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Phospholipase D (PLD) hydrolyzes phosphatidylcholine to generate phosphatidic acid, a mole-
cule known to have multiple physiological roles, including release of nascent secretory vesicles
from the trans-Golgi network. In mammalian cells two forms of the enzyme, PLD1 and PLD2, have
been described. We recently demonstrated that PLD1 is localized to the Golgi apparatus, nuclei,
and to a lesser extent, plasma membrane. Due to its low abundance, the intracellular localization
of PLD2 has been characterized only indirectly through overexpression of chimeric proteins.
Using antibodies specific to PLD2, together with immunofluorescence microscopy, herein we
demonstrate that a significant fraction of endogenous PLD2 localized to the perinuclear Golgi
region and was also distributed throughout cells in dense cytoplasmic puncta; a fraction of which
colocalized with caveolin-1 and the plasma membrane. On treatment with brefeldin A, PLD2
translocated into the nucleus in a manner similar to PLD1, suggesting a potential role in nuclear
signaling. Most significantly, cryoimmunogold electron microscopy demonstrated that in pitu-
itary GHj; cells >90% of PLD2 present in the Golgi apparatus was localized to cisternal rims and
peri-Golgi vesicles exclusively. The data are consistent with a model whereby PLD2 plays a role

in Golgi vesicular transport.

INTRODUCTION

In the past five years, an increasing body of evidence has
pointed to the crucial importance of phospholipids in medi-
ating signal transduction and intracellular trafficking (De
Camilli et al., 1996; Cremona and De Camilli, 2001; Martin,
2001). Indeed, cells use an array of lipid modifying enzymes,
many of which have multiple isoforms, that control the
spatial and temporal localization of specific phospholipids.
Lipid kinases such as phosphatidylinositol 4- and 5-kinases
phosphorylate phosphoinositide phospholipids on the
membranes to which they are recruited and localized in a
stereospecific manner. The resulting product, phosphatidyl-
inositol (4,5)-bisphosphate [PtdIns(4,5)P,], both localizes
and interacts with proteins to mediate intracellular vesicular
transport and signal transduction. In contrast to phosphati-
dylinositol kinases, phospholipase D (PLD) catalyzes the
hydrolysis of phospholipids, primarily phosphatidylcholine,
to generate phosphatidic acid (PA). PLD-generated PA has
multiple functions within the cell, including promotion of
PtdIns(4,5)P, synthesis through stimulation of phosphati-
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dylinositol 4-phosphate 5-kinase activity (Jenkins ef al., 1994;
Honda et al., 1999; Siddhanta ef al., 2000). Additionally, PA
signaling is implicated in a diverse range of processes such
as exocytosis, endocytosis, intracellular vesicular transport,
and maintenance of the Golgi structure, further underscor-
ing the importance of PLD and PA in cellular function
(Siddhanta et al., 2000, Cremona and De Camilli, 2001;
Sweeney et al., 2002).

Phospholipase D is present in many species from yeast to
humans (Liscovitch et al., 2000). In mammals, PLD exists as
two major isoforms, PLD1 and PLD2. PLD1, a 1074-amino
acid protein, is exquisitely sensitive to stimulation by the
small GTP-binding protein ADP-ribosylation factor 1
(ARF1). It has been demonstrated to play a role in release of
nascent secretory vesicles from the trans-Golgi network in an
ARF1-dependent manner (Ktistakis et al., 1996; Chen et al.,
1997). Similarly, PLD1 may also be important in regulation
of exocytic neurotransmitter release at the neuronal plasma
membrane (Humeau ef al., 2001). Recent work has also dem-
onstrated that PLD1 activity is necessary in the formation of
actin stress fibers (Kam and Exton, 2001). In addition to
ARF1, PLD1 activity is stimulated by interactions with other
small GTP-binding proteins: RhoA, Rac-1, and Cdc42 (Ham-
mond et al., 1997). Regulation of PLD1 activity by these
molecules as well as through phosphorylation by protein
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kinase Ca (Hammond et al., 1997) points to PLD1 function in
membrane dynamics and cytoskeletal remodeling. PLD1 has
a somewhat heterogeneous intracellular distribution and
overexpression experiments have localized it to the plasma
membrane, endoplasmic reticulum (ER), Golgi apparatus,
secretory granules, nucleus, and lysosomes (Colley et al.,
1997; Brown et al., 1998; Kim et al., 1999; Toda et al., 1999;
Baldassare et al., 2001). However, consistent with a role in
protein transport through the Golgi apparatus and vesicle
release from the frans-Golgi network (Ktistakis et al., 1996;
Chen et al., 1997), recent data from our laboratory demon-
strated that ~30% of total endogenous cellular PLD1 is
localized to Golgi cisternae (Freyberg ef al., 2001).

PLD2, a 933-amino acid protein, shares ~50% sequence
identity with PLD1, including the catalytic domains; the
enzymes vary primarily at their amino and carboxy termini.
PLD1 and PLD2 also differ in their sensitivities to ARF1 and
RhoA, whereas the catalytic activity of PLD1 is stimulated
>13-fold by the GTP-bound form of ARF1, PLD2 exhibits
only a 1.5-fold effect (Brown et al., 1993; Colley et al., 1997;
Lopez et al., 1998; Sung et al., 1999). Similarly, RhoA has been
demonstrated to stimulate PLD1 while having no effect on
PLD2 activity (Sung et al., 1999). However, recent work has
described a powerful synergistic activation of PLD2 by ARF
and other effectors such as G(M2) activator, a heat-stable
activator of ganglioside metabolism, suggesting an interac-
tion of multiple factors in the regulation of this enzyme
(Sarkar et al., 2001). Additionally, PLD2 activity may be
regulated through interactions with receptor tyrosine ki-
nases; for example, epidermal growth factor receptor
(EGF-R) has been demonstrated to both associate with and
stimulate PLD2 activity (Slaaby et al., 1998). This association
at the cell surface has also been implicated in regulating
endocytosis of EGF-R (Shen et al., 2001). Furthermore, over-
expression of both PLD2 and EGF-R results in cellular trans-
formation, suggesting a role for PLD2 in the complex control
of mitogenic signaling (Joseph et al., 2001).

