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In this study, we identify the principal splice variant of human
cytosolic phospholipase A2� (cPLA2�) (also known as Group IVB
cPLA2) present in cells. In human lung, spleen, and ovary and in a
lung epithelial cell line (BEAS-2B), cPLA2� is expressed as a 100-
kDa protein, not the 114-kDa form originally predicted. Using RNA
interference, the 100-kDa protein in BEAS-2B cells was confirmed
to be cPLA2�. BEAS-2B cells contain three different RNA splice
variants of cPLA2� (�1, �2, and �3). cPLA2�1 is identical to the
previously cloned cPLA2�, predicted to encode a 114-kDa protein.
However, cPLA2�2 and cPLA2�3 splice variants are smaller and
contain internal deletions in the catalytic domain. The 100-kDa
cPLA2� in BEAS-2B cells is the translated product of cPLA2�3.
cPLA2�3 exhibits calcium-dependent PLA2 activity against palmi-
toyl-arachidonyl-phosphatidylethanolamine and low level lyso-
phospholipase activity but no activity against phosphatidylcholine.
Unlike Group IVA cPLA2�, cPLA2�3 is constitutively bound to
membrane in unstimulated cells, localizing to mitochondria and
early endosomes. cPLA2�3 iswidely expressed in tissues, suggesting
that it has a generalized function at these unique sites.

Phospholipase A2 (PLA2)2 enzymes catalyze hydrolysis of sn-2 acyl
chains frommembrane phospholipids. They execute diverse functions,
such as digestion of dietary phospholipids, microbial degradation,
membrane remodeling, and production of lipid mediators. Tradition-
ally, PLA2s are grouped depending on their active site residues, require-
ments for calcium, and localization in the cell. Three main classes of
PLA2s are Group VI intracellular calcium-independent PLA2s, low
molecular weight secreted PLA2s, and Group IV cytosolic PLA2s (1, 2).
Group IVA cytosolic PLA2� has received special attention, because it is
the only PLA2 that selectively hydrolyzes arachidonic acid from the sn-2
position of membrane phospholipids (1). Arachidonic acid is the pre-
cursor of prostaglandins and leukotrienes (1, 3). Mice genetically defi-
cient in cPLA2� have provided evidence for its critical role in regulating

physiological processes and various diseases (4–11). cPLA2� contains
an N-terminal calcium binding domain (C2 domain) and a C-terminal
catalytic domain (12). Calcium binds to the C2 domain and facilitates
the translocation of the enzyme from cytosol to the Golgi, endoplasmic
reticulum, and nuclear envelope (13–16). Five other members of the
Group IV cPLA2 family, cPLA2� (Group IVB), cPLA2� (Group IVC),
cPLA2� (Group IVD), cPLA2� (Group IVE), and cPLA2� (Group IVF),
have been identified (17–21). cPLA2�, -�, and -� are clustered near
cPLA2� on mouse chromosome 2 and have more homology to cPLA2�

than to cPLA2� or cPLA2� (21). From analysis of the human genome,
cPLA2� is similarly positioned near cPLA2�, -�, and -� on chromosome
15. All members of the Group IV family have a conserved Ser/Asp dyad
necessary for catalysis (12).
Human cPLA2� was originally cloned from human brain and pan-

creas cDNA libraries and predicted to encode a protein of 114 kDa (17,
18). cPLA2� message is ubiquitously expressed in human tissues, with
strong expression in pancreas and cerebellum (17). Unlike other Group
IV cPLA2s, cPLA2� contains anN-terminal truncated JmjCdomain that
is immediately upstream of the C2 domain (22). Surprisingly, cPLA2�

mRNA was found to be mostly in the unspliced form (17, 18). Prelimi-
nary enzymatic characterization of cPLA2� using crude lysates of cells
overexpressing N-terminally truncated cPLA2� lacking the JmjC
domain showed that cPLA2� has calcium-dependent PLA2 activity,
although it is much lower than that of cPLA2� (17, 18). Residues neces-
sary for catalytic activity of cPLA2� (Ser228, Asp549, and Arg566) are
conserved in cPLA2� (Ser566, Asp846, and Arg863) (17, 23, 24).
The original finding of abundant unspliced message raised questions

about the presence of splice variants. Importantly, the endogenous pro-
tein expressed in cells has not been identified, which is the focus of this
study.We found that three cPLA2� splice variants (cPLA2�1, cPLA2�2,
and cPLA2�3) are present in human lung epithelial cells (BEAS-2B), but
only cPLA2�3, which contains a C-terminal internal deletion, is trans-
lated to a 100-kDa protein. No evidence for the translation of the orig-
inally cloned cPLA2�mRNAwas found in cells or human tissues. In this
study, we also characterize the enzymatic activities, membrane binding
properties, and subcellular localization of cPLA2�3.

EXPERIMENTAL PROCEDURES

Materials—[5,6,8,9,11,12,14,15-3H]Arachidonic acid (100 Ci/mmol),
1-palmitoyl-2-[14C]arachidonyl-phosphatidylcholine (1-palmitoyl-2-
[14C]arachidonyl-PC) (48 mCi/mmol), 1-[14C]palmitoyl-2-lyso-PC (55
mCi/mmol), and 1-palmitoyl-2-[14C]arachidonyl-phosphatidylethano-
lamine (1-palmitoyl-2-[14C]arachidonyl-PE) (48mCi/mmol) were from
PerkinElmer Life Sciences. 1-Palmitoyl-[14C]linoleoyl-PE (55 mCi/
mmol) was from Amersham Biosciences. 1-Palmitoyl-2-arachido-
nyl-PE and 1-palmitoyl-2-linoleoyl-PE were from Avanti Polar Lipids.
1-Palmitoyl-2-arachidonyl-PC, dioleoylglycerol, glutathione-Sepharose
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beads, bovine serum albumin (BSA), fatty acid-free BSA, Freund’s
adjuvant, pluronic acid, and anti-His antibody were from Sigma.
cPLA2 inhibitors pyrrolidine-2 and AZ-1 were synthesized as previ-
ously described (25–27). The human bronchial epithelial cell line
BEAS-2B (CRL-9609) was from the American Type Culture Collec-
tion. Dulbecco’s modified Eagle’s medium was from Biowhittaker. Pen-
icillin/streptomycin/L-glutamine solution was from Invitrogen. Fetal
bovine serum was from Irvine Scientific. Methyl arachidonyl fluoro-
phosphonate was purchased from Biomol, and silica gel LC-Si SPE col-
umnswere fromSupelco. Affinity-purified anti-peptide antibodieswere
synthesized byQuality Control Biochemicals (Hopkinton,MA), and the
humanmultiple tissue blot was purchased fromBioworld (Dublin, OH).
Anti-GST antibody was from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Protease inhibitor mixture tablets and Fugene 6 were from
RocheApplied Biosciences. SMARTpool siRNA and nontargeting con-
trol siRNA were from Dharmacon RNA Technologies (Dharmacon,
Lafayette, CO). The total RNA isolation kit was purchased from Promega
(SVTotal RNA IsolationKit), theAdvantage reverse transcription-PCR kit
was fromClontech, andTAcloningvector, pcDNA3.1, andpcDNA3.1-His
vectors were from Invitrogen. The plasmid isolation kit and Ni2�-nitrilo-
triacetic acid-agarose beads were from Qiagen. Affinity-purified goat
anti-rabbit antibody conjugated to Texas Red was from Jackson Immu-
noResearch, and monoclonal antibody to mitochondrial OxPhos com-
plex V, subunit b, the Alexa Fluor 488-conjugated secondary antibody,
lysotracker blue-white, and anti-human golgin 97 antibodies were from
Molecular Probes, Inc. Monoclonal antibodies to early endosomal anti-
gen 1 (EEA1) and mannose 6-phosphate receptor (MRP-6) were from
Abcam Inc.

