
J. Biochem. 127, 645-651 (2000)

Cell Surface Activities of the Human Type 2b Phosphatidic Acid
Phosphatase1

Tadataka Ishikawa, Masahiro Kai, Dtuo Wada, and Hideo Kanoh2

Department of Biochemistry, Sapporo Medical University School of Medicine, West-17, South-1, Sapporo 060-8556

Received January 7, 2000; accepted January 27, 2000

Several isozymes of mammalian type 2, Mg*+-independent phosphatidic acid phos-
phatase (PAP-2) have recently been cloned, and they are predicted to have their cata-
lytic sites exposed at the cell surface membranes. We investigated the mode of
utilization of extracellular lipid substrates by the human PAP-2b expressed in HEK293
cells as a green fluorescent fusion protein. We first confirmed the plasma membrane
localization of the expressed PAP-2b. PAP-2b actively hydrolyzed exogenously added
lysophosphatidic acid and short-chain phosphatidic acid. In the case of dephosphoryla-
tion of lysophosphatidic acid, the reaction products, including inorganic phosphate and
monoacylglycerol, were recovered exclusively in the extracellular medium. Interest-
in&ly* PAP-2b exhibited negligible activities toward long-chain phosphatidic acid either
exogenously when added or generated within the membranes by treating the cells with
bacterial phospholipase D. These findings indicate that PAP-2b acts at the outer leaflet
of cell surface bilayers and can account for the ecto-PAP activities previously described
for various types of cells.

Key words: HEK293, lysophosphatidic acid, phosphatidic acid phosphatase, phospho-
lipase D.

Phosphatidic acid phosphatase (PAP); [EC 3.1.3.4] converts
phosphatidic acid (PA) to diacylglycerol, and has long been
known to occupy a central position in the classical glycero-
lipid biosynthetic pathway (1). Mammalian PAP comprises
at least two classes of enzymes that differ from each other
with respect to intracellular distribution and enzymological
properties (2). Although no data are available concerning
the molecular structure of the type 1, Mg2*-dependent and
soluble PAP (PAP-1), considerable information concerning
the type 2, Mg2+-independent and membrane-bound en-
zyme (PAP-2) has recently come to light. Already 8 species
of PAP-2 have been cloned from different organisms (3) in
addition to several alternatively spliced forms (4, 5). The
cloned PAP-2 gene products include the mouse 35 kDa PAP
(6), human PAP-2a, 2b, and 2c (7-9), rat LPP-1 (10), rat
Dri42 (Ref. 11, later found to be a homolog of human PAP-
2b), Drosopfiila Wunen (12), and yeast LPP-1 (13). The
members of this well-conserved gene family are integral
membrane proteins with 6 transmembrane regions and, in
the case of the mammalian enzymes, have been shown to
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be iV-glycosylated at a single conserved site (6, 7). All of the
cloned PAP-2 enzymes belong to a phosphatase superfamily
possessing a common novel phosphatase sequence motif
(14,15).

When assayed in vitro in the presence of Triton X-100,
mammalian PAP-2s dephosphorylate a wide range of lipid
phosphates derived from both glycero- and sphingolipid
metabolism. Lipid phosphates reported as PAP-2 sub-
strates include, in addition to PA, lyso-PA (7, 16), sphin-
gosine-1-phosphate (7, 16), ceramide-1-phosphate (7, 16),
diacylglycerol pyrophosphate (17), and N-oleoyl ethanol-
amine phosphoric acid (8). Such broad substrate specificity
of this class of enzyme has led Waggoner and Brindley to
rename PAP-2 family members lipid phosphate phosphohy-
drolases (LPPs, Ref IS). PAP-2s are thus potentially
involved in the control of cellular functions by metabolizing
a variety of lipid phosphates with signaling functions. In-
deed, the physiological importance of this novel class of
enzymes has been suggested by the function of Drosophila
Wunen (12), which regulates germ cell migration in the fly
embryo.

An important question concerning the function of PAP-2
is whether the enzyme can participate in the metabolic pro-
cessing of intracellular lipid phosphates. PAP-2 localized on
plasma membranes has generally been thought to dephos-
phorylate PA generated by phospholipase D. To participate
in the metabolism of cellular PA, PAP-2 at the plasma
membrane should have its catalytic site oriented toward
the inner leaflet of the bilayer or exposed on the cytoplas-
mic surface. However, the catalytic sites of the cloned PAP-
2 have been predicted in several studies (7,15,18,19) to be
located at the putative extracellular loops, and recent work
has demonstrated cell surface PAP activities of human and
mouse PAP-2a (9, 10). These studies suggest that PAP-2
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may degrade extracellular substrates and/or those con-
tained in the outer leaflet of the membrane bilayer. This
prediction suggests that the enzyme attenuates receptor-
directed extracellular signals such as lyso-PA and sphin-
gosine-1-phosphate rather than participating in the intra-
cellular metabolism of PA and other lipid phosphates. In-
deed, Jasinska et al. reported that the overexpression of
mouse PAP-2a in Rat2 fibroblasts increases the hydrolysis
of extracellular lipid phosphates, resulting in the attenua-
tion of mitogen-activated protein kinase (MAPK) activation
and DNA synthesis caused by exogenous lyso-PA (10).
However, there are several reports describing the participa-
tion of PAP-2 in intracellular PA metabolism. Human en-
dothelial cells expressing PAP-2a (4) and HEK293 cells ex-
pressing PAP-2b (20) show an increased conversion of in-
tracellular PA to DG, suggesting that PAP-2 participates in
the intracellular metabolism of PA.