Given the differences in the functional associations be-
tween PLD1 and PLD2, their subcellular distributions also
vary. In contrast to PLD1, previous studies in which PLD2
was overexpressed identified the plasma membrane as the
major site of its localization (Colley ef al., 1997). Consistent
with these results, other studies demonstrated interactions
between heterologously expressed PLD2, EGF-R, and ARF6,
a plasma membrane-localized ARF isoform, particularly at
sites of plasma membrane ruffling (Honda et al., 1999). Sub-
cellular fractionation also revealed that PLD2, unlike PLD1,
cofractionated with caveolin-1 in low-density membrane
fractions derived from human keratinocyte cells, further
pointing to a role for PLD2 in regulation of membrane
dynamics (Czarny et al., 1999, 2000). However, given dis-
crepancies in the distribution of endogenous vs. overex-
pressed PLD1, we wished to determine the intracellular
localization of endogenous PLD2. In this study, we dem-
onstrate that although some PLD2 is localized to the
plasma membrane, ~20% of the enzyme was localized to
the Golgi apparatus. Most significantly, in contrast to
PLD1, which is distributed throughout the Golgi appara-
tus, PLD2 was present almost exclusively on the rims of
the Golgi cisternae.
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MATERIALS AND METHODS

Antibodies

A rabbit antibody to PLD2, termed PLD2-27, was raised against a
mixture of two peptides: 3 GANTRPDLDLRDPICDD?®* (human)
and *3QTPTPGSDPAATPDLSH*” (rat) (Houle and Bourgoin,
1999). An independently generated rabbit polyclonal antibody, des-
ignated PLD2-42, directed against a peptide in the NH, terminus of
human PLD2 (**DELDSSQLQMESDEVDTKE?®®) was used in some
experiments. A rabbit polyclonal antibody to PLD1 designated
P1-P4 (Marcil ef al., 1997), described in Freyberg et al. (2001), was
also used. Mouse monoclonal antibody (mAb) to mannosidase II
(53FC3) was provided by Dr. Brian Burke (University of Calgary,
Calgary, Alberta, Canada); rabbit anti-rat Igp120 was a kind gift
from Dr. Ira Mellman (Yale University Medical School, New Haven,
CT). Mouse monoclonal antibodies to GM130 and caveolin-1 were
purchased from BD Transduction Laboratories (San Diego, CA);
mouse monoclonal antibodies to BiP were purchased from Stress-
gen (San Diego, CA). Purified monoclonal anti-rat transferrin recep-
tor antibodies were purchased from Cedarlane Laboratories
(Hornby, Ontario, Canada). Alexa green-conjugated goat anti-
mouse and Alexa red-conjugated goat anti-rabbit secondary anti-
bodies were purchased from Molecular Probes (Eugene, OR).

Immunofluorescence Microscopy

Rat GH; and normal rat kidney (NRK) cells were grown on poly-
L-lysine—coated glass coverslips as described previously (Austin
and Shields, 1996; Lowe et al., 2000). Cells were either untreated or
pretreated with 5 ug/ml brefeldin A (BFA) for 5, 10, 20, or 40 min,
and 10 uM nocodazole for 4 h at 37°C, and fixed in 3% paraformal-
dehyde. Samples were incubated for 1 h at room temperature with
primary antibodies diluted in solution I (0.5% bovine serum albu-
min, 0.2% saponin, 1% fetal calf serum in phosphate-buffered saline)
before use. Some samples were treated with primary antibodies
preincubated in solution I for 1 h with rotation at room temperature
with peptides against which the PLD antibodies were raised. The
samples were then treated with appropriate secondary antibodies
also diluted in solution I. After extensive washing, the coverslips
were mounted onto slides and examined using an Olympus
(Melville, NY) IX 70 microscope with 60X numerical aperture 1.4
planapo optics by using a Photometrics (Tucson, AZ) Censys cooled
charge-coupled device camera. Z series images were obtained
through the depth of cells by using a step size range of 0.1-0.4 um
and projected using the maximum pixel method. Deconvolution
was performed with Vaytek (Fairfield, IA) PowerHazeBuster run-
ning on a Macintosh G3 and maximum pixel projections were
rendered with LP. Lab Spectrum (Scanalytics, Fairfax, VA). Images
were processed using Adobe Photoshop software (Abode Systems,
Mountain View, CA) at identical settings. Controls were imaged so
as to rule out background fluorescence or bleed-through between
Alexa green and red channels.

Quantitative Cryoimmunogold Electron Microscopy

GH;, cells were fixed in 4% paraformaldehyde, 0.1% glutaraldehyde,
0.25 M HEPES, pH 7.4, and embedded in 10% gelatin. The cells were
cryoprotected by infiltration with 2.3 M sucrose in phosphate-buff-
ered saline. After liquid nitrogen freezing, 90-nm sections were cut
using a Leica (Nussloch, Germany) UCT cryoultramicrotome. Sec-
tions were placed on grids and immunolabeled with peptide affin-
ity-purified antibodies against PLD2 followed by goat anti-rabbit
IgG conjugated to 10-nm gold particles (Aurion, Wageningen, The
Netherlands). Samples were then treated with 2% uranyl acetate,
pH 7.0, and embedded in 0.75% methylcellulose. The grids were
examined using a 1200 EX transmission electron microscope (JEOL,
Peabody, MA). Quantitation of the subcellular distribution of PLD2
was performed by counting the total number of PLD2 immunore-
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active gold particles in 58 cells. The amount of gold particles found
in the cytoplasm and membrane-bound organelles was expressed as
a percentage of the total within cells. The fraction of gold particles
on caveolae was quantified independently of the plasma membrane
fraction. Golgi rims were defined as the final 50 nm of the lateral
ends of individual cisternae. The number of gold particles at cister-
nal rims was expressed as the percentage of the total number of gold
particles distributed throughout the Golgi apparatus.

