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The Group VIA phospholipase A2 (iPLA2�) hydrolyzes glyc-
erophospholipids at the sn-2-position to yield a free fatty acid
and a 2-lysophospholipid, and iPLA2� has been reported to par-
ticipate in apoptosis, phospholipid remodeling, insulin secre-
tion, transcriptional regulation, and other processes. Induction
of endoplasmic reticulum (ER) stress in �-cells and vascular
myocytes with SERCA inhibitors activates iPLA2�, resulting in
hydrolysis of arachidonic acid from membrane phospholipids,
by amechanism that is notwell understood. Regulatory proteins
interact with iPLA2�, including the Ca2�/calmodulin-depen-
dent protein kinase II�, and we have characterized the iPLA2�
interactome further using affinity capture and LC/electrospray
ionization/MS/MS. An iPLA2�-FLAG fusion protein was ex-
pressed in an INS-1 insulinoma cell line and then adsorbed to an
anti-FLAG matrix after cell lysis. iPLA2� and any associated
proteins were then displaced with FLAG peptide and analyzed
by SDS-PAGE. Gel sections were digested with trypsin, and the
resultant peptide mixtures were analyzed by LC/MS/MS with
database searching. This identified 37 proteins that associate
with iPLA2�, and nearly half of them reside in ER or mitochon-
dria. They include the ER chaperone calnexin, whose associa-
tion with iPLA2� increases upon induction of ER stress. Phos-
phorylation of iPLA2� at Tyr616 also occurs upon induction of
ER stress, and the phosphoprotein associates with calnexin. The
activity of iPLA2� in vitro increases upon co-incubation with
calnexin, and overexpression of calnexin in INS-1 cells results in
augmentation of ER stress-induced, iPLA2�-catalyzed hydroly-
sis of arachidonic acid from membrane phospholipids, reflect-
ing the functional significance of the interaction. Similar results
were obtained with mouse pancreatic islets.

Phospholipases A2 (PLA2)2 comprise a diverse group of
enzymes that catalyze hydrolysis of the sn-2 fatty acid substit-

uent from glycerophospholipid substrates to yield a free fatty
acid and a 2-lysophospholipid. The Group VIA PLA2 (iPLA2�)
has a molecular mass of 84–88 kDa and does not require Ca2�

for catalytic activity (1–3). Various splice variants of iPLA2� are
expressed at high levels in testis (3), brain (4), pancreatic islet
�-cells (5), vascularmyocytes (6), and a variety of other cells and
tissues. It has been reported that iPLA2� participates in physi-
ological processes that include phospholipid remodeling (7, 8),
signaling in secretion (9, 10), apoptosis (11, 12), vasomotor reg-
ulation (6, 13, 14), transcriptional regulation (15–17), and eico-
sanoid generation (18, 19), among others.
The amino acid sequence of iPLA2� contains an ankyrin

repeat domain with eight strings of a repetitive motif of about
33 amino acid residues (1–3, 20). Ankyrin repeats link integral
membrane proteins to the cytoskeleton and mediate protein-
protein interactions in signaling in other proteins (21). Ankyrin
binds to inositol trisphosphate receptors (22) and associates
with skeletal muscle postsynaptic membranes and sarcoplas-
mic reticulum (23). This raises the possibility that interactions
with other proteins could regulate iPLA2� activation and/or
subcellular distribution, and iPLA2� associationwithCa2�/cal-
modulin-dependent protein kinase II� (CaMK2) has been
demonstrated to affect the activity of both enzymes (24).
To determine whether other proteins also interact with

iPLA2� and to explore their role(s) in its regulation, we have
expressed an iPLA2�-FLAG fusion protein in rat INS-1 insulin-
oma cells and used affinity capture, trypsinolysis, and LC/
MS/MS with database searching to identify any associated pro-
teins. A total of 37 such proteins were identified, which included
several associated with mitochondria or endoplasmic reticulum
(ER). Among them is the ER chaperone calnexin, and its asso-
ciation with iPLA2� increases upon induction of ER stress.

EXPERIMENTAL PROCEDURES

Cell Culture—INS-1 (rat insulinoma cell line) cells were cul-
tured as described (25, 26) in RPMI 1640mediumcontaining 11
mM glucose, 10% fetal calf serum, 10 mM Hepes buffer, 2 mM

glutamine, 1 mM sodium pyruvate, 50 mM �-mercaptoethanol,
100 units/ml penicillin, and 100 �g/ml streptomycin. Cells of
the 293TNproducer line (SBI,MountainView, CA)weremain-
tained in Dulbecco’s modified Eagle’s medium (4.5 mg/ml glu-
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cose) containing 10% fetal bovine serum, L-Gln (4 mM), 100
units/ml penicillin, and 100 �g/ml streptomycin.
Preparation of Recombinant Lentivirus Containing cDNA

Encoding Rat Pancreatic Islet iPLA2� or Mouse Calnexin—A
lentiviral system (LV500A-1, SBI) was used to stably transfect
INS-1 cells with FLAG-tagged iPLA2� (C-terminal tag) and
His-tagged calnexin (C-terminal tag) cDNA in order to achieve
overexpression of these fusion proteins. Primers used to sub-
clone FLAG-iPLA2� included the 5� primer (5�-GAT-CGA-
ATT-CGC-CAC-CAT-GCA-GTT-CTT-TGG-ACG-CC-3�)
and the 3� primer (5�-AGC-TGC-GGC-CGC-TCA-GAT-
TAC-AAG-GAT-GAC-GAC-GAT-AAG-GGG-AGA-TAG-
CAG-CAG-CT-3�). Primers used to subclone His-tagged-caln-
exin included the 5� primer (5�-GAT-CGA-ATT-CGC-CAC-
C-ATG-GAA-GGG-AAG-TGG-TTA-CTG-T-3�) and the 3�
primer (5�-AGC-TGC-GGC-CGC-TCA-CTT-ATC-GTC-
GTC-ATC-CTT-GTA-ATC-CTC-TCT-TCG-TGG-CTT-
TCT-3�). The constructs containing C-terminal FLAG-iPLA2�
or C-terminal His-calnexin cDNA were transfected into Lenti-XTM

293T cells with packaging plasmids according to the manufac-
turer’s instructions (SBI). Infectious virus particles released
into the culture medium were collected and used to infect
INS-1 cells.
Infection of INS-1 Cells with Recombinant Retrovirus and

Selection of Stably Transfected Cells That Overexpress FLAG-
iPLA2� or His-Calnexin—INS-1 cells were plated on 100-mm
Petri dishes at a density of 3–5� 105 cells/plate 12–18 h before
infection. Freshly collected, lentivirus-containing medium was
passed through a 0.45-�m filter and added to INS-1 cell mono-
layers. Polybrene (final concentration 4 �g/ml) was added to
the culturemedium, and themediumwas replaced after 24 h of
incubation. To select stably transfected cells that expressed
high levels of iPLA2� fusion protein, lentivirus-infected cells
were cultured with G418 (0.4 mg/ml) for 1–2 weeks. After
G418-resistant colonies were identified and isolated, they were
cultured continuously in INS-1 medium that contained G418
(40 �g/ml).
Affinity Purification andMass Spectrometric Analysis of Pro-