In order to answer several of the above questions con-
cerning the basic properties of cloned PAP-2s, we attempt-
ed to define the intraceUular localization and mode of utili-
zation of extracellular substrates by transfected human
PAP-2b. During these attempts, we found that PAP-2b ac-
tively degrades extracellular lyso-PA and short-chain PA,
but shows negligible activity toward long chain PA added
exogenously or accumulated within membranes. We also
obtained evidence to suggest that PAP-2b can dephosphory-
late exogenous lyso-PA without prior binding to the cell
surface.

EXPERIMENTAL PROCEDURES

Materials—The sources of most of the materials have
been described previously (6, 7). [-y-TJATP, [lllC]myristic
acid, and PHJlyso-PAd-ig, 10-3H]oleoyl type) were obtained
from DuPont NEN. Radiolabeled PA, lyso-PA, and dioctano-
ylPA were prepared by incubating dioleoylglycerol, mono-
olein, and dioctanoylglycerol, respectively, with [-y-^JATP
and Escherichia coli diacylglycerol kinase as described pre-
viously (6, 7). FuGENE 6, Streptomyces chromofuscus phos-
pholipase D, and anti-green fluorescent protein (GFP)
monoclonal antibody were purchased from Roche Diagnos-
tics Corp. Rhodamine-conjugated concanavalin A was pur-
chased from Molecular Probe.

Cell Culture and Transfection—HEK293 cells were cul-
tured in Dulbecco's modified Eagle's medium (DMEM) sup-
plemented with 10% (v/v) fetal calf serum as described pre-
viously (7). An expression plasmid encoding human PAP-2b
fused with GFP at the C-terminus (PAP2b-GFP) was con-
structed as described previously (7) using the plasmid
pEGFP-3N (CLONTECH). For transient transfectdon into
HEK293 cells, 0.6 jjtg per 35-mm dish each of plasmid DNA
and FuGENE 6 was used according to the manufacturer's
protocol. When approximately 70%-confluent cells were
subjected to the transfection procedure, the transfection
efficiency was always greater than 90% after 24 h as esti-
mated by fluorescence microscopic observation of GFP-ex-
pressing cells.

PAP Assay—For enzyme assays using intact cells, HEK
293 cells transfected with PAP2b-GFP or the empty vector
were used 24 h posttransfection. The transfected cells
plated on 12-well dishes (approximately 1.4 X 108 cells per
well) were starved for 24 h in DMEM containing 0.1%
bovine serum albumin (BSA, fatty acid-Jree, Sigma). The

cells were then incubated at 37°C with labeled lipid sub-
strates (5 nM, 5,000-20,000 cpm/nmol) in 0.5 ml of DMEM
containing 1 mg/ml of BSA. In this case, the labeled lipids
in chloroform were dried under nitrogen, suspended in
DMEM containing 1 mg/ml BSA, and dispersed by brief
sonication. After incubation, the medium was rapidly aspi-
rated and the cells were rinsed once with 0.5 ml of Tris-
buffered saline (10 mM Tris-HCl, pH 7.2, 150 mM NaCl).
Aliquots of the combined medium (250 jJ) and the attached
cells were extracted with 1 ml of chloroform/methanol (1:1,
v/v) and 0.3 ml of 0.1 N HC1 containing 0.5 M NaCl. After
vigorous mixing, the two phases were separated by brief
centrifugation. The radioactivity in the water-soluble frac-
tions determined by scintillation counting was taken as the
amount of substrate hydrolyzed. We found that 75-80% of
the water-soluble radioactivity was recovered as the phos-
phomolybdate complex (21) when PTPJlyso-PA was incu-
bated for 10 min with control cells transfected with empty
vector. We also confirmed that the increase in the water-sol-
uble radioactivity caused by the expression of PAP-2b in
HEK293 cells could be accounted for by the release of
pspjPi. hi the assay using PHJlyso-PA, extracted lipids
were analyzed by thin-layer chromatography (6, 7,22).

For the enzyme assay using permeabilized cells, the
starved cells were incubated with labeled lyso-PA in perme-
abilizing buffer (20 mM Hepes, pH 7.2,135 mM KC1, 5 mM
NaHCO3, 5 mM EGTA, 4 mM MgCL,, 1.5 mM CaCLj, 5.6
mM glucose, 4 mM ATP, 1 mg/ml BSA, and 50 jxM digito-
nin or 0.05% octylglucoside). Loss of membrane integrity
was determined by the inability of cells to exclude the vital
dye Trypan Blue. In this case HEK293 cells were incubated
for 5 min at 37°C with the permeabilizing buffer. The cells
were then trypsinized, suspended in phosphate-buffered
saline (PBS), diluted 1:2 with 0.4% Trypan Blue, and count-
ed. The percentage of trypan blue positive cells was more
than 95% when permeabilized with digitonin or octylgluco-
side, while the score was less than 3% in the case of intact
cells.