Stereological Analysis

GH; cells were prepared for transmission electron microscopy as
described previously (Siddhanta et al., 2000), and random sections
were used in all stereological analyses. The cells were randomly
photographed at low (level I; 5400X) and intermediate (level II;
13,500X) magnifications, whereas Golgi stacks were photographed
at high (level III; 30,000X) magnification (Griffiths et al., 1989). All
measurements were made from printed 8- X 10-inch images of each
cell and expressed as the mean = SEM.

Estimation of Volume Density. The mean cellular volume density
was estimated using random micrographs of GHj cells taken at low
and intermediate magnifications; 54 individual cells were counted.
The average volume densities of the cytoplasm and organelles were
measured by overlaying square lattice grids on the micrographs.
The volume density of an organelle [V(,] was determined by
counting the number of intersecting points on the grid in both
vertical and horizontal directions and expressing a ratio of points on
the organelle [P )] to the total number of points over the reference
space, the cell [Py] (Griffiths, 1993). The individual organellar
volume densities were expressed as a percentage. The cytoplasmic
volume density was derived by subtracting the sum of all organellar
volume densities from the total cellular volume density.

Estimation of Membrane Surface Area. The relative ratio of plasma
membrane-to-Golgi surface area was determined by overlaying a
grid of parallel lines randomly on an assortment of 8- X 10-inch
micrographs of low and intermediate magnification; 55 individual
cells were used in the determination. Intersections of the parallel
lines with either the plasma or Golgi membranes were counted. The
surface density, S,, was estimated using the following formula:

n

20

i=1
viorg) =

2P
i=1

S

where [ is the number of intersections of the respective membrane
with the grid, and P is the total number of counts on the cell. The
ratio of plasma membrane to Golgi surface areas was determined by
dividing individual surface density values for the plasma mem-
brane, S,..,, by that of the Golgi apparatus, S,.,.

Determination of PLD2 Enrichment in the Golgi Apparatus. To
determine the enrichment of PLD2-immunoreactive gold particles
in the Golgi apparatus relative to other organelles, first the ratio of
the absolute fraction of gold particles in a specific organelle, Gy),
(expressed as a percentage; Table 1) to the organelle’s volume

density, S, (rg), Was calculated as follows:
e _Gow
.

where C, , is a coefficient. The enrichment of PLD2 per volume
density for the Golgi apparatus relative to a given organelle was
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Table 1. Intracellular localization of PLD2

A

Organelle Total gold particles (%)
Endoplasmic reticulum 76*x22

Golgi apparatus 192 0.2
Plasma membrane 15.7 £5.0
Mitochondria 6.6 0.6
Nucleus 20.5+9.0
Cytoplasm 219+ 15
Caveolae 85+27

B

Distribution of
PLD2 within

organelles Total gold particles (%)

Golgi apparatus

Cisternae 59
+4.1
Rims 94.1
Plasma membrane
Membrane 73.8
+6.7
Filopodia 26.2
C PLD2
Golgi rim Golgi rim PLD1 Golgi rim

fraction (%) enrichment (fold) enrichment (fold)

16.6 =03 80.2 1.7

A: The intracellular localization of PLD2 immunoreactive gold par-
ticles was quantitated from electron micrographs of GHj; cells (N =
58, MATERIALS AND METHODS). The fraction of gold particles on
caveolae was quantified independently of the plasma membrane
fraction.

B: The numbers of gold particles distributed on Golgi cisternal rims
and plasma membrane filopodia were expressed as a percentage of
the total immunoreactive gold localized on the respective organelle.
C: The fraction of Golgi rims relative to cisternae was quantitated
from electron micrographs of GH; cells (N = 178) and the relative
enrichment of immunoreactive PLD2 gold particles in rims was
determined (MATERIALS AND METHODS).

then calculated by dividing the C,
C, . for each organelle (Table 2A)

*This method was also applied to determine PLD2 enrichment in
the Golgi apparatus relative to the plasma membrane, where surface
density rather than volume density was used (Table 2B). In this case,
C, s rather than C, , was used as the coefficient.

. for the Golgi apparatus by the

Quantitation of Golgi Rims. Using high-magnification micrographs
of Golgi cisternae, the fraction of cisternae constituting rims was
calculated by dividing the length of the terminal 50 nm of cisternae
by the absolute length of the cisternae; 178 individual cisternae were
counted. The relative enrichment of PLD2 immunoreactive gold
particles in rims was determined by dividing the ratio of percentage
of PLD2 gold in rims to percentage of rim fraction by the ratio of
percentage of PLD2 gold in the remainder of the cisternae to per-
centage of fraction of remainder of cisternae.

Molecular Biology of the Cell
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Table 2. Relative enrichment of PLD2

Relative PLD2 Golgi Relative PLD1 Golgi

A Organelle volume enrichment (fold) enrichment (fold)
Organelle (Vorg) (%) Cg,v(org) Cg,v(Golgi)/ Cg,v(org) Cg,v(Golgi)/ Cg,v(org)
Nucleus 42.6% *= 1.4% 0.48 25.0 23.0
Cytoplasm 37.6% = 1.5% 0.58 20.7 40.6
Mitochondria 10.9% * 0.5% 0.61 19.7 11.1
ER 7.3% * 0.4% 1.04 11.5 25.7
Golgi 1.6% = 0.1% 12.00 1.0 1.0
Relative PLD2 Golgi Relative PLD1 Golgi
B Surface density enrichment (fold) enrichment (fold)
Organeue ratio (Sv(org)) Cg,s(org) Cg,s(Golgi)/Cg,s(PM) Cg,s(Golgi)/Cg,s(PM)
Plasma membrane 24 *+0.1 0.22 29 4.5
Golgi apparatus 1.0 0.65 1.0 1.0

A: The volume percentages of organelles was quantitated from electron micrographs of GH; cells (N = 54; MATERIALS AND METHODS).
The percentage of gold particles distributed on the organelles (Table I) was divided by the respective volume percentage (V,.) and expressed
as C, ,, the gold to volume ratio. This gives a relative measure of PLD2-immunoreactive gold per organellar membrane volume. The PLD2
enrichment in the Golgi apparatus relative to other organelles is also determined (Methods). The percent distributions of PLD1 gold particles
were described previously (Freyberg et al., 2001) and used to calculate relative PLD1 enrichment.

