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Phospholipases D1 and D2 Regulate Different Phases of
Exocytosis in Mast Cells

Wahn Soo Choi,* Young Mi Kim,1* Christian Combs,† Michael A. Frohman,‡ and
Michael A. Beaven2*

The rat mast cell line RBL-2H3 contains both phospholipase D (PLD)1 and PLD2. Previous studies with this cell line indicated
that expressed PLD1 and PLD2 are both strongly activated by stimulants of secretion. We now show by use of PLDs tagged with
enhanced green fluorescent protein that PLD1, which is largely associated with secretory granules, redistributes to the plasma
membrane in stimulated cells by processes reminiscent of exocytosis and fusion of granules with the plasma membrane. These
processes and secretion of granules are suppressed by expression of a catalytically inactive mutant of PLD1 or by the presence of
50 mM 1-butanol but not tert-butanol, an indication that these events are dependent on the catalytic activity of PLD1. Of note,
cholera toxin induces translocation of PLD1-labeled granules to the plasma membrane but not fusion of granules with plasma
membrane or secretion. Subsequent stimulation of calcium influx with Ag or thapsigargin leads to rapid redistribution of PLD1
to the plasma membrane and accelerated secretion. Also of note, PLD1 is recycled from plasma membrane back to granules within
4 h of stimulation. PLD2, in contrast, is largely confined to the plasma membrane, but it too participates in the secretory process,
because expression of catalytically inactive PLD2 also blocks secretion. These data indicate a two-step process: translocation of
granules to the cell periphery, regulated by granule-associated PLD1, and a calcium-dependent fusion of granules with the plasma
membrane, regulated by plasma membrane-associated PLD2 and possibly PLD1.The Journal of Immunology, 2002, 168: 5682–
5689.

Phospholipase (PLD)3 is activated in stimulated mast cells
where it is thought to play an essential role in secretion of
granules (1, 2). Activated PLD catalyzes the hydrolysis of

phosphatidylcholine to form phosphatidic acid, which can be con-
verted in turn to diglycerides by the action of phosphatidate hy-
drolase. PLD is thought to promote sustained activation of protein
kinase (PK)C through the generation of phosphatidic acid and pos-
sibly diacylglycerides, both of which stimulate PKC (3). PLD
could thus promote secretion, because activation of PKC along
with an increase in cytosolic free calcium are essential signals for
secretion in mast cells (4). In addition, phosphatidic acid may play
a more direct role in facilitating fusion of the perigranule and
plasma membranes, as has been proposed for neuroendocrine cells
(5) and neutrophils (6).

Several studies demonstrate a close relationship between secre-
tion and PLD activation in the rat mast cell line RBL-2H3. For
example, treatment of these cells with cholera toxin enhances PLD
activation and secretion to the same extent without affecting the
activation of other PLs (1). Also, inhibitors of PKs that regulate

PLD activity suppress both PLD activation and secretion similarly
(7). Finally, primary alcohols that divert production of phospha-
tidic acid by PLD to phosphatidylalcohol (referred to as a
transphosphatidylation reaction) suppress secretion as well (1, 2).
The transphosphatidylation reaction is used to assay PLD ac-
tivity in vivo (see Materials and Methods) because, unlike
phosphatidic acid, the phosphatidylalcohol is produced specif-
ically by PLD, is relatively inert as a signaling lipid, and ac-
cumulates within the cell (8).

Two mammalian isoforms have been cloned, namely PLD1 and
PLD2 (9–11). PLD1 can be activated by several mechanisms.
These include activation by small GTPases (12–16), Rho kinase
(17), Ca2�/calmodulin-dependent (CaM) kinase II (18), and PKC
in a catalytically dependent and independent manner (12, 19, 20).
For example, recombinant PLD1 is stimulated in vitro in the pres-
ence of phosphatidylinositol 4,5-bisphosphate by ADP-ribosyla-
tion factor (ARF), Rho proteins (i.e., RhoA, Rac1, and Cdc42), and
PKC� by direct interaction with this PLD (12–16). PLD2 also
requires phosphatidylinositol 4,5-bisphosphate for expression of
activity, but unlike PLD1 this activity is not affected by the small
GTPases or PKC� (10), although modest stimulation by ARF has
been reported by some workers (21, 22).

PLD is activated in isolated mast cells (23) and cultured mast
cell lines such as the RBL-2H3 cell (1, 24, 25) by receptor ligands
(23, 26), calcium ionophores (24), thapsigargin (1, 27), and PMA
(24) to cause sustained production of phosphatidic acid and di-
glycerides (23–25). PLD is responsible for much of the increase in
diglycerides in stimulated mast cells (23). The secretory response
to Ag is lost on permeabilizing mast cells but can be fully restored
by provision of ARF1 or phosphatidylinositol transfer protein,
both of which increase levels of phosphatidylinositol 4,5-bisphos-
phate and restore the PLD and secretory responses to Ag (2). RBL-
2H3 cells express message for PLD1b (one of the two variant
forms of PLD1) and, to a much greater extent, PLD2 (A. Vaid,
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P. M. Holbrook, and M. A. Beaven, unpublished data). Subcellular
fractionation studies indicate that both granule and plasma mem-
brane fractions contain PLD activity (A. Chahdi, P. F. Fraundorfer,
and M. A. Beaven, unpublished data). Although the type of PLD
associated with these fractions is unclear, expressed enhanced
green fluorescent protein (EGFP)-tagged PLD1 localizes primarily
with the secretory granule (28) and endogenous PLD2 protein is
located primarily in plasma membrane fractions (A. Chahdi, P. F.
Fraundorfer, and M. A. Beaven, unpublished data). Our studies
with expressed EGFP-tagged PLD1 and PLD2 also indicate that
both isoforms are activated by the PLD stimulants noted above and
that activation is markedly enhanced by prior treatment of RBL-
2H3 cells with cholera toxin (7).

In this paper, we have taken advantage of the presence of both
PLD1 and PLD2 in RBL-2H3 cells to determine the role of each
isoform in the secretory process. Specifically, we have investigated
the disposition of EGFP-tagged PLDs during cell stimulation and
show that, while PLD1 is essential for the translocation of granules
to the plasma membrane, PLD2 is essential for fusion of the gran-
ules to the plasma membrane and secretion.