teins Associated with FLAG-iPLA2�—Stably transfected INS-1
cells that overexpress FLAG-iPLA2� (overexpressing (OE)
cells) and INS-1 cells transfected with vector only (VO) cells
were cultured in INS-1medium until they were about 80% con-
fluent. Two T flasks (225 cm2) of OE or VO cells were used in
subsequent experiments. Cells were lysed in buffer (4 ml, 2%
CHAPS in TBS) that contained protease and phosphatase
inhibitors (Sigma) with vortex mixing (30 min on ice), and cell
debris was sedimented by centrifugation (4 °C, 15,000 � g, 10
min). Protein concentrations in the supernatants were meas-
ured with Coomassie Brilliant Blue reagent according to the
manufacturer’s instructions (Thermo Scientific, Rockford, IL).
A suspension (1 ml) of FLAG affinity beads was regenerated
with 0.1 M glycine-HCl (pH 3.5) and washed with TBS buffer
according to themanufacturer’s instructions (Sigma). Equal ali-
quots (0.5 ml) of bead suspensions were placed in each of two
columns (15ml), and lysates (3.4mg of protein) fromOE or VO
cells were loaded onto separate columns, which were then
capped at both ends and rotated (4 °C, 6 h). The columns were
then washed with TBS (10–20 volumes, twice), after which

adsorbed proteins were displaced with 0.1 M glycine-HCl (pH
3.5). The eluatesweremixedwith 5� SDS-PAGE loading buffer
and boiled (5 min). Samples were then analyzed by SDS-PAGE
(10 � 15 cm gel), and proteins were visualized with SYPRO
Ruby (Bio-Rad) stain. Gel lanes were cut into 10 sections, and
in-gel trypsin digestion was performed before analysis by
LC/MS/MS.
Mass spectrometric analyses were performed on a Thermo

LTQ-FT (Thermo Fisher, San Jose, CA) instrument. Samples
were loaded with an Eksigent autosampler onto a 15-cmMagic
C18 column (5-�m particles, 300-Å pores, Michrom Biore-
sources, Auburn, CA) packed into a PicoFrit tip (New Objec-
tive, Woburn, MA), and analyzed on a nano-LC-1D HPLC.
Analytical gradients were from 0 to 50% organic phase (98%
acetonitrile, 0.1% formic acid in water, Sigma-Aldrich) over 60
min. Aqueous phase compositionwas 2% acetonitrile, 0.1% for-
mic acid in water (Sigma-Aldrich). Eluant was routed into a
PV-550 nanospray ion source (New Objective, Woburn, MA).
Chromatographic peaks were typically about 15 s wide (FWHM).
The LTQ-FTwas operated in a data-dependentmodewith pre-
view scanning over the range m/z 400–2000. MS2 scans were
performed in the LTQ. The FTMS AGC target was set to 1E06,
and the MS2 AGC target was 2E04 with maximum injection
times of 1000 and 500 ms, respectively. The first scan was a full
Fourier transform mass spectrum (RP � 100,000 andm/z 421)
and could trigger up to nineMS2 scans using parent ions selected
from theMS1 scan.Dynamic exclusionwas enabled for 30 swith a
repeat countof three andexpirationafter 40 s. For tandemMS, the
LTQ isolation width was 1.8 Da, the normalized collision energy
was 35%, and the activation time was 30 ms. Raw data were sub-
mitted through the Mascot daemon client program to Mascot
Server 2.0 and searched against the NCBInr database.
Affinity Purification for Western Blotting Analyses—Stably

transfected INS-1 cells overexpressing FLAG-iPLA2� or His-
calnexin or INS-1 cells transfected with VO were cultured in
INS-1mediumuntil 80% confluent. Cells were lysed in buffer (4
ml, TBS with 2% CHAPS) that contained protease and phos-
phatase inhibitors (Sigma), and cell debris was sedimented by
centrifugation, as described above. Protein concentrations in
supernatantsweremeasuredwithCoomassie Brilliant Blue rea-
gent. To prepare suspensions of FLAG affinity beads (40 �l) for
capture of FLAG-iPLA2� or of cobalt beads for capture of His-
calnexin, the beads were washed twice with TBS buffer (0.5 ml,
ice-cold) and then resuspended (TBS, 110 �l, ice-cold). Ali-
quots of INS-1 FLAG-iPLA2� OE cell lysates adjusted to con-
tain equal amounts of protein were placed in each of two cen-
trifuge tubes (2ml), and anti-FLAG-bead suspension (5 �l) was
added to each of the tubes, which were then rotated (4 °C, 2–4
h). The beads were then washed extensively with ice-cold TBS,
and iPLA2� and any associated proteins were subsequently dis-
placed from the beads by incubating with FLAG peptide (200
�l, 500 ng/�l) in TBS (30 min, on ice, with shaking). The INS-1
His-calnexin OE cell lysates were processed similarly, except
that cobalt affinity beads were used; the lysate was diluted
5-fold to reduce the CHAPS concentration; 15-ml rather than
2-ml centrifuge tubes were used; and cobalt affinity beads were
boiled in 2� SDS-PAGE loading buffer (100 �l). Samples were
then analyzed by 10% SDS-PAGE, and separated proteins
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were transferred onto PVDF membranes (Bio-Rad) that were
then probed with antibodies.
Protein Glycosylation Detection—FLAG-tagged iPLA2� was

purified with FLAG affinity resin (Sigma) and analyzed by 10%
SDS-PAGE, and the glycosylation state of iPLA2� was exam-
inedwith a glycoprotein detection kit (P0300, Sigma) according
to the manufacturer’s instructions.
Protein Dephosphorylation with �-Protein Phosphatase or

Protein Phosphatase-1—INS-1 cells that overexpressed His-
calnexin were treated with thapsigargin (16 h). Cells were then
lysed, and His-calnexin was captured on a cobalt affinity col-
umn and eluted along with any associated proteins. The eluant
was incubated either with �-protein phosphatase (NEB 0753S)
or with Protein Phosphatase 1 (NEB 0754S) (New England Bio-
labs) according to the manufacturer’s protocols.
Phosphopeptide Isolation with Immobilized Metal Affinity

Columns—Phosphopeptide enrichment was achieved by capture
on TiO2 microtip columns by methods described previously (27).
Briefly, TiO2 beads (1–2 mg) were loaded into a 10-�l barrier tip,
and the protein digest was applied to the resultant TiO2 tip col-
umn by attaching the column to the female luer extension on a
vacuummanifold. Columns were then washed (50 �l, 70% ace-
tonitrile and 2% formic acid in water, twice), and captured
phosphopeptides were eluted with 2% ammonium hydroxide
(30 �l). After pH adjustment with formic acid (0.5 �l), phos-
phopeptides in the eluant (10 �l) were analyzed by LC/MS/MS
(Eksigent 2D Plus LC (Dublin, CA) and ThermoElectron LTQ
MS (Waltham, MA)), and potential phosphopeptides were
identified by Mascot database searching.
Phospholipase A2 Enzymatic Activity—Ca2�-independent PLA2

enzymatic activity was assayed (30�g of protein) in the absence
and presence of ATP (10 mM) or BEL (10 �M) by ethanolic
injection (5 �l) of the substrate 1-palmitoyl-2-[14C]linoleoyl-
sn-glycero-3-phosphocholine (5 �M) in assay buffer (40 mM

Tris, pH 7.5, 5 mM EGTA) by monitoring release of [14C]li-
noleate, as described previously (28).
Isolation of Pancreatic Islets fromMice—As described previ-

ously (30), islets were isolated from pancreata ofWTC57BL/6J
and RIP-iPLA2�-transgenicmice by collagenase digestion after
mincing, followed by Ficoll step density gradient separation
and manual selection under stereomicroscopic visualization
to exclude contaminating tissues. Mouse islets were counted
and used for [3H]arachidonic acid incorporation and release
and for co-immunoprecipitation experiments.
Incorporation into and Release of [3H]Arachidonic Acid from