Cloning of cPLA2� Splice Variants from BEAS-2B Cells—BEAS-2B
cells were cultured in Dulbecco’s modified Eagle’s medium (high glu-
cose) with 10% fetal bovine serum and 1% penicillin/streptomycin/glu-
tamine. To clone cPLA2� splice variants fromBEAS-2B cells, total RNA
was isolated, and 1 �g was used to generate cDNA. PCR analysis was
performed using 10 �l of cDNA for cPLA2� and 5 �l of cDNA for
glyceraldehyde phosphate dehydrogenase following the manufacturer’s
instructions (Clontech Advantage reverse transcription-PCR kit).
Specific primers for human cPLA2� are as follows: 5�-gacgcagccatggcg-
gaggcggctttg-3�, 5�-ctggtggcccgggagctctcctgcttg-3�, 5�-caagcaggaga-
gctcccgggccaccag-3�, 5�-ctgcagcggtaccggcaggagctggc-3�, 5�-gccagctc-
ctgccggtaccgctgcag-3�, 5�-gccacctgagcccgaggctctgaag-3�.
These primers were designed based on the sequence of human

cPLA2� (accession number AF065215) to amplify the full-length cDNA
in three fragments. The PCR products were cloned into the TA cloning
vector, and the fragments were sequenced and then assembled into the
full-length clones (cPLA2�1, cPLA2�2, and cPLA2�3) using the internal
restriction sites present in the PCR products.

Production of Recombinant cPLA2� and cPLA2� Antibodies—Hu-
man cPLA2� clone (designated cPLA2�1 in this study) (GenBankTM

accession number AF065215) was generously provided by Dr. R. Todd
Pickard (Lilly) and subcloned into the baculovirus expression vectors
pAcGHLT and pAcHLT in the StyI/NotI sites. Endogenous cPLA2�3
cDNA was cloned into pAcHLT in the NotI/BglII sites. Sf9 cells were
grown in suspension at 27 °C in TNF-FH medium as previously
described (28). Recombinant baculovirus was generated by co-transfec-
tion of Sf9 cells with cPLA2� constructs and linearized baculovirus
DNA (Baculogold) following the manufacturer’s instructions (BD Bio-
sciences Pharmingen). Recombinant virus was generated and amplified
by standard protocols. To determine expression of cPLA2�s, Sf9 cells
were plated in a 12-well tissue culture plate at a density of 0.5 � 106

cells/well and were infected with recombinant virus at different multi-

plicities of infection for 1 h. The virus-containingmediumwas replaced
with fresh medium, and cells were incubated for 48 h. Expression of
GST-cPLA2�1, His6-cPLA2�1, and His6-cPLA2�3 proteins was deter-
mined byWestern blot analysis using anti-GST or anti-His monoclonal
antibodies.
GST-cPLA2�1, His6-cPLA2�1, and His6-cPLA2�3 expressed in

Sf9 cells were affinity-purified using glutathione-agarose beads or
nickel-agarose beads following the manufacturer’s instructions. The
concentration of cPLA2� enzymes in eluted fractions was deter-
mined by comparing the intensity of Coomassie-stained bands of
cPLA2�s on SDS-polyacrylamide gels with a standard curve made
with BSA. For mammalian expression, full-length cPLA2� cDNAs
were cloned into the pcDNA 3.1 vector in the NheI/NotI sites or into
the pcDNA3.1-His vector in the NotI/XbaI sites.
Togeneratepolyclonal antibody to full-lengthcPLA2�1, affinity-purified

GST-cPLA2�1 (50–100 �g) in complete Freund’s adjuvant was injected
subcutaneously into rabbits. Subsequent booster injections were carried
out every 3 weeks using Freund’s incomplete adjuvant. Antiserum was
obtained 10 days following each injection and analyzed for cross-reactivity
to cPLA2�1 byWestern blotting. To generate anti-peptide antibodies, the
peptide (LTEEGTFKVVDEEAMEK) corresponding to a unique sequence
between the truncated JmjC domain and the C2 domain of human
cPLA2�1 and peptides corresponding to the extreme C terminus of the
predicted amino acid sequences (DYNLHGAFQGSGGHPRRRQLGR)
and (EALRQAVQRRRQRRPH) of cPLA2�2 and cPLA2�3, respectively,
were synthesized. Peptides conjugated to keyhole limpet hemocya-
nin carrier protein were used to produce rabbit polyclonal antibodies
(Quality Control Biochemicals, Hopkinton, MA).