Materials and Methods
Reagents

Thapsigargin, PMA, and Ro31-7549 were purchased from LC Laboratories
(Woburn, MA); KN-92 and KN-93 were purchased from Calbiochem (La
Jolla, CA); H-89 was from Alexis Biochemicals (San Diego, CA); GTP
and GTP�S were from Boehringer Mannheim (Indianapolis, IN); radiola-
beled compounds were from DuPont-NEN (Boston, MA); cholera toxin
was from List Biologicals (Campbell, CA); anti-rat mast cell protease II Ab
was from Moredun Animal Health (Midlothian, U.K.); cell culture reagents
were from Life Technologies (Rockville, MD); Tris-glycine polyacryl-
amide gels were from NOVEX (San Diego, CA). DNP-BSA and DNP-
specific monoclonal IgE were purchased from Sigma-Aldrich (St. Louis,
MO). The Ab against the Fc�RII� subunit was kindly supplied by Dr. J.
Rivera (National Institute of Arthritis and Musculoskeletal and Skin Dis-
eases, National Institutes of Health, Bethesda, MD).

Cell culture and experimental conditions

RBL-2H3 cells were grown as monolayers in MEM with Earle’ s salts,
supplemented with glutamine, antibiotics, and 15% FBS. For each exper-
iment cells were harvested by trypsinization, transferred to 24-well (2 �
105 cells/0.4 ml/well) cluster plates (29), and incubated overnight in com-
plete growth medium with 25 ng/ml DNP-specific IgE to achieve 100%
occupancy of Fc�RI. Where indicated, 1 �g/ml cholera toxin was added to
cell cultures 4 h before the experiment. Cultures were washed and the
required buffered solution was added (0.2 ml/well). Experiments on intact
cells were performed in a PIPES-buffered medium (25 mM PIPES (pH
7.2), 159 mM NaCl, 5 mM KCl, 0.4 mM MgCl2, 1 mM CaCl2, 5.6 mM
glucose, and 0.1% fatty acid-free fraction V from bovine serum) or in
calcium-free PIPES-buffered medium (as above except 0.1 mM EGTA
replaced 1 mM CaCl2). Unless stated otherwise, cultures were incubated
for 30 min with or without inhibitors before addition of stimulants for 15
min. Also, the concentrations of inhibitors and stimulants used were those
found to produce maximal effects, although a suboptimal dose (3 ng/ml) of
Ag was used in some experiments as noted.

Assay of PLD by the transphosphatidylation assay and
inhibition of phosphatidic acid formation by use of butanol

RBL-2H3 cells were incubated overnight with DNP-specific IgE in 24-well
plates and, when required, exposed to cholera toxin as described above.
[3H]Myristic acid (2 �Ci/ml) was added for the final 90 min of incubation
to label cellular phospholipids. Cells were then incubated in the PIPES-
buffered medium in the presence of 1% ethanol for 10 min before stimu-
lation. Under these conditions, [3H]phosphatidylethanol is formed by a
PLD-specific transphosphatidylation reaction and accumulates within the
cell (30). Radiolabeled phosphatidic acid and phosphatidylethanol were
isolated by solvent extraction and quantified by TLC as described previ-
ously (26). The total amount of [3H]phosphatidylethanol and [3H]phospha-
tidic acid was expressed as a percentage of total [3H]phospholipid in Triton
X-100 (Sigma-Aldrich) extracts of unstimulated cultures.

In experiments where butanol was used to suppress phosphatidic acid
formation by PLD, 50 mM 1-butanol was added to cultures in place of
ethanol. tert-Butanol, which is not a substrate for transphosphatidylation,
was added to additional cultures as a control. [3H]Phosphatidylbutanol and
[3H]phosphatidic acid were assayed as described above.

Construction of plasmids and techniques for transient
transfection

Full-length cDNA were excised from hemagglutinin-tagged plasmids by
SmaI and HpaI for PLD1b and PLD1bK898R and SmaI and XbaI for PLD2
and PLDK758R and subcloned into a pEGFP-C expression vector (Clon-
tech Laboratories, Palo Alto, CA). The sequences (Fig. 1A) were confirmed
by DNA sequence analysis. Cells were transiently transfected with each
DNA preparation (25 �g/2 � 107 cells) by electroporation (Gene Pulser,
960 �F, 250 V; Bio-Rad, Hercules, CA). Successful transfection was con-
firmed by fluorescence microscopy and Western blotting. Cells were used
within 24 h of transfection. All expressed PLDs were EGFP fusion proteins
of PLD1b, PLD2, PLD1bK898R, and PLD2K758R, even when referred to
in the text without the EGFP designation.

Confocal microscopy

RBL-2H3 cells were transfected with EGFP vector or the EGFP-tagged
PLDs by electroporation as described above and then suspended in com-
plete growth medium before transfer to Lab-Tek chambered coverslips
(Nalge Nunc International, Naperville, IL). The chambered coverslips were
then incubated overnight (16 h) at 37°C. Stimulants and other reagents
were added directly to the chambers for the times indicated in the text. The
cultures were then washed three times with PBS immediately before mi-
croscopic examination. For double labeling of cells, all incubations were
performed at room temperature and samples were washed three times with
PBS as indicated. Cultures were fixed with 4% formaldehyde in PBS for 10
min, washed, permeabilized with 0.5% Triton X-100 for 15 min, and then
washed before incubation for 1 h with a blocking reagent, 1% BSA in PBS.
The samples were then incubated for 2 h with a solution of the primary Ab
in 1% BSA in PBS and, after washing, with the secondary Ab conjugated
with rhodamine for a further 45 min. After washing, samples were mounted
using the Prolonged Antifade kit (Molecular Probes, Eugene, OR).

All confocal images were obtained using a Zeiss LSM410 confocal laser
scanning microscope and a Fluar �100 objective (1.3 numerical aperture;
Zeiss, Oberkochen, Germany). EGFP fluorescence images were acquired
by use of the 488-nm excitation line of an argon laser, a LP 505-nm emis-
sion filter, and a pinhole set to produce a 1.25-�m slice. For transmitted
light images, the 543-nm line of a HeNe laser was used. The images were
collected at a size of 103 � 103 pixels and a data depth of 8 bits. Custom-
written programs in the IDL programming language (Research Systems,
Boulder, CO) were used for morphometric analysis. These programs eval-
uated the average distance of all fluorescent pixels from the nearest outer
edge of the cell perimeter. This program may underestimate actual distance
of remaining granules when these are obscured by reuptake of EGFP-
tagged PLD into Golgi (see Results).