INS-1 Cells and Isolated Islets—These experiments were
performed essentially as described elsewhere (29) with modifi-
cations. INS-1 cells were prelabeled by incubation (5 � 105
cells/well, 20 h, 37 °C) with [3H]arachidonic acid (final concen-
tration 0.5 �Ci/ml, 5 nM). To remove unincorporated radiola-
bel, the cells were incubated (1 h) in serum-free medium and
thenwashed three timeswith glucose-free RPMI 1640medium.
[3H]Arachidonate incorporation into phospholipid extracts
was then determined by TLC and liquid scintillation spectrom-
etry (25). Labeled cells were incubated in RPMI 1640 medium
(0.5% BSA, 37 °C, 20 min) containing various additives (e.g. 10
�M BEL or DMSO vehicle). After removing that medium, cells
were placed in RPMI 1640 medium with 0.5% BSA that con-

tained various additives (e.g. 1 �M thapsigargin or vehicle) and
incubated for various intervals at 37 °C. At the end of the incu-
bation interval, cells were collected by centrifugation (500 � g,
5min), and the 3H content of the supernatant was measured by
liquid scintillation spectrometry, as described elsewhere (28).
The amounts of released 3H were expressed as a percentage of
incorporated 3H and normalized to the value of the appropriate
control condition.
Similar experiments were performed with islets (�1,200)

isolated from 12WTC57BL/6J mice that were incubated (12 h,
37 °C) in CMRL complete medium and then placed in fresh
medium containing [3H]arachidonic acid (1 �Ci) and in-
cubated (20 h, 37 °C). The islets were washed three times
with CMRL medium with 0.5% BSA to remove unincorpo-
rated radiolabel and divided into 12 aliquots, each of which
was placed in a round bottom cryogenic vial (2-ml capacity)
containing CMRLmedium with 0.5% BSA (200 �l). Either BEL
(final concentration 10 �M) or ethanol vehicle alone was then
added, and incubation was continued (15 min, 37 °C). The
medium was then removed, and the islets were washed three
times with CMRL medium containing 0.5% BSA (200 �l). The
islets were then placed in experimental medium (200 �l) con-
taining either A23187 (10 �M) plus EGTA (0.5 mM) or DMSO
vehicle alone and incubated (30 min, 37 °C). The medium was

FIGURE 1. Expression of FLAG-iPLA2� in INS-1 cells, followed by affinity
capture, desorption, and SDS-PAGE analysis. INS-1 cells were stably trans-
fected with lentivirus vector only (lanes 1 and 3) or with vector containing
cDNA encoding FLAG-iPLA2� (lanes 2 and 4) with the tag at the C terminus as
described under “Experimental Procedures.” After incubation, cells were
lysed, and the lysates were incubated with FLAG affinity resin and washed.
Adsorbed proteins were then eluted and analyzed by 10% SDS-PAGE. Protein
bands in lanes 1 and 2 were visualized with SYPRO Ruby stain. Lanes 3 and 4
represent immunoblots probed with antibody directed against iPLA2�.
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then removed, and its 3H content was determined by liquid
scintillation spectrometry. Islet pellets were lysed in buffer (200
�l, 50 mM Tris-HCl with 1% Triton X-100), and the 3H content
of an extract was determined.
Immunoprecipitation Experiments with Isolated Islets—Iso-

lated islets were lysed in immunoprecipitation buffer (1 ml, 150
mM NaCl, 50 mM Tris-HCl, 1 mM sodium vanadate, 0.5 mM

sodium fluoride, and inhibitors of proteases and phosphatases) by
vortexmixing (on ice, 30min). Lysateswere centrifuged (10,000�
g, 4 °C, 10 min) to remove particulate debris. Supernatants were
then precleared with washed protein A-agarose (60 �l) and were
then divided into two aliquots. One was incubated (overnight,
4 °C, with agitation) with the immunoprecipitating antibody
(1:20–50; 20 �l in 500 �l of lysate). Washed protein A-agarose
beads (70–100 �l) were then added to each sample, and the mix-
ture was incubated (4 °C, rotary agitation, 4 h). The agarose beads

were collectedby centrifugation (microcentrifuge, 14,000� g, 5 s),
and the supernatant was removed. The collected beads were
washed three times (ice-cold PBS) and then boiled (95–100 °C, 5
min) to detach any associated proteins, which were then analyzed
by SDS-PAGE, transferred to PVDFmembranes, andprobedwith
antibodies directed against either iPLA2� or calnexin inWestern
blotting experiments.
Statistical Methods—Results are presented as mean � S.E.

Data were evaluated by unpaired, two-tailed Student’s t test or
by analysis of variance with appropriate post hoc tests (29). Sig-
nificance levels are described in the figure legends.

RESULTS

Identification of iPLA2�-interacting Proteins in Stably Trans-
fected INS-1 Cells That Overexpress FLAG-iPLA2�—Our ap-
proach to examining the iPLA2� interactome involved OE

FIGURE 2. Tandem mass spectra of tryptic peptides from calcium/calmodulin-dependent protein kinase II� (A) and from calnexin (B) observed in
LC/MS/MS analyses of digests of FLAG-iPLA2� and interacting proteins from INS-1 cells. FLAG-iPLA2� and interacting proteins were generated, isolated,
digested, and analyzed by LC/MS/MS as in Fig. 1. The tandem spectrum of one of four observed tryptic peptides from the sequence of calcium/calmodulin-
dependent protein kinase II� is illustrated in A, and the tandem spectrum of one of three observed tryptic peptides from calnexin is illustrated in B.

TABLE 1
Summary of iPLA2�-interacting proteins identified by mass spectrometry in stably transfected INS-1 cells that overexpress FLAG-iPLA2�
Proteins shown were observed in each of three separate experiments.

Accession number Description Gene name Peptide
hits

Proteins involved in cell trafficking
gi:37590229 Solute carrier family 25, member 5 slc25a5 6
gi:57303 Sarcoplasmic reticulum Ca2�-ATPase atp2a2 5
gi:358959 Na/K-ATPase �1 atp1a1 4
gi:13592037 RAB3B, member RAS oncogene family rab3b 4
gi:39645769 ATP synthase, H� transporting, mitochondrial F0 complex, subunit b,

isoform 1
atp5f1 4

gi:829018 Cytochrome c oxidase subunit II coxll 2
gi:20806141 Solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 3 slc25a3 4
gi:1580888 2-Oxoglutarate carrier protein (Slc25a11) slc25a11 6

Proteins involved in apoptosis
gi:84370227 DnaJ (Hsp40) homolog, subfamily A, member 3 isoform 1 dnaja2 3
gi:1050930 Polyubiquitin ubc 2
gi:58865966 Tumor rejection antigen gp96 hsp90b1 5
gi:71051169 Stomatin (Epb7.2)-like 2 stoml2 2

Proteins involved in intermediary metabolism
gi:8392839 ATP citrate lyase acly 4
gi:1709948 Pyruvate carboxylase, mitochondrial precursor pc 2
gi:60688124 Hadha protein hadha 12
gi:206205 M2 pyruvate kinase pk 5
gi:54035427 Gpd2 protein gpd2 4
gi:1352624 Pyruvate dehydrogenase E1 component subunit �, mitochondrial precursor pdhb 2
gi:51260712 Isocitrate dehydrogenase 3 (NAD�) beta idh3b 2
gi:54035592 Prohibitin phb 10

Proteins involved in protein-protein interactions
gi:62659750 PREDICTED: similar to coatomer protein complex subunit � copa-predicted 13
gi:62647711 PREDICTED: similar to CCT�, � subunit of the chaperonin containing TCP-1 cct7 3
gi:38969850 Chaperonin containing TCP1, subunit 3 (�) cct3 2
gi:310085 Calnexin (ER chaperone, calcium binding) canx 3
gi:6981450 ATP-binding cassette, subfamily D (ALD), member 3 abcd3 2
gi:4557469 Adaptor-related protein complex 2, �1 subunit isoform b (membrane adaptor) ap2b1 3
gi:55622 �-Internexin alpha-1.6 3

