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Endocytosis is required for efficient mitogen-activated protein kinase (MAPK) activation by activated growth
factor receptors. We examined if H-Ras and K-Ras proteins, which are distributed across different plasma
membrane microdomains, have equal access to the endocytic compartment and whether this access is neces-
sary for downstream signaling. Inhibition of endocytosis by dominant interfering dynamin-K44A blocked
H-Ras but not K-Ras-mediated PC12 cell differentiation and selectively inhibited H-Ras- but not K-Ras-
mediated Raf-1 activation in BHK cells. H-Ras- but not K-Ras-mediated Raf-1 activation was also selectively
dependent on phosphoinositide 3-kinase activity. Stimulation of endocytosis and endocytic recycling by wild-
type Rab5 potentiated H-Ras-mediated Raf-1 activation. In contrast, Rab5-Q79L, which stimulates endocytosis
but not endocytic recycling, redistributed activated H-Ras from the plasma membrane into enlarged endo-
somes and inhibited H-Ras-mediated Raf-1 activation. Rab5-Q79L expression did not cause the accumulation
of wild-type H-Ras in enlarged endosomes. Expression of wild-type Rab5 or Rab5-Q79L increased the specific
activity of K-Ras-activated Raf-1 but did not result in any redistribution of K-Ras from the plasma membrane
to endosomes. These results show that H-Ras but not K-Ras signaling though the RaffMEK/MAPK cascade
requires endocytosis and endocytic recycling. The data also suggest a mechanism for returning Raf-1 to the

cytosol after plasma membrane recruitment.

The localization of Ras to the inner surface of the plasma
membrane is essential for biological activity because Ras ef-
fectors must be recruited to the plasma membrane for activa-
tion. Recent studies have shown that the different Ras isoforms
H-, N-, and K-Ras are differentially distributed across plasma
membrane microdomains. Inactive H-Ras associates with lipid
rafts and caveolae, but activation results in a redistribution of
H-Ras from rafts and caveolae to the disordered plasma mem-
brane. In contrast, K-Ras is predominantly (>85%) localized
to disordered plasma membrane irrespective of its activation
state (43). The GTP-regulated dynamic equilibrium of H-Ras
between lipid rafts and disordered plasma membrane is critical
for H-Ras function, because confining H-Ras to lipid rafts by
N-myristoylation or by mutations in the hypervariable linker
domain severely inhibits H-Ras-mediated Raf-1 and phospho-
inositide 3-kinase (PI3-K) activation and blocks H-Ras-stimu-
lated PCI12 cell differentiation (26, 43). Also, H-Ras- but not
K-Ras-mediated signaling is functionally dependent on plasma
membrane lipid rafts (53).

Numerous studies have now shown that H-, N-, and K-Ras
generate quantitatively different signal outputs through effec-
tors such as Raf, PI3-K, and Rac, which in turn results in
qualitatively or quantitatively distinct biological responses (5,
20, 27, 29, 62, 64, 65, 69, 70). When taken together, these
observations strongly suggest that the environment of the
plasma membrane microdomain in which each Ras isoform
operates dictates signal output (42).

The plasma membrane is also a highly dynamic structure
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because of the constant internalization and recycling of endo-
cytic vesicles (22). Endocytosis occurs through clathrin-depen-
dent and -independent mechanisms, although the precise na-
ture of the clathrin-independent pathways remains unclear.
Activation of many growth factor receptors also stimulates
endocytosis. This is important for signal termination because
internalization of growth factor receptor-ligand complexes into
acidified endosomes disengages the ligand and allows recycling
of inactive receptor back to the cell surface (63, 67). The role
of the endosome, however, is more complex, because in certain
experimental systems endocytosis of signaling complexes is re-
quired for signal propagation (10, 16). For example, dominant-
interfering dynamin mutants that block the release of clathrin-
coated vesicles from the plasma membrane inhibit epidermal
growth factor (EGF)- and insulin-stimulated mitogen-acti-
vated protein kinase (MAPK) activation (9, 63). This inhibitory
effect could be at the level of Ras activation, because activated
EGF receptor continues to stimulate Ras GTP loading from
the endosome (8, 23). However, blocking endocytosis has no
effect on EGF- or lysophosphatidic acid-stimulated activation
of Ras, Raf-1, or MEK in COS cells (30), leading to the
interesting hypothesis that MEK, activated at the plasma mem-
brane, may need endosomal transport through the cytosol to
efficiently activate MAPK (10, 30).