Presentation of results

Individual experiments were performed with three to four cultures for each
data point. The data are presented as the mean � SEM from three or more
separate experiments as indicated. Statistical significance was determined
by use of the SigmaPlot 2000 (Jandel Scientific, Corte Madera, CA).

Results
Distribution of EGFP-tagged PLDs in unstimulated and
stimulated cells

EGFP-tagged PLDs (Fig. 1A) were expressed in RBL-2H3 cells by
electroporation. Consistent with the extent of expression of endog-
enous mRNA for PLD1 and PLD2, EGFP-PLD2 was expressed
more efficiently (�7-fold by densitometric measurement) than
EGFP-PLD1 (Fig. 1B). Examination of the cells by phase contrast
and confocal microscopy revealed that PLD1 was localized with
intracellular structures and that PLD2 was localized in the vicinity
of the plasma membrane (Fig. 1C). As shown in Fig. 1D, EGFP-
PLD1 colocalized with the granule marker, rat mast cell protease
II (31), although some granules were not associated with the EGFP
label. PLD2, in contrast, colocalized with the � subunit of Fc�RI
in the plasma membrane. These data confirm previous findings that
EGFP-PLD1 is associated with secretory granules in RBL-2H3
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cells (28) and show for the first time that EGFP-PLD2 is expressed
exclusively on the plasma membrane in these cells. In addition,
stimulation of cells with Ag or thapsigargin resulted in transloca-
tion of most if not all PLD1-labeled structures to the cell periphery
and the relocation of PLD1 to the plasma membrane, probably as
a consequence of fusion of the labeled structures with the plasma
membrane (Fig. 2). The doses of stimulants used in this experi-
ment produced maximal secretion of another granule marker, hex-
osaminidase (�40% release, data not shown).

PMA stimulates PLD, but, unlike Ag or thapsigargin, it does not
induce an increase in the concentration of free cytosolic calcium
([Ca2�]i) or secretion (7, 32). PMA induced some redistribution of
the PLD1-labeled granules toward the periphery but failed to in-
duce their fusion with the plasma membrane (Fig. 2) and secretion
(data not shown). As seen in Fig. 2, these structures remained
intact and there was little, if any, transfer of EGFP-PLD1 to the
plasma membrane.

The EGFP-tagged catalytically inactive mutant of PLD1
(PLD1K898R) also associated with granule-like structures (Fig.
2). However, in cells expressing this mutant there was no apparent
translocation of these granules after cell stimulation. Therefore, the
catalytic activity of PLD1 is necessary for translocation of gran-
ules, and expression of PLD1K898R blocks this translocation.

In contrast to EGFP-PLD1, wild-type EGFP-PLD2 and its cat-
alytically inactive mutant, PLD2K758R, were expressed on the
plasma membrane. No marked changes in this distribution oc-
curred whether cells were stimulated with Ag, thapsigargin,
or PMA.

Recycling of PLD1 to secretory granules after cell stimulation

The translocation and fusion of EGFP-PLD1-labeled granules with
the plasma membrane was evident 5 min after addition of Ag (Fig.
3A). Few intact labeled granules remained after 15 min. In accord

with these results, release of hexosaminidase was apparent by 5
min and largely complete by 15 min (data not shown). At 15 min
almost all of the EGFP label was located in the plasma membrane.
Thereafter, EGFP begun to appear in extranuclear (possibly pe-
rinuclear) structures (i.e., 30- and 60-min time points in Fig. 3). By
240 min the label had mostly disappeared from the plasma mem-
brane and was now again associated with granule-like structures.

FIGURE 1. Structures of EGFP-PLD
plasmids and intracellular localization of
EGFP-PLD1 and EGFP-PLD2 after intro-
duction of plasmids into RBL-2H3 cells by
electroporation. A, Constructs of the four
plasmids used in this study. These con-
structs encode for EGFP-tagged PLD1b,
PLD2, and the catalytically inactive forms
of these PLDs, namely PLD1bK898R and
PLD2K758R. B, Expression of wild-type
EGFP-tagged PLD1b (1), PLD2 (2), and
mutant forms (1m and 2m) as revealed by
Western blots prepared from whole cell ly-
sates. C, Intracellular distribution of EGFP-
tagged PLD1b (referred to hereafter as
PLD1) and PLD2. The histograms show se-
lected fields of view by phase contrast and
fluorescence microscopy. Magnification,
�100. C, Representative histograms of cells
after counterstaining with rhodamine-la-
beled Abs against rat mast cell protease II
(RMCPII), a granule marker, or the � sub-
unit of Fc�RI (Fc�RI�), a marker for the
plasma membrane.

FIGURE 2. Intracellular distribution of EGFP label after transfection of
cells with vector for EGFP (vector) and EGFP-tagged PLD1, PLD1K898R,
PLD2, and PLD2K758R. RBL-2H3 cells were transfected by electropora-
tion and then left unstimulated (NS) or stimulated with 25 ng/ml DNP-BSA
(Ag), 300 nM thapsigargin (Tg), or 50 nM PMA for 15 min for examina-
tion by confocal microscopy. Representative cells are shown.
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These results indicated that PLD1 did not remain in the plasma
membrane but was recycled to residual or newly matured granules.
As noted previously, there was no apparent change in the dispo-
sition of PLD2 during the course of stimulation (Fig. 3A). The
movement of granule-associated PLD1 to the cell membrane and
the reassociation of PLD1 with granules was verified by morpho-
metric analysis of data from several experiments (Fig. 3B).