Proteins involved in transcription or translation
gi:53734533 B-cell receptor-associated protein 37 phb2 4
gi:6016535 DNA replication licensing factor MCM6 mcm6 2
gi:8393296 Eukaryotic translation elongation factor 2 eef2 2
gi:50925575 Minichromosome maintenance protein 7 mcm7 3
gi:34870013 PREDICTED: minichromosome maintenance-deficient 4 homolog mcm4 3

Unclassified proteins
gi:225775 Calmodulin-dependent protein kinase II camk2b 4
gi:34856103 PREDICTED: similar to Nodal modulator 1 nomo1 4
gi:5811587 TIP120-family protein TIP120B, short form tip120b 2
gi:32451602 Protein kinase, cAMP dependent, catalytic, beta prkacb 2
gi:38014694 Valosin-containing protein vcp 6
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FLAG-iPLA2� in stably transfected INS-1 cells, capturing
FLAG-iPLA2� and any associated proteins on FLAG-anti-
body affinity resin, displacing the adsorbed proteins with
FLAG peptide, analyzing the eluates by SDS-PAGE, excising
the separated protein bands, performing in-gel tryptic diges-
tion, and then analyzing the digests by LC/MS/MSwith data-
base searching. INS-1 cells transfected with VO were used as
controls. Fig. 1 illustrates an SDS-PAGE analysis of proteins
in the affinity column eluate as visualized by SYPRO Ruby
staining (lanes 1 and 2). The major band at 84 kDa in lane 2
(Fig. 1, FLAG-iPLA2� OE) corresponds to iPLA2� itself, as
verified byWestern blotting with anti-iPLA2� antibody T-14
(Fig. 1, lane 4).
Data from LC/MS/MS analyses of tryptic digests of proteins

recovered from the FLAG-iPLA2� affinity capture experiments

were processed by Mascot software
and searched against the NCBInr
protein sequence database. To se-
lect proteins that interact specifi-
cally with iPLA2� and to eliminate
those that adsorb to the affinity
resin in a nonspecific manner, we
excluded proteins that were ob-
served in VO cell lysates.
Two of the iPLA2�-interacting

proteins identified in this way are
CaMK2 and calnexin, and MS/MS
scans that reveal the sequence of an
observed peptide from each of these
proteins are displayed in Fig. 2, A
and B, respectively. A total of four
CaMK2 tryptic peptides were ob-
served, including 302GAILTTM-
LATR312 (Fig. 2A), 461FYFENL-
LAK469, 136DLKPENLLLASK147, and
10FTDEYQLYEDIGK22 (supple-
mental Table 1). The interaction
between iPLA2� and CaMK2 was
expected because it has previously
been demonstrated by yeast two-
hybrid screening and immunopre-
cipitation experiments by our group
(24), although this is the first verifi-
cation of the interaction by MS
analyses. The iPLA2�-CaMK2 com-
plex exhibits increased PLA2 and
kinase activities in vitro compared
with the individual proteins, and
treating INS-1 cells with the ade-
nylyl cyclase activator forskolin
increases both the abundance of
the immunoprecipitatable complex
(24) and insulin secretion, suggest-
ing that the interaction is function-
ally important in beta cell signal
transduction.
Table 1 displays the complete

list of iPLA2�-interacting proteins
identified in this manner. Proteins are grouped according to
general function, and each is identified by its NCBInr protein
database accessionnumber, the corresponding protein descrip-
tion, and the name of the gene that encodes it. The number of
distinct tryptic peptides within its sequence that were observed
in the LC/MS/MS analyses is also specified. The peptides iden-
tified and their sequences are displayed in supplemental Table
1, which also specifies the deviation of observed and theoretical
molecular masses of the precursor peptides and the Mascot
score for each peptide. Protein species identified by a single
peptide are not included. A total of 37 iPLA2�-interacting pro-
teins were identified in this manner (Table 1 and Fig. 3) and
include proteins involved in apoptosis (four), transport (eight),
intermediary metabolism (eight), protein binding (seven), and
transcription or translation (five) (Fig. 3A).

FIGURE 3. Summary of iPLA2�-interacting proteins in INS-1 cells that overexpress FLAG-iPLA2� identi-
fied by affinity capture, SDS-PAGE, and LC/MS/MS. FLAG-iPLA2� and interacting proteins were generated in
INS-1 cells, affinity-captured, and analyzed by SDS-PAGE as in Fig. 1. Gels were sectioned, in situ tryptic diges-
tion was performed, and the digests were analyzed by LC/MS/MS with database searching as described under
“Experimental Procedures.” A, functional category; B, subcellular localization. The displayed results represent a
summary of three separate experiments.
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Mitochondrial and Endoplasmic Reticulum Proteins Interact
with iPLA2�—The subcellular localization of the identified
iPLA2�-interacting proteins is summarized in Fig. 3B, and
nearly half of them reside in mitochondria or the ER, which is
consistent with reports that a portion of cellular iPLA2� resides
in mitochondria (31) and that ER stress induces subcellular
redistribution of iPLA2� and increased mitochondrial associa-
tion (29, 32). Our studies have identified a total of 11mitochon-
drial proteins (Fig. 3B) in the iPLA2� interactome, of which six
are membrane proteins and five are matrix proteins. Entry into
the mitochondrial matrix would presumably require iPLA2� to
traverse mitochondrial membranes, and this process generally
requires a signal peptide in N-terminal segments of the protein
that can be recognized by specific receptors in the mitochon-
drial outer membrane (33). We have previously observed that
iPLA2� undergoes both N-terminal and C-terminal processing
and that its apparent subcellular distribution depends on
whether the tag used to localize it is attached to the N or C
terminus (12, 34, 35), suggesting that specific proteolytically
processed forms of iPLA2� might interact with mitochondria.

Our studies identify four ER proteins that interact with
iPLA2�, including the ER chaperone and Ca2�-binding protein
calnexin (Figs. 2B and 4A) and the sarco(endo)plasmic reticu-
lumATPase (SERCA) (Fig. 4B). The others are tumor rejection
antigen gp96 (GRP94) and valosin-containing protein (supple-
mental Table 1). The interaction of iPLA2� with each protein
was also confirmed immunochemically by performingWestern
blotting experiments with appropriate antibodies on eluates
from FLAG affinity columns onto which lysates from FLAG-
iPLA2�-overexpressing INS-1 cells had been loaded, as illus-
trated in Fig. 4 for calnexin (A) and SERCA (B). These proteins
were recovered from the FLAG affinity columns only with
lysates of FLAG-iPLA2�-overexpressing INS-1 cells and not
with those of INS-1 cells transfected with vector only (Fig. 4).
The Interaction between iPLA2� and Calnexin Is Regulated

by Thapsigargin-induced ER Stress—ER stress can induce
apoptosis in a wide variety of cells by processes that are incom-
pletely understood (36), and thapsigargin, which inhibits
SERCA, is often used to induce apoptosis via ER stress in INS-1
cells and other cells (12). The sensitivity of INS-1 cell lines to
thapsigargin-induced apoptosis increases with their iPLA2�
expression level, and thapsigargin treatment increases INS-1
cell iPLA2� activity and alters its subcellular distribution (9).
This indicates that ER events are communicated to iPLA2� and
may participate in its regulation, but the mechanism by which
this occurs is not known.
Among the four identified ER proteins that interact with

iPLA2�, the association with calnexin increased in a time-de-
pendentmanner upon induction of ER stress with thapsigargin,
as illustrated in Fig. 5, but the others did not. In these experi-
ments, stably transfected INS cells that overexpress FLAG-
iPLA2� were treated with thapsigargin for 0, 4, 12, or 16 h.
Lysates from the FLAG-iPLA2�-OE-INS1-cellswere then incu-
bated with FLAG affinity resin, and adsorbed proteins were
subsequently displaced with FLAG peptide. The eluate was
analyzed by SDS-PAGE, and the separated proteins were trans-
ferred onto PVDF membranes and probed with anti-calnexin
antibody and, after stripping, with anti-iPLA2� antibody.