B: The ratio of plasma membrane surface area to Golgi membrane surface area was quantitated from electron micrographs of GH; cells (N =
55; MATERIALS AND METHODS). Analogous to A, the percentages of gold particles distributed on the plasma membrane or Golgi
apparatus (Table 1) were divided by the respective surface area percentages (C,). PLD1 and -2 enrichment in the Golgi apparatus relative

to the plasma membrane are expressed as the ratio of C, gGogi) t0 Cgsen)-

RESULTS
PLD2 Localizes to Golgi Apparatus

Previous work from our laboratory demonstrated that in
several cell types endogenous PLD1 has a diffuse cytoplas-
mic distribution and is enriched in the perinuclear Golgi
apparatus and nucleus (Freyberg et al., 2001). These findings
contrasted with other reports that localized overexpressed
PLD1 to endosomes and lysosomes (Brown et al., 1998). In
light of discrepancies between the distributions of endoge-
nous PLD1 vs. the overexpressed enzyme, we predicted a
similar difference in PLD2 localization. We therefore exam-
ined the intracellular localization of endogenous PLD2 in rat
NRK cells by using indirect immunofluorescence micros-
copy. Endogenous PLD2 displayed perinuclear enrichment
(Figure 1D) similar to that observed in PLD1 staining (Figure
1A). Costaining of the cells for the medial-Golgi marker
mannosidase II revealed a high degree of overlap with both
PLD1 and PLD2, consistent with localization of these en-
zymes to the Golgi apparatus (Figure 1, C and F, respective-
ly). Cells treated with the anti-PLD2 antibody alone exhib-
ited an identical perinuclear staining pattern, excluding the
possibility that the Golgi staining resulted from overlap of
the fluorescence signals between the PLD2 and mannosidase
II channels (our unpublished data). In contrast to the diffuse
cytoplasmic staining of PLD1, PLD2 also displayed dense
puncta distributed throughout the cell. Although some cells
manifested a limited degree of plasma membrane staining
(Figure 2), this endogenous distribution differed markedly
from overexpressed PLD2 that is localized primarily at the
plasma membrane (Colley et al., 1997). These findings are in
agreement with our recent observations with subcellular
fractionation that showed that in rat liver, PLD2 was evident
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mainly in fractions corresponding to Golgi and light mem-
brane fractions (Sweeney et al., 2002). In rat GHj; cells, PLD2
had perinuclear enrichment as well as staining in the dense
puncta distributed throughout the cytoplasm as seen in
NRK cells. However, unlike NRK cells, some GH; cells also
exhibited nuclear staining (Figure 2G). This nuclear localiza-
tion in GH; cells relative to NRK cells was also seen in the
case of PLD1 (Freyberg et al., 2001), suggesting that both
PLD enzymes may play a more prominent role in the nuclei
of some cell types compared with others.

To determine whether PLD2 was distributed throughout
the Golgi apparatus or limited to the medial compartment,
NRK cells were costained with antibodies to both PLD2
(PLD2-27) and GM130, a cis-Golgi marker (Figure 2, A-C).
PLD2 displayed the same overlap with GM130 as observed
with mannosidase II (Figure 1, D-F), indicating that the
enzyme was localized to multiple cisternae of the Golgi
apparatus. PLDs are present in very low levels in most cells
(Ganley et al., 2001) and to control for the specificity of the
antibody staining, anti-PLD2 antibodies were preincubated
with increasing concentrations of PLD2 peptides (see MA-
TERIALS AND METHODS) before immunofluorescence mi-
croscopy. As little as 1 ug of PLD2 peptides was sufficient to
eliminate all the staining of PLD2 in NRK cells (Figure 2, E
and F). Similarly, 1 ug of PLD2 peptides abolished all PLD2
staining in GHj cells (Figure 2, H and I), indicating specific-
ity of PLD2 staining by the antibody in both cell types.
Although unlikely, it was possible that the Golgi localization
of PLD2 was due to cross-reaction with PLD1 present in the
Golgi apparatus. To exclude this possibility, PLD2 anti-
serum was preincubated with up to 15 ug of PLD1-specific
P1-P4 peptides (see MATERIALS AND METHODS). The
resulting staining pattern was indistinguishable from that of
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PLD2 Mannosidase I

endogenous PLD2, ruling out cross-reaction with PLD1 and
indicating the high degree of specificity of the antibody for
endogenous PLD2 (Figure 2D). To eliminate the possibility
of cross-reaction between the antibody and any other non-
related antigens, a second polyclonal antibody raised
against a peptide corresponding to a different region of
PLD2 (see MATERIALS AND METHODS) was used. PLD2
staining with this antibody, designated PLD2-42, gave an
identical perinuclear localization to that obtained using the
PLD2-27 antibody (Figure 3, A and D). Furthermore, there
was significant overlap between the mannosidase II and
GM130 Golgi markers (Figure 3, C and F, respectively) and
the PLD2-42 antibody staining, thus confirming the specific-
ity of PLD2 localization.