For in vitro phosphatase assay, the total membrane frac-
tions from HEK293 cells were obtained by subjecting the
postnuclear fraction prepared as described previously (23)
to centriiugatdon at 100,000 Xg for 1 h. The membranes
suspended in homogenization buffer (0.25 M sucrose, 1 mM
MgClj and 5 mM Hepes, pH 7.2) were preincubated with
4.2 mM iV-ethylmaleimide at 37'C for 10 min (24) to inacti-
vate type 1 PAP. The PAP assay using preincubated mem-
branes was performed as described previously (6, 7, 22) in
reaction mixtures (50 nJ) containing 50 mM Tris-HCl (pH
7.5), 0.2 mM labeled lipids, 3.2 mM Triton X-100, 1 mM
EDTA, 1 mg/ml BSA, and membranes (10 \xg of protein).

Phospholipase D Treatment of Intact Cells and Isolated
Membranes—HEK293 cells grown on 35-mm dishes were
transfected with PAP2b-GFP and starved for 24 h as de-
scribed above. The starved cells were radiolabeled with 0.2
H,Ci/ml of ["Clmyristic acid for 3 h in serum-free DMEM.
After labeling, the cells were rinsed twice with PBS and in-
cubated at 37"C for 10 min in serum-free DMEM in the
presence or absence of bacterial phospholipase D (5 U/ml).
The medium was then removed and the rinsed cells were
further incubated for 20 min at 37*C in serum-free DMEM.
In the case of phospholipase D treatment of isolated mem-
branes, total membranes were obtained from radiolabeled
cells by centrifuging the postnuclear fraction as described
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above. The membranes were suspended (250 \xg of protein/
ml) in 10 mM phosphate buffer (pH 7.2) containing 150
mM NaCl, 5 mM sodium pyrophosphate, 1 mM EGTA, and
1 mM ZnCl .̂ The membrane suspension was treated with
phospholipase D (15 U/ml) for 10 min at 37'C with constant
shaking. The membrane suspension was then treated with
10 mM iodoacetamide to inactivate phospholipase D, and
the incubation was continued for another 20 min. Lipids
extracted from the cells and membranes were analyzed by
thin-layer chromatography developed by two runs in one
dimension as described by van Dijk et al. (25). First run
was developed in petroleum ether/diethylether/acetic acid
(25:25:1, v/v), and stopped when the solvent reached the top
of the plate. After the position of diacylglycerol was mark-
ed, the second run was developed in the upper phase of
ethyl acetateAsooctane/acetdc acid/rL.0 (9:5:2:1, v/v) until
the solvent reached the position of diacylglycerol. Various
lipid standards were visualized by iodine vapor and the
radioactivities of the separated lipids were analyzed with a
BAS2000 image analyzer (Fuji).

Immunoblotting—Cell lysates (5 ^g protein) were re-
solved in 12.5% SDS polyacrylamide gels, and transferred
onto nitrocellulose membranes by electroblotting (6, 7). The
membranes were blocked with Block Ace (Dainippon Phar-
maceutical, Tokyo) for 1 h at room temperature. Anti-GFP
monoclonal antibody was used at 1:1,000 dilution for 1 h at
room temperature in 10% Block Ace in PBS. The blots were
washed with PBS containing 0.05% Tween-20, and incu-
bated with secondary antibody for 30 min at a dilution of
1:10,000 in 10% Block Ace/PBS. The blots were washed and
detected by chemiluminescence (SuperSignal, Pierce).

Fluorescence Microscopy—HEK293 cells grown on poly-
lysine-coated coverglasses were transfected with PAP2b-
GFP. At 24 h posttransfection, the cells were rinsed twice
with PBS, and incubated with 5 jjLg/ml rhodamine-conju-
gated concanavalin A in PBS containing 1% BSA for 30
min at room temperature. The cells were rinsed once with
PBS, and fixed in methanol for 10 min at -20°C. The cells
were then washed three times with PBS and once with
deionized water, sealed in the presence of Vectashield anti-
fade (Vector Laboratories, CA), and examined using a Laser
Scanning Confocal Imaging System MRC-1024 (Bio-Rad
Laboratories) equipped with an Eclipse E600 microscope

(Nikon). Digital images were acquired and processed using
LaserSharp software (Bio-Rad Laboratories), Adobe Photo-
shop software (Mountain View, CA), and Canvas software
(Deneba software, Miami, FL).

RESULTS

Since the subcellular localization of PAP-2 is of critical im-
portance for understanding the function of this class of en-
zyme, we first attempted to define the cellular localization
of human PAP-2b. For this purpose we expressed PAP-2b
fused with GFP (PAP2b-GFP) in HEK293 cells and exam-
ined the cells by confocal microscopy (Fig. 1). The expressed
PAP-2b localized mainly at the cell surface membrane and
colocalized completely with concanavalin A used as an
established marker for cell surface glycoproteins. In addi-
tion, a variable portion of the expressed enzyme was repro-
ducibly detected in intracellular compartments, and this
portion remained unidentified. These findings are consis-
tent with the result recently obtained by indirect immuno-
fluorescence analysis of wild-type PAP-2b expressed in
HEK293 cells (20).