Production of phosphatidic acid by PLD1 is necessary for
translocation of granules to the plasma membrane

Another indication that movement of granules to the cell periphery
was dependent on PLD1 activity came from studies with 1-butanol
which, as noted earlier, diverts production of phosphatidic acid by
PLD to phosphatidylbutanol. tert-butanol (2-methyl-2-propanol),
which is not a substrate for this transphosphatidylation reaction,
was used as a control reagent (for examples, see Refs. 33 and 34).
The presence of 50 mM 1-butanol suppressed the translocation of
EGFP-labeled granules (Fig. 4A, with morphometric data shown in
Fig. 4B) and secretion of hexosaminidase (Fig. 4C), possibly
through a decreased production of [3H]phosphatidic acid (�60%
reduction, data not shown). However, tert-butanol had minimal or
no discernable effect on these responses. The inhibitory effects of
1-butanol on translocation were consistently observed in all ex-
periments but were contrary to an earlier report (35) for reasons
that are unclear.

Translocation and fusion of granules with plasma membrane are
regulated differently

We next examined stimulants of PLD, such as PMA and cholera
toxin, that do not elicit an increase in [Ca2�]i (32, 36) or secretion
(7) in RBL-2H3 cells. Interestingly, both PMA (see Fig. 2) and
more so cholera toxin (Fig. 5A, with morphometric data shown in
Fig. 5B) induced movement of granules to the cell periphery.
Treatment with cholera toxin induced movement of granules to the
cell periphery without apparent fusion of granules with the plasma
membrane (Fig. 5A, second panel), and 1-butanol retards this

movement (Fig. 5B, third panel). However, additional studies re-
vealed that treatment with cholera toxin substantially enhanced the
extent of fusion of granules with the plasma membrane (Fig. 5A,

FIGURE 4. Translocation of granule-associated PLD1 to plasma mem-
brane in stimulated cells and inhibition of this translocation with 1-butanol.
RBL-2H3 cells transfected with EGFP-tagged PLD1 were stimulated with 25
ng/ml DNP-BSA (Ag) or 300 nM thapsigargin (Tg) for 15 min in the absence
or presence of 50 mM 1-butanol (But) or tert-butanol (t-But). Cells were then
examined by confocal microscopy and subjected to morphometric analysis.
Location of the EGFP-tagged PLD1 for a typical experiment (A) and the cal-
culated distance of granules from plasma membrane for three separate exper-
iments (five cells each) (B) are shown. Secretion of the granule marker, hex-
osaminidase, in the same experiments is also shown (C). Filled and open bars
indicate values for DNP-BSA- and thapsigargin-stimulated cells, respectively.
Values are the mean � SEM of values from the three experiments and the
asterisks indicate significant difference (�, p � 0.05; ��, p � 0.01) compared
with nonstimulated (B) or stimulated (C) cells. NS, Nonstimulated cells.

FIGURE 3. Time course of changes in
intracellular localization of EGFP-tagged
PLD1 and PLD2 in Ag-stimulated cells.
RBL-2H3 cells were transfected by electro-
poration with the EGFP vector, EGFP-
tagged PLD1 or PLD2 and stimulated with
25 ng/ml DNP-BSA for the indicated times
for determination of location of the tagged
PLDs by confocal microscopy. A, Photomi-
crographs from a representative experiment.
B, Data (mean � SEM) obtained from mor-
phometric analysis of three experiments
(five representative cells each).
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final panel), activation of PLD (Fig. 5C), and secretion (Fig. 5D)
when the cells were subsequently stimulated with a low dose of Ag
(3 ng/ml). Cholera toxin by itself did not induce secretion (Fig.
5D). Cholera toxin treatment enhanced not only the extent of se-
cretion (i.e., as in Fig. 5D) but also the rate of the secretory re-
sponse to low-dose Ag (Fig. 5E). This accelerated response was
attenuated in the presence of 1-butanol but not in the presence of
tert-butanol (Fig. 5F). Studies with a minimal stimulatory dose (75
nM) of thapsigargin produced virtually identical results to those
shown in Fig. 5 (data not shown). These results suggested that,
after treatment cholera toxin, granules were poised for rapid fusion

with the plasma membrane once [Ca2�]i increased upon addition
of Ag or thapsigargin.

Experiments were undertaken to identify PKs that might regu-
late translocation and fusion of granules with the cell membrane.
Ag-induced translocation of granules was suppressed by H89 and
KN93, which inhibit PKA and CaM kinase II, respectively (Fig.
6A). However, the PKC inhibitor, Ro31-7549, had unexpected ef-
fects. Although Ro31-7549 blocked fusion of PLD1-labeled gran-
ules with the plasma membrane (Fig. 6A), effects on translocation
were unclear because this inhibitor perturbed intracellular structure
in both stimulated and, to a lesser extent, unstimulated cells (data
not shown). We found no previous reports of disruption of intra-
cellular structure by PKC inhibitors. All three kinase inhibitors
suppressed secretion (Fig. 6B).

To focus on fusion events, cells were first primed with cholera
toxin or vehicle as a control and then stimulated with Ag in the
presence of the kinase inhibitors. Inhibitors were tested at concen-
trations that caused half maximal (Fig. 7A) and maximal (Fig. 7B)
inhibition of secretion. Secretion was still blocked by all three
kinase inhibitors in cholera toxin-treated cells. Nevertheless, chol-
era toxin-treated cells were more resistant than control cells to the
inhibitory effects of KN93, especially with the high dose of this
inhibitor (Fig. 7B). This increased resistance was verified by ad-
ditional experiments with various doses of KN93 (Fig. 7, C and D).
Similar results were obtained in studies with thapsigargin (data not
shown). These studies indicated that all three PKs participated at
some stage of the secretory process and, possibly, that CaM kinase
II plays a less prominent role than PKC and PKA in the final fusion
events.