In contrast, Romero and colleagues report that insulin stim-
ulation of HIRcB cells results in endosomal accumulation of
all components of the MAPK cascade, including insulin recep-
tor, Ras, Raf, activated MEK, and MAPK (47, 49). Endosomal
trafficking of Ras and Raf-1 appears to be critical for insulin-
stimulated MAPK activation (47), a conclusion in part sup-
ported by the study of Pol et al., who identified Ras, Raf-1,
MEK, and MAPK in endosomes purified from EGF-stimu-
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lated rat liver (41). In PC12 cells, pharmacological inhibitors of
endocytosis or PI3-K block Ras-mediated B-Raf activation but
have no effect on nerve growth factor (NGF)-stimulated Ras
GTP loading. Interestingly, the same inhibitors also block
Rapl-mediated B-Raf activation but in this case by an effect on
Rapl GTP loading (71). Thus, endocytosis is required at dif-
ferent levels in Ras- and Rapl-mediated activation of the Raf/
MEK/MAPK cascade in PC12 cells (71). Consistent with these
results, a recent study has shown that clathrin-coated vesicles
prepared from NGF-stimulated PC12 cells contain all ele-
ments of the Ras/Raf/MEK/MAPK cascade (25).

Since activation of growth factor receptors can stimulate
endocytosis, it is unclear from the studies carried out to date
whether Ras and Raf-1 simply traffic together with the acti-
vated receptor, perhaps as part of a multicomponent signaling
complex, or whether Ras and Raf can traffic through the en-
dosomal compartment independently of growth factor recep-
tors. In addition, no study has yet examined whether endocy-
tosis of plasma membrane-localized Ras is influenced by the
C-terminal membrane anchor. To address these questions, we
investigated to what extent two Ras isoforms, H-Ras and K-
Ras, enter the endocytic compartment and whether perturbing
endosomal trafficking interferes with their ability to activate
the Raf-1/MEK/MAPK cascade.

MATERIALS AND METHODS

Plasmids. Expression vectors for hemagglutinin (HA)-tagged K44A mutant
dynamin-1 (15) were kindly donated by Sandra Schmid. cDNAs for Myc-tagged
wild-type Rab5 and Rab5-Q79L were kindly donated by Harald Stenmark (56)
and were cloned downstream of the cytomegalovirus promoter in the pCl ex-
pression vector. H-RasG12V, K-RasG12V, green fluorescent protein (GFP)-H-
RasG12V, GFP-K-RasG12V, GFP-tH, and GFP-H-Ras expression vectors have
been described previously (2, 21, 43). An expression vector for GFP-Raf was
constructed by cloning the Raf-1 cDNA into pEGFP-N3 (Clontech). H-Ras/K-
Ras chimeras were constructed by introducing silent point mutations at codons
162 and 163 in K-Ras to create a BstYI restriction site, followed by an exchange
of cDNA sequences 3 of the new BstYT site in K-Ras and a naturally occurring
BstYI site in H-Ras. The resulting chimeric cDNAs were sequenced and then
cloned into pEGFP-C2.

Antibodies. Monoclonal antibodies against HA, Myc (9E10), and Ras (Y13-
259) were made from hybridomas acquired from the American Type Culture
Collection. Raf-1 antibodies were purchased from Life Technologies. Phospho-
Akt (Ser-473) antibody was purchased from Cell Signaling. Polyclonal anti-H-,
N-, and K-Ras antibodies were purchased from Santa Cruz.

Cell transfection and immunofluorescence. Baby hamster kidney (BHK) cells
were grown and maintained in HEPES-buffered Dulbecco’s modified Eagle’s
medium containing 10% donor calf serum, as described previously (53). BHK
cells were seeded onto either coverslips for immunofluorescence or 10-cm dishes
for biochemical assays and transfected by using Lipofectamine (Life Technolo-
gies) according to the manufacturer’s instructions. The efficiency of transfection
was typically 65 to 80%. Cells on coverslips were fixed 24 h after lipofection. Cells
on 10-cm dishes were switched to serum-free medium 18 to 24 h after lipofection
and incubated for a further 4 h before being harvested. Where indicated, cells
were then treated with 20 M LY294002 in serum-free medium for 60 min. Cells
were washed and scraped on ice into 0.5 ml of buffer A (10 mM Tris-HCI [pH
7.5], 25 mM NaF, 5 mM MgCl,, 1 mM EGTA, 1 mM dithiothreitol, 100 pM
NaVO,). After 10 min on ice, cells were passed 25 times through a 23-gauge
needle, and the nuclei were removed by low-speed centrifugation.