The punctate staining of PLD2 led us to investigate the
possibility that it localized to organelle(s) that share a similar
appearance; consequently, we examined whether PLD2 co-
localized with BiP, transferrin receptor, and Igp120, which
are ER, early endosomal, and lysosomal markers, respec-
tively. BiP had a diffuse reticular staining characteristic of
the ER. However, the dense cytoplasmic PLD2-positive
puncta did not overlap with the more diffuse, BiP distribu-
tion (Figure 4, A—C). This result was consistent with quan-
titative electron microscopy of the intracellular localization
of PLD2, whereby the enzyme showed relatively little ER
localization compared with its Golgi distribution (Table 1).
In contrast, there was partial colocalization between trans-
ferrin receptor and PLD2; however, much of the overlap was
in the Golgi region of the cells (Figure 4, D-F). Presumably,
the colocalization at the Golgi apparatus was largely due to
the dynamic recycling of transferrin receptor between the
plasma membrane, endosomes, and Golgi apparatus. In
spite of overlap at the Golgi apparatus and plasma mem-
brane, the PLD2 puncta and those associated with trans-
ferrin receptor staining did not visibly colocalize to a large
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Figure 1. Comparison of PLD1
and PLD2 localization in rat NRK
cells. NRK cells were prepared for
double immunofluorescence mi-
croscopy (see MATERIALS AND
METHODS) by using mAb 53FC3
to the cis/medial-Golgi marker
mannosidase II (B and E) and ei-
ther a rabbit antibody to PLD1 (A)
or a rabbit antibody to PLD2,
PLD2-27 (D). Mannosidase II was
visualized using Alexa green-con-
jugated goat anti-mouse IgG,
whereas PLD1 and PLD2 were lo-
calized with Alexa red-conjugated
goat anti-rabbit IgG. Each sample
is from the same field of cells. Im-
ages were merged to demonstrate
overlap of PLD1 or PLD2 with
mannosidase II (C and F); yellow
regions demonstrate complete co-
localization. Arrows indicate areas
of PLD1 and PLD2 enrichment. All
micrographs are projected Z-series
images taken wusing a cooled
charge-coupled device camera (see
MATERIALS AND METHODS).
Bars, 10 um.

Overlap

extent. Similarly, PLD2 staining did not exhibit a clear colo-
calization with 1gp120 (Figure 4, G-I). As in the case of
transferrin receptor, there was overlap between PLD2 and
lgp120 in the perinuclear Golgi region, yet little if any in the
cytoplasm because, like transferrin receptor, 1gp120 shuttles
between the Golgi apparatus and lysosomes. Some cells
exhibited more PLD2 staining at the plasma membrane than
others (Figure 4, D and J) underscoring its dynamic local-
ization similar to that of transferrin receptor and 1gp120. In
contrast to these results, in NRK cells there was overlap
between PLD2 and caveolin-1 (Figure 4, J-L). This finding
was consistent with previous reports, indicating PLD2 is
present on membrane fractions enriched in caveolin-1
(Czarny et al., 1999, 2000). The staining of both PLD2 and
caveolin-1 colocalized in the perinuclear Golgi region with a
moderate degree of overlap throughout the cytoplasm.
Close analysis revealed that many PLD2-positive puncta did
not overlap completely with caveolae but were actually
adjacent to these organelles. Taken together, these results
indicate that PLD2 localizes to the perinuclear Golgi region
with proteins that exit and/or recycle from the trans-Golgi
compartment as well as to caveolae.

Brefeldin A and Nocodazole Treatments Alter PLD2
Localization

BFA and nocodazole disrupt the structure of the Golgi ap-
paratus via very different mechanisms. In preventing ER-to-
Golgi trafficking, BFA causes the Golgi apparatus to tubulate
with redistribution of most Golgi proteins into the ER (Lip-
pincott-Schwartz et al., 1989; Ward et al., 2001). Nocodazole
treatment, in contrast, causes the Golgi apparatus to frag-
ment into large vesicles at the cell periphery through dis-
ruption of the microtubule network. Given the differences
that these two drugs exert on Golgi structure, we compared

Molecular Biology of the Cell
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Figure 2. Immunolocalization of endogenous PLD2 in rat NRK and GHj; cells. NRK cells were stained with a rabbit antibody directed
against PLD2, PLD2-27 (A). These cells were costained with a mouse mAb to the cis-Golgi marker GM130 (B). (C) Overlapping regions
between PLD2 and GM130. (D) Cells were stained with PLD2-27 antibody preincubated with 15 ug of PLD1 peptides before immunolocal-
ization. (E) Preincubation of the PLD2-27 antibody with 1 ug of antigenic peptides before immunolocalization. (F) Corresponding phase
contrast image of E. (G) Rat anterior pituitary GHj; cells were stained with PLD2-27 antibody. Arrows highlight nuclear staining. (H)
Preincubation of the PLD2-27 antibody with 1 ug of antigenic peptides before immunolocalization in GHj cells. (I) Corresponding phase
contrast image of H. Images are from projected Z-series. Bars, 10 um.

PLD2 localization in response to these drug treatments (Fig- PLD2-positive puncta distributed in the cytoplasm, al-
ure 5). In BFA-treated NRK cells, mannosidase II had a though as expected its Golgi-like staining was completely
diffuse localization consistent with its redistribution to the lost. Most significantly, after BFA treatment there was a

ER (Figure 5B). Interestingly, BFA had little effect on the striking enhancement of nuclear PLD2 staining (Figure 5A).

Vol. 13, November 2002 3935



Z. Freyberg et al.

GM130

PLD2-42 Mannosidase Il

This effect was identical to the translocation of PLD1 into the
nucleus in both secretory and nonsecretory cells after BFA
treatment (Freyberg ef al., 2001). Nuclear redistribution was
very rapid; within 5 min of BFA treatment, PLD2 had lost its
perinuclear localization and translocated to the nucleus (our
unpublished data). Although possible, BFA may have in-
duced redistribution of PLD2 to nuclear membranes rather
than the nucleoplasm; however, this was unlikely given its
staining pattern. Proteins, such as nuclear lamins, which
localize to the nuclear envelope, show a ring-like staining
pattern around the nucleus. PLD2, instead, was distributed
throughout the nucleoplasm with distinct nucleolar exclu-
sion, suggestive of a nuclear localization. Our observations
that both PLD1 and PLD2 translocate to the nucleus after
BFA treatment suggest that these enzymes play an as yet
unspecified role(s) in nuclear signaling in response to the
drug.

