It also affected the ability of the pump to accelerate the
declining phase of the Ca2� transient trace. It did so more sig-
nificantly than in the case of single lysine mutants, as shown by
the traces and the histograms of Fig. 6B. The half-time of the

declining phase was 7.25� 1.16 s, n	 8, for PMCA2zb_K336A;
7.5 � 0.83 s, n 	 6, for PMCA2zb_K338A; 9.37 � 2.02 s, n 	
16, for PMCA2zb_K344A; 6.89 � 0.93 s, n 	 13, for
PMCA2zb_K347A; 13 � 2 s, n 	 16, for PMCA2zb_4M, and
6.31 � 0.85 s, n 	 13, for zb_wt, p � 0.01.

FIGURE 6. A, Western blotting and densitometric analysis of the Lys mutants of the PMCA2 z/b isoform overexpressed in CHO cells. 20 �g of crude membrane
proteins from transfected CHO cells, prepared by a freeze and thaw method, were separated by SDS-PAGE as described under “Experimental Procedures” and
stained with polyclonal antibody 2N. The control lane corresponds to nontransfected cells (CHO). The other lanes correspond to cells transfected with the WT
or mutant variants of the PMCA2 pump. The panel also shows the immunocytochemistry analysis of the transfected CHO cells. The immunostaining was carried
out with the 2N antibody and revealed with the secondary antibody Alexa Fluor 594. B, monitoring of cytosolic [Ca2�] in CHO cells transfected with cytAEQ and
co-transfected with cytAEQ and the PMCA2zb_K336A, PMCA2zb_K338A, PMCA2zb_K344A, PMCA2zb_K347A, or PMCA2zb_4M, alternatively. The histograms
show the means � S.D. of [Ca2�]c peaks and of the half-time decays from the peaks. The traces are representative of at least 12 independent experiments. *, p �
0.01 calculated with respect to PMCA2zb_wt (CHO cells transfected with wt PMCA2 z/b pump).
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FIGURE 7. A, Western blotting and densitometric analysis of the Glu and Ser mutants of the PMCA2 z/b isoform overexpressed in CHO cells. 20 �g of crude
membrane proteins from transfected CHO cells, prepared by a freeze and thaw method, were separated by SDS-PAGE as described under “Experimental
Procedures” and stained with polyclonal antibody 2N. The control lane corresponds to nontransfected cells (CHO). The other lanes correspond to cells
transfected with the WT or mutants variants of the PMCA2 pump. The panel also shows the immunocytochemistry analysis of the transfected CHO cells. The
immunostaining was carried out with the 2N antibody and revealed with the secondary antibody Alexa Fluor 594. B, monitoring of cytosolic [Ca2�] in CHO cells
transfected with cytAEQ and co-transfected with cytAEQ and the PMCA2zb_E337A or the PMCA2zb_S339A. The histograms show the means � S.D. of [Ca2�]c
peaks and of the half-time decays from the peaks. The traces are representative of at least 12 independent experiments. *, p � 0.01 calculated with respect to
PMCA2zb_wt (CHO cells transfected with WT PMCA2 z/b pump).
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Generation, Expression, and Activity of E337A or S339A
PMCA2 z/b Mutants—The decision to mutate basic residues
(lysines) in the 336–347 domain was dictated by the ability of
the domain to bind acidic phospholipids. However, the

domain also contains a conserved
glutamic acid in position 337 (Glu-
337) and a serine in position 339
(Ser-339) (see Fig. 4). The in silico
analysis (see below) suggests that
these residues could be involved in
polar interactions with other por-
tions of the protein. Thus, they
were also mutated. Fig. 7A shows
that PMCA2zb_E337A and PMCA2
zb_S339A were expressed at levels
comparable with those of the trans-
fected PMCA2zb_wt variant and
were correctly delivered to the
plasma membrane of the trans-
fected cells.
The Ca2� measurements showed

that the PMCA2zb_E337A and the
PMCAzb_S339A mutants were
less efficient than the PMCA2zb_wt
variant in controlling the peak of
the Ca2� transient (1.88 � 0.19
�M, n 	 15, for PMCA2zb_E337A,
1.79 � 0.25 �M, n 	 16, for
PMCA2zb_S339A versus 1.31 �
0.17 �M, n 	 31, for zb_wt, p �
0.01) (Fig. 7B). The mutations also
severely affected the ability of the
pump to restore basal Ca2� levels
after cell stimulation, the half-
time of the peak decay being
11.52 � 2.27 s, n 	 13, in
PMCA2zb_E337A and 11.26 �
1.73 s, n 	 19, in PMCAzb_S339A,
as compared with 6.31 � 0.85 s, n 	
13, in zb_wt, p � 0.01 (Fig. 7B).
In Silico Analysis of the Two Phos-