Western Blot Analysis—Cells were lysed in buffer containing 50 mM

Hepes, pH 7.4, 150 mM sodium chloride, 1.5 mM magnesium chloride,
10% glycerol, 1% Triton X-100, 1 mM EGTA, 200 �M sodium vanadate,
10 mM tetrasodium pyrophosphate, 100 mM sodium fluoride, 300 mM

p-nitrophenyl phosphate, 1 mM phenylmethylsulfonyl fluoride, 10
�g/ml leupeptin, and 10 �g/ml aprotinin. Lysates were centrifuged at
15,000 rpm for 15min, and the protein concentration of the supernatant
was determined by the bicinchoninic acid method. Lysates were boiled
in Laemmli buffer, and 20–30 �g of total protein per lane was sep-
arated on a 10% SDS-polyacrylamide gel. Proteins were transferred
onto a nitrocellulose membrane, and the membrane was blocked in
Tris-buffered saline containing 0.25% Tween 20, 3% BSA, and 5%
nonfat dried milk. Nitrocellulose membranes were incubated over-
night at 4 °C with a 1:2500 dilution of cPLA2�1 antibody or a 1:1000
dilution of anti-peptide antibodies. Immunoreactive proteins were
detected using the Amersham Biosciences ECL system.

Determination of cPLA2� Localization in Soluble and Particulate
Fractions of BEAS-2B Cells—BEAS-2B cells were plated in a 6-well plate
(1 � 105 cells/well) and transiently transfected with untagged cPLA2�1
in the pcDNA3.1 vector using Fugene 6 transfection reagent. After 24 h
of transfection, control and transfected cells were sonicated on ice in
homogenization buffer containing 10mMHepes, pH7.4, 0.34M sucrose,
1mM EGTA, 10% glycerol, 10�g/ml leupeptin, 10�g/ml aprotinin, and
1 mM phenylmethylsulfonyl fluoride with or without 5 mM CaCl2.
Homogenates were centrifuged at 100,000 � g for 1 h at 4 °C to obtain
the soluble and particulate fractions. Protein concentration was deter-
mined, and the relative amount of cPLA2� in each fraction was meas-
ured by Western blotting.

Knockdown of Endogenous cPLA2� by RNA Interference—BEAS-2B
cells were plated in a 12-well plate (0.5 � 105 cells/well) in 1 ml of
Dulbecco’smodified Eagle’smedium containing 10% fetal bovine serum
and incubated overnight at 37 °C with 5% CO2. Cells at 50–60% con-
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fluence were transfected with different concentrations of SMART pool
siRNA made against human cPLA2�1 (Refseq number NM_005090).
MIRUS Trans IT-TKO transfection reagent was used to transfect
siRNA and nontargeting control siRNA following the manufacturer’s
protocol (Mirus, Madison,WI). Cells were lysed 48 h post-transfection,
and relative intensities of cPLA2� protein were determined byWestern
blotting.

Homology Model of cPLA2�3—A homology model of cPLA2�3 was
made using the x-ray structure of cPLA2� (Protein Data Bank number
1CJY) as the template (12). cPLA2� and cPLA2�3 amino acid sequences
were first aligned with the ClustalW program. The model was made
using the homology module of the InsightII software package (Accelrys
Corp.). For segments of the cPLA2� protein that align to segments of
cPLA2�3, the cPLA2� residues were replaced with the corresponding
cPLA2�3 residues. No attempt was made to include cPLA2�3 inserts
(those segments that do not align to cPLA2� segments).

Enzyme Assays—PLA2 activity of cPLA2�s was assayed using
1-palmitoyl-2-[14C]arachidonyl-PCor 1-palmitoyl-2-[14C]arachidonyl-
PE as substrates. The reaction mixture (50-�l final volume) contained
30 �M phospholipid substrate (100,000 dpm/1.5 nmol) and 9 �M dio-
leoylglycerol (which was co-sonicated with the substrate). To prepare
substrate, solvents were evaporated from the lipid mixture under a
streamof nitrogen, 50mMHepes buffer, pH 7.4, was added, and the lipid
mixture was sonicated at 4 °C for 10 s on ice using a microprobe (Braun
Instruments) to form small unilamellar vesicles. A final concentration of
150mM sodium chloride, 1mg/ml fatty acid-free BSA, 1mMEGTA, and
5 mM CaCl2 was added to the vesicles. Reactions were started by the
addition of the enzyme (250 ng to 1 �g) and incubated at 37 °C for the
times indicated. Free fatty acids were extracted usingDole reagent (pro-
pan-2-ol, heptane, and 1 N H2SO4, 20:5:1) and separated by silicic acid
chromatography as previously described using unlabeled oleic acid (25
�g) as carrier lipid (29).

Lysophospholipase activity was measured using 1-[14C]palmitoyl-2-
lyso-PC substrate sonicated in 50mMHepes, pH7.4, tomakemicelles as
previously described (30). Assays contained 50 �M substrate (120,000
dpm), 1mMEGTA, and 5mMCaCl2 in a final volume of 50�l. Reactions
were started by adding affinity-purified enzyme and incubated at 37 °C
for the times indicated. Free fatty acid product was extracted using Dole
reagent. After vortexing, the upper heptane phase was removed and
dried under a stream of nitrogen, and 0.5 ml of heptane was added.
Radiolabeled free fatty acids were measured by liquid scintillation spec-
trometry. For inhibitor experiments, enzymes were preincubated for 2
min at 37 °C with inhibitors, and reactions were started by the addition
of substrate.

Immunofluorescence Microscopy—BEAS-2B cells were plated in
35-mm glass bottom MatTek plates at a density of 1 � 105/cm2 and
incubated overnight. The cells were washed twice with PBS and incu-
bated with ice-cold fixative containing 3.2% paraformaldehyde and 3%
sucrose in PBS for 15 min. After fixation, cells were rinsed five times
with PBS and permeabilized with 0.1% Triton X-100 in PBS for 15 min
at room temperature. Samples were blocked for 1 h in PBS containing
10% fetal bovine serumand incubatedwith rabbit polyclonal antibody to
full-length cPLA2�1 (1:100) overnight, followed by incubationwith goat
anti-rabbit secondary antibody conjugated to Texas Red (1:200) for 1 h.
Formitochondrial localization, cells were co-stainedwithmousemono-
clonal antibody to anti-OxPhos complex V, subunit b (1:100) for 2 h,
followed by anti-mouse secondary antibody conjugated to Alexa Fluor
488 (1:100) for 1 h. For localization of early or late endosomes, fixed cells
were incubated (2 h) withmonoclonal antibody to EEA1 ormonoclonal
antibody to MRP-6 (1:100), respectively. BEAS-2B cells were loaded

with 1mM lysotracker blue-white for 1 h prior to fixation for localization
of lysosomes, and a monoclonal antibody to human golgin 97 was used
for the identification of Golgi. For translocation of cPLA2�, BEAS-2B
cells were transfected with GFP-cPLA2�, serum-starved overnight, and
either left unstimulated or stimulated with 1 �M ionomycin for 15 min
followed by fixation. Immunofluorescence microscopy was carried out
using an inverted Zeiss 200Mmicroscope with a 175-watt xenon lamp.
Cells were visualized with a 63� oil immersion objective using Cy3 and
fluorescein isothiocyanate filters. Images were acquired with a CCD
camera from Sensicam, and data were analyzed using Intelligent Imag-
ing Innovations Inc. (3I) software.