Recently, mouse PAP-2a (lipid phosphate phosphohydro-
lase-1) expressed in Rat2 fibroblasts has been shown to
exhibit cell surface activities degrading various lipid phos-
phates (10). After confirming the localization of PAP-2b in
plasma membranes, we investigated whether human PAP-
2b also possesses cell surface activities. For this purpose,
we transiently expressed PAP2b-GFP in HEK293 cells and
examined the mode of hydrolysis of exogenously added lipid
phosphates. HEK293 cells were selected as a model system
because of their high cDNA transfection efficiency (more
than 90%) consistently achieved and also for their rela-
tively low endogenous PAP-2 enzyme activity compared to
NIH3T3 cells (data not shown). The expression of PAP2b-
GFP was confirmed by Western blot analysis (Fig. 2A).
Anti-GFP antibody detected two species of GFP-fusion pro-
tein (68 and 60 kDa) and a 31-kDa GFP in extracts of
HEK293 cells transfected with the cDNA for PAP2b-GFP
and the control vector, respectively. The two immunoreac-
tive species observed for PAP2b-GFP may correspond to the
glycosylated and non-glycosylated forms, as previously
described for wild-type (20) and epitope-tagged PAP-2b (7).

Fig. 1. Plasma membrane localization of PAP2b-GFP expressed in HEK293 cells. HEK293 cells expressing PAP2b-GFP (A) were la-
beled with rhodamine-conjugated concanavalin A (B) and analyzed using a laser manning confocal microscope Panel C is a merged image
The bar represents 10 jjun.
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Fig. 2. Dephosphorylation of exogenous lipid phosphates by
intact HEK293 cells expressing PAP2b-GFP. A, the expression
of PAP2b-GFP was confirmed by Western blot analysis. The lysates
from HEK293 cells expressing PAP2b-GFP and GFP were analyzed
using anti-GFP antibody as described under "EXPERIMENTAL
PROCEDURES." The positions of the molecular size markers are
shown. B-D, intact HEK293 cells expressing PAP2b-GFP (•) or
GFP alone (o) were serum-starved for 24 h, and assayed for PAP ac-
tivity in Hepes-buffered DMEM containing 1 mg/ml of BSA and 5
JAM each of radioactive lyso-PA (B), dioctanoylPA (C), and di-
oleoylPA (D). After incubation for the indicated periods, the radioac-
tivity of the water-soluble fractions was determined by lipid extrac-
tion of the extracellular medium (left panel). In this case very little
radioactivity was detected in the water-soluble fractions obtained
from the cells. Note the different scales of the y-axis in D. In parallel
experiments, in vitro PAP activity towards each substrate was de-
termined in the presence of Triton X-100, and the results are given
as bars (right panel). All data shown are means ± SD of triplicate
determinations.

We also confirmed that GFP fused at the N- or C-terminus
of PAP-2b did not affect enzyme activities measured in
intact cells and cell lysates.

In the experiments shown in Fig. 2, B, C, and D, cells
transfected with the empty vector in parallel were used as
controls, and the degradation of lyso-PA, dioctanoylPA and
dioleoylPA was measured in intact cells and in in vitro

Time (min)
Fig. 3. Effects of cell permeabilization on the hydrolysis of
exogenous lyso-PA by PAP2b-GFP. HEK293 cells expressing
PAP2b-GFP were incubated for varying periods m DMEM contain-
ing 1 mg/ml of BSA and 5 u.M lyso-PA with (o) or without (•) 50 |j.M
digitonin. The PAP-2b activity was estimated by subtracting the ac-
tivity obtained for the control, GFP-expressing cells incubated in
the same experiments. Data are means ± SD of triplicate determi-
nations.

medium cell

B 03-,

0.2-

I
I d -

km.
medium cefl

Fig. 4. Release into the extracellular medium of the reaction
products from the hydrolysis of exogenous lyso-PA by
PAP2b-GFP. HEK293 cells expressing PAP2b-GFP (filled bars) or
GFP alone (open bars) were incubated for 10 min in Hepes-buffered
DMEM containing 1 mg/ml of BSA and 5 JJLM each of P=P]lyso-PA
(A) or pH]lyso-PA (B). After incubation, the medium and cells were
collected separately and subjected to lipid extraction. In A, ["PIP,
was measured as the phosphomolybdate complex, and in B,
PH]monoacylglycerol (MG) produced was separated by thin-layer
chromatography, scraped, and assayed for radioactivity. Data are
means ± SD of triplicated determinations.
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assay using Triton X-100. In intact cells, the transfection of
PAP-2b markedly increased the dephosphorylation of exog-
enously added lyso-PA and dioctanoylPA, which could ac-
count for the fold-increase of the in vitro PAP-2 activity
measured for each substrate simultaneously. As will be
shown later, the released P, was exclusively recovered in
the extracellular medium. On the other hand, dephospho-
rylation of dioleoylPA was extremely low in intact cells and
increased to a negligible extent by transfection with PAP-
2b despite its high activity in in vitro assay. Although the
small increment of dioleoylPA degradation caused by PAP-
2b transfection was observed reprodudbly, the hydrolysis of
dioleoylPA by PAP-2b in intact cells was estimated to be
less than 1% of the activity toward lyso-PA or dioctanoylPA.