Ngocodazole treatment of NRK cells led to redistribution of
mannosidase II into large, peripheral Golgi membrane frag-
ments (Figure 5E). However, unlike the response to BFA
treatment, PLD2 retained its colocalization with mannosi-
dase II-containing Golgi fragments with no significant nu-
clear translocation (Figure 5, D-F). Similar to BFA treatment,
nocodazole did not disrupt the punctate cytoplasmic stain-
ing pattern of PLD2. This close association between PLD2
and Golgi fragments was identical to that of PLD1 and
further suggests that PLD2 associates with Golgi mem-
branes.

PLD2 Localizes to Golgi Rims

To define the localization of PLD2 in the Golgi apparatus
more precisely, we used immunogold labeling of ultrathin
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Figure 3. Immunolocalization of
PLD2 by using an antibody gen-
erated to a different domain of the
enzyme. (A and D) NRK cells
were stained with PLD2-42, a rab-
bit polyclonal antibody directed
against a peptide in the N termi-
nus of PLD2 (see MATERIALS
AND METHODS). The same
fields of cells were costained with
either a mouse mAb to GM130 (B)
or with mAb 53FC3 to mannosi-
dase II (E). Images were merged
to determine overlap between
PLD2-42 (red) and the respective
Golgi markers (green). Areas of
maximal overlap are yellow (C
and F). Images are from projected
Z-series. Bars, 10 pm.

Overlap

Overlap

cryosections incubated with affinity-purified PLD2 antibod-
ies in GHj cells that have an extensive Golgi apparatus
(Freyberg et al., 2001) (Figures 6A and 7A). Gold particles
were observed on multiple saccules of the Golgi apparatus,
indicating that PLD2 was not limited to any one particular
cisterna. Strikingly, virtually all PLD2 on the Golgi appara-
tus (94.1%; Table 1B) was localized to either cisternal rims or
peri-Golgi vesicles. This contrasts dramatically with PLD1
(Figure 7B), which is localized throughout the Golgi cister-
nae, with only 25.3% that is associated with rims; the re-
mainder being evenly distributed throughout the Golgi sac-
cules (Freyberg et al., 2001). Strikingly, quantitative analysis
of PLD2 distribution demonstrated that it was enriched
80-fold in Golgi rims compared with cisternae, a finding that
contrasts dramatically with that of PLD1, which showed
little or no enrichment in rims (Table 1C). These data not
only confirmed our immunofluorescence microscopy results
but also demonstrated that PLD2 was unexpectedly con-
fined to the rims of individual Golgi cisternae.

We coupled these observations with a stereological quan-
titation of total membrane volume for organelles (Griffiths et
al., 1989; Griffiths, 1993) to determine the extent of PLD2
enrichment in the Golgi apparatus (Table 2A). Although the
percentage of PLD2-positive gold particles localized to Golgi
apparatus, nucleus, and cytoplasm were similar (Table 1A),
the volumes occupied by the respective organelles differed
significantly (Table 2A). Consequently, PLD2 was enriched
25- and 21-fold in the Golgi apparatus compared with the
nucleus and cytoplasm, respectively. Likewise, PLD1 was
also highly enriched in the Golgi apparatus relative to the
nucleus and cytoplasm (23- and 40-fold, respectively). A
similarly significant enrichment of PLD2-immunoreactive
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Figure 4. PLD2 localization with different organelles in rat NRK cells. Cells were prepared for immunofluorescence microscopy and incubated
with rabbit PLD2 antibody PLD2-27 (A, D, G, and J) and costained with monoclonal antibodies to the ER marker BiP (B); the transferrin receptor
(E), a marker of early endosomes and the plasma membrane; and 1gp120 (H), a late endosome/lysosomal marker. (K) Cells were stained with
caveolin-1, a marker for caveoli; the arrow corresponds to caveolin-1 localized to the plasma membrane. Images were merged to determine overlap
between PLD2 (red) and the respective marker proteins (green; C, F, I, and L). Areas of maximal overlap are yellow. (L) Inset, enlargement of the
region of overlap between PLD2 and caveolin-1 in the perinuclear Golgi apparatus. The arrow indicates areas where PLD2 puncta (red) either
overlap completely with caveolin-1 (green) or are directly adjacent. Images are from projected Z-series. Bars, 10 um.

Vol. 13, November 2002 3937



Z. Freyberg et al.

PLD2 Mannosidase Il

gold particles in the Golgi apparatus relative to mitochon-
dria (20-fold) and the endoplasmic reticulum (11.5-fold) was
also observed (Table 2A). In addition, PLD2 was also present
on the plasma membrane with a fraction localized to plasma
membrane extensions (Figure 6B and Table 1B). Determina-
tion of the plasma membrane surface area relative to the
Golgi apparatus (Table 2B) demonstrated an approximately
threefold enrichment of PLD2 and a 4.5-fold enrichment of
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Overlap

Figure 5. Brefeldin A and no-
codazole alter the localization
Golgi-associated PLD2. NRK cells
were incubated with 5 pug
BFA /ml for 40 min (A-C) or with
10 uM nocodazole for 4 h at 37°C
(D-F). After incubation, -cells
were prepared for immunofluo-
rescence microscopy by using the
rabbit PLD2 antibody, PLD2-27
(A and D) or the 53FC3 mAb
against mannosidase II (B and E).
(A) Note the enrichment of PLD2
immunostaining in the cell nu-
clei. Bars, 10 pm.