RESULTS

Tissue Distribution of cPLA2� Protein, Identification of Transcripts,
and Protein Variant Expressed in BEAS-2B Cells—To identify the form
of cPLA2� expressed in human tissues and cells, a polyclonal antibody
to full-length cPLA2�1 was generated. Western blot analysis revealed a
100-kDa protein that was present in all tissues (Fig. 1A). In some
tissues (lung, spleen, and ovary), the 100-kDa protein was the pre-
dominant band detected (Fig. 1A). In other tissues, prominent lower
molecular weight bands were also observed in the 40–60-kDa range.
The lower molecular weight proteins and the 100-kDa band were not
observed when blots were probed only with secondary antibody. The
100-kDa protein detected with antibody to cPLA2� is smaller than
the 114-kDa product predicted from the previously cloned open
reading frame of cPLA2�1, suggesting that a different splice variant
of cPLA2� is expressed in cells.

Based on the human tissue blot analysis showing that lung primarily
expresses a 100-kDa form of cPLA2� and results of an earlier study
revealing that BEAS-2B human bronchial epithelial cells express the
mRNA for cPLA2� (31), we chose this cell line for further study of

FIGURE 1. Expression of cPLA2� protein in human tissues and in BEAS-2B cells. A, a
human multiple tissue blot was probed with antibody to cPLA2�1 for Western blot anal-
ysis. The numbers on the left indicate the size (kDa) of protein markers. B, BEAS-2B lysates
were probed with anti-peptide antibody to the peptide sequence unique to cPLA2�1
(lane 1) or polyclonal antibody to the full-length cPLA2�1 (lane 2). Lysates of BEAS-2B
cells transfected with untagged cPLA2�1 were probed with antibody to full-length
cPLA2�1 (lane 3). C, Western blot of lysates from control BEAS-2B cells or from cells
transfected with different concentrations of nontargeting and targeting siRNA probed
with antibody to full-length cPLA2�1.
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endogenous cPLA2�. The expression of cPLA2� in BEAS-2B cells was
evaluated byWestern blotting using an antibody to full-length cPLA2�1
and an anti-peptide antibody generated to a peptide corresponding to a
sequence unique to cPLA2� that is between the truncated JmjC domain
and the C2 domain. The anti-peptide antibody (Fig. 1B, lane 1) and
antibody to full-length cPLA2�1 (Fig. 1B, lane 2) exclusively detect a
100-kDa protein in BEAS-2B lysates. When transfected into BEAS-2B
cells, untagged cPLA2�1 is expressed as a 114-kDa protein, clearly larger
than the endogenous form of cPLA2� (Fig. 1B, lane 3). The antibody to
full-length cPLA2�1 and the anti-peptide antibody were confirmed not
to cross-react with cPLA2�. Western blot analysis of BEAS-2B lysate
using antibody to cPLA2� revealed that cPLA2�migrates just below 100
kDa and was clearly separated from the 100-kDa band detected with
antibodies to cPLA2�. In addition, recombinant affinity-purified human
cPLA2� was not detected by antibodies to cPLA2� byWestern blotting.

To provide additional evidence that the 100-kDa form in BEAS-2B cells
is endogenous cPLA2�, RNA interference was used. BEAS-2B cells were
transfectedwith SMARTpool siRNAbased on the cPLA2�1 sequence and
nontargeting control siRNA. Western blot analysis of whole cell lysates
prepared 48 h post-transfection showed a concentration-dependent
knockdown of the 100-kDa proteinwith targeting siRNA,whereas nontar-
geting control siRNA had no effect (Fig. 1C). Analysis of the same samples
revealed no change in the level of cPLA2� (data not shown). The RNA
interference experiments support the Western blot finding that the 100-
kDa protein in BEAS-2B cells is cPLA2�.

Cloning of cPLA2� from BEAS-2B Cells—To determine the basis for
the lower molecular weight of cPLA2�, reverse transcription-PCR of
total RNA from BEAS-2B cells was carried out using specific primers
(sequences described under “Experimental Procedures”) designed
based on the cPLA2�1 sequence (AF065215) (17). Three forward and
reverse primers were used; Fwdp1 is in the 5�-untranslated region
sequence covering the Kozak sequence and the start codon (Fig. 2A).
The reverse primer (Revp3) is in the 3�-untranslated region sequence
105 bp downstream of the stop codon. The internal primers (Fwdp2,
Fwdp3, Revp1, and Revp2) were designed to produce overlapping frag-
ments and to take advantage of existing unique restriction sites present
in the cPLA2�1 sequence. Single PCR products were obtained using
Fwdp1/Revp1 and Fwdp2/Revp2 primer pairs (data not shown). These
PCR products were gel-purified, sequenced, and found to be exact
matches to AF065215. However, PCR using the Fwdp3/Revp3 primer
pair resulted in three products (1.37, 1.13, and 0.95 kb), as shown in Fig.
2B. Sequencing of these products revealed that cPLA2� exists as three
distinct splice variants in BEAS-2B cells. The 1.37-kb fragment is an
exact match to AF065215 (cPLA2�1), but the 1.13-kb (cPLA2�2) and
0.945-kb (cPLA2�3) fragments have internal deletions (Fig. 2A).
cPLA2�2 is missing exon 23 (bp 2656–2841), which causes a frameshift
resulting in an alteredC-terminal amino acid translation, as indicated in
Fig. 2A. cPLA2�3 has a deletion (bp 2630–3002) that is in frame with
cPLA2�1. Consequently, the predictedC-terminal amino acid sequence
of cPLA2�3 is identical to the last 16 amino acids of the C terminus of