pholipid Binding Domains—Fig. 8A
shows a schematic of the PMCA2 in
which three of four lysines (Lys-338,
Lys-344, and Lys-347) contained in
the AL domain are predicted to be
located approximately at the mem-
brane surface, forming a charged
bend which, as already mentioned,
could easily accommodate a charged
phospholipid head. The electro-
static surface potential of PMCA2
(Fig. 8B) shows that the region sur-
rounding the lysines, and stretching
toward insertion site A, is the only
positively charged region in contact
with the cytoplasmic side of the
membrane. Over 30 residues close

to insertion site A could not bemodeled; thus, themodel is only
approximate. However, themissing residues are likely to form a
mobile flap extruding from the protein structure. Because con-
formational switches are required for Ca2� transport, it could

FIGURE 8. A, overview of the PMCA2 model, shown in schematics and color-coded for the different canonical
domains, with the four mutated lysines highlighted as red spheres. The approximate location of the membrane
limits are shown with lines, and the third transmembrane helix is labeled as M3. Note that the C-terminal part of
PMCA2 from residue 1088 onward could not be modeled. Insertion site A is highlighted. B, electrostatic poten-
tial of the PMCA2 accessible surface. The structure is shown in the same orientation as in A and rotated around
the central axis (right). The location of the mutated lysine residues is circled. Note how the area around and
between the four lysines and insertion site A is the only PMCA2 region with positive potential in contact with
the membrane.

Functional Analysis of PMCA2 Splicing Variants

30788 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 40 • OCTOBER 1, 2010



be reasonably suggested that the three lysines would form a
binding pocket for initial phospholipid docking. The model
agreeswell with the experimental findings on the importance of
three of the four lysines, as well as with the effect of the 12-res-
idue deletion. Mutation of all four lysines is likely to slow down
phospholipid docking, but the positively charged area sur-
rounding insertion site A could partially compensate for this
effect.
The two other mutated residues (Glu-337 and Ser-339), are

well conserved in PMCA isoforms and in the PMCA across
species (see Fig. 4). The model positions glutamic acid between
two lysines and exposes it to the protein surface, where it could
affect other interactions of the pump. As for the serine, its polar
group forms a hydrogen bond with a glutamine in the �-helix
(M3) and with a glutamic acid in the �-helix of domain P (Fig.
9). Mutational disruption of hydrogen bonds may have signifi-
cant structural consequences.
The C-terminal splice variant w/a differs from the w/b vari-

ant by a frameshift mutation affecting the second half of the
CaM-binding region. The model generated by the structural
analysis (Fig. 10A) shows that the PMCA2CaM-binding region
(obtained from the recently deposited NMR structure of the
PMCA4 CaM-binding region (PDB code 2KNE) could form an
amphiphilic �-helix with a distinctive pattern of charged and
hydrophobic residues (30). In the presence of Ca2� ions, CaM
folds into a series of�-helices winding around the PMCA2 pep-
tide in a head-to-tail conformation, i.e. the N terminus of CaM
binds the C terminus of PMCA2. Ca2� could induce a confor-
mational switch through the stabilization of a stretch of nega-
tively charged residues in a turn conformation, yielding the
characteristic collapsed structure of CaM. Interestingly, the
final conformation has a strongly negative charge and is stabi-
lized through hydrophobic cages between a benzyl ring and a
hydrophobic groove at the center of three CaM �-helices (Fig.
10B). In the model, electrostatic attraction is present, but is not
crucial to stabilize the final bound conformation. Given the
number of charged residues in CaM, electrostatic attraction is
likely to initiate the folding process of CaM around the
PMCA2-binding region. The substitution of two lysine residues

in the CaM binding domain of the w/a variant (see sequence
alignment in Fig. 10A) could destabilize the CaM interactions
necessary to form the hydrophobic cage for proper binding,
explaining the poor sensitivity to CaM of the variant.