PLD1 in the Golgi apparatus relative to the plasma mem-
brane. Furthermore, PLD2 was also localized to caveolae
(Figure 6C), confirming our immunofluorescence micros-
copy observations as well as those of other investigators
(Czarny et al., 1999, 2000). Caveolae were defined according
to their definition as uncoated flask-shaped vesicles contin-
uous with the plasma membrane ranging from 50-100 nm in
diameter (Razani et al., 2002), and the absence of a visible

Figure 6. Localization of PLD2
by cryoimmunoelectron micros-
copy. Rat GH; cells were prepared
for cryoimmunoelectron micros-
copy (see MATERIALS AND
METHODS). Sections were labeled
with affinity-purified rabbit poly-
clonal PLD2-27 antibodies fol-
lowed by secondary antibodies
conjugated to 10-nm gold particles.
(A) PLD2 localized to the Golgi ap-
paratus (G), particularly cisternal
rims and peri-Golgi vesicles indi-
cated by an arrow and to nuclei (N,
arrowhead). (B) Plasma membrane
localization of PLD2; arrows indi-
cate areas of PLD2 staining. (C) Lo-
calization of PLD2 to caveolae (ar-
row). Bars, 0.2 um.
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Figure 7. Comparison of PLD1
and PLD2 distribution in the Golgi
apparatus: analysis by cryoimmu-
noelectron microscopy. Rat GHj
cells were prepared for cryoimmu-
noelectron microscopy (see MATE-
RIALS AND METHODS) and sec-
tions labeled with affinity-purified
rabbit PLD2-27 antibody (A) or
rabbit PLD1 (P1-P4) antibody (B)
followed by secondary antibodies
conjugated to 10-nm gold particles.
Note the almost exclusive localiza-
tion of PLD2 to Golgi rims and
peri-Golgi vesicles, which con-
trasts with the cisternal staining of
PLD1 antibodies. Bars, 0.2 um.

coat made it unlikely that these invaginations were clathrin-
coated pits. PLD2 gold labeling was evident on caveolae in
various stages of invagination from the plasma membrane
as well as adjacent to the characteristic omega-figures. Ad-
ditionally, PLD2 was present on 100- to 200-nm intracellular
vesicles as well as throughout the cytoplasm and the nu-
cleus. Immunogold localization was specific because 1 ug of
PLD2-specific peptides was sufficient to abolish all gold
labeling (our unpublished data). Most significantly, these
qualitative and quantitative results demonstrated that, rela-
tive to other organelles, PLD2 is distributed on the Golgi
apparatus and is highly enriched (~80-fold) in the rims of
the organelle.

DISCUSSION

Two principal isoforms of PLD have been documented in
mammalian cells: PLD1 and PLD2 (Sung ef al., 1999; Lisco-
vitch et al., 2000). Both enzymes vary in their levels of
activity; PLD1 has virtually no basal activity relative to
PLD2 unless activated by protein kinase C or the small
GTPases ARF1 or RhoA. In contrast, PLD2 has a robust level
of constitutive activity (Liscovitch et al., 2000). In addition,
differences in localization between PLD1 and PLD2 have
been documented (Liscovitch et al., 2000); however, several
of these studies have relied on overexpression of epitope- or
fluorescently tagged PLD1 (Brown et al., 1998; Toda et al.,
1999). Surprisingly, overexpressed PLD1 was absent from
the Golgi apparatus and was localized to various intracellu-
lar compartments, including endosomes, lysosomes, secre-
tory granules, and the plasma membrane (Brown et al., 1998;
Toda et al., 1999). In contrast to these results, other labora-
tories, including our own, demonstrated ARF1-stimulated
PLD1 activity on Golgi membranes (Ktistakis et al., 1995;
Chen ef al.,, 1997) and by using immunofluorescence and
immunogold electron microscopy, localized the endogenous
enzyme to the Golgi apparatus and nuclei in both secretory
and nonsecretory cells (Freyberg et al., 2001). These findings
suggested that caution may be necessary when interpreting
data from experiments that use overexpression protocols to
define the subcellular localization of enzymes normally
present only in catalytic amounts.

Recent work from our laboratory has demonstrated the
importance of PA in maintaining the structure of the Golgi
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apparatus (Siddhanta et al., 2000; Sweeney et al., 2002). Given
that PLD1 activity is low in the absence of activated ARF1,
we speculated that Golgi structure may be maintained by a
second source of PA, i.e.,, PLD2, and predicted that endog-
enous PLD2 was, at least partially, localized to the Golgi
apparatus in addition to PLD1. To address this idea, we used
highly specific antibodies directed against several PLD2
epitopes, and indirect immunofluorescence as well as cryo-
immunogold electron microscopy. Herein, we have demon-
strated that endogenous PLD2 has a widespread intracellu-
lar distribution with perinuclear enrichment and a punctate
cytoplasmic staining pattern. This distribution differed
markedly from previous studies by using PLD2 overexpres-
sion that localized the enzyme largely to the plasma mem-
brane in resting REF-52 fibroblasts or with plasma mem-
brane-localized EGF-receptor in human embryonic kidney
293 cells (Colley et al., 1997; Slaaby et al., 1998). On stimula-
tion with serum, PLD2 becomes localized to submembra-
nous structures indicative of endocytic vesicles (Colley et al.,
1997). Although we observed PLD2 localized to the plasma
membrane, it was limited to discrete areas coincident with
regions of membrane activity such as ruffles (Freyberg and
Shields, unpublished observation) or transferrin receptor
recycling (Figure 4). A distinct fraction of PLD2 also colo-
calized with caveolin-1 (Figure 4). This result is in agreement
with evidence demonstrating that, by subcellular fraction-
ation, PLD2, unlike PLD1, was present in caveolin-1-en-
riched low-density fractions (Czarny et al., 1999, 2000). Our
previous subcellular fractionation with rat liver was consis-
tent with these findings (Sweeney et al., 2002). The presence
of PLD2 in caveolin-rich membrane compartments further
supports our evidence, pointing to a role for the enzyme in
regulating membrane dynamics. PLD1 and PLD2, in re-
sponse to isoform-specific effector molecules, may individ-
ually or in concert alter the local composition of the plasma
membrane to facilitate generation of the flask-like mem-
brane invaginations that lead to formation of caveolae.
Recent evidence has suggested a role for PLD and
PtdIns(4,5)P, in the nucleus. Nuclear PLD activity has been
implicated in a diverse array of processes, including mito-
genesis, apoptosis, and cell differentiation (Baldassare et al.,
1997; Martelli et al., 1999; Neri et al., 2002). Our previous
study demonstrated that BFA treatment of GH; and NRK
cells results in an altered PLD1 distribution; the enzyme
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loses its Golgi localization, redistributes to the ER and ac-
quires significantly enhanced nuclear staining (Freyberg et
al., 2001). Similarly, upon BFA treatment, we observed a
major increase in PLD2 nuclear staining (Figure 5), estab-
lishing the presence of both PLD isoforms in the nucleus in
response to collapse of the Golgi apparatus. Given that
appearance of significant nuclear staining occurs within 5
min, the rapid kinetics of such an observation suggest that
existing PLD2 was redistributed to the nucleus as opposed
to generation of de novo-synthesized enzyme. Under these
conditions, the proximity of ER-localized PLD2 (and PLD1)
with the nuclear envelope may permit the enzymes’ trans-
location into the nucleus; given the size (933 amino acids) of
PLD2 it is highly unlikely to diffuse into the nucleus. Addi-
tionally, the absence of a nuclear localization signal in either
PLD1 or PLD2 makes the possibility of passive diffusion into
the nucleus even less likely. Recent evidence has shown that
in response to differentiation stimuli, there is an increase in
PtdIns(4,5)P,-stimulated PLD activity in human promyelo-
cytic leukemia HL-60 cells (Neri et al., 2002). Given the
presence of the phosphoinositide lipid synthesis machinery,
including the PtdIns 4-kinase and PtdIns(4)P 5-kinases in the
nucleus, PLD2 may play a role in the regulation of nuclear
PtdIns(4,5)P, synthesis in a manner analogous to that at the
Golgi apparatus (Boronenkov et al., 1998; Walch-Solimena
and Novick, 1999). With the localization of PtdIns(4,5)P, and
the phosphoinositide lipid kinases to nuclear speckles, it is
also possible that PLD may be involved in PtdIns(4,5)P,-
mediated pre-mRNA processing (Boronenkov et al., 1998).
We are currently investigating the individual roles of both
PLD isoforms in the nucleus.