FIGURE 2. Reverse transcription-PCR analysis of BEAS-2B cells and identification of endogenous cPLA2�. A, regions of cPLA2� amplified by PCR analysis using the indicated
primers are shown in the diagram. The region in cPLA2�1 that is absent in cPLA2�2 and cPLA2�3 is shaded gray. Catalytic residues are shown by asterisks. B, PCR products were
generated from BEAS-2B cDNA using Fwdp3 and Revp3 primer pairs. The numbers on the left indicate sizes of DNA markers, and numbers on the right show sizes of PCR products.
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cPLA2�1 (Fig. 2A). The calculatedmass of the cPLA2�2 protein is 100.6
kDa, and the calculated mass of cPLA2�3 is 100.2 kDa. Interestingly,
despite the deletions shown in Fig. 2A, all of the important catalytic
residues (Arg538, Ser566, Asp846, and Arg863) are present in the predicted
amino acid sequence cPLA2�2 and cPLA2�3 (Fig. 2A).

Expression of cPLA2� Splice Variants in BEAS-2B Cells—To deter-
mine if one or both cPLA2� splice variants are translated in BEAS-2B
cells, peptides corresponding to the unique sequences (underlined in
Fig. 3A) of theC termini of cPLA2�2 and cPLA2�3were used to produce
specific antibodies. To confirm the specificity of the antibodies and to
identify the endogenous form of cPLA2�, cPLA2�2 and cPLA2�3 were
cloned and overexpressed as His6-tagged proteins in BEAS-2B cells.
Analysis of whole cell lysates byWestern blotting demonstrated that the
anti-peptide antibody specific for cPLA2�3 recognized the endogenous
protein as well as overexpressed His6-cPLA2�3 (Fig. 3B). The small size
difference between endogenous and the overexpressed protein is due to
the presence of the N-terminal His6 tag. The anti-peptide antibody to
the C terminus of cPLA2�2 only recognized overexpressed His6-
cPLA2�2 and not endogenous cPLA2�. These results clearly demon-
strate that cPLA2�3 is the 100-kDa endogenous cPLA2� expressed in
BEAS-2B cells and also explains why endogenous cPLA2� migrates
faster on the gel compared with cPLA2�1 (Fig. 1B).

Enzymatic Properties of cPLA2� Enzymes—Previous enzymatic anal-
ysis of cPLA2� revealed low PLA2 activity, although assays were done
with crude cell lysates from cells transfected with N-terminally trun-
cated cPLA2�1 lacking the truncated JmjC domain (17, 18). Because
endogenous cPLA2�3 contains a deletion in the catalytic domain begin-
ning 9 amino acids after a conserved Arg residue (Arg863) predicted to
be important for catalytic activity (Fig. 3A), it was important to explore
whether cPLA2�3 was enzymatically active.
We began this analysis by constructing a homology model of

cPLA2�3 using the x-ray structure of cPLA2� as a template (see “Exper-
imental Procedures”) (12). cPLA2�3 contains an insert of 120 amino
acids that connects the C2 and catalytic domain in contrast to cPLA2�,
which has a small linker of 5 amino acids. Because of these differences,
no attempt was made to position the C2 domain of cPLA2�3 with
respect to the catalytic domain. Alignment of the catalytic domains of
the two enzymes reveals 30% identities and 47% similarities in amino
acid residues with no gaps or inserts of more than 7 amino acids. Thus,
it is reasonable to assume that the two catalytic domains share a similar
overall protein fold. Since the x-ray structure of cPLA2� is known, we
visualized the peptide segment that is missing in cPLA2�3 relative to
cPLA2�1 in the context of the cPLA2� structure, and this is shown in
Fig. 3C. Structural modeling suggests that removal of this segment leads

FIGURE 3. C-terminal sequences of cPLA2�
splice variants and identification of cPLA2�3 in
BEAS-2B cells. A, the multiple sequence align-
ment program (T-coffee) from the Expasy pro-
teomic server was used to align the amino acid
sequences at the C terminus of cPLA2�1, -�2, and
-�3. Amino acids identical in the three proteins are
shown by asterisks. Underlined amino acids repre-
sent the residues used to raise the anti-peptide
antibodies to cPLA2�2 and -�3. B, lysates of non-
transfected BEAS-2B cells (lane 1) and BEAS-2B
cells transfected with His6-cPLA2�2 (lane 2) and
with His6-cPLA2�3 (lane 3) were analyzed by West-
ern blotting using anti-peptide antibodies gener-
ated to the predicted C termini of cPLA2�2 or
cPLA2�3. C, stereo view of the catalytic domain of
cPLA2� taken from the x-ray structure. The seg-
ment of cPLA2� (residues 590 –709) that corre-
sponds to the segment of cPLA2�1 that is deleted
in cPLA2�3 is colored yellow. The �-helical lid that
covers the active site slot (residues 415– 432 of
cPLA2�) has been removed for viewing the sub-
strate in the active site. A portion of cPLA2� sub-
strate, 1-palmitoyl-2-arachidonyl-sn-glycero-3-PC,
has been modeled into the active site slot by placing
its enzyme-susceptible sn-2 ester in a position next
to the hydroxyl group of Ser228 of cPLA2� (Ser566

of cPLA2�3) so that nucleophilic attack is possible.
Only the first six carbons of the sn-1 palmitoyl
chain and the first eight carbons of the sn-2 arachi-
donyl chain are shown in purple (substrate is
shown as its van der Waals surface).
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to the deletion of a loop that forms one wall of the active site slot, a
significant structural alteration that could potentially affect the enzy-
matic properties of cPLA2�3 (Fig. 3C).
Group IVA cPLA2� and Group IVC cPLA2� have high lysophospho-

lipase activity (28, 30), but lysophospholipase activity of cPLA2�1 had
not previously been measured. Lysophospholipase activity of affinity-
purified cPLA2�1, cPLA2�3, and cPLA2� expressed in Sf9 cells was
compared. The direct comparison of cPLA2�1 and cPLA2�3 would
reveal how the deletion in the catalytic domain of �3 affects its enzy-
matic activity, since the variants are otherwise identical. GST-cPLA2�1
and His6-cPLA2�3 were expressed in Sf9 cells as proteins of the pre-
dicted molecular weight as shown in the insets of Fig. 4, A and B.
cPLA2�1 hydrolyzes 1-palmitoyl-2-lyso-PCwith linear kinetics up to 30
min (Fig. 4A). In contrast, cPLA2� exhibits nonlinear kinetics as previ-
ously reported (30). Despite the deletion, cPLA2�3 is enzymatically
active, although based on the initial velocities, lysophospholipase activ-
ity for cPLA2�3 is about 80-fold lower than that of cPLA2�1 (Fig. 4B).
When compared under the same assay conditions, affinity-purified
GST-cPLA2�1 and His6-cPLA2�1 have comparable activity, indicating
that activity is not influenced by the nature of the N-terminal tag (data
not shown).
The PLA2 activity of cPLA2�1, cPLA2�3, and cPLA2� was measured