In order to confirm that the dephosphorylation of the
lipid substrates occurs at the ceD surface, we tested the
effects of cell permeabilization on the enzyme activities. As
shown in Fig. 3, P, released from lyso-PA into the extracel-
lular medium, which was ascribed to the expressed PAP-2b,
was not significantly affected by cell permeabilization with
50 [iM digitonin or 0.05% octylglucoside (not shown). The
extremely low activity toward long-chain PA also remained
unaffected in permeabilized cells (not shown). These results
support the notion that lipid dephosphorylation occurs at
the cell surface.

As previously described for various ecto-PAP activities, P,
liberated from lyso-PA in the control and PAP2b-trans-
fected cells was recovered almost exclusively in the extra-
cellular medium (Fig. 4). Interestingly, the lipid product,
monoacylglycerol, was also released into the medium con-
taining 0.1% BSA used throughout these experiments. It is
known that in cells tested in the absence of BSA, lipid
products liberated by dephosphorylation at the outer bila-
yer of the cell surface from lyso-PA (26), fluorescently label-

ed PA (27), or octadecylacetylglycerol phosphate (28) are
rapidly transported across the bilayer to be further metabo-
lized. It is also known that various lipid phosphates bind
rapidly to the cell surface, and that before dephosphoryla-
tion they can be back-extracted with 2% BSA (28) or with
liposomes (27). At least in neutrophiles, 0.1% BSA inhibits
the binding of platelet activating factor and other PA-
related substances to the cell surface by as much as 90%
(28). The present results obtained in the presence of 0.1%
BSA thus suggest that the dephosphorylation of exogenous
lipid phosphates by PAP-2b may not require their binding
to the cell surface and that the liberated lipid products are

BSA(%)
Fig. 5. Effects of BSA on the hydrolysis of exogenous sub-
strates by PAP2b-GFP. HEK293 cells expressing PAP2b-GFP
were incubated for 10 min in DMEM containing varying concentra-
tions of BSA and 5 |iM of radioactive lyso-PA (•) or dioleoylPA (o).
The PAP-2b activity was estimated by subtracting the activity ob-
tained for the control, GFP-expressing cells incubated in the same
experiments. Data are means ± SD of triplicate determinations.
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Fig. 6. PAP2b-GFP fails to dephosphorylate
PA generated in intact cells and isolated
membranes by treatment with bacterial
phospholipase D. HEK293 cells expressing
PAP2b-GFP (D) or GFP alone (o) were serum-
starved for 24 h and then labeled for 3 h with 0.2
jj-Ci/ml of [1;|C]myristic acid. In experiments us-
ing intact cells (A and B), the cells were first in-
cubated for 10 min with bacterial phospholipase
D (5 U/ml). The medium was then replaced with
DMEM without phospholipase D (arrows), and
the incubation was continued for another 20 min.
At the indicated time points, the cells were har-
vested and crude membranes were prepared as
described under "EXPERIMENTAL PROCE-
DURES." Lipids were extracted from the mem-
branes, separated by thin-layer chromatography,
and the signal intensities of PA (A) and diacyl-
glycerol (DG, B) were determined by densitome-
try using BAS-2000. In the case of isolated mem-
branes (C and D), the membranes (0.25 mg/ml)
were incubated with phospholipase D (15 U/ml)
for 10 min. Iodoacetamide (10 mM) was then
added (arrows) and the mixtures were further in-
cubated for 20 min. In parallel experiments, 1%
Triton X-100 was added together with iodoacet-
amide after 10 min of phospholipase D treat-
ment, and the lipids were analyzed after 20 min
incubation (closed symbols). In these experi-
ments, the in vitro PAP-2 activities toward dioleoylPA were similar to those given in Fig. 2D for both control and PAP2b-GFP-expressing
cells. The data shown are means ± SD of triplicate determinations.
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trapped by BSA before being internalized across the cell
surface bilayers. In order to see whether the cell surface
binding of lipid phosphates is required for PAP-2b activity,
we studied the effects of varying concentrations of BSA on
cellular activity. As shown in Fig. 5, PAP-2b shows negligi-
ble activity toward dioleoylPA even in the absence of BSA,
indicating that the inhibition of the cell-binding of long-
chain PA by BSA cannot explain the low activity toward
this substrate. Furthermore, increasing concentrations of
BSA stimulate PAP-2b activity to lyso-PA, and the presence
of BSA concentrations as high as 1% fails to inhibit PAP-2b
activity. This suggests that PAP-2b can dephosphorylate
exogenous lyso-PA without prior binding to the cell surface.