Fig. 5 illustrates that the intensity of the calnexin-immuno-
reactive band that co-purified with iPLA2� increased progres-
sively between 4 and 12 h of thapsigargin treatment relative to
the vehicle control. The intensity of the calnexin band declined
at 16 h, and this probably reflects loss of cells from apoptosis,
which occurs over that time course under these conditions (32).
Fig. 5 also illustrates that the intensity of the iPLA2�-immuno-
reactive band in these experiments remains fairly constant,
which indicates that the variable intensity of the calnexin-im-
munoreactive signal in Fig. 5 reflects changes in the extent of
association of calnexin with iPLA2� rather than variable cap-
ture of the FLAG-iPLA2� complex.
Experiments Involving Expression of His-tagged Calnexin in

INS-1 Cells Followed by Affinity Capture with Cobalt Columns
and Immunoblotting Corroborate Thapsigargin-induced Asso-
ciation of iPLA2� and Calnexin—To examine further the inter-
action between calnexin and iPLA2�, INS-1 cells were infected
with lentivirus that contained cDNA encoding C-terminally
His-tagged calnexin in order to overexpress His-calnexin.
Lysates from these cells were then loaded onto cobalt affinity
columns to capture His-calnexin and any associated proteins,
and the columns were then washed to remove non-adsorbed

FIGURE 4. Immunochemical verification of the identities of iPLA2�-
interacting proteins identified by LC/MS/MS analyses. FLAG-iPLA2�
and interacting proteins were generated in INS-1 cells, affinity-captured,
and analyzed by SDS-PAGE as in Fig. 1. Immunoblotting was then per-
formed with antibodies directed against calnexin (A) or SERCA (B) as
described under “Experimental Procedures.” Displayed results are repre-
sentative of three separate experiments.

ER Stress Induces Association of iPLA2� and Calnexin

OCTOBER 29, 2010 • VOLUME 285 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 33849

http://www.jbc.org/cgi/content/full/M110.153197/DC1
http://www.jbc.org/cgi/content/full/M110.153197/DC1


proteins. Interaction of His-calnexin with cobalt ions in the
column resin was disrupted with 200 mM imidazole or by boil-
ing the beads with SDS-PAGE buffer. Aliquots from the load,
void, and eluant fractions that contained identical measured
amounts of protein were then analyzed by SDS-PAGE, and
blots from the gels were probed with anti-calnexin antibody, as
illustrated in Fig. 6A.
Reverse binding experiments were performed by incubat-

ing stably transfected INS-1 cells that overexpress His-caln-
exin with thapsigargin for various intervals. Cell lysates were
then incubated with cobalt affinity resin to capture His-cal-
nexin and any associated proteins, and adsorbed proteins were
then displaced and analyzed by SDS-PAGE and Western blot-
ting with antibodies directed against calnexin and iPLA2�. Fig.
6B illustrates that the intensity of the calnexin-immunoreactive
band in these experiments is fairly constant, which suggests
that there is little variability in the extent of capture of His-
calnexin by the cobalt affinity resin from experiment to exper-
iment.Western blots performedwith antibody directed against

iPLA2� revealed two immunoreactive bands with apparent
molecular masses of about 84 kDa and about 165 kDa, respec-
tively, and the intensities of the bands varied with thapsigargin
incubation time in amanner similar to calnexin in Fig. 5, which
suggests that thapsigargin-induced association of calnexin and
iPLA2� might involve a dimer or a post-translationally modi-
fied form of iPLA2� that migrates with a higher apparent
molecular weight.
The Interaction between iPLA2� and Calnexin Is Not Regu-

lated by Glycosylation—Calnexin is a chaperone molecule, and
its best recognized function is to retain unfolded or unas-
sembled N-linked glycoproteins in the endoplasmic reticulum
(37). Calnexin binds mainly monoglucosylated carbohydrates
on newly synthesized glycoproteins. If the glycoprotein is not
properly folded, the sequential actions of glucosidases I and II
trim two glucose residues from the misfolded glycoprotein to
form monoglucosylated oligosaccharides that bind calnexin
and result in ER retention of the misfolded protein (37). To
determine whether this lectin-binding mechanism is involved
in the association of iPLA2�with calnexin, the extent of iPLA2�
glycosylation was assessed by glycosylation-specific fluores-
cence staining. These experiments indicated that there is little
glycosylation of iPLA2� under control conditions and that no
significant change in that property occurs upon thapsigargin
treatment (not shown).
Additional evaluation of a possible lectin-binding mecha-

nism for the association of iPLA2� with calnexin was per-
formed with the glucosidase inhibitor castanospermine, which
blocks the actions of glucosidases I and II and prevents the

FIGURE 5. Induction of ER stress with thapsigargin increases the associa-
tion of calnexin with iPLA2� in INS-1 cells that overexpress FLAG-iPLA2�.
INS-1 cells stably transfected to overexpress FLAG-iPLA2� were incubated for
various intervals with 1 �M thapsigargin and then lysed. Lysates were pro-
cessed as in Fig. 1 to capture FLAG-iPLA2� and associated proteins, which
were then analyzed by SDS-PAGE. In A, immunoblotting was then performed
with antibodies directed against calnexin, and, after stripping and reprobing,
for iPLA2�. B represents a plot of the densitometric ratios for calnexin over
iPLA2� as a function of incubation time with thapsigargin. The displayed
results are representative of three separate experiments.

FIGURE 6. Induction of ER stress with thapsigargin increases the asso-
ciation of iPLA2� with calnexin in INS-1 cells that overexpress His-
calnexin. INS-1 cells were stably transfected to overexpress His-calnexin.
In A, cells were lysed and applied to cobalt affinity columns (LOAD, lane 1),
which were then washed (VOID, lane 2). His-calnexin and associated pro-
teins were then desorbed (ELUTE, lane 3) and analyzed by SDS-PAGE as in
Fig. 1. Immunoblotting was then performed with anti-calnexin antibody.
In B, INS-1 cells that overexpressed His-calnexin were incubated for vari-
ous intervals with thapsigargin, and lysates were then processed as in A.
Immunoblots were probed with anti iPLA2� antibody and then stripped and
reprobed with anti-calnexin antibody (inset in B). Displayed results are repre-
sentative of three separate experiments.

ER Stress Induces Association of iPLA2� and Calnexin

33850 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 44 • OCTOBER 29, 2010



generation of the lectin binding site recognized by calnexin.
This effect of castanospermine is illustrated in Fig. 7A. The
protein PMP-22 (peripheral myelin protein-22) is known to
associate with calnexin by the classical lectin-binding mech-
anism (38), and immunoreactive PMP-22 is readily demon-
strable by Western blotting of the eluates of cobalt affinity
columns to which lysates of INS-1 cells that overexpress His-
calnexin had been applied (Fig. 7A, lane 1). Themagnitude of
the immunoreactive PMP-22 signal was greatly reduced
when the cells were incubated with castanospermine (Fig.
7A, lane 2) because of the effect of the compound to prevent
generation of the lectin-bindingmotif recognized by calnexin.
In contrast, the thapsigargin-induced association of calnexin
and iPLA2� was unaffected by castanospermine (Fig. 7B), sug-

gesting that this interaction does not involve a classical lectin-
binding mechanism.
Ca2� Depletion and ATP Enhance the Association of iPLA2�

and Calnexin—ATP and Ca2� are cofactors involved in bind-
ing of protein oligosaccharide moieties to calnexin (39). Both
ATP and Ca2� induce conformational changes in the ER lumi-
nal domain of calnexin and enhance its binding of oligosaccha-
ride substrates (39). In contrast, Ca2� tends to disrupt calnexin
binding to proteins via polypeptide sequence motifs, although
ATP does promote such binding by affecting calnexin confor-
mation (40). Fig. 8 illustrates that the association of calnexin
and iPLA2� is affected by the concentrations of Ca2� and ATP
in the buffer in which thapsigargin-treated INS-1 cells that
express FLAG-iPLA2� are lysed before affinity capture.