A role for PLD2 in the fusion events

The preceding findings strongly indicated that PLD1 was essential
for translocation of granules to the cell periphery before their even-
tual fusion with the plasma membrane. We next investigated
whether expressed PLD2 participates in the secretory process, be-
cause its location in the plasma membrane might facilitate mem-
brane fusion. The secretory response to thapsigargin was enhanced

FIGURE 5. Treatment with cholera toxin induces movement of gran-
ule-associated EGFP-PLD1 to cell periphery and facilitates secretion of
granules in response to Ag stimulation. [3H]Myristate-labeled RBL-2H3
cells were transfected with EGFP-tagged PLD1 and incubated in the ab-
sence or presence of 1 �g/ml cholera toxin for 4 h (CTx) with or without
50 mM 1-butanol (But) before addition of vehicle (NS) or 3 ng/ml DNP-
BSA (Ag) for an additional 5 min. Cells were then examined by confocal
microscopy and subjected to morphometric analysis. Location of the
EGFP-tagged PLD1 for a typical experiment (A) and the calculated dis-
tance of granules from plasma membrane for three separate experiments
(five cells each) (B) are shown. In the same experiments production of
[3H]phosphatidylethanol (C), a measure of PLD activity, and secretion of
hexosaminidase (D) were also measured. E, The time course of secretion,
expressed as a percentage of maximal response (E, Ag plus cholera toxin;
F, Ag; �, cholera toxin). The effects of 1- and tert-butanol on secretion in
cholera toxin-treated cells were determined in three additional experiments
(F). The data show mean � SEM except where values for SEM fall within
the data points. Significant differences in values are indicated by asterisks
(�, p � 0.05; ��, p � 0.01).

FIGURE 6. Effects of inhibitors of serine/threonine PKs on transloca-
tion and secretion of PLD1-labeled granules in Ag-stimulated cells. Vehi-
cle (NS) or inhibitor (30 �M H-89, 50 �M KN-93, or 10 �M Ro31-7549)
were added to cultures of RBL-2H3 cells 10 min before addition of 25
ng/ml DNP-BSA (Ag). The localization of EGFP-tagged PLD1 by confo-
cal microscopy (A) and secretion of hexosaminidase (B) were determined
15 min thereafter. Values in B were mean � SEM of three experiments.
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by expression of either EGFP-tagged PLD1 or PLD2 and sup-
pressed by expression of the catalytically inactive mutants of
PLD1 and PLD2 (Fig. 8A). Similar but more modest effects on
secretion were observed in Ag-stimulated cells (Fig. 8B). Analysis
by flow cytometry indicated that 20–30% of cells expressed
EGFP-tagged PLDs. Experiments with cells selected for expres-
sion of the EGFP-tagged PLDs (5) were unsuccessful because of
poor responses to Ag after the protracted selection procedure.

Discussion
As previously noted, studies with intact and permeabilized RBL-
2H3 cells strongly suggest that activation of PLD (1, 2, 7), along
with the activation of PKC and a rise in [Ca2�]i (4), provide es-
sential signals for secretion in these cells. Nevertheless, secretion
occurs only when the activation of PLD and PKC is accompanied
by sustained increases in [Ca2�]i. For example, activation of PLD,
and presumably PKC, by PMA fails to induce secretion (Ref. 7 and
this paper). Also, secretion is not observed when RBL-2H3 cells
are stimulated via adenosine A3 receptors, which promote sus-
tained activation of PLD but only transient release of calcium ions
from intracellular stores (26). Thapsigargin and Ag, in contrast,
provoke a sustained increase in [Ca2�]i, activation of PLD, and
secretion (1, 7). Moreover, the activation of PLD by thapsigargin
correlates exactly with secretion under a variety of experimental
manipulations (1).

In this paper we show that both isoforms of expressed PLD can
participate in the secretory process and may do so at different

steps, namely PLD1 in the movement of secretory granules to the
periphery and PLD2 (and possibly PLD1) in the fusion of granules
with the plasma membrane. The evidence for these conclusions is
the following: 1) PLD1 is expressed predominantly on secretory
granules and PLD2 on plasma membrane; 2) both PLD isoforms
probably participate in the secretory process, as expression of the
catalytically inactive form of either PLD1 or PLD2 suppresses
thapsigargin-induced and, to a lesser extent, Ag-induced secretion;
and 3) a role for PLD1 in the movement of granules to the cell
periphery is suggested by the suppression of this phase of secretion
in cells expressing the catalytically inactive form of PLD1. The
location of PLD2 implies that its role is restricted to the plasma
membrane, where it presumably facilitates docking or fusion of the
granule with the plasma membrane. However, the data do not ex-
clude a role for PLD1 as well as PLD2 in these fusion events.

It would appear that Ag-induced secretion is less dependent on
PLD than thapsigargin-induced secretion (Fig. 8). The reason for
this is unknown, but, unlike Ag, thapsigargin weakly stimulates
PLC (1), and activation of PKC by thapsigargin (Z. Peng and M.
A. Beaven, unpublished observations) may depend primarily on
PLD-mediated generation of PKC activators. However, PLD could
regulate secretory events other than PKC, as will be discussed
later.

If PLD1 regulates translocation of granules and PLD2, alone
or in combination with PLD1, regulates fusion of translocated
granules with the plasma membrane, the activation of these two
isoforms must then be coordinated to maintain effective coupling

FIGURE 7. Suppression of Ag-induced secre-
tion by inhibitors of serine/threonine PKs in un-
treated and cholera toxin-treated cells. A and B,
RBL-2H3 cells were incubated in the absence
(filled bars) or presence (open bars) of 1 �g/ml
cholera toxin for 4 h. Inhibitors were added to cul-
tures at concentrations that caused 50 (A) or 90%
(B) inhibition of secretion 10 min before addition of
Ag (10 ng/ml DNP-BSA). The concentrations of
inhibitors were as follows: 10 and 30 �M H-89, 20
and 50 �M KN-93, and 3 and 10 �M Ro31-7549.
C and D, Cells were incubated in the absence (C) or
presence of cholera toxin (D) as described above.
The indicated concentrations of KN-93 were added
before addition of Ag. Secretion was measured 15
min later. Values are mean � SEM from three sep-
arate experiments. For A and B, values are ex-
pressed as a percentage of response to Ag alone
(22.1 � 1.1 and 38.1 � 0.2% secretion in A and B,
respectively) and asterisks indicate significant dif-
ferences between untreated and cholera toxin-
treated cells (�, p � 0.05; ��, p � 0.01).

