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Phospholipase D (PLD) activity is elevated in response to the oncogenic stimulus of H-Ras but not K-Ras.
H-Ras and K-Ras have been reported to localize to different membrane microdomains, with H-Ras localizing
to caveolin-enriched light membrane fractions. We reported previously that PLD activity elevated in response
to mitogenic stimulation is restricted to the caveolin-enriched light membrane fractions. PLD activity in
H-Ras-transformed cells is dependent upon RalA, and consistent with a lack of elevated PLD activity in
K-Ras-transformed cells, RalA was not activated in K-Ras-transformed cells. Although H-Ras-induced PLD
activity is dependent upon RalA, an activated mutant of RalA is not sufficient to elevate PLD activity. We
reported previously that RalA interacts with PLD activating ADP ribosylation factor (ARF) proteins. In cells
transformed by H-Ras, we found increased coprecipitation of ARF6 with RalA. Moreover, ARF6 colocalized
with RalA in light membrane fractions. Interestingly, ARF6 protein levels were elevated in H-Ras- but not
K-Ras-transformed cells. A dominant-negative mutant of ARF6 inhibited PLD activity in H-Ras-transformed
NIH 3T3 cells. Activated mutants of either ARF6 or RalA were not sufficient to elevate PLD activity in NIH 3T3
cells; however, expression of both activated RalA and activated ARF6 in NIH 3T3 cells led to increased PLD
activity. These data suggest a model whereby H-Ras stimulates the activation of both RalA and ARF6, which
together lead to the elevation of PLD activity.

Phospholipase D (PLD) is elevated in response to many
oncogenic signals, including those generated by v-Src (66),
v-H-Ras (9, 34, 35), v-Fps, (36), and v-Raf (23). The activation
of PLD by v-Src, v-Ras, and v-Raf is dependent upon the small
GTPase RalA (23, 35), which interacts directly with PLD1
(46). RalA has also been shown to be required for the trans-
formed phenotype induced by v-Src, v-Ras, and v-Raf (1, 70).
Additionally, RalA, PLD1, or PLD2 could cooperate with ei-
ther c-Src or the epidermal growth factor (EGF) receptor
(EGFR) to transform rat fibroblasts (38, 44). Elevated expres-
sion of either PLD1 or PLD2 was able to overcome a cell cycle
block induced by high-intensity Raf signaling (39). RalA has
also been implicated in the activation of PLD by phorbol esters
(60) and by growth factor receptor tyrosine kinases (30, 73).
These studies suggest an important role for RalA and PLD in
mitogenic and oncogenic signaling. However, while RalA is
necessary for activation PLD by oncoproteins and growth fac-
tors, activated RalA was not sufficient for elevation of PLD
activity (35). Active RalA-PLD complexes also contain ADP
ribosylation factor (ARF) GTPases (47), which activate PLD1
(7, 15, 27). The presence of ARF in active RalA-PLD1 com-

plexes (47) also implicated ARF in mitogenic signaling. These
data suggested that the activation of PLD in response to mi-
togenic signals requires multiple signals involving the activa-
tion of both RalA and ARF GTPases.

The activation of PLD by Ras has been somewhat contro-
versial. While it has been reported that activated Ras leads to
elevated PLD activity (9, 34, 35, 45), it has also been reported
that activated Ras does not elevate PLD activity (2). Most, if
not all studies showing that Ras activates PLD activity were
performed with H-Ras, while the study showing that Ras did
not activate PLD activity employed K-Ras. These data suggest
that H-Ras activates signals not activated by K-Ras. For this
report, we investigated the differential activation of RalA and
PLD by H-Ras and K-Ras and describe the synergistic activa-
tion of PLD by ARF6 and RalA. A model is proposed for the
activation of PLD by H-Ras whereby a RalA-PLD complex is
activated, leading to the recruitment of the PLD activator
ARF6 into an active RalA-PLD-ARF6 complex.

MATERIALS AND METHODS

Cells and cell culture conditions. Parental and H-Ras-, K-Ras-, v-Src-, and
v-Raf-transformed NIH 3T3 cells, NIH 3T3 cells overexpressing activated RalA
(Q72L), and 3Y1 rat fibroblasts overexpressing the EGFR were characterized
previously (23, 30, 34, 35) and were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% bovine serum (HyClone). To reduce
background PLD activity, subconfluent cell cultures were placed in fresh medium
containing 0.5% bovine serum for 1 day. For transfection, cells were plated at a
density of 105 cells per 100-mm dish 18 h prior to transfection. Transfections
were performed with Lipofectamine Plus reagent (GIBCO) according to the
vendor’s instructions, in which Plus reagent was included to enhance the trans-
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fection efficiency of Lipofectamine. For transient transfection, control for effi-
ciency was determined by transfection of pEGFP-C1 (Clonetech), which ex-
presses green fluorescent protein (GFP). The percentage of green cells was
determined microscopically and was always in excess of 80%. For stable trans-
fections, cells were selected in the presence of G418 for 2 weeks as described
previously (44), and pooled clones were used for experiments.

Materials. [3H]myristate was obtained from New England Nuclear. Precoated
silica 60A thin-layer chromatography plates were obtained from Whatman.
Monoclonal antibody 1D9, which recognizes most ARF isoforms, was obtained
from Richard Kahn (Emory University, Atlanta, Ga.). Antibodies raised against
ARF1 and ARF6 were provided by Sylvain Bourgoin (Universite Laval, Quebec,
Canada). Antibodies raised against RalA and caveolin 1 were obtained from
Transduction Laboratories. The anti-Ras antibodies were obtained from Santa
Cruz Biotechnology. For nonimmune controls, we used ChromPure rabbit or
mouse immunoglobulin G (IgG) from Jackson ImmunoResearch.