using 1-palmitoyl-2-arachidonyl-PC vesicles (Fig. 4C). cPLA2�1 exhib-
ited very lowPLA2 activity comparedwith cPLA2�, whereas PLA2 activ-
ity of cPLA2�3 was not detected using the PC substrate. PLA2 activity
was also measured with 1-palmitoyl-2-arachidonyl-PE as substrate.
Both cPLA2�1 and cPLA2�3 hydrolyzed PE with similar specific activ-
ities (Fig. 5A). cPLA2�3 was also active against 1-palmitoyl-2-linoleoyl-
PE, although it was slightly lower than against 1-palmitoyl-2-arachido-
nyl-PE. Specific activities of cPLA2�1 and cPLA2�3 are summarized in

Table 1. PLA2 activity of cPLA2�3 was evaluated in the presence and
absence of calcium using 1-palmitoyl-2-arachidonyl-PE as the sub-
strate. The PLA2 activity of cPLA2�3 was largely dependent on calcium
(Fig. 5B). However, a low level of calcium-independent activity was
observed at 30 min, which was �9% of the activity observed in the
presence of calcium.
The sensitivity of cPLA2�1 and cPLA2�3 to cPLA2� inhibitors was

evaluated using the lysophospholipase assay. Pyrrolidine-2 inhibited
cPLA2� activity with an IC50 of 0.01 �M, as reported previously (25) but
only weakly inhibited cPLA2�1 activity (IC50 � 80 �M) (Fig. 6A). Pyr-
rolidine-2 did not inhibit the activity of cPLA2�3 (data not shown). Two
potent inhibitors, of cPLA2� AZ-1 and methyl arachidonyl fluorophos-
phonate, only weakly inhibited the activity of cPLA2�1 (Fig. 6B). AZ-1
inhibited cPLA2�1 with an IC50 of 25 �M compared with an IC50 of 0.03
�M for cPLA2� as previously reported (26). For methyl arachidonyl
fluorophosphonate, 50% inhibition of cPLA2� occurs using amole frac-
tion of 0.05 (32) compared with amole fraction of 0.7 for 50% inhibition
of cPLA2�1. Neither compound inhibited the lysophospholipase activ-
ity of cPLA2�3.

Membrane Association of Endogenous cPLA2�3—The calcium-de-
pendent PLA2 activity of affinity-purified cPLA2�3 suggested a func-
tional role for the C2 domain in binding lipid vesicles. To determine if
calcium regulated cellularmembrane association of cPLA2�3, BEAS-2B
cells were homogenized in buffer containing excess EGTA or calcium,
and the localization of cPLA2�3 in the 100,000� g particulate or soluble
fractions was determined. In cells homogenized in the presence of
EGTA, endogenous cPLA2�3 was only detected in the soluble fraction.
However, when cells were homogenized in the presence of 5 mM cal-
cium, most of the endogenous cPLA2�3 associated with the particulate
fraction (Fig. 7A). Surprisingly, untagged cPLA2�1 transfected into

FIGURE 4. Lysophospholipase and PLA2 activi-
ties. Lysophospholipase activity of affinity-puri-
fied cPLA2�1 (f) and cPLA2� (Œ) (A) and cPLA2�3
(�) (B) (all at 250 ng) was assayed using
1-[14C]palmitoyl-2-lyso-PC (50 �M) for the indi-
cated times. Expression of GST-cPLA2�1 and His6-
cPLA2�3 in Sf9 cells infected with increasing vol-
umes (�l) of baculovirus is shown in the insets of A
and B, respectively. C, PLA2 activities of cPLA2�1
(f) and cPLA2� (Œ) were measured at the indi-
cated time points using 1-palmitoyl-2-[14C]arachi-
donyl-PC (30 �M) as described under “Experimen-
tal Procedures.” Results are the average of four
individual experiments � S.E.
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BEAS-2B cells associated with the particulate fraction in cells homoge-
nized either in the presence or absence of calcium (Fig. 7B).

Subcellular Localization of Endogenous cPLA2�3—Our results sug-
gest that the C2 domain of cPLA2�3 may mediate Ca2�-dependent
binding to themembrane. Experiments were carried out to determine if
an increase in intracellular calcium levels in BEAS-2B cells induces
translocation of cPLA2�3 to membrane and to identify the subcellular
membrane targeted by cPLA2�3. To quiesce BEAS-2B cells, they were
serum-starved overnight and then left either unstimulated or stimulated
with 1 �M ionomycin for 15 min before fixation. As shown in Fig. 8,
cPLA2�3was localized tomembrane in serum-starvedBEAS-2B cells that
were not subsequently stimulated with ionomycin. Stimulation with
calcium ionophore had no effect on this pattern of constitutive mem-
brane localization of cPLA2�3 (not shown). cPLA2�3 localized to tubu-

lar membranes that extended from the perinuclear region to the cell
periphery (Fig. 8A). These membrane tubules were confirmed to be
mitochondria by using antibody to themarker proteinOxPhos complex
V, subunit b (Fig. 8B) (33). An overlay showed co-localization (yellow) of
cPLA2�3 and themitochondrial marker to the tubular membranes (Fig.
8C). A deconvoluted image of the overlay clearly revealed that cPLA2�3
also localized to vesicular structures (red) that did not co-localize with
the mitochondrial marker (Fig. 8D). These vesicles clustered to the one
side of the nucleus (Fig. 8E). They were identified as early endosomes by
using antibodies to the marker EEA1 (Fig. 8F), which co-localized with
cPLA2�3 (yellow) (Fig. 8G) (34). Late endosomes also clustered near the
nucleus as visualized using antibody toMRP-6 (Fig. 8H); however, there
was only limited co-localization of cPLA2�3 with the late endosome
marker (Fig. 8I) (35). We have previously observed that Group IVA

FIGURE 5. PLA2 activity of cPLA2� enzymes using PE substrate and role of calcium. A,
PLA2 activity of cPLA2�1 (f) and cPLA2�3 (Œ) was measured using 1-palmitoyl-[14C]ar-
achidonyl-PE. Results are the average of three experiments � S.D. B, PLA2 activity of
cPLA2�3 was measured with 1-palmitoyl-[14C]arachidonyl-PE in the absence (1 mM

EGTA) (open bars) or presence (1 mM EGTA with 5 mM CaCl2) of calcium (gray bars). Results
are the average of two independent experiments � S.D.