The extremely low activity of PAP-2b toward long-chain
PA might have been caused by the limited accessibility due
to its hydrophobic property. However, as shown in Fig. 6,
the ceD surface PA generated by treating intact cells with
bacterial phospholipase D failed to be dephosphorylated as
no significant changes in the amounts of PA and diacylgryc-
erol were observed during prolonged incubation of control
and PAP-2b-transfected cells. Similarly, PA generated in
isolated membranes failed to be utilized by the expressed
PAP-2b, which became activated upon the addition of Tri-
ton X-100. In this case the change in diacylglycerol caused
by Triton X-100 did not quantitatively match that of PA,
suggesting that diacylglycerol is also produced by unknown
detergent-activated processes other than PAP-2b activity.
These findings strongly suggest that PAP-2b, and possibly
other PAP-2s, have an intrinsic property in intact mem-
branes of being essentially incapable of significantly de-
phosphorylating long-chain PA either added exogenously or
generated at cell surface membranes.

DISCUSSION

In the present work, we transiently expressed human PAP-
2b fused with GFP in HEK293 cells, and demonstrated
that PAP-2b exhibits cell surface activities that dephospho-
rylate extracellular substrates. There are several reports
available concerning the existence of ecto-PAP activity re-
siding in the outer layer of cell surface membranes (21,29,
30). These ecto-PAPs have been described to dephosphory-
late exogenous lyso-PA and short-chain PA actively with
much less, but variable, activities toward long-chain PA
(21, 30). The eeto-PAP activities were studied especially in
neutrophiles, which respond actively to exogenous PA by
generating superoxide (21, 30). In this case, protein kinase
C activation by diacylglycerol generated at the cell surface
by ecto-PAP was, at least in part, responsible for the neu-
trophile response (21). Recently, it was shown that almost
all of the PAP-2 activities in neutrophiles can be accounted
for by the ecto-PAP activities (30). In the case of PAP-2, all
of the cloned enzymes are predicted to have their catalytic
sites exposed at the cell surface, suggesting that PAP-2s
may be the molecular entities of the ecto-PAPs so far de-
scribed. Indeed, the cell surface activities have been ob-
served in Rat2 cells expressing mouse PAP-2a (10) and
insect cells expressing human PAP-2a (9). Together with
the present results, it is likely that all of the cloned PAP-2
isozymes can hydrolyze extracellular lipid phosphates.

Using HEK293 cells expressing PAP-2b, we showed that
this enzyme actively degrades exogenous lyso-PA and
short-chain PA, but with negligible activity to long-chain

PA when added in the extracellular medium or generated
at the cell surface. This property of the expressed PAP-2b is
in general agreement with recent results obtained for
mouse PAP-2a (10) and neutrophile ecto-PAP activities (30).
So far, the release of P, into the extracellular medium has
been used as an important criterion with which to distin-
guish ecto-PAP activity (21, 29, 30). In the present study,
not only Pj, but also monoacylglycerol liberated from lyso-
PA, was recovered exclusively in the extracellular medium
containing 0.1% BSA. The mode of cell binding of extracel-
lular lipid phosphates has been studied in detail in fibro-
blasts (27) and neutrophiles (28). It is commonly recognized
that various PA-related lipids bound at the cell surface are
rather slowly internalized, and that these lipid phosphates
remain in the outer leaflet of the bilayers, since they can be
back-extracted by BSA (28) or liposomes (27). It is also
known that once dephosphorylated at the outer cell surface
by PAP, the dephosphorylated lipid products are rapidly
internalized by transbilayer movement to be further meta-
bolized (27, 28). The present work shows that monoacyl-
glycerol liberated at the cell surface is trapped by BSA be-
fore being transported across the cell membrane, suggest-
ing that the binding of lyso-PA to the cell surface may not
be required for the action of PAP-2b. Indeed, increasing
concentrations of BSA, a compound known to have a potent
inhibitory effect on the cell-binding of octadecylacetylglyc-
erol phosphate (structural analog of lyso-PA, Ref 28), were
found to stimulate rather than inhibit the dephosphoryla-
tion of lyso-PA by PAP-2b. It is thus quite likely that PAP-
2b participates in the metabolism of extracellular lyso-PA,
which is physiologically present in a BSA-bound form,
without its prior binding to the cell surface. Lyso-PA is now
established as an extracellular growth signal acting
through specific G-protein-linked receptors (31). Jasinska
et al. showed that PAP-2a expression in fibroblasts attenu-
ates the activation of MAPK and DNA synthesis by exoge-
nous lyso-PA (10). In repeated experiments, however, we
could not obtain reproducible results concerning the atten-
uating effects of PAP-2b expression on lyso-PA-induced
MAPK activation, which is known to occur in HEK293 cells
(32).