Plasmid expression vectors. The mammalian expression plasmids pcDNA3.1-
ARF6Q67L, pcDNA3.1-ARF6T27N, pcDNA3.1-ARF1Q67L, and pcDNA3.1-
ARF1T31N have been described previously (5, 18). They were constructed by
PCR amplification of the corresponding cDNAs and cloned into the EcoRI site
of pcDNA3.1(�) (Invitrogen). The mammalian expression plasmids for RalA
(Q72L), Ki-Ras4B (G12V), and Ha-Ras (G12V) were expressed in the pZIP-
NeoSV(X)1 vector and have been described previously (35).

Isolation of membranes. The strategy for separation of light and heavy mem-
brane fractions was based on one developed by Lisanti and colleagues (68) with
modifications that excluded the use of sodium carbonate and high pH as de-
scribed previously (78). Quiescent confluent cells grown in 150-mm dishes were
washed twice with cold phosphate-buffered saline and scraped into 2 ml of buffer
M, which consisted of 25 mM MES (morpholineethanesulfonic acid; pH 6.5), 250
mM sucrose, 1 mM EDTA, and 1� protease inhibitor cocktail. Homogenization
was carried out on ice with a Wheaton Dounce homogenizer (20 to �25 strokes)
and then by sonication (three 20-s bursts; VC 300; Sonics & Materials, Inc.,
Danbury, Conn.). The protein concentration was determined by the Bradford
method (Bio-Rad). Five milligrams of homogenate protein was diluted to 2 ml in
buffer M and adjusted to 45% (wt/vol) sucrose by adding 2 ml of 90% (wt/vol)
sucrose prepared in 25 mM MES (pH 6.5). This solution was then overlaid with
4 ml of 35% (wt/vol) sucrose and 4 ml of 5% (wt/vol) sucrose in 25 mM MES (pH
6.5) to form a discontinuous gradient in an ultracentrifuge tube. The gradient
was centrifuged at 39,000 rpm for 16 to 18 h in an SW41 rotor (Beckman).
One-milliliter fractions were collected from top to bottom and analyzed for PLD
activity and proteins as described in the text. The pellet (fraction 13) was soni-
cated in 1 ml of buffer M and analyzed along with the collected fractions.

Immunoprecipitation. Quiescent confluent cells were washed twice with ice-
cold phosphate-buffered saline and scraped into the modified radioimmunopre-
cipitation assay (RIPA) buffer: 50 mM Tris-HCl (pH 7.6), 1% Igepal CA-630,
0.25% sodium deoxycholate, 150 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1 mM
Na3VO4, 1 mM NaF, and 1� protease inhibitor cocktail, consisting of 0.5 mM
AEBSF [4-(2-aminoethyl)benzenesulfonyl fluoride], 1 �M leupeptin, 0.15 �M
aprotinin, and 1 �M protease inhibitor E-64. The cells were then incubated at
4°C for 15 min by gentle rocking, sonicated for 20 s on ice, and centrifuged at
12,000 � g at 4°C for 10 min. The supernatant was precleared with protein
G-Sepharose 4 Fast Flow beads (Amersham Pharmacia Biotech), and 500 �g of
the precleared proteins was adjusted to 500 �l in the modified RIPA buffer and
then incubated with the antibody for 1 h as described above. The immunocom-
plex was captured by incubation with 50 �l of protein G-Sepharose 4 Fast Flow
bead slurry, collected by centrifugation at 12,000 � g for 20 s at 4°C. The beads
were washed three times with the modified RIPA buffer and once with wash
buffer (50 mM Tris [pH 7.6]), and subjected to Western blot analysis.

Western blot analysis. Samples were adjusted into gel loading buffer (50 mM
Tris-HCl [pH 6.8], 100 mM dithiothreitol, 2% sodium dodecyl sulfate [SDS],
0.1% bromophenol blue, 10% glycerol) and then heated for 3 min at 100°C prior
to separation by SDS-polyacrylamide gel electrophoresis. After transfer to poly-
vinylidene difluoride (for caveolin) or nitrocellulose membrane (for other pro-
teins), the membrane filters were blocked with 5% nonfat dry milk in phosphate-
buffered saline with 0.05% Tween 20 (PBS-T) and then incubated with the
appropriate antibody diluted in 5% milk in PBS-T. Depending upon the origin of
the primary antibodies, either antimouse or antirabbit IgG conjugated with
horseradish peroxidase was used, and the bands were visualized with the en-
hanced chemilluminescence detection system (Pierce).

Assay of PLD activity. PLD activity was determined by the transphosphatidy-
lation reaction in the presence of 0.8% butanol as described previously (67).
Cells in 100-mm culture dishes were prelabeled with [3H]myristate for 4 to 5 h in
DMEM containing 0.5% bovine serum. Lipids were extracted and characterized
by thin-layer chromatography as described previously (66, 67). Relative levels of

PLD activity were then determined by measuring the intensity of the correspond-
ing phosphatidylbutanol band in the autoradiograph with a Molecular Dynamics
scanning densitometer and Image-Quant software.