As reflected by the magnitude of the immunoreactive cal-
nexin signal uponWestern blotting of eluates fromFLAGaffin-
ity columns, adding 3 mM EDTA to the lysis buffer to chelate
free Ca2� increases the association of calnexin and iPLA2� (Fig.
8A, lanes 1 and 2), as does adding 1 mM ATP without EGTA
(Fig. 9A, lane 3). The magnitude of the iPLA2�-immunoreac-
tive signal was relatively constant under these conditions (Fig.
8B), suggesting that calnexin signal intensity is governed by the
degree of calnexin-iPLA2� association in these experiments
rather than by variations in the amount of iPLA2� captured by
the affinity column. The findings in Figs. 7 and 8 thus suggest
that calnexin does not interact with iPLA2� via oligosaccharide
binding but may do so via a polypeptide domain, as do some
other proteins (41).
Phosphorylation of an iPLA2� Tyrosine Residue—Phosphor-

ylation is a post-translational modification that can cause a
PLA2 enzyme tomigrate with a higher than expectedmolecular
mass on SDS-PAGE (42, 43). This suggests the possibility that
the high molecular weight iPLA2�-immunoreactive band in

FIGURE 7. The glucosidase inhibitor castanospermine disrupts associa-
tion of calnexin with PMP-22 but not with iPLA2� in thapsigargin-
treated INS-1 cells that express His-calnexin. INS-1 cells were stably trans-
fected to overexpress His-calnexin. In A, cells were incubated with vehicle
(DMSO; Con) or with castanospermine (1 mM; CAS) and then incubated with
thapsigargin and processed as in Fig. 6. Immunoblots from SDS-PAGE analy-
ses were probed with antibody directed against PMP-22. The two leftmost
lanes reflect Western blots of SDS-PAGE analyses of the immunoprecipitate
obtained with the anti-calnexin antibody (CNX IP). The two rightmost lanes are
loading controls on which no immunoprecipitation was performed before
SDS-PAGE and Western blotting with the antibody against PMP-22. In
B, experiments were performed in a similar manner, except that immunoblots
were probed with antibody directed against iPLA2� and then stripped and
reprobed with antibody directed against calnexin. Densitometric ratios of
signals contained with the two antibodies were computed and plotted in the
histogram in the lower portion of B. Displayed results are representative of
three separate experiments. TG, thapsigargin.

FIGURE 8. Influence of ATP and chelation of Ca2� with EGTA on associa-
tion of calnexin and iPLA2�. INS-1 cells stably transfected to overexpress
FLAG-iPLA2� were incubated for various intervals with 1 �M thapsigargin and
then lysed as in Fig. 5, and lysates were then incubated with no additions
(lanes 1 in A and B), with 5 mM EGTA (lanes 2 in A and B), or with 1 mM ATP (lanes
3 in A and B). The lysates were then processed as in Fig. 5 to capture FLAG-
iPLA2� and associated proteins, which were then analyzed by SDS-PAGE.
Immunoblotting was then performed with antibodies directed against cal-
nexin (A), and blots were then stripped and reprobed with antibodies
directed against iPLA2� (B). Displayed results are representative of three sep-
arate experiments.
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FIGURE 9. Identification of a phosphotyrosine residue in iPLA2� after thapsigargin treatment of His-calnexin-INS1 cells. INS-1 cells were stably trans-
fected to overexpress His-calnexin and incubated with thapsigargin or vehicle as in Fig. 6. The cells were then lysed, and the lysates were passed over cobalt
affinity columns to capture and then elute His-calnexin and associated proteins, including iPLA2�. Eluates were processed by SDS-PAGE and tryptic digestion,
and digests were analyzed by LC/MS/MS, as in Fig. 3. A, tandem spectrum of a tryptic peptide (595FLDGGLLANNPTLDAMTEIHEYNQDMIR62) from the iPLA2�
sequence in which Tyr616 is phosphorylated that was obtained from materials in a thapsigargin-treated cell lysate. B, reconstructed ion chromatogram for the
[M � 3H]3� ion (m/z 1091–1092) of that peptide from LC/MS analyses of tryptic digests. Solid line, thapsigargin-treated cells; dashed line, vehicle-treated cells.
C, immunoblots from SDS-PAGE analyses of cobalt column eluates obtained from thapsigargin-treated cells. The eluates in lanes 1 and 3 (CONTROL) were not
treated with phosphatase. The eluates in lanes 2 and 4 were treated with �-protein phosphatase (�-PPase) and protein phosphatase-1 (PP-1), respectively,
before SDS-PAGE analyses. The blots were probed with antibody directed against iPLA2�. Displayed results are representative of three separate experiments.
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Fig. 6B could represent a phosphorylated isoform. To examine
this possibility, His-calnexin and associated proteins in eluates
from cobalt affinity columns to which His-calnexin-expressing
INS-1 cell lysates had been applied were digested with trypsin,
and the digests were loaded onto TiO2 tip columns to capture
phosphopeptides. Eluates from these columns were then ana-
lyzed by LC/MS/MS, and acquired spectra were submitted to a
Mascot server (Matrix Science Inc., Boston, MA) to identify
potential phosphorylated peptides via database searching.
Fig. 9A is the tandem spectrum of the iPLA2� tryptic peptide

595FLDGGLLANNPTLDAMTEIHEY(PO4)NQDMIR622 from
a thapsigargin-treated His-calnexin-expressing INS-1 cell
lysate subjected to collision-induced dissociation on an LTQ
mass spectrometer. The spectrum indicates that Tyr616 within
this peptide is phosphorylated, and this phosphopeptide was
not observed in eluates from vehicle-treated cells, as illustrated
in Fig. 9B, which is the reconstituted total ion chromatogram
for m/z 1091–1092. That is the m/z value of the [M � 3H]3�

ion of the identified iPLA2� phosphopeptide (595F-(PO4-Y616)-
R622), and it is observed as a dominant peak at 43.8 min reten-
tion time for the eluate from thapsigargin-treated cells (solid
line), although no such peak is observed in the eluate from vehi-
cle-treated control cells (dashed line).
To determine whether the high molecular weight iPLA2�-

immunoreactive band observed in Fig. 6B might represent a
phosphorylated form of iPLA2�, a similar set of samples was
generated, and effects of protein phosphatase enzymes on their
electrophoretic mobilities were examined. In these experi-
ments, His-calnexin-expressing INS-1 cells were treated with
thapsigargin and lysed, and the lysates were applied to cobalt
affinity columns, which were then washed to remove non-ad-
sorbed proteins. Calnexin and associated proteins were then
eluted from the columns, and the eluates were divided into
aliquots that were orwere not treatedwith protein phosphatase
enzymes before SDS-PAGE analysis and immunoblotting with
iPLA2� antibody. Enzymes examined included �-protein phos-
phatase (which hydrolyzes phosphotyrosine, -serine, or -threo-
nine residues) and protein phosphatase-1 (which hydrolyzes
phosphoserine or -threonine but not phosphotyrosine resi-
dues). Fig. 9C illustrates that control samples not treated with a
protein phosphatase exhibited both 84 and 165 kDa iPLA2�-
immunoreactive bands upon SDS-PAGE analysis (Fig. 9C,
lanes 1 and 3). Treating the samples with �-protein phospha-
tase completely eliminated the higher molecular weight band
(lane 2), whereas treating with protein phosphatase-1 left a
residual highmolecularweight bandwith an intensity similar to
that of untreated samples. These results suggest that the higher
molecular weight iPLA2�-immunoreactive band is a phosphor-
ylated form of iPLA2� and that it contains a phosphotyrosine
residue.
Calnexin Stimulates iPLA2�Enzymatic Activity inVitro—To