TABLE 1
Lysophospholipase and PLA2 activities of affinity-purified
GST-cPLA2�1 and His6-cPLA2�3
Lysophospholipase and PLA2 activities of affinity-purified GST-cPLA2�1 and His6-
cPLA2�3 were investigated with different substrates as described under “Experi-
mental Procedures” and “Results.” Values represent the average of three independ-
ent experiments � S.E. ND, not detected.

Substrate cPLA2�1 cPLA2�3
nmol/min/mg nmol/min/mg

1-�14C�16:0–2-lyso-PC 140.0 � 2.05 1.6 � 0.27
1–16:0–2-�14C�20:4-PC 2.1 � 1.1 ND
1–16:0–2-�14C�20:4-PE 0.6 � 0.09 0.8 � 0.1
1–16:0–2-�14C�18:2-PE 0.3 � 0.064

FIGURE 6. Effect of inhibitors on lysophospholipase activity. A, GST-cPLA2� (F) and
GST-cPLA2�1 (E) were incubated with the indicated amount of pyrrolidine-2 for 2 min at
37 °C followed by the addition of the substrate. B, GST-cPLA2�1 was incubated with the
indicated amount of AZ-1 (F) and methyl arachidonyl fluorophosphonate (E) for 2 min
at 37 °C followed by the addition of the substrate. Results represent the average of four
independent experiments � S.D.

FIGURE 7. Role of calcium in membrane association of cPLA2� enzymes. BEAS-2B
cells (nontransfected) (A) or BEAS-2B cells transfected with untagged cPLA2�1 (B) were
homogenized by sonication in the presence of 1 mM EGTA or 1 mM EGTA with 5 mM CaCl2.
Lysates were centrifuged at 100,000 � g, and the relative levels of cPLA2� enzymes in the
soluble (S) and particulate (P) fractions were determined by Western blotting.
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cPLA2� localizes to Golgi upon cell stimulation; however, there was no
co-localization of cPLA2�3with theGolgimarker golgin 97 (Fig. 8J) (16,
36). cPLA2�3 also did not localize to lysosomes, which were analyzed
with lyso tracker (data not shown). Using preimmune serum instead of
polyclonal antiserum against cPLA2�3 as well as secondary antibodies
alone as controls showed only a low level of background fluorescence
(data not shown). The results demonstrate that cPLA2�3 is constitutively
associated withmitochondria and early endosomes even in serum-starved
unstimulated BEAS-2B cells. This suggests that cPLA2�3, unlike cPLA2�

constitutively, binds to membrane at resting levels of intracellular cal-
cium. This is supported by data showing that in contrast to cPLA2�3,
GFP-cPLA2� expressed in BEAS-2B cells is cytosolic in serum-starved
cells and translocates to Golgi and the perinuclear region in response to
stimulation by calcium ionophore (data not shown).

DISCUSSION

cPLA2�was cloned several years ago, but very little is known about its
properties. The originally cloned cDNA was predicted to encode a pro-
tein of 114 kDa (17, 18). However, the majority of expressed sequence

tags and cDNA fragments of cPLA2� contained intronic sequences (17,
18). The reason for the predominance of unspliced cPLA2� cDNA is not
known, but it raised the possibility that multiple splice variants exist.
Increasing evidence indicates that alternate splicing and exon skipping
are major contributors to protein diversity in humans; therefore, it is
important to identify the endogenously expressed protein variants in
cells and tissues (37–43). In this study, we describe the identification
and characterization of endogenous cPLA2� protein, which is derived
from a novel splice variant of the cPLA2� gene. Human lung epithelial
cells (BEAS-2B) contain three RNA splice variants of cPLA2� (�1, �2,
and �3). Surprisingly, no intronic sequences were found in any of these
splice variants. Whereas the cPLA2�1 splice variant perfectly matches
the originally cloned cDNA, both cPLA2�2 and cPLA2�3 contain inter-
nal deletions in the catalytic domain, resulting in smaller proteins of
�100 kDa.
Our data demonstrate that BEAS-2B cells exclusively express the

100-kDa cPLA2�3 splice variant rather than the 114-kDa form of
cPLA2� originally described (17, 18). In addition to BEAS-2B cells, we
analyzed human primary skeletal muscle cells, human skin fibroblasts,