RalA activation assay. The detection of activated RalA was performed essen-
tially as described previously (44). Cells were lysed with a mixture containing
15% glycerol, 50 mM Tris-HCl (pH 7.4), 1% Igepal CA-630, 200 nM NaCl, 10
mM MgCl2, and1� protease inhibitor cocktail and precleared with glutathione-
agarose beads. Lysates were then treated with glutathione S-transferase (GST)-
Ral-BD fusion protein immobilized with glutathione-agarose beads (Upstate
Biotechnology). Ral-BD is the Ral binding domain of Ral-BP1 that binds acti-
vated GTP-bound Ral proteins (76, 77). Activated Ral proteins were recovered
by centrifugation at 14,000 � g at 4°C for 5 s, washed three times with lysis buffer,
and subjected to Western blot analysis with an antibody raised against RalA
(Transduction Laboratories).

RESULTS

PLD activity is elevated in H-Ras- but not K-Ras-trans-
formed cells. PLD activity was examined in NIH 3T3 cells
transformed by either H-Ras or K-Ras. As shown in Fig. 1A,
PLD activity was found to be elevated in the H-Ras- but not
the K-Ras-transformed cells. To ensure that the lack of PLD
activity in the K-Ras-transformed cells was not due to a lack of
expression of the K-Ras protein, we examined the levels of Ras
proteins in the H-Ras- and K-Ras-transformed cells. As shown
in Fig. 1B, there were elevated levels of Ras proteins in both
the H-Ras- and K-Ras-transformed cells. Also shown in Fig.
1B are the levels of caveolin 1, which is lost in transformed cells
(42), and consistent with previous reports, caveolin 1 expres-
sion was lost in both H-Ras- and K-Ras-transformed cells. The
K-Ras-transformed cells were also transformed as determined
by morphology and the ability to form colonies in soft agar
(data not shown). This experiment was repeated with six inde-
pendent clones of H-Ras- and K-Ras-transformed cells as well
as with pooled clones from H-Ras- and K-Ras-transfected NIH
3T3 cells (data not shown), indicating that the effects are not
due to clonal variation in the H-Ras- and K-Ras-transformed
NIH 3T3 cells. To further establish this, we examined the PLD
activity in NIH 3T3 cells transiently transfected with plasmids
expressing H-Ras and K-Ras. As shown in Fig. 1C, PLD ac-
tivity was elevated in the H-Ras- but not the K-Ras-transfected
cells. Comparable levels of H-Ras and K-Ras proteins were
expressed in the transfected cells (Fig. 1C). These data reveal
an apparent difference in the abilities of H-Ras and K-Ras to
activate PLD activity.

Differential activation of RalA in H-Ras and K-Ras. The
S28N dominant-negative RalA mutant (defective for GDP/
GTP exchange) inhibits PLD activation by H-Ras (35). We
therefore investigated whether there was a differential ability
of H-Ras and K-Ras to activate RalA. Upon activation, RalA
binds GTP and associates with the downstream effector mol-
ecule Ral-BP1 (8). We took advantage of this by using the
Ral-BD of Ral-BP1 fused to GST (GST-Ral-BD) to detect
activated GTP-bound RalA as described previously (44). Cell
lysates from parental and H-Ras- and K-Ras-transformed NIH
3T3 cells were treated with GST-Ral-BD immobilized on glu-
tathione-agarose beads. The GST-Ral-BD was recovered by
centrifugation, and the pellets were subjected to Western blot
analysis with an antibody raised against RalA. As shown in Fig.
2, there was 2.5-fold more RalA detected in GST-Ral-BD
precipitates from H-Ras-transformed cells than in those from
the untransformed and K-Ras-transformed cells. The level of
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RalA detected in the Ral-BD precipitate from the K-Ras-
transformed cells was equivalent to the level detected in the
parental NIH 3T3 cells. These data suggest that the reduced
PLD activity is likely due to the reduced ability of K-Ras to
activate RalA and further confirm the different biological ef-
fects of H-Ras and K-Ras.

Increased coprecipitation of ARF6, but not ARF1, with RalA
in H-Ras-transformed cells. RalA coprecipitates with the PLD
activating ARF GTPases (47). Both ARF1 and ARF6 have
been implicated in the regulation of PLD activity (20). The
ability of ARF proteins to coprecipitate with RalA from H-
Ras- and K-Ras-transformed NIH 3T3 cells was therefore ex-
amined. RalA was immunoprecipitated from lysates of H-Ras-
and K-Ras-transformed NIH 3T3 cells and then subjected to
Western blot analysis with antibodies raised against ARF1 and
ARF6. As shown in Fig. 3A, elevated levels of ARF6 were
detected in the RalA immunoprecipitates from the H-Ras but
not K-Ras cell lysates. ARF1 was barely detectable in RalA
immunoprecipitates even though the ARF1 band in the lysate
was stronger than that of ARF6 (Fig. 3A), suggesting that
RalA binds a much lower percentage of ARF1 than of ARF6.
After longer exposure, ARF1 was detected, but there were not
elevated levels of ARF1 in RalA immunoprecipitates from
either H-Ras- or K-Ras-transformed cells relative to the pa-
rental NIH 3T3 cells (data not shown). Reciprocally, an ARF6
antibody coimmunoprecipitated elevated levels of RalA from
H-Ras-transformed cell lysates relative to K-Ras-transformed

cell lysates, despite the equivalent levels of immunoprecipi-
tated ARF6 (Fig. 3B). These data indicate that H-Ras stimu-
lates the association between RalA and ARF6 and that ARF6
contributes to the elevation of PLD activity in H-Ras-trans-
formed cells.