DISCUSSION

It would be reasonable to expect that the proximity of site A
of alternative splicing to the site that binds acidic phospholipids
in the AL domain could influence the sensitivity of PMCAs to
acidic phospholipids. The A-site insertion could alter the over-
all conformation of the second cytosolic loop of the pump. It
could thus change the spatial connectivity between the phos-
pholipid binding domain and the sequence further upstream,
which is involved in the intramolecular inhibitory interactionwith
the C-terminal calmodulin binding domain. The finding that the
A-site insert is important for the targeting of PMCA pump to the
apical membrane (5) underlines its importance in the general
properties of the pump. The role of the AL phospholipid binding
domain has always been obscure, particularly in view of the exis-
tence of a second phospholipid binding domain in the C-terminal
calmodulin binding sequence (7). One still open question is thus
the comparative importance of the two phospholipid binding
domains in the regulation of pump activity. Our previous studies
on isoform 2 of the PMCA pump had shown differences in the
activityof thevariousA-site splicingvariants (19, 20), showing that
the w/a variant had high basal Ca2� ejection activity but failed to
respondrapidly to thesuddenarrivalofaCa2�pulse. Ithadalready
been reported that both isoforms PMCA2b and -2a have much
higher affinity for CaM than the corresponding isoforms of
PMCA4, with PMCA2b having the highest affinity. They were
both activated at low Ca2�-calmodulin levels and had peculiarly
high activity in the absence of activators (18).
The measurements of ATPase activity in microsomal mem-

branes of transfected CHO cells have indicated that the w/a
variant, as expected, was much less sensitive to CaM than the
z/b and w/b isoforms. However, it was also less sensitive to
phosphatidylserine, thus underlining the role of the CaM bind-
ing domain in the regulation of pump activity by acidic phos-
pholipids. The finding that the z/b and w/b isoforms had the
same response to phosphatidylserine stimulation had indicated
that the splicing insertion upstream of the AL phospholipid
binding domain failed to modify the phospholipid sensitivity of
the pump.
The analysis of the AL 12-amino acid lysine-rich stretch, and

the model derived from it, had indicated the importance of the
conserved lysines in the stretch in the interaction of the phos-
pholipid binding domain with the pump microenvironment.
The deletion of the 12 amino acids could, for instance, directly
affect the structure of M3, which is critical to the sarco/endo-
plasmic reticulumCa2�-ATPase pump binding of thapsigargin
and could by analogy have special importance to PMCA aswell.
In the sarco/endoplasmic reticulum Ca2�-ATPase pump, the
segment linkingM3 to theAdomain is essential for the rotation
of the latter and for its correct positioning in the active config-
uration of the catalytic site (31).
By combining the structural information on the four AL

lysines and on the C-terminal CaM-binding region, it could be
proposed that the C-terminal domain of the pump that con-

FIGURE 9. Representation of the two residues, Ser-337 and Glu-339 (dark
gray). These are shown as sticks, and dashed lines indicate interatomic con-
tacts or hydrogen bonds with neighboring residues.
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tains the CaM-binding region could anchor Ca2� ions to
PMCA; it has indeed been shown that Ca2�-binding sites are
present upstream and downstream of the CaMbinding domain
(32). Once CaM is bound, the PMCA movements could bring
the Ca2� ions closer to the lysine-containing region near inser-
tion site A through electrostatic attraction.
The finding that the deletion of the 12-residue AL domain

completely abolished the activity of the pump in the w/a vari-
ant, but not in the z/b variant in which it only reduced it, indi-
cated that the activity of the PMCA2 w/a variant strongly
depended on the presence of the AL(380–391) region and pos-
sibly on the acidic phospholipid binding to it. The finding that

thew/a variant was insensitive to PS
in themicrosomalmembranes assay
could mean that its stimulation was
already maximal under these condi-
tions, as endogenous acidic phos-
pholipids are present in the mem-
branes and could have saturated the
PL binding domain. Further addi-
tion of PS could not further stimu-
late the activity of the w/a variant.
Evidently, CaMactivation is not suf-
ficient to make the w/a variant as
active as the z/b and thew/b variant.
Thus, the difference between the
activities of thew/a and z/b variants
observed in the measurements per-
formed in intact cells could be
related to their interaction with
acidic phospholipids, as also sug-
gested by the ATPase activity mea-
surements on microsomal mem-
branes. In other words, the z/b
variant would be more active than
thew/a variant because of the integ-
rity of its two acidic phospholipid-
binding sites. The truncation of the
protein induced by the site C splic-
ing drastically affected the ability of
the pump to bind activator phos-
pholipids, and the deletion of the
12-residue AL domain further com-
promised its activity.
Interestingly, the substitution of

all four positively charged residues
(lysines) reduced the Ca2� extru-
sion ability of the pumpby about the
same extent as the replacement of
only Lys-344, suggesting a critical
role for Lys-344 in pump activity.
However, the mutation of two polar
residues (Glu and Ser) in the same
region affected the pump activity to
about the same extent, suggesting
that the disruption of the possible
interaction of this region of the
pump with the other pump region

(orwith other proteins)may be as important to pumpactivity as
the impairment of its ability to bind acidic phospholipids.
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