FIGURE 8. Expression of catalytically inactive
mutants of PLD suppresses exocytosis of secretory
granules. RBL-2H3 cells were transfected with the
gene for vector, EGFP-tagged PLD1, PLD1K898R,
PLD2, or PLD2K758R and stimulated with 25 ng/ml
DNP-BSA (Ag) or 300 nM thapsigargin (Tg) for 15
min for determination of secretion of hexosamini-
dase. Data are mean � SEM of values from seven
experiments and asterisks indicate significant differ-
ences in values (�, p � 0.05; ��, p � 0.01).
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of the two events. Both PLD1 and PLD2 when expressed in RBL-
2H3 cells respond to the same external stimulants (7). They are
both activated in a synergistic manner by any combination of
PMA, thapsigargin, and cholera toxin and by Ag (7). These and
other studies with inhibitors in RBL-2H3 cells suggest that both
expressed isoforms of PLD as well as endogenous PLD may be
regulated by PKC, CaM kinase II, and PKA, although it is un-
known whether these kinases regulate PLD directly or indirectly.
The fact that expressed PLD1 and PLD2 respond in tandem to the
same stimulants means that either both isoforms are directly reg-
ulated by the same stimulatory signals or activation of PLD1 leads
to activation of PLD2 as granules begin to fuse with the plasma
membrane. PLD2 requires phosphatidylinositol 4,5-bisphosphate
for its activity (10), but unlike PLD1 no other regulatory factor has
been described to date for PLD2 (37). Phosphatidylinositol 4,5-
bisphosphate production is increased following PLD activation (2,
38, 39), probably as a consequence of stimulation of type I phos-
phatidylinositol 4 phosphate 5-kinase (40) by the PLD product,
phosphatidic acid. Thus, one possible scenario to account for the
coactivation of both isoforms of PLD is that, once granules and
their associated PLD1 begin to fuse with the plasma membrane,
PLD1-stimulated phosphatidylinositol 4,5-bisphosphate produc-
tion leads to activation of PLD2 in the plasma membrane. This
scenario extends the notion of a positive feedback loop between
phosphatidylinositol 4 phosphate 5-kinase and PLD1 (39) to in-
clude PLD2.

Further studies are necessary to elucidate the exact roles of the
PKs and calcium at different steps of the secretory process in mast
cells. The studies with inhibitors suggest that in Ag-stimulated
cells PKA, PKC, and CaM kinase II all participate at one or more
stages of the secretory process and that translocation of PLD1-
labeled granules is regulated by PKA and CaM kinase II. The role
of PKC in the latter process is uncertain. Nevertheless, the ability
of cholera toxin, and possibly PMA, to induce movement of gran-
ules to the cell periphery suggests that this process can be mediated
via a single kinase and can occur regardless of changes in [Ca2�]i.
Therefore, there may be some redundancy in the regulation of PLD
and secretion by the various PKs.

Many studies of exocytosis have focused on the interaction of
phosphatidylinositol 4,5-bisphosphate and PKs with proteins such
as synaptotagmin and the calcium-dependent activator protein for
secretion that are thought to promote docking and fusion of gran-
ules with the plasma membrane. PKC, CaM kinase II, and cAMP-
dependent kinases have been implicated in the regulation of re-
cruitment of secretory granules in various types of secretory cells
(reviewed in Ref. 41). Phosphatidylinositol 4,5-bisphosphate is re-
quired for successful exocytosis of granules in neuroendocrine and
chromaffin cells, where it may recruit and regulate the interaction
of the calcium sensor, synaptotagmin (42), and the calcium-depen-
dent activator protein for secretion with the fusion apparatus (43).
The connections of PLD to these events have not been determined,
but regulation of exocytosis and PLD by the same PKs and the
stimulation of phosphatidylinositol 4,5-bisphosphate synthesis via
PLD point to possible connections. Other possible connections in-
clude recruitment and activation of essential components to mem-
branes by virtue of the charged nature of phosphatidic acid (44)
and the promotion of membrane fusion by phosphatidic acid itself.
PLA2-mediated fusion of neutrophil membranes is augmented by
phosphatidic acid and, of relevance to this study, stimulation of
intact neutrophils leads to activation of PLD in granules as well as
plasma membrane (6).

Although we believe from our data that the two isoforms of PLD
act cooperatively in coordinating translocation and fusion events in
RBL-2H3 cells, it is likely that the exact role of PLD in secretion

may vary from one cell type to another. A recent report, also based
on studies with expressed PLDs, indicates an essential role for
PLD1 but not PLD2 in fusion events in chromaffin cells (5). In
these cells, PLD2 was not detectable and PLD1 was located pri-
marily in the plasma membrane.

An interesting detail in the present studies is the recycling of
PLD1 from the plasma membrane to granules. The phenomenon
points to possible reuse of this enzyme by the cell. It incidentally
reassured us that EGFP-PLD1 was not initially expressed at an
inappropriate site within the cell (45). Another interesting detail is
that only a fraction of rat mast cell protease II-positive granules
acquired PLD1 (Fig. 1C), yet the majority of PLD1-labeled gran-
ules appeared to be secreted in all cells. A consistent feature of
RBL-H3 cells is that secretion of other granule constituents such as
histamine, 5-hydroxytryptamine, and hexosaminidase rarely ex-
ceeds 50% of that originally present in the cells (for examples, see
Refs. 4, 29, and 32). This is probably due to incomplete secretion
of granules from individual cells, as almost all cells (�90%) se-
crete granules in response to Ag (Fig. 5 in Ref. 46). Therefore, it
is possible that only granules associated with PLD1 are competent
to secrete, but this remains to be determined.

In summary, PLD1 in RBL-2H3 cells appears to play an essen-
tial role in translocation of secretory vesicles/granules to the
plasma membrane through recruitment of newly synthesized and
recycled PLD1, although the molecular details of how this is ac-
complished requires further study. In addition, PLD1 and PLD2
appear to serve distinct but complementary roles in secretion when
both are expressed within the cell.

Acknowledgments
We acknowledge the professional skills and advice of Martha Kirby and
Ann Stacie (National Center for Human Genome Research, National In-
stitutes of Health, Bethesda, MD), who performed the cell sorting.

References
1. Cissel, D. S., P. F. Fraundorfer, and M. A. Beaven. 1998. Thapsigargin-induced

secretion is dependent on activation of a cholera toxin-sensitive and a phospha-
tidylinositol-3-kinase-regulated phospholipase D in a mast cell line. J. Pharma-
col. Exp. Ther. 285:110.