Postnuclear supernatants were spun at 100,000 X g. The supernatant (S100)
was removed, and the sedimented fraction (P100) was rinsed and sonicated for
5 min in 100 pl of ice-cold buffer A. The S100 fraction and resuspended P100
fractions were snap-frozen and stored at —70°C in aliquots after the protein
content was measured by the Bradford reaction. PC12 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 5% horse serum, 10%
calf serum, and 2 mM L-glutamine and transfected on coverslips by using Lipo-
fectamine. At 16 h after lipofection, the cells were returned to standard PC12
maintenance medium and incubated a further 48 h prior to processing for
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confocal microscopy. Where indicated in the text, PCI12 cultures were supple-
mented with 50 ng of NGF per ml.

Confocal microscopy. Transfected PC12 or BHK cells were washed with phos-
phate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 30 min at
room temperature. Cells were washed for 10 min in PBS, permeabilized with
0.2% Triton X-100 in PBS, and blocked in 3% bovine serum albumin in PBS. The
primary antibodies (anti-Myc and anti-HA) were diluted in blocking buffer at a
1:2 to 1:30 dilution, and the secondary antibodies, indocarbocyanin (CY3)-
conjugated anti-mouse immunoglobulin and fluorescein isothiocyanate-conju-
gated anti-rat immunoglobulin, were used at a 1:300 dilution. Coverslips were
mounted in Mowiol for confocal microscopy (2).

Ras GTP loading assays. To prepare cells for Ras GTP loading assays, PC12
cells were cultured in reduced serum (0.1% horse serum, 0.5% calf serum) for
16 h and then treated for 5 and 30 min with 50 ng of NGF/ml. Ras GTP loading
was measured in Raf-RNA binding domain (RBD) pulldown assays by using a
high-affinity Raf-RBD-A85K mutant as described previously (14, 19, 26). Sepa-
rate pulldowns from three aliquots of the same cell lysate were immunoblotted
with anti-H-, N-, and K-Ras antisera to identify the Ras isoform that was acti-
vated by NGF stimulation. Aliquots of the starting lysates were also blotted with
pan-Ras (Y13-259) and isotype-specific antisera to verify Ras protein normal-
ization.

Western blotting. Expression and subcellular localization of ectopically ex-
pressed proteins were determined by immunoblotting. Cellular fractions were
normalized for protein content and then resolved on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels. When S100 and P100
fractions were compared, 20 pg of each S100 fraction was loaded together with
an equivalent fraction of the corresponding P100 fraction as described previously
(21). Proteins were transferred to polyvinylidene difluoride membranes by semi-
dry transfer. Blots were probed with anti-Raf-1, Y13-259 (Ras), 9E10 (anti-Myc),
or anti-HA monoclonal antibodies or phospho-Akt(Ser-473), developed by en-
hanced chemiluminescence, and quantified by phosphorimaging (Bio-Rad) as
described before (52).

Raf-1 kinase assays. P100 aliquots of transfected BHK cells were normalized
for protein content and assayed for Raf activity by using a two-stage coupled
MEK/ERK assay with phosphorylation of myelin basic protein used as a readout,
as described previously (52).

RESULTS

H-Ras- but not K-Ras-mediated PC12 cell differentiation is
blocked by dominant interfering mutant dynamin. To assess
whether clathrin-mediated endocytosis was required for Ras
signaling, we first examined whether PC12 cell differentiation
induced by activated H-RasG12V or K-RasG12V was inhib-
ited by coexpression of dynamin-K44A. This well-character-
ized GTPase-defective, dominant interfering mutant of dy-
namin blocks the release of clathrin-coated vesicles from the
plasma membrane (63). Figure 1 shows that GFP-tagged
H-RasG12V and K-RasG12V both drive differentiation of
PCI12 cells, although the extent and complexity of neurite out-
growth are less marked with GFP-K-RasG12V than with
GFP-H-RasG12V. Dynamin-K44A expression, detected by
anti-HA indirect immunofluorescence, blocked neurite out-
growth in cells expressing GFP-H-RasG12V but had no de-
tectable effect on neurite outgrowth in cells expressing GFP-
K-RasG12V (Fig. 1). The inhibitory effect of dynamin-K44A
was not due to an effect on H-Ras localization, because plasma
membrane targeting of both GFP-H-RasG12V and GFP-K-
RasG12V was unaffected (Fig. 1). PC12 cell differentiation has
been shown previously to be mediated predominantly via the
Raf/MEK/MAPK pathway (35, 46, 61). Our data therefore
strongly suggest that endocytic function is important for H-Ras
but not K-Ras activation of this kinase cascade.