The most puzzling result obtained in the present study is
the apparent inability of PAP-2b to dephosphorylate long-
chain PA despite its high activity when measured in the
presence of Triton X-100. This finding can not be explained
by the insolubility of long-chain PA, since PA generated at
the cell surface or within membranes also failed to react
significantly with the expressed PAP-2b. Indeed, it was pre-
viously shown that PA generated by phospholipase D treat-
ment of rat pancreatic islet cells is not converted to diacyl-
glycerol during incubation (35). At present, we conclude
that such an inability of PAP-2b, and possibly other PAP-
2s, to dephosphorylate long-chain PA may be due to an
intrinsic property of the enzymes when they are present in
intact membranes. However, PAP-2b was recently shown to
hydrolyze PA generated by phospholipase D when HEK293
cells were treated with phorbol ester (20). In this case such
a functional link between PAP-2b and phospholipase D ap-
pears to exist only in caveolin-1-enriched detergent insolu-
ble microdomains of the plasma membrane. It is therefore
possible that PAP-2b operating at the cell surface can still
participate in the control of intracellular signal transduc-
tion processes. In this respect, PAP-2a has similarly been
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shown to act at the outer surface of plasma membranes,
whereas this isozyme has also been reported to lower the
steady state concentration of intracellular PA in endothelial
cells (4). Apparently, more work is needed to understand
the mechanisms by which PAP-2 can participate in both ex-
tracellular and intracellular lipid metabolism. In any case,
the present work shows that PAP-2b participates in the
metabolism of extracellular lyso-PA and other lipid phos-
phates. In view of the potent biological activities of lyso-PA,
PAP-2b would control cell migration and other functions
that depend on extracellular lipid signals, as has been sug-
gested for the function of Drosophila Wunen (12).

REFERENCES

1. Smith, S.W., Weiss, S.B., and Kennedy, E.P. (1957) The enzy-
matic dephosphorylation of phosphatidic acid. J. Biol. Chem.
228, 915-922

2. Brindley, D.N. and Waggoner, D.W. (1996) Phosphatidate phos-
phohydrolase and signal transduction. Chem. Phys. Lipids 80,
45-57

3. Kanoh, H., Kai, M., and Wada, I. (1999) Molecular character-
ization of the type 2 phosphatidic acid phosphatase. Chem.
Phys. Lipids 98,119-126

4. Leung, D.W, Tompkins, C.K, and White, T. (1998) Molecular
cloning of two alternatively spliced forms of human phospha-
tidic acid phosphatase cDNAs that are differentially expressed
in normal and tumor cells. DNA Cell Biol. 17, 377-385

5. Tate, R.J., Tolan, D., and Pyne, S. (1999) Molecular cloning of
magnesium-independent type 2 phosphatidic acid phospha-
tases from airway smooth muscle. Cell. Signal. 11, 515-522

6. Kai, M., Wada, I., Imai, S., Sakane, F, and Kanoh, H. (1996)
Identification and cDNA cloning of 35-kDa phosphatidic acid
phosphatase (type 2) bound to plasma membranes. J. Biol.
Chem. 271,18931-18938

7. Kai, M., Wada, I., Imai, S., Sakane, F., and Kanoh, H. (1997)
Cloning and characterization of two human isozymes of Mg*+-
independent phosphatidic acid phosphatase. J. Biol. Chem.
272,24572-24578

8. Hooks, S.B., Ragan, S.P., and Lynch, K.R. (1998) Identification
of a novel human phosphatidic acid phosphatase type 2 iso-
form. FEBS Lett. 427,188-192

9. Roberts, R., Sciorra, VA, and Morris, A.J. (1998) Human type 2
phosphatidic acid phosphohydrolasea Substrate specificity of
the type 2a, 2b, and 2c enzymes and cell surface activity of the
2a isoform. J. Biol. Chem. 273, 22059-22067

10. Jasinska, R., Zhang, Q.-X., Pilquil, C, Singh, I., Xu, J., Dewald,
J., Dillon, DA., Berthiaume, L.G., Carman, G.M., Waggoner,
D.W, and Brindley, D.N. (1999) Lipid phosphate phosphohydro-
lase-1 degrades exogenous glycerolipid and sphingolipid phos-
phate esters. Biochem. J. 348, 677-686

11. Barila, D., Plateroti, M., Nobili, F, Muda, A.O., Xie, Y., Morim-
oto, T., and Perozzi, G. (1996) The Dri 42 gene, whose expres-
sion is up-regulated during epithelial differentiation, encodes a
novel endoplasmic reticulum resident transmembrane protein.
J. Biol. Chem. 271, 29928-29936

12. Zhang, N., Zhang, J., PurcelL K.J., Cheng, Y., and Howard, K.
(1997) The Drosophila protein Wunen repels migrating germ
cells. Nature 386, 64-67

13. Toke, DA., Bennett, W.L., Oshiro, J., Wu, W.-I., Voelker, D.R.,
and Carman, G.M. (1998) Isolation and characterization of the
Saccharomyces cerevisiae LPP1 gene encoding a Mga+-indepen-
dent phosphatidate phosphatase. J. Biol. Chem. 273, 14331-
14338

14. Stukey, J. and Carman, G.M. (1997) Identification of a novel
phosphatase sequence motif Protein Sci. 6,469—472

15. Neuwald, AF. (1997) An unexpected structural relationship
between integral membrane phosphatases and soluble haloper-
oxidases. Protein Sci. 6,1764-1767