ARF6 colocalizes with RalA and is elevated in H-Ras-trans-
formed cells. PLD activity elevated in response to mitogenic
stimulation has been reported to be restricted largely to light
membrane fractions (78). Therefore, the subcellular distribu-
tions of RalA, ARF6, and ARF1 were examined. As shown in
Fig. 4, RalA was detected in both light and heavy membrane
fractions; however, the majority of RalA was found in the light
membrane fractions from H-Ras-transformed cells. ARF6 was
also found predominantly in the light membrane fraction. In
contrast, ARF1 localized exclusively with the heavier fractions
representing heavy membranes and soluble proteins. Thus,
consistent with the increased association observed between
RalA and ARF6 in H-Ras-transformed cells, ARF6 and RalA
colocalized with the same light membrane fraction in which the
PLD activity elevated in response to mitogenic stimulation was
also found (78). This is also the same membrane fraction to
which both H-Ras and caveolin localize as described previously
(78).

Interestingly, there appeared to be elevated levels of ARF6
in the H-Ras-transformed cells relative to the parental NIH
3T3 cells. The level of ARF proteins was therefore examined in
the H-Ras- and K-Ras-transformed cells. As shown in Fig. 5,

FIG. 1. PLD activity is elevated in H-Ras- but not K-Ras-transformed cells. (A) Untransformed NIH 3T3 cells and NIH 3T3 cells transformed
by H-Ras and K-Ras were placed in medium containing 0.5% serum for 1 day. PLD activity was then determined by the transphosphatidylation
reaction in the presence of 0.8% butanol as described in Materials and Methods. The PLD activity was normalized to the PLD activity in the
parental NIH 3T3 cells, which was given a value of 1. Error bars represent the standard deviation for three independent experiments performed
in duplicate. (B) Cell lysates from the parental and H-Ras- and K-Ras-transformed NIH 3T3 cells were subjected to Western blot analysis with
antibodies specific for H-Ras, K-Ras, and caveolin 1 as indicated. (C) NIH 3T3 cells were transiently transfected with vectors that express H-Ras,
K-Ras, and the parental pZIP-NeoSV(X)1 empty vector. Twenty-four hours after transfection, the cells were placed in fresh medium containing
0.5% serum, and after an additional 24 h, PLD activity was determined as in panel A and normalized to the PLD activity in the NIH 3T3 cells
that were transfected with the empty vector pZIP-NeoSV(X)1, which was given a value of 1. Ras protein levels were determined by Western blot
analysis as shown.
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there were elevated levels of ARF6 protein found in the H-
Ras-transformed cells. Elevated levels of ARF6 were also ob-
served in cells transformed by v-Src and v-Raf (Fig. 5). We did
not detect elevated levels of ARF1 in any of the cell lines
examined (Fig. 5). These data suggest that Src, Raf, and H-Ras
oncoproteins stimulate elevated ARF6 expression. The lack of
elevated ARF6 in the K-Ras-transformed cells further distin-
guishes between the biological effects of H-Ras and K-Ras.

Activated ARF6 elevates PLD activity in NIH 3T3 cells ex-
pressing activated RalA. While there is a RalA requirement
for the activation of PLD by H-Ras (35), an activated form of
RalA (Q72L) is not sufficient to activate PLD activity by itself
(35). We therefore examined whether a combination of acti-
vated RalA and ARF could elevate PLD activity in NIH 3T3
cells. NIH 3T3 cells or NIH 3T3 cells that express activated
RalA (Q72L) were transiently transfected with vectors that
express activated ARF1 (Q71L), activated ARF6 (Q67L), or
the empty vector pcDNA3. As shown in Fig. 6A, neither acti-
vated ARF1 nor activated ARF6 was able to increase PLD
activity in the NIH 3T3 cells. However, in the NIH 3T3 cells
expressing activated RalA (Q72L), activated ARF6 (Q67L)
stimulated a 2.5-fold increase in PLD activity, whereas acti-
vated ARF1 (Q71L) had no effect upon PLD activity in these
cells (Fig. 6A). Expression of Ral and ARF protein levels in
the transfected cells was determined by Western blotting and is
also shown in Fig. 6A. We also examined the effect of cotrans-
fection of an activated RalA expression vector with activated

ARF1 and ARF6 expression vectors, and as expected, only the
combination of activated RalA and activated ARF6 led to
increased PLD activity (Fig. 6B). These data indicate a syner-
gistic effect of RalA and ARF6 in the activation of PLD.

H-Ras-induced PLD activity is dependent upon ARF6. The
data in Fig. 6 indicate that the combination of activated RalA
and activated ARF6 is sufficient to activate PLD activity, but
do not indicate whether RalA and ARF6 are necessary for
PLD activation by H-Ras. However, RalA was reported pre-
viously to be necessary for H-Ras activation of PLD activity
(35). To investigate whether ARF6 is necessary for the activa-
tion of PLD activity by H-Ras, we introduced a dominant-
negative mutant of ARF6 (T27N) into both parental and H-
Ras-transformed NIH 3T3 cells. As shown in Fig. 7, the T27N
ARF6 mutant had no effect upon the PLD activity in the NIH
3T3 cells, but reduced the elevated PLD activity in the H-Ras-
transformed cells almost to the level seen in the parental NIH
3T3 cells. A dominant-negative ARF1 mutant (T31N) had no
significant effect upon the PLD activity in the H-Ras-trans-
formed cells. These data indicate that H-Ras-induced PLD
activity is dependent upon ARF6.