assess the potential functional significance of the iPLA2�-cal-
nexin interaction, the influence of calnexin on the enzymatic
activity of iPLA2� in vitro was determined (Fig. 10). Stably
transfected INS-1 cell lines that overexpressHis-tagged iPLA2�
or His-tagged calnexin were prepared with lentivirus vectors,
and iPLA2� and calnexin (CNX) were then purified separately
after cell lysis by adsorption to immobilized metal affinity col-

umn resin and desorption with imidazole. iPLA2� activity was
then determined in EGTA-containing buffer by measuring the
release of [14C]linoleic acid from the phospholipid substrate
1-palmitoyl-2-[14C]linoleoyl-sn-glycero-3-phosphocholine,
and values were normalized to that observed with the iPLA2�
preparationwithout other additives. As expected, the activity of
the iPLA2� preparation was stimulated by ATP and inhibited
by the suicide substrate BEL (Fig. 10, second, third, and fourth
bars), as previously reported (3, 10, 25, 26), and the calnexin
preparation itself exhibited little iPLA2� activity (Fig. 10, first
bar). The addition of calnexin to iPLA2� in the absence or pres-
ence of ATP significantly increased iPLA2� activity over that
observed without calnexin, and the activity retained BEL sensi-
tivity (Fig. 10, fifth, sixth, and seventh bars).
Calnexin Overexpression Augments iPLA2�-catalyzed Re-

lease of [3H]Arachidonic Acid from INS-1 Cells Induced by ER
Stress—INS-1 cells that had been stably transfected with lenti-
virus vector to overexpress calnexin (CNX-OE) or control cells
that had been treated with empty vector (VECTOR) were pre-
labeled with [3H]arachidonic acid and incubated with thapsi-
gargin to induce ER stress (Fig. 11). The CNX-overexpressing
cells exhibited significantly greater hydrolysis of [3H]arachi-
donic acid from membrane phospholipids and its release into
the medium than did the vector control cells after treatment
with thapsigargin, and thapsigargin-induced [3H]arachidonic
acid release from theCNX-overexpressing cells was suppressed
by the iPLA2� inhibitor BEL (Fig. 11), indicating that calnexin
overexpression augmented ER stress-induced, iPLA2�-cata-
lyzed release of [3H]arachidonic acid from INS-1 cells.

FIGURE 10. Effects of calnexin on Group VIB phospholipase A2 (iPLA2�)
activity. The source of iPLA2� was the imidazole eluate from cobalt immobi-
lized metal affinity columns onto which lysates of INS-1 cells that overexpress
His-tagged iPLA2� had been applied. Calnexin (CNX) was prepared in a similar
manner with INS-1 cells that overexpress His-calnexin. ATP (10 mM) and/or
BEL (1 �M) were included in the incubation medium where indicated. Incuba-
tions were performed for 30 min at 37 °C, and PLA2 activity was measured as
described under “Experimental Procedures.” Mean values are displayed, and
S.E. values are indicated (error bars) (n � 6). *, significantly (p � 0.05) higher
value for the condition in question and the “iPLA2�” condition, in which only
iPLA2� and substrate and no calnexin, ATP, or BEL were added to the incuba-
tion medium. X denotes a significantly lower value for the condition in ques-
tion and the “iPLA2�” condition. A plus sign denotes a significant difference
for the values of the parameter of interest with and without calnexin. The p
value for the difference between the conditions “iPLA2�” and “iPLA2� � CNX”
is 0.0027, and that between “iPLA2� � ATP” and “iPLA2� � ATP” is 0.026.
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ER Stress Induced by Incubation with Ionophore A2317 and
EGTAStimulates iPLA2�-catalyzed Release of [3H]Arachidonic
Acid from Isolated Pancreatic Islets and Induces Association of
Calnexin and iPLA2� within Islets—To determine whether
these phenomena are relevant to native pancreatic islets, we
isolated islets from mice and prelabeled them with [3H]arachi-
donic acid and incubated them with ionophore A23187 and
EGTA to induce ER stress. This results in ER Ca2� store deple-
tion without inhibiting SERCA and represents an alternate
means to induce ER stress that is effective in many cells (6, 49)
(Fig. 11). When incubated with ionophore A23187 and EGTA,
the isolated pancreatic islets exhibited significantly greater
hydrolysis of [3H]arachidonic acid from membrane phospho-
lipids and its release into the medium than did islets incubated
in Ca2�-replete medium in the absence of ionophore, and this
ER stress-induced [3H]arachidonic acid release from the islets
was suppressed by the iPLA2� inhibitor BEL (Fig. 12).
Moreover, when islets were subjected to ER stress and lysed,

the lysate was subjected to immunoprecipitation with an anti-
iPLA2� antibody, and the immunoprecipitate was analyzed by
SDS-PAGE, a calnexin-immunoreactive band was visualized
upon Western blotting (Fig. 13). This indicates that ER stress
induces association of iPLA2� with calnexin in native islets at
endogenous expression levels in a manner similar to that

observed with INS-1 cells in which
one of the interacting partners is
overexpressed. This interaction of
iPLA2� and calnexin in native islets
subjected to ER stress was con-
firmed in similar experiments in
which immunoprecipitation was
performed with anti-calnexin anti-
body and the immunoprecipitate
was analyzed by SDS-PAGE fol-
lowed by Western blotting with an
antibody against iPLA2� (Fig. 13B).

DISCUSSION

Depletion of ER Ca2� stores with
thapsigargin or other SERCA inhib-
itors or by other means has long
been known to result in the activa-
tion of iPLA2� in a variety of cells,
including insulin-secreting �-cells
(12, 31, 32, 35. 44–48), vascular
myocytes (6, 49), and macrophages
(29), and this is associated with sub-
cellular redistribution of iPLA2�
from ER to mitochondria (29, 35,
45–48), mitochondrial phospho-
lipid hydrolysis (29, 31, 48), cyto-
chrome c release (29), and apoptosis
(12, 29, 32, 35, 45–47). How the fill-
ing state of ER Ca2� stores is com-
municated to iPLA2� and how this
results in iPLA2� activation have
not been clearly established.
The findings here raise the possi-

bility that the ER-resident protein calnexin could be affected by
ER Ca2� content, which might, for example, influence the con-
formation of the protein in such away as to promote association
with and thereby activate iPLA2�, possibly in concert with
phosphorylation. Thapsigargin activates protein kinase cas-
cades that include the Src tyrosine kinase (50) in cultured cells,
and induction of ER stress promotes association of a phosphor-
ylated form of Group IVA PLA2 (cPLA2�) with ERmembranes
and its colocalization with calnexin (51). This is associated with
cPLA2� activation,membrane phospholipid hydrolysis, arachi-
donic acid release, enhancement of the unfolded protein
response, and apoptosis (51). These observations suggest that
activation of intracellular PLA2 enzymesmight be important in
the evolution of the unfolded protein response and apoptosis
induced by ER stress, and iPLA2� appears to be a major regu-
lator of mitochondrial content of cardiolipin (52), a phospho-
lipid that associates with cytochrome c and is important for its
mitochondrial retention (53).
It is now recognized that ER andmitochondria interact phys-

ically at the “mitochondria-associated ER membrane” (MAM),
which plays important roles in non-vesicular transport of phos-
pholipids, transmission of Ca2� from ER to mitochondria, and
control of apoptosis, and molecular chaperones, including cal-
nexin, regulate the association of the two organelles (54). Under