16. Waggoner, D.W., Gomez-Munoz, A, Dewald, J., and Brindley,
D.N. (1996) Phosphatidate phosphohydrolase catalyzes the hy-
drolysis of ceramide 1-phosphate, lysophosphatddate, an sphin-
gosine 1-phosphate. J. Biol. Chem. 271,16506-16509

17. Dillon, DA, Chen, X., Zeimetz, G.M., Wu, W.-I., Waggoner,
D.W, Dewald, J., Brindley, D.N., and Carman, G.M. (1997)
Mammalian Mga+-independent phosphatidate phosphatase
(PAP2) displays diacylglycerolpyrophosphate phosphatase ac-
tivity. J. Biol. Chem. 272,10361-10366

18. Brindley, D.N. and Waggoner, D.W. (1998) Mammalian lipid
phosphate phosphohydrolasea J. Biol. Chem. 273, 24281-
24284

19. Kanoh, H., Kai, M., and Wada, I. (1997) Phosphatidic acid phos-
phatase from mammalian tissues: discovery of channel-like
proteins with unexpected functions. Biochim. Bwphys. Ada
1348, 56-62

20. Sciorra, VA and Morris, AJ. (1999) Sequential actions of phos-
pholipase D and phosphatidic acid phosphohydrolase 2b gener-
ate diglyceride in mammalian cells. Mol. Biol. Cell 10, 3863-
3876

21. Perry, D.K, Stevens, V.L., Widlanski, T.S., and Lambeth, J.D.
(1993) A novel ecto-phosphatddic acid phosphohydrolase activ-
ity mediates activation of neutrophil superoxide generation by
exogenous phosphatidic acid. J. Biol. Chem. 268, 25302-25310

22. Kanoh, H., Imai, S., Yamada, K, and Sakane, F. (1992) Purifi-
cation and properties of phosphatidic acid phosphatase from
porcine thymus membranes. J. Biol. Chem. 267, 25309-25314

23. Wada, I., Kai, M., Imai, S., Sakane, F, and Kanoh, H. (1997)
Promotion of transferrin folding by cyclic interactions with cal-
nexin and calreticulin. EMBO J. 16, 5420-5432

24. Jamal, Z., Martin, A, Gomez-Munoz, A, and Brindley, D.N.
(1991) Plasma membrane fractions from rat liver contain a
phosphatidate phosphohydrolase distinct from that in the endo-
plasmic reticulum and cytosol. J. Biol. Chem. 266, 2988-2996

25. van Dyk, M.C., Muriana, F.J.G., de Widt, J., Hilkmann, H., and
van Bh'tterswijk, W.J. (1997) Involvement of phosphatidylcho-
line-specific phospholipase C in platelet-derived growth factor-
induced activation of the mitogen-activated protein kinase
pathway in Rat-1 fibroblasts. J. Biol. Chem. 272,11011-11016

26. van der Bend, R.L., de Widt, J., van Corven, E.J., Moolenaar,
W.H., and van Blitterswyk, W.J. (1992) Metabolic conversion of
the biologically active phospholipid, lysophosphatidic acid, in
fibroblasts. Biochim. Biophys.Acta 1125, 110-112

27. Pagano, R.E. and Longmuir, KJ. (1985) Phosphorylatdon, trans-
bilayer movement, and facilitated intracellular transport of dia-
cylglycerol are involved in the uptake of a fluorescent analog of
phosphatidic acid by cultured fibroblasts. J. Biol. Chem. 260,
1909-1916

28. Tokumura, A, Tsutsumi, T, and Tsukatani, H. (1992) Transbi-
layer movement and metabolic fate of ether-linked phospha-
tidic acid (l-O-octadecyl-2-acetyl-sn-glycerol 3-phosphate) in
guinea pig peritoneal polymorphonuclear leukocytes. J. Biol.
Chem. 267, 7275-7283

29. Xie, M. and Low, M.G. (1994) Identification and characteriza-
tion of an ecto-(lyso)phosphatidic acid phosphatase in PAM212
keratinocytes-Are/i. Biochem. Biophys. 312, 254-259

30. English, D., Martin, M., Harvey, KA, Akard, L.P., Allen, R.,
Widlanski, T.S., Garcia, J.G.N., and Siddiqui, RA. (1997) Char-
acterization and purification of neutrophil ecto-phosphatidic acid
phosphohydrolase. Biochem, J. 324, 941-950

31. Moolenaar, W.H., Kranenburg, O., Postma, F.R., and Zondag,
G.C. (1997) Lysophosphatidic acid: G-protein signalling and cel-
lular responses. Curr. Op. Cell Biol. 9,168-173

32. Delia Rocca, G.L., Maudsley, S., Daaka, Y, Lefkowitz, R.J., and
Luttrell, L.M. (1999) Pleiotropic coupling of G protein-coupled
receptors to the mitogen-activated protein kinase cascada Role
of focal adhesions and receptor tyrosine kinases. J. Biol. Chem.
274,13978-13984

33. Metz, SA and Dunlop, M. (1990) Stimulation of insulin release
by phospholipase D. A potential role for endogenous phospha-
tidic acid in pancreatic islet function. Biochem. J. 270, 427—435

VoL 127, No. 4,2000

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