ARF6 mediates EGF-induced PLD activity. EGF-induced
PLD activity, which is dependent upon RalA (44, 61), has been

FIG. 2. RalA activation in H-Ras- and K-Ras-transformed cells.
Untransformed NIH 3T3 cells and NIH 3T3 cellS transformed by
either H-Ras or K-Ras were lysed and then treated with immobilized
GST-Ral-BD as described in Materials and Methods. GST-Ral-BD
was recovered by centrifugation, and the precipitate was subjected to
Western blot analysis with an antibody raised against RalA. Total
RalA protein levels in the cell lysates were also examined by Western
blot analysis of the untreated lysates as shown. The figure shown is
representative of four independent experiments. The relative level of
activated RalA was determined by densitometric analysis of the
Ral-BD precipitates for four independent experiments normalized to
the control NIH 3T3 cells and given a value of 1. Error bars represent
the standard error for the four experiments.

FIG. 3. Increased coprecipitation of ARF6, but not ARF1, with
RalA in H-Ras-transformed cells. (A) RalA was immunoprecipitated
(IP) from lysates of parental and H-Ras- and K-Ras-transformed NIH
3T3 cells by using a mouse monoclonal RalA antibody. The RalA
immunoprecipitates (RalA) were then subjected to Western blot (WB)
analysis with antibodies raised against either ARF1 or ARF6 (rabbit
IgGs). A nonimmune IgG control (IgG) is shown, as is a portion of
whole-cell lysate (4%) (Lys) that was not subjected to immunoprecipi-
tation. (B) A reciprocal experiment is shown in which lysates of pa-
rental and H-Ras- and K-Ras-transformed NIH 3T3 cells were immu-
noprecipitated with anti-ARF6 (rabbit IgG) in antigen excess and
subjected to Western blot analysis with an antibody to RalA (mouse
IgG). The membrane was stripped and reprobed with anti-ARF6 an-
tibody to check the levels of ARF6 protein immunoprecipitated. The
panels shown are representative of at least three independent experi-
ments.
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shown to be restricted to light membrane fractions (78). EGF
also stimulates GTP loading on ARF6 (5). Therefore, the
dependence of EGF-induced PLD activity on ARF6 was ex-
amined. For these experiments, 3Y1 cells overexpressing the
EGF receptor (EGFR cells) (30, 44, 61, 78) were used. These
cells were stably transfected with an empty vector and the
vector expressing the dominant-negative ARF6 (T27N). Sev-
eral clones were pooled and then examined for the ability of
EGF to induce PLD activity. Figure 8A shows that the domi-
nant-negative mutant ARF6 inhibited EGF-induced PLD
activity. We also examined whether EGF could induce the
association between ARF6 and RalA seen in the H-Ras-trans-
formed cells. As shown in Fig. 8C, EGF increased the amount
of ARF6 in RalA immunoprecipitates and the amount of RalA
in ARF6 immunoprecipitates. These data indicate that the role

of ARF6 in regulating PLD activity is not an indirect effect of
transformation. In addition, since the stimulated increase in
association could be detected within 15 min, the data demon-
strate that the effect of ARF6 is not due to the elevated levels
of ARF6 seen in transformed cells.

DISCUSSION

In this report, we have demonstrated that H-Ras but not
K-Ras activates PLD activity. Similarly, H-Ras, but not K-Ras,
led to elevated levels of ARF6 protein. H-Ras but not K-Ras
activated RalA, which interacts directly with PLD1 (35, 46, 47).
Neither activated RalA nor activated ARF6 was able to elevate
PLD activity by itself; however, a combination of activated
RalA and activated ARF6 was able to elevate PLD activity in
NIH 3T3 cells. Since the activation of PLD activity in H-Ras-
transformed NIH 3T3 cells was dependent on both ARF6 and
RalA, the data presented here suggest a model whereby H-Ras
activates PLD activity through the synergistic activation of
both RalA and ARF6. In Fig. 9, we present a working model
for the activation of PLD activity by H-Ras. It is proposed that
H-Ras activates two parallel pathways leading to the activation
of a guanine nucleotide dissociation stimulator (GDS) for
RalA (70) and an as-yet-unspecified ARF-GDS. The activation
of Ral-GDS by H-Ras activates RalA, which is already in a
complex with PLD1 (35, 46, 47). The activation of RalA is
proposed to recruit activated ARF6 into the RalA-PLD1 com-
plex, or alternatively, activated ARF6 recruits the activated
RalA-PLD1 complex. Activated ARF6, now in a RalA-PLD1-
ARF6 complex, would activate PLD1.

Correlation between elevated PLD activity and ARF6. Most
ARF family GTPases activate PLD1 in vitro (20, 28, 48). There
are three major classes of ARF family GTPases: class I (ARF1
to -3), class II (ARF4 and 5), and class III (ARF6) (50). Little

FIG. 4. RalA colocalizes with ARF6 but not ARF1. Parental and
H-Ras-transformed NIH 3T3 cells were disrupted by Dounce homog-
enization and then sonication as described in Materials and Methods.
The membrane fragments were then run over a discontinuous gradient
of 5, 35, and 45% sucrose. Twelve fractions and a pellet were recovered
and subjected to Western blot analysis with antibodies to RalA, ARF1,
ARF6, and total ARF (monoclonal antibody 1D9). The amount of
material loaded onto the gels was normalized by volume from each of
the fractions. The panels shown are representative of three indepen-
dent experiments.