2. Way, G., N. O’Luanaigh, and S. Cockcroft. 2000. Activation of exocytosis by
cross-linking of the IgE receptor is dependent on ADP-ribosylation factor 1-reg-
ulated phospholipase D in RBL-2H3 mast cells: evidence that the mechanism of
activation is via regulation of phosphatidylinositol 4,5-bisphosphate synthesis.
Biochem. J. 346:63.

3. Nishizuka, Y. 1995. Protein kinase C and lipid signaling for sustained cellular
responses. FASEB J. 9:484.

4. Ozawa, K., Z. Szallasi, M. G. Kazanietz, P. M. Blumberg, H. Mischak,
J. F. Mushinski, and M. A. Beaven. 1993. Ca2�-dependent and Ca2�-indepen-
dent isozymes of protein kinase C mediate exocytosis in antigen-stimulated rat
basophilic RBL-2H3 cells: reconstitution of secretory responses with Ca2� and
purified isozymes in washed permeabilized cells. J. Biol. Chem. 268:1749.

5. Vitale, N., A.-S. Caumont, S. Chasserot-Golaz, G. D. S. Wu, V. A. Sciorra,
A. J. Morris, M. A. Frohman, and M.-F. Bader. 2001. Phospholipase D1: a key
factor for exocytotic machinery in neuroendocrine cells. EMBO J. 20:2424.

6. Harsh, D. M., and R. A. Blackwood. 2001. Phospholipase A2-mediated fusion of
neutrophil-derived membranes is augmented by phosphatidic acid. Biochem. Bio-
phys. Res. Commun. 282:480.

7. Chahdi, A., W. S. Choi, Y. M. Kim, P. F. Fraundorfer, and M. A. Beaven.
Serine/threonine kinases synergistically regulate phospholipase D 1 and 2 and
secretion in RBL-2H3 mast cells. Mol. Immunol. In press.

8. Yu, C.-H., S.-Y. Liu, and V. Panagia. 1996. The transphosphatidylation activity
of phospholipase D. Mol. Cell. Biochem. 157:101.

9. Hammond, S. M., Y. M. Altshuller, T. Sung, S. A. Rudge, K. Rose,
J. Engebrecht, A. J. Morris, and M. A. Frohman. 1995. Human ADP-ribosylation
factor-activated phosphatidylcholine-specific phospholipase D defines a new and
highly conserved gene family. J. Biol. Chem. 270:29640.

10. Colley, W. C., T.-C. Sung, R. Roll, J. Jenco, S. M. Hammond, Y. Altshuller,
D. Bar-Sagi, A. J. Morris, and M. A. Frohman. 1997. Phospholipase D2, a distinct
phospholipase D isoform with novel regulatory properties that provokes cytoskel-
etal reorganization. Curr. Biol. 7:191.

11. Steed, P. M., K. L. Clark, W. C. Boyar, and D. J. Lasala. 1998. Characterization
of human PLD2 and the analysis of PLD isoform splice variants. FASEB J.
12:1309.

12. Hammond, S. M., J. M. Jenco, S. Nakashima, K. Cadwallader, Q.-M. Gu,
S. Cook, Y. Nozawa, G. D. Prestwich, M. A. Frohman, and A. J. Morris. 1997.

5688 REGULATION OF EXOCYTOSIS BY PLD1 AND PLD2 IN MAST CELLS

 on N
ovem

ber 16, 2009 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org


Characterization of two alternately spliced forms of phospholipase D1: activation
of the purified enzymes by phosphatidylinositol 4,5-bisphosphate, ADP-ribosy-
lation factor, and Rho family monomeric GTP-binding proteins and protein ki-
nase C-�. J. Biol. Chem. 272:3860.

13. Park, S.-K., J. J. Provost, C. D. Bae, W.-T. Ho, and J. H. Exton. 1997. Cloning
and characterization of phospholipase D from rat brain. J. Biol. Chem. 272:
29263.

14. Sung, T-C., R. L. Roper, Y. Zhang, S. A. Rudge, R. Temel, S. M. Hammond,
A. J. Morris, B. Moss, J. Engebrecht, and M. A. Frohman. 1997. Mutagenesis of
phospholipase D defines a superfamily including a trans-Golgi viral protein re-
quired for poxvirus pathogenicity. EMBO J. 16:4519.

15. Min, D. S., S.-K. Park, and J. H. Exton. 1998. Characterization of a rat brain
phospholipase D isozyme. J. Biol. Chem. 273:7044.

16. Bae, C. D., D. S. Min, I. N. Fleming, and J. H. Exton. 1998. Determination of
interaction sites on the small G protein RhoA for phospholipase D. J. Biol. Chem.
273:11596.

17. Schmidt, M., M. Vob, P. A. Oude Weernink, J. Wetzel, M. Amano, K. Kaibuchi,
and K. H. Jakobs. 1999. A role for Rho-kinase in Rho-controlled phospholipase
D stimulation by the m3 muscarinic acetylcholine receptor. J. Biol. Chem. 274:
14648.

18. Min, D. S., N. J. Cho, S. H. Yoon, Y. H. Lee, S. Hahn, K.-H. Lee, M.-S. Kim,
and Y. Jo. 2000. Phospholipase C, protein kinase C, Ca2�/calmodulin-dependent
protein kinase II, and tyrosine phosphorylation are involved in carbachol-induced
phospholipase D activation in Chinese hamster ovary cells expressing muscarinic
acetylcholine receptor of Caenorhabditis elegans. J. Neurochem. 75:274.

19. Zhang, Y., Y. M. Altshuller, S. M. Hammond, and M. A. Frohman. 1999. Loss
of receptor regulation by a phospholipase D1 mutant unresponsive to protein
kinase C. EMBO J. 18:6339.

20. Kim, Y., J. M. Han, J. B. Park, S. D. Lee, Y. S. Oh, C. Chung, T. G. Lee,
J. H. Kim, S.-K. Park, J.-S. Yoo, et al. 1999. Phosphorylation and activation of
phospholipase D1 by protein kinase C in vivo: determination of multiple phos-
phorylation sites. Biochemistry 38:10344.

21. Lopez, I., R. S. Arnold, and J. D. Lambeth. 1998. Cloning and initial character-
ization of a human phospholipase D (hPLD2): ADP-ribosylation factor regulates
hPLD2. J. Biol. Chem. 273:12846.