FIGURE 11. Effects of calnexin Overexpression on ER stress-induced release of [3H]arachidonic acid from
prelabeled cells. INS-1 cells that had been stably transfected with a lentivirus vector construct that caused
them to overexpress His-calnexin (CNX-OE; dark bars) and cells transfected with empty vector only (VECTOR,
light bars) were prelabeled by incubation (5 � 105 cells/well, 20 h, 37 °C) with [3H]arachidonic acid (final
concentration 0.5 �Ci/ml and 5 nM). To remove unincorporated radiolabel, the cells were incubated (1 h) in
serum-free medium and then washed three times with glucose-free RPMI 1640 medium. Labeled cells were
incubated in RPMI 1640 medium (0.5% BSA, 37 °C, 20 min) containing BEL (10 �M) or DMSO vehicle. After
removal of that medium, the cells were placed in RPMI 1640 medium with 0.5% BSA that contained thapsigar-
gin (THAPS; 1 �M) or vehicle (CONTROL or CON) and incubated (37 °C, 2 h). The cells were then collected by
centrifugation, and the 3H content of the supernatant was measured by liquid scintillation spectrometry, as
described under “Experimental Procedures” and elsewhere (28). The amounts of released 3H were expressed as
a percentage of incorporated 3H and then normalized to the value for the vector control condition. Mean
values are displayed, and S.E. values (n � 6) are indicated (error bars). *, significant difference (p � 0.05). The p
values for the difference between the thapsigargin condition and the other conditions were 0.020 (versus
control), 0.024 (versus control � BEL), and 0.025 (versus thapsigargin � BEL), respectively.
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resting conditions, the vast majority of cellular calnexin local-
izes to the ER, and it resides predominantly at the MAM (55).
Calnexin can also regulate the activity of the ER Ca-ATPase

(SERCA) via a direct protein-protein interaction that is con-
trolled by phosphorylation of the cytoplasmic tail of calnexin
(56, 57).
Our characterization here of the iPLA2� interactome indi-

cates that SERCA also associates with iPLA2�, and it is possible
that this reflects assembly of a macromolecular supercomplex
at the MAM involved in Ca2� signaling and cell fate decisions
that includes calnexin, SERCA, iPLA2�, and perhaps CaMK2,
which we have observed here and previously (24) to be a mem-
ber of the iPLA2� interactome and which has recently been
reported to link ER stress with the mitochondrial apoptosis
pathway (58). Calnexin has also been reported to regulate apo-
ptosis induced by ER stress or other mechanisms (59–62), and
thus at least three members of the iPLA2� interactome
(SERCA, CaMK2, and calnexin) and iPLA2� itself have been
reported to participate in ER stress-induced apoptosis.
One mechanism of calnexin association with other pro-

teins involves recognition of the Glc1Man9GlcNAc2 epitope
attached to Asn residues in nascent polypeptide chains
entering the lumen of the ER (63). Such calnexin lectin bind-
ing is part of a cycle that also involves glycan processing by
glucosidases I and II and UDP-glucose:glycoprotein glucosyl-
transferase, and the cycle functions to allow properly folded
proteins to traffic out of the ER while misfolded proteins are
retained for further folding or degradation (63). Calnexin can
also interact with other proteins by polypeptide domains (40,
41), however, and conditions such as Ca2� depletion cause the
calnexin conformation to change in a manner that favors such
interactions (40). The observations reported here suggest that

polypeptide domain-mediated in-
teraction represents the means by
which calnexin associates with
iPLA2�, which has several domains
that resemble those in other pro-
teins that mediate protein-protein
interactions (1–3, 5, 20, 64).
In summary, we have identified

by affinity chromatography and LC/
MS/MS a total of 37 proteins that
associate with iPLA2� in stably
transfected INS-1 insulinoma cells
that overexpress FLAG-iPLA2�, and
many of them are mitochondrial or
ER proteins. This is consistent with
previous reports that induction of ER
stress activates iPLA2� and causes
its subcellular distribution, includ-
ing increased associationwithmito-
chondria (29, 31, 32, 35, 45, 47, 48).
The SERCA inhibitor thapsigargin
is widely used to induce ER stress,
and it increases the association of
iPLA2� and the ERprotein calnexin,
perhaps by triggering changes in the
conformation of calnexin and/or
post-translational modification of
iPLA2�. Our data suggest that gly-
cosylation of iPLA2� is not stimu-

FIGURE 12. Release of [3H]arachidonic acid from prelabeled pancreatic
islets subjected to ER stress with ionophore A23187 and EGTA. Pancreatic
islets isolated from mice were incubated with [3H]arachidonic acid (1 �Ci,
20 h) and washed free of unincorporated radiolabel as described under
“Experimental Procedures.” The islets were then divided into aliquots that
were preincubated with vehicle (left and center bar) or BEL (10 �M; right bar).
After removal of the preincubation medium and washing, islets were incu-
bated with DMSO in Ca2�-replete medium (CONTROL) or with ionophore
A23187 (10 �M) in buffer containing EGTA (0.5 mM, right and center bars). The
3H content of the supernatant was measured by liquid scintillation spectrom-
etry, as in Fig. 11, and amounts of released 3H were expressed as a percentage
of incorporated 3H for each condition. Results are expressed as mean � S.E.
(error bars) (n � 7). *, significant difference (p � 0.05) from the control value.

FIGURE 13. Co-Immunoprecipitation of iPLA2� and calnexin from pancreatic islets isolated from mice. In
A, pancreatic islets (�1250) were isolated from C57BL/6J wild-type mice and subjected to ER stress as in Fig. 12.
A lysate was then prepared in immunoprecipitation buffer containing 2% CHAPS. The lysate was divided into
two aliquots, and one was incubated with Protein A-agarose and 20 �l of fetal bovine serum (20 �l) as a control
(CON). The other aliquot was incubated with Protein A-agarose and a rabbit antibody (20 �l) directed against
iPLA2� to effect immunoprecipitation (IP). The resultant immunoprecipitate was then analyzed by SDS-PAGE,
transferred to PVDF membrane, and probed with rabbit antibody directed against calnexin (upper panel). After
stripping, the blot was then probed with goat antibody directed against iPLA2� (middle panel). The lower panel
represents a loading control probed with anti-calnexin antibody. In B, islets (�1160) were isolated from RIP-
iPLA2�-transgenic mice (30) and lysed as above, and the lysate was divided into two aliquots, one of which was
incubated with Protein A-agarose and fetal bovine serum as control (CON). The other was incubated with
Protein A-agarose and rabbit anti-calnexin antibody (rabbit). The resultant immunoprecipitate (IP) was ana-
lyzed by SDS-PAGE, transferred to a PVDF membrane, and probed with T-14 antibody directed against iPLA2�
(upper panel). After stripping, the blot was probed with mouse anti-calnexin antibody (middle panel). The lower
panel represents a loading probed with T-14 anti-iPLA2� antibody. Displayed results are representative of three
independent experiments. MW, molecular weight standards.
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lated under these conditions and that calnexin interacts with
iPLA2� via a polypeptide domain and not through an attached
oligosaccharide.
LC/MS/MSanalyses of phosphopeptides capturedwithTiO2

columns from tryptic digests of thapsigargin-treated INS-1
lysates demonstrate that the iPLA2� tryptic peptide Phe595–
Arg622 is phosphorylated onTyr616when INS-1 cells are treated
with thapsigargin and that tyrosine-phosphorylated iPLA2�
associates with calnexin. The phosphorylated form of iPLA2�
produced under these conditions can be dephosphorylated
with �-protein phosphatase, which hydrolyzes phosphoty-
rosine as well as phosphoserine and phosphothreonine resi-
dues. The likely functional significance of the interaction is
reflected by the facts that co-incubating calnexin with iPLA2�
increases iPLA2� activity in vitro and that overexpression of
calnexin in INS-1 cells results in augmentation of ER stress-
induced, iPLA2�-catalyzed hydrolysis of arachidonic acid from
membrane phospholipids.
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