FIG. 5. ARF6 is elevated in H-Ras- but not K-Ras-transformed
cells. Homogenates from untransformed NIH 3T3 cells and NIH 3T3
cells transformed by either H-Ras, K-Ras, v-Src, or v-Raf were pre-
pared as described in Materials and Methods and subjected to Western
blot analysis with antibodies for ARF1 and ARF6. The data shown are
representative of at least four independent experiments. The data from
several (n) experiments were quantified by densitometry of Western
blots. The level of ARF6 protein relative to that in the parental NIH
3T3 cells (Relative ARF6) was then determined with standard devia-
tions (S.D.) as shown.
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is known about the functions of the class II ARF family. The
class I ARFs have been implicated primarily in vesicle trans-
port in the endoplasmic reticulum and Golgi apparatus (50).
The class III ARF (ARF6) has been implicated in receptor
endocytosis (18), vesicle recycling at the plasma membrane
(19), and exocytosis (10, 11; reviewed by Chavrier and Goud in
reference 13). PLD activity has likewise been implicated in
both receptor endocytosis (61) and exocytosis (10, 21, 32, 71).
PLD1 has been reported to colocalize with ARF6 in endo-
somes (69), and ARF6 has been implicated in the activation of
PLD1 by the high-affinity IgG receptor Fc�RI (49). Both
ARF6 and PLD have been reported to activate phosphatidyl-
inositol-4-phosphate-5-kinase (29, 33, 50). Thus, there is a cor-
relation between the function of ARF6 and plasma membrane
PLD activity. The data presented here provide evidence that
ARF6 is a regulator of the PLD activity elevated in response to
mitogenic stimulation, which like ARF6 is localized primarily
in light membrane or “lipid raft” fractions (78).

RalA, which interacts directly with PLD1 (46), was also
localized in the light membrane fraction and was coimmuno-
precipitated with ARF6. It was previously demonstrated that

ARF1 and RalA could synergistically activate PLD1 in vitro
(40). In the in vivo studies presented here, ARF1 was unable to
stimulate PLD activity in cells with activated RalA, and a
dominant-negative ARF1 was unable to inhibit H-Ras-induced
PLD activity. These data likely reflect the different distribu-
tions of ARF1 and ARF6 in cells, where ARF6 localizes to the
plasma membrane and lipid rafts where the PLD activity ele-
vated in response to mitogenic stimulation is localized (78).
Whereas ARF1 is able to activate PLD1 in vitro, ARF1 would
not have access to RalA-PLD1 complexes in intact cells be-
cause of the differential localization. In this regard, the recent
report that antigen stimulation of RBL-2H3 cells leads to the
colocalization of PLD1 and ARF6 at the plasma membrane
(54) further suggests that ARF6 is a physiological regulator of
PLD1.

PLD1 is likely the primary target of RalA and ARF6. ARF
proteins activate PLD1 but not PLD2 in vitro (16, 20, 28).
RalA, which we have shown to coprecipitate with ARF6, in-
teracts directly with PLD1 (47). These data implicate PLD1 as
being responsible for the elevated PLD activity in cells express-
ing activated forms of RalA and ARF6. However, the elevated
PLD activity in H-Ras-transformed cells is largely restricted to
light membrane fractions where there is very little PLD1 and

FIG. 6. Activated ARF6 elevates PLD activity in NIH 3T3 cells
expressing activated RalA. (A) NIH 3T3 cells and NIH 3T3 cells
overexpressing an activated RalA mutant (Q72L) (35) were transiently
transfected with vectors that express activated mutants of ARF1
(Q71L) and ARF6 (Q67L), as well as the parental pcDNA3 empty
vector. Twenty-four hours after transfection, the cells were placed in
fresh medium containing 0.5% serum, and after an additional 24 h,
PLD activity was determined as in Fig. 1A and normalized to the PLD
activity in the NIH 3T3 cells that were transfected with the empty
vector, which was given a value of 1. The levels of RalA, ARF1, and
ARF6 were determined by Western blot analysis as shown. (B) NIH
3T3 cells were transiently transfected with either pZIP-NeoSV(X)1
empty vector or activated RalA (Q72L) mutant, along with pcDNA3
empty vector, or with vectors expressing either the activated mutant of
ARF1 (Q71L) or ARF6 (Q67L) as indicated. PLD activity was deter-
mined as in panel A and normalized to the PLD activity in the NIH
3T3 cells transfected with the empty vector controls. RalA and ARF
protein levels were determined as in panel A. Error bars for panels A
and B represent the standard deviation for three independent exper-
iments performed in duplicate.

FIG. 7. H-Ras-induced PLD activity is dependent on ARF6. Pa-
rental and H-Ras-transformed NIH 3T3 cells were transiently trans-
fected with vectors that express dominant-negative mutants for ARF1
(T31N) and ARF6 (T27N) as described in Materials and Methods. As
a control, these cells were transfected with pcDNA3 empty vector.
Forty-eight hours after transfection, PLD activity was determined as in
Fig. 6. The PLD activity was normalized to the PLD activity in the
empty vector control for the NIH 3T3 cells, which was given a value of
1. Ras and ARF protein levels were determined as in Fig. 6. Error bars
represent the standard deviation for three independent experiments
performed in duplicate.
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lots of PLD2 (78). In this regard, it is of interest that both
PLD1 and PLD2 are able to cooperate with either EGFR or
c-Src overexpression to transform rat fibroblasts (38, 44). In
addition, both PLD1 and PLD2 were required for ligand-in-
duced endocytosis of the EGF receptor (61). These data sug-
gest that PLD1 and PLD2 may be working together to gener-
ate phosphatidic acid and the downstream effects of PLD
signaling. A recent report by Mwanjewe et al. (51) suggested
that the activation of PLD2 was dependent upon the activation
of PLD1. Thus, the activation of PLD1 through RalA and
ARF6 may also lead to the activation of PLD2 in the light
membrane fractions where both PLD1 and PLD2 are present
(17, 41, 43, 78). While it is not clear how PLD1 might lead to
the activation of PLD2, the data presented here suggest that
the PLD activated through the synergistic action of RalA and
ARF6 is PLD1, since RalA associates with PLD1 and ARF
proteins activate PLD1.