22. Sung, T.-C., Y. M. Altshuller, A. J. Morris, and M. A. Frohman. 1999. Molecular
analysis of mammalian phospholipase D2. J. Biol. Chem. 274:494.

23. Dinh, T. T., and D. A. Kennerly. 1991. Assessment of receptor-dependent acti-
vation of phosphatidylcholine hydrolysis by both phospholipase D and phospho-
lipase C. Cell Regul. 2:299.

24. Lin, P., and A. M. Gilfillan. 1992. The role of calcium and protein kinase C in the
IgE-dependent activation of phosphatidylcholine-specific phospholipase D in a
rat mast (RBL-2H3) cell line. Eur. J. Biochem. 207:163.

25. Kumada, T., S. Nakashima, H. Miyata, and Y. Nozawa. 1994. Potent activation
of phospholipase D by phenylarsine oxide in rat basophilic leukemia (RBL-2H3)
cells. Biochem. Biophys. Res. Commun. 199:792.

26. Ali, H., O. H. Choi, P. F. Fraundorfer, K. Yamada, H. M. S. Gonzaga, and
M. A. Beaven. 1996. Sustained activation of phospholipase D via adenosine A3

receptors is associated with enhancement of antigen- and Ca2�-ionophore-in-
duced secretion in a rat mast cell line. J. Pharmacol. Exp. Ther. 276:837.

27. Smith, B. S., G. G. Deanin, and J. M. Oliver. 1991. Regulation of IgE receptor-
mediated secretion from RBL-2H3 cells by GTP binding-proteins and calcium.
Biochem. Biophys. Res. Commun. 174:1064.

28. Brown, F. D., N. Thompson, K. M. Saqid, J. M. Clark, D. Powner,
N. T. Thompson, R. Solari, and M. J. O. Wakelam. 1998. Phospholipase D1

localises to secretory granules and lysosomes and is plasma-membrane translo-
cated on cellular stimulation. Curr. Biol. 8:835.

29. Ali, H., J. R. Cunha-Melo, W. F. Saul, and M. A. Beaven. 1990. The activation
of phospholipase C via adenosine receptors provides synergistic signals for se-
cretion in antigen stimulated RBL-2H3 cells: evidence for a novel adenosine
receptor. J. Biol. Chem. 265:745.

30. Dennis, E. A., S. G. Rhee, M. M. Billah, and Y. A. Hannun. 1991. Role of
phospholipases in generating second messengers in signal transduction. FASEB J.
5:2068.

31. Schwartz, L. B. 1994. Mast cells: function and contents. Curr. Opin. Immunol.
6:91.

32. Beaven, M. A., D. F. Guthrie, J. P. Moore, G. A. Smith, T. R. Hesketh, and
J. C. Metcalfe. 1987. Synergistic signals in the mechanism of antigen-induced
exocytosis in 2H3 cells: evidence for an unidentified signal required for histamine
release. J. Cell Biol. 105:1129.

33. Cross, M. J., S. Roberts, A. J. Ridley, M. N. Hodgkin, A. Stewart,
L. Claesson-Welsh, and M. J. O. Wakelam. 1996. Stimulation of actin stress fibre
formation mediated by activation of phospholipase D. Curr. Biol. 6:588.

34. Bi, K., M. G. Roth, and N. T. Ktistakis. 1997. Phosphatidic acid formation by
phospholipase D is required for transport from the endoplasmic reticulum to the
Golgi complex. Curr. Biol. 7:301.

35. Tsai, M. J., and B. W. O’Malley. 1994. Molecular mechanisms of action of
steroid/thyroid receptor superfamily members. Annu. Rev. Biochem. 63:451.

36. Narasimhan, V., D. Holowka, C. Fewtrell, and B. Baird. 1988. Cholera toxin
increases the rate of antigen-stimulated calcium influx in rat basophilic leukemia
cells. J. Biol. Chem. 263:19626.

37. Exton, J. H. 2000. Phospholipase D. Ann. NY Acad. Sci. 905:61.
38. Siddhanta, A., J. M. Backer, and D. Shields. 2000. Inhibition of phosphatidic acid

alters the structure of the Golgi apparatus and inhibits secretion in endocrine
cells. J. Biol. Chem. 275:1023.

39. Arneson, L. S., J. Kunz, R. A. Anderson, and L. M. Traub. 1999. Coupled in-
ositide phosphorylation and phospholipase D activation initiates clathrin-coat as-
sembly on lysosomes. J. Biol. Chem. 274:17794.

40. Jenkins, G. H., P. L. Fisette, and R. A. Anderson. 1994. Type I phosphatidyl-
inositol 4-phosphate 5-kinase isoforms are specifically stimulated by phospha-
tidic acid. J. Biol. Chem. 269:11547.

41. Easom, R. A. 2000. �-granule transport and exocytosis. Semin. Cell Dev. Biol.
11:53.

42. Schiavo, G., Q. M. Gu, G. D. Prestwich, T. H. Sollner, and J. E. Rothman. 1996.
Calcium-dependent switching of the specificity of phosphoinositide binding to
synaptotagmin. Proc. Natl. Acad. Sci. USA 93:13327.

43. Loyet, K. M., J. A. Kowalchyk, A. Chaudhary, J. Chen, G. D. Prestwich, and
T. F. J. Martin. 1998. Specific binding of phosphatidylinositol 4,5-bisphosphate
to calcium-dependent activator protein for secretion (CAPS) for regulated exo-
cytosis. J. Biol. Chem. 273:8337.

44. Liscovitch, M., M. Czarny, G. Fiucci, and X. Tang. 2000. Phospholipase D:
molecular and cell biology of a novel gene family. Biochem. J. 345:401.

45. Freyberg, Z., D. Sweeney, A. Siddhanta, S. Bourgoin, M. Frohman, and
D. Shields. 2001. Intracellular localization of phospholipase D1 in mammalian
cells. Mol. Biol. Cell 12:943.

46. Kim, T. D., G. T. Eddlestone, S. F. Mahmoud, J. Kuchtey, and C. Fewtrell. 1997.
Correlating Ca2� responses and secretion in individual RBL-2H3 mucosal mast
cells. J. Biol. Chem. 272:31225.

5689The Journal of Immunology

 on N
ovem

ber 16, 2009 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org