Interestingly, the localization of PLD2-positive peripheral
puncta in the cytoplasm exhibited little change in distribu-
tion in response to BFA treatment (Figure 5A). Recent evi-
dence has demonstrated that rapidly cycling ER-Golgi inter-
mediate compartment protein ERGIC53 and Golgi matrix
proteins such as GM130 and GRASP65 have a similar punc-
tate appearance, in this case corresponding to ER exit sites
(Ward et al., 2001). The resemblance between the localization
and appearance of golgin and ERGIC53-positive puncta and
those of BFA-resistant PLD2 suggest the possibility that a
fraction of the enzyme may also be present in ER exit sites.
In support of this idea there was approximately twofold
more PLD2 than PLD1 in the ER relative to its Golgi local-
ization (Table 2A). Given the ability of PLD to stimulate
vesicle budding in the Golgi apparatus, a potential role for
PLD2 in regulating budding from ER exit sites is a possibil-
ity subject to further future examination.

Our morphological data agree with previous cell fraction-
ation experiments with rat liver, where relatively little PLD2
was present in plasma membrane-enriched fractions
(Sweeney et al., 2002). Instead, the perinuclear distribution of
PLD2 overlapped with several Golgi markers consistent
with its localization to the perinuclear Golgi apparatus (Fig-
ures 1 and 2). This was verified by using cryoimmunogold
electron microscopy and stereology that demonstrated the
presence of PLD2 on the Golgi apparatus and other or-
ganelles (Figures 6 and 7; Tables 1 and 2). Unexpectedly,
PLD2 was dramatically enriched (~80-fold) in the rims of
the Golgi apparatus relative to cisternae (Table 1C) and its
level was approximately threefold higher in Golgi mem-
branes compared with the plasma membrane (Table 2). This

3940

distribution is in marked contrast to that of PLD1, which is
present throughout Golgi cisternae and enriched only ap-
proximately twofold in the cisternal rims (Figure 7B and
Table 1C; Freyberg et al., 2001). The differential distribution
of PLD1 and PLD2 may indicate that these enzymes have
separate functions in the Golgi apparatus. In light of these
differences, we speculate that PLD2 may function as a
“housekeeping” enzyme, whereas ARFl-activated PLDI1
plays a role in regulating PA in response to stimuli. Such a
model would be consistent with the relatively high basal
activity of PLD2 compared with PLD1. The constitutive
basal PLD2 activity may serve to generate and maintain a
steady-state pool of PA, and indirectly the PtdIns(4,5)P,
necessary for the structural integrity of the Golgi apparatus
(Siddhanta et al., 2000; Sweeney et al., 2002). It is also possi-
ble that the rim localization of PLD2 implies a regulatory
role in mediating vesicular trafficking analogous to the re-
cent observations that protein components of the retrograde
transport machinery are localized to rims of the Golgi ap-
paratus (Martinez-Menarguez et al., 2001; Luna et al., 2002).
The localization of Cdc42 and PLD2 to Golgi rims and their
respective interactions with the actin cytoskeleton are con-
sistent with such a model (Colley et al., 1997; Luna et al.,
2002). Furthermore, in catalyzing the hydrolysis of phos-
phatidylcholine to PA, PLD2 may alter the local membrane
composition at the cisternal rims to facilitate release of ves-
icles. Consistent with this idea, endophilin, a protein impli-
cated in synaptic vesicle endocytosis, also generates PA,
although from a different precursor, lysophosphatidic acid.
It has been suggested that increasing local concentrations of
PA, as mediated by endophilin, alter membrane curvature
sufficiently to facilitate vesicular budding (Schmidt et al.,
1999). Taken together, our evidence suggests a distinct role
for PLD2 in regulating the membrane composition of Golgi
rims. The roles of PLD1 and PLD2 in regulating the organi-
zation of the Golgi apparatus are currently under investiga-
tion.
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