Activation of ARF6 by H-Ras. While it has been demon-
strated that H-Ras activates RalA by activating Ral-GDS
through a GTP-dependent direct interaction (70), how H-Ras
activates ARF6 is not clear. We reported previously that the
elevated PLD activity in H-Ras-transformed cells was partially
sensitive to brefeldin A (BFA) (47). However, the known GDS
proteins for ARF6—ARNO, EFA6, and ARF-GEP100—have
all been reported to be insensitive to BFA (12, 22, 65). Others
have reported that PLD activities stimulated by the mitogenic

stimulus of platelet-derived growth factor (PDGF) and insulin
are also sensitive to BFA (56, 62, 63, 64). Thus, at present, we
must conclude that either (i) GDS proteins for ARF6 can
display differential sensitivities to BFA in different contexts or
(ii) there is another ARF6-GDS that has yet to be identified
that is sensitive to BFA. In support of the first hypothesis,
phorbol myristate acetate (PMA)-induced PLD activity has
been reported to be both BFA sensitive (62) and BFA insen-
sitive (25). Moreover, all ARF-GDS proteins characterized to
date have the s7 domain, which is critical for interaction with
BFA (12, 53, 57). In this regard, the concentration of BFA
used in different experimental systems could be important. A
wide range of BFA concentrations have been used to block
different BFA-sensitive functions. Thus, at present, it is not
clear which ARF-GDS is activating ARF6 in H-Ras-trans-
formed cells, nor is it apparent how H-Ras might activate the
ARF6-GDS. This parallel signaling pathway activated by H-
Ras that contributes to the activation of PLD activity might
reveal another distinct signaling pathway initiated by activated
Ras GTPases.

PDGF-induced PLD activity was reported to be dependent
upon Ras (45) and was also blocked by dominant-negative
mutants of both ARF1 and ARF6 (62). These data would
appear to be in conflict with the data reported here where we
showed that the elevated PLD activity in H-Ras-transformed
cells was inhibited by a dominant-negative ARF6 but not a
dominant-negative ARF1. This difference could indicate that
the activation of PLD by PDGF involves a more elaborate
mechanism or that in cells transformed by H-Ras, there is a
preferential utilization of ARF6 over ARF1 that does not
occur in the nontransformed cells treated with PDGF. In the
cells we have used, ARF1 is not present in the light membrane
fraction where the PLD activity elevated in response to mito-
genic stimulation is localized (78). This apparent difference in

FIG. 8. ARF6 mediates EGF-induced PLD activity. (A) EGFR
cells were stably transfected with pcDNA3 (empty vector) and the
vector for expression of the dominant-negative mutant ARF6 (T27N).
Cells were selected in the presence of G418 for 2 weeks, and clones
were pooled and used for experiments. EGF (100 ng/ml) was added as
indicated, and the PLD activity was determined after 15 min. The PLD
activity was normalized to the PLD activity in the empty vector control
cells without EGF, which was given a value of 1. Error bars represent
the standard deviation for three independent experiments performed
in duplicate. The level of ARF6 proteins in the transfected cells was
confirmed by Western blot (WB) analysis (B). (C) Lysates from either
untreated EGFR cells or EGFR cells treated with EGF (100 ng/ml) for
15 min were lysed and then immunoprecipitated (IP) with an anti-
RalA antibody. Immunoprecipitates were then subjected to Western
blot analysis with antibodies to either ARF1 or ARF6 as in Fig. 3. A
reciprocal experiment is shown in which cell lysates were immunopre-
cipitated with anti-ARF6 antibody and subjected to Western blot anal-
ysis with an antibody to RalA. The membrane was stripped and re-
probed with anti-ARF6. The figure shown is a representative of at least
three independent experiments.

FIG. 9. Working model for activation of PLD1 by the synergistic
action of RalA and ARF 6 in H-Ras-transformed cells. It is proposed
that H-Ras activates parallel pathways leading to the activation of
Ral-GDS and an as-yet-unspecified ARF-GDS. Activation of Ral-
GDS activates RalA, which is already in a complex with PLD1. The
activation of RalA is proposed to recruit activated ARF6 into the
RalA-PLD1 complex, or alternatively activated ARF6 recruits the
activated RalA-PLD1 into a RalA-PLD1-RalA complex. The activated
ARF6 then activates PLD1.
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ARF1 dependence suggests that, under some circumstances,
ARF1 may localize differently and therefore regulate the PLD
activity elevated in response to mitogenic signaling. The data
may also reflect differences in BFA sensitivity, since activation
of ARF1 is sensitive to BFA under some circumstances (50,
57). In this regard, PDGF-induced PLD activity was com-
pletely inhibited by BFA (62), whereas the elevated PLD ac-
tivity in H-Ras-transformed cells was only partially inhibited by
BFA (47).