FIGURE 8. Endogenous cPLA2�3 localizes to
mitochondria and early endosomes. BEAS-2B
cells were serum-starved overnight, fixed, and
probed with polyclonal antiserum to cPLA2�1 and
monoclonal antibodies to mitochondrial marker
protein OxPhos complex V, subunit b, EEA1,
MRP-6, and human golgin 97. Anti-rabbit anti-
body conjugated to Texas Red and anti-mouse
antibody conjugated to Alexa Fluor 488 were used
as secondary antibodies for polyclonal and mono-
clonal primary antibodies, respectively. Immuno-
fluorescence of cPLA2�3 (A) and mitochondrial
marker OxPhos complex V (B) are shown. An over-
lay of cPLA2�3 fluorescence (red) and mitochon-
drial marker (green) is shown in C, and a deconvo-
luted image of the overlay is shown in D.
Immunofluorescence of cPLA2�3 (red) and EEA1
(green) and overlay of EEA1 with cPLA2�3 are
shown in E–G, respectively. Single staining with
antibody to the late endosome marker MRP-6 and
overlay of cPLA2�3 with MRP-6 are shown in H and
I, respectively. An overlay of a deconvoluted
image of cPLA2�3 and Golgi marker golgin 97 (J )
shows that cPLA2�3 is not associated with Golgi.
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and primary monocyte derived macrophages, and in each case the
expression of a 100-kDa cPLA2� protein was observed. Probing a panel
of human tissues with antibody to full-length cPLA2� revealed that all
human tissues express a 100-kDa cPLA2� protein, and is the predomi-
nant form in lung, spleen, and ovary. Prominent lowermolecular weight
proteins were also observed in several tissues (liver, brain, kidney, heart,
and pancreas), suggesting that other splice variants of cPLA2� are also
present. Full-length cPLA2� contains a truncated JmjC domain at the N
terminus of the protein that is linked to the C2 and catalytic domains
(22). Interestingly, a data base search has revealed the presence of an
IMAGE clone (BC025290) that is homologous to the N-terminal seg-
ment of cPLA2� but contains additional sequence that forms a complete
JmjCdomain but lacks theC2 and catalytic domains. Examination of the
genomic sequence of human chromosome 15 reveals that this IMAGE
clone is derived from the first eight exons of cPLA2�, after which it stops
prematurely and thus lacks the C2 and catalytic domains. From analysis
of the cDNA sequence of full-length cPLA2�, the truncation of the JmjC
domain is due to the skipping of exons 7 and 8. The N-terminal short
variant of cPLA2� (BC025290) containing the complete JmjC domain is
predicted to encode a protein of �35 kDa and may represent one of the
smaller proteins detected in some tissues with antibody to cPLA2�.
JmjC domains, part of the cupin metalloenzyme superfamily, have a
�-barrel structure and are often found in nuclear proteins that regulate
chromatin stability (44–47). Recent evidence suggests that JmjC pro-
teins are 2-oxoglutarate-Fe(II)-dependent dioxygenases (44). Full-
length cPLA2� lacks the C-terminal region of the JmjC domain, which
contains one of the three conserved metal-binding residues of a com-
plete JmjC domain, suggesting that it lacks the dioxygenase activity.
These data suggest that cPLA2� undergoes complex splicing regulation,
which potentially results in the production of functionally diverse pro-
tein products.
Comparisons of the enzymatic activity of cPLA2�1 and cPLA2�3 pro-

vided insight into the effect of themodified catalytic domain of cPLA2�3
on its properties. Activity assays of affinity-purified cPLA2�3 with
palmitoyl-lyso-PC substrate demonstrate that despite the striking
change in the structure, this enzyme is active but has lower activity than
cPLA2�1. Interestingly, cPLA2�1 and cPLA2�3 exhibited comparable
PLA2 activity and preferentially hydrolyzed palmitoyl-arachidonyl-PE
but exhibited little or no activity with palmitoyl-arachidonyl-PC. Of the
cPLA2� inhibitors tested, only AZ-1was effective at inhibiting cPLA2�1
but had no effect on cPLA2�3, indicating that the deletion in cPLA2�3
affects enzymatic properties and susceptibility to inhibitors. However,
the deletion in cPLA2�3 did not have a generalized effect but rather
specifically affected its action on certain substrates. The actual endoge-
nous substrate for cPLA2�3 has not been identified and may be unique
to its novel site of localization. Additionally, factors such as post-trans-
lational modification and possibly binding proteins may play a role in
regulating cPLA2�3 activity.

All Group IV PLA2s with the exception of cPLA2� contain C2
domains, which generally function to promote calcium-dependent
membrane binding (17–21, 48–50). The PLA2 activity of cPLA2�3
against phosphatidylethanolamine is significantly enhanced by calcium,
suggesting a functional role for theC2domain; however, unlike cPLA2�,
cPLA2�3 exhibits significant calcium-independent activity against PE
substrate. AlthoughC2 domains of cPLA2� and cPLA2�3 have the same
topological fold, they share only 25% amino acid identity. Of the seven
important Ca2�-binding residues of cPLA2�, only four are conserved in
cPLA2�3 (51, 52). Moreover, cPLA2�3 lacks important hydrophobic
residues found in the cPLA2� calcium-binding loops that are important
for binding to PC vesicles (53–56). This may contribute to the poor

activity of cPLA2�3 with PC substrate. Another interesting structural
difference between cPLA2� and cPLA2�3 is that the C2 domain of
cPLA2� is connected to the catalytic domain by a flexible linker of 5
amino acids that may undergo rotational changes affecting the interac-
tion of the catalytic domain to the membrane (12), whereas in cPLA2�3
this linker is 120 amino acids long. This suggests potential differences in
membrane binding properties of cPLA2�3 and cPLA2�. Our results
demonstrate differences in the partitioning of cPLA2�1 and cPLA2�3
into soluble and particulate fractions of BEAS-2B homogenates pre-
pared in excess calcium or EGTA. Since the C2 domains of cPLA2�1
and cPLA2�3 are homologous, the results indicate that the deletion in
the C terminus of cPLA2�3 affects its membrane binding properties,
perhaps due to conformational affects.
A surprising finding was that cPLA2�3 is constitutively associated

with membrane in unstimulated BEAS-2B cells. cPLA2�3 is removed
from the membrane by homogenizing BEAS-2B cells with excess
EGTA, suggesting that Ca2� plays a role in membrane binding. How-
ever, the microscopy data indicate that membrane association of
cPLA2�3 occurs at resting levels of calcium under conditions in which
cPLA2� is cytosolic. cPLA2� associates with membrane when intracel-
lular calcium is 	120 nM, indicating that the concentration of intracel-
lular calcium in serum-starved unstimulated BEAS-2B cells is below this
level (16). In addition to calcium, a variety of other factors could con-
tribute to the constitutive association of cPLA2�3 with membrane.
Unlike cPLA2�, which exhibits calcium-dependent targeting to Golgi,
endoplasmic reticulum, and nuclear membrane, cPLA2�3 distinctly
associates with mitochondria and early endosomes. It is possible that
this membrane association is mediated by protein-protein interactions
involving a specific region of cPLA2�3. The mechanism responsible for
cPLA2�3 binding to these sites is not known, but the results suggest a
novel role for cPLA2�3 in the function of early endosomes and mito-
chondria. The 100-kDa cPLA2� is widely distributed in human tissues,
suggesting that it plays a generalized role in cells. PLA2 enzymes have
been implicated in calcium-dependent fusion of endosomes, tubule-
mediated trafficking in the secretory and endocytic pathways, and recy-
cling of transferrin and transferrin receptors in different cell types.
cPLA2�3 is the first PLA2 that has been found to be associated with
endosomes in resting cells (57–61).
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