Santy and Casanova (59) demonstrated that ARNO, via the
activation of ARF6, can lead to elevated PLD activity in Ma-
din-Darby canine kidney epithelial cells. These data suggested
that that activation of RalA was not needed to elevate PLD
activity in these cells. This observation could reflect differences
between the epithelial cells used in this study and the fibro-
blasts we used in our studies. The data from the epithelial cell
study could also indicate that ARNO can do more than acti-
vate ARF6. Although this study indicated that ARNO did not
activate ARF1, Rac1 was activated in these cells, and Rac1 has
been implicated as a regulator of PLD1 (6, 27). Thus, the
regulation of ARF and PLD activity may be different in dif-
ferent cell types involving different GTPases.

Differential PLD activation by H-Ras and K-Ras. The dif-
ferential activation of PLD by H-Ras and K-Ras suggests that
H-Ras and K-Ras may have different downstream targets. Dif-
ferential effects of H-Ras and K-Ras have been reported pre-
viously. H-Ras activates phosphatidylinositol-3-kinase more ef-
ficiently than K-Ras (79), whereas K-Ras activates Raf1 (72,
79) and Rac1 (74) more efficiently than H-Ras. Interestingly,
H-Ras induced apoptosis more efficiently than K-Ras (37, 74).
H-Ras was more efficient at focus formation, and K-Ras was
more efficient at inducing anchorage-independent growth (72).
K-Ras was also shown to be more efficient at inducing cell
migration than H-Ras (72). While several differences in the
biological effects of H-Ras and K-Ras have been documented,
it is not clear how the different effects of H-Ras and K-Ras are
generated. It was recently reported that H-Ras and K-Ras are
differentially sensitive to mutants of caveolin (58) and fraction-
ate with different membrane microdomains (55). It has also
been demonstrated that H-Ras and K-Ras take different paths
to the plasma membrane (3, 14), which might explain the
reported differential membrane locations of H-Ras and K-Ras
(55). In the fractionation study, it was reported that H-Ras but
not K-Ras associates with light membrane fractions (55). In
contrast, other studies indicated that both H-Ras and K-Ras
fractionate with light membrane fractions (24). This differen-
tial fractionation behavior of H-Ras and K-Ras was generated
by a high-pH method of fractionation, and it has been argued
that this method could lead to artifactual dissociation of K-Ras
from the light membrane fraction (75). K-Ras associates with
the membrane due to both prenylation and a stretch of lysines
in the C terminus of K-Ras. Since the pK for lysine is about
10.5, these lysines would be largely uncharged at pH 11, and
therefore the forces holding K-Ras on the membrane would be
reduced. In contrast, Ha-Ras, which is both prenylated and
palmitoylated, would not be similarly affected by the elevated
pH. We have performed fractionation studies of membranes
from both H-Ras- and K-Ras-transformed cells by using both
high- and neutral-pH strategies. Our results showed that at
neutral pH, both H-Ras and K-Ras fractionated with the light

membrane fraction as reported by Furuchi et al. (24), and with
the high-pH method, only H-Ras fractionated with the light
membrane fraction as reported by Prior et al. (55; our unpub-
lished results). However, PLD activity is elevated in H-Ras-
and not in K-Ras-transformed cells, and the PLD activity in
H-Ras-transformed cells is restricted to the light membrane
fraction. Therefore, it would appear that H-Ras and K-Ras
have some kind of differential location within light membranes
or perhaps in distinct light membrane microdomains. This
could reflect the different pathways taken to the plasma mem-
brane (3, 14). Thus, while there is still much to be learned as to
how H-Ras and K-Ras activate different downstream signaling
machinery, the data given here provide further evidence for
different signaling pathways mediated by the two GTPases.

The differential activation of PLD by H-Ras and K-Ras may
also be of significance in tumor progression. Activating muta-
tions to K-Ras are common in many human cancers, whereas
activating mutations to H-Ras are relatively rare and restricted
to select tumor types (4). Since the mutations that can activate
either H-Ras or K-Ras are similar and since activated forms of
both H-Ras and K-Ras transform cells in culture, it is likely
that activating mutations to H-Ras, which in theory are just as
likely to occur, are selected against. If true, then it is possible
that the additional function of PLD activation by H-Ras leads
to apoptosis. Consistent with this hypothesis, Walsh and Bar-
Sagi (74) have shown that H-Ras induces apoptosis more ef-
ficiently than K-Ras. Elevated expression of either PLD1 or
PLD2 is able to cooperate with an overexpressed tyrosine
kinase to transform rat fibroblasts (38, 44), and PLD activity
has been reported to be elevated in some human cancers (52,
80). These data indicate that PLD activity can play a role in
mitogenic signaling. However, cells frequently respond to in-
appropriate mitogenic signals by undergoing apoptosis (31). In
this regard, it could be hypothesized that K-Ras is tolerated in
an emerging tumor because it does not stimulate the RalA-
PLD pathway. Ironically, the Ral pathway appears to be the
most critical pathway for H-Ras to transform human cells (26).
The data presented here indicate that K-Ras does not activate
the Ral pathway in murine fibroblasts. We do not know
whether this is also true for human cells. However, the obser-
vation that the transformation of human cells by H-Ras is due
to activation of the Ral pathway further suggests that, in an
emerging tumor, the transformed phenotype induced through
this pathway is selected against, preventing the appearance of
tumors with activated H-Ras. We previously reported that
expression of either PLD1 or PLD2 in 3Y1 rat fibroblasts leads
to apoptosis (81). Thus, while elevated PLD activity can con-
tribute to a transformed phenotype, too much PLD signaling in
H-Ras-transformed cells may help sensitize these cells to ap-
optotic cell death and ironically make H-Ras mutations less of
a problem in human cancer than mutations to K-Ras because
of the ability of these cells to survive.
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