To establish the potential physiological relevance of these
observations, we examined whether dynamin-K44A could also
block NGF-induced PC12 cell differentiation. Figure 2A shows
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FIG. 1. PC12 cell differentiation induced by H-RasG12V but not K-RasG12V is inhibited by dynamin-K44A. PC12 cells were transfected with
GFP-H-RasG12V or GFP-K-RasG12V in combination with an empty vector or HA-tagged dynamin-K44A, as indicated. Cells were incubated for
48 h prior to fixation. GFP-tagged proteins were visualized by direct immunofluorescence, and HA-tagged dynamin proteins were visualized by
indirect immunofluorescence. Dynamin-K44A expression blocked neurite outgrowth in cells expressing GFP-H-RasG12V but had no detectable
effect on neurite outgrowth in cells expressing GFP-K-RasG12V. The inhibitory effect of dynamin-K44A was not due to an affect on H-Ras
localization because plasma membrane targeting of both GFP-H-RasG12V and GFP-K-RasG12V was unaffected.

that expression of dynamin-K44A significantly reduced but did
not completely abolish neurite outgrowth from PC12 cells cul-
tured in NGF. To explore possible reasons for this incomplete
effect of dominant interfering dynamin, we investigated which
Ras isoforms are activated in PC12 cells in response to NGF
treatment. Figure 2B shows that all three Ras isoforms are
expressed in PC12 cells and that all three Ras isoforms are
activated by NGF, albeit to different extents.

H- and K-Ras have different requirements for endocytosis to
activate Raf-1. In light of these observations, we investigated
whether preventing clathrin-coated vesicle release from the
plasma membrane had any direct effect on the ability of Ras to
recruit Raf-1 or initiate Raf-1 activation at the plasma mem-
brane. BHK cells transiently transfected with Ras and Raf-1
with or without dynamin-K44A were fractionated into S100
(cytosolic) and P100 (membrane) fractions. Raf-1 recruitment
was assayed by quantitative immunoblotting of S100 and P100
fractions, and Raf-1 activation was assayed in a coupled MEK/
ERK kinase assay with P100 fractions normalized for Raf-1
content. Figure 3 shows that expression of dynamin-K44A sig-
nificantly (P < 0.01) inhibited H-Ras-mediated Raf-1 activa-
tion but had no effect on K-Ras-mediated Raf-1 activation.

Membrane recruitment of Raf-1 by H-RasG12V or
K-RasG12V was unaffected by expression of dynamin-K44A
(Fig. 3).

To extend these results, we examined whether stimulating
endocytosis in BHK cells would potentiate H-Ras-mediated
Raf activation. Expression of wild-type Rab5 (WT-Rab5) and
expression of the GTPase-deficient mutant Rab5-Q79L in-
crease the rate of clathrin-mediated endocytosis in BHK cells
(56). WT-Rab5 expression also increases recycling through the
sorting endosome back to the cell surface, resulting in only a
minor increase in the size of the endosomal compartment (56).
In contrast, Rab5-Q79L expression significantly reduces recy-
cling through the sorting endosome and stimulates homotypic
endosome fusion, resulting in an enlarged endosomal compart-
ment (56).

To assess the effect of Rab5 expression on H-Ras-mediated
Raf-1 activation, Myc-tagged WT-Rab5 or Rab5-Q79L was
cotransfected into BHK cells with Raf-1 and H-RasG12V.
Figure 3 shows that coexpression of WT-Rab5 had no measur-
able effect on Raf-1 membrane recruitment but resulted in a
significant (P < 0.01), 2.5-fold increase in Raf-1 specific activ-
ity (Fig. 3C). In contrast, Rab5-Q79L expression significantly

Areigi puejsuaang Jo Ausianiun Aq STOZ ‘92 1290100 uo /610 wise qaw//:dny woul papeojumod


http://mcb.asm.org/

VoL. 22, 2002

A
= 200
3
% T
b3 150 -
. [ .
os % %
;‘g& 100
g
c 50 kK
3
=
0
Control Dyn-K44A
B Time (min)
0 5 30
H-Ras — | —— —
K.Has e —— —
N-Ras . —
Total Ras —— —

FIG. 2. PC12 cell differentiation induced by NGF is partially inhib-
ited by dynamin-K44A. (A) PC12 cells transfected with GFP-tK alone
or in combination with dynamin-K44A were cultured with 50 ng of
NGF/ml for 72 h and then fixed. Membrane-targeted GFP-tK (GFP
with the membrane anchor of K-Ras) is transfected to allow clear
visualization of neurites in the control and dynamin-expressing cells.
The mean total neurite length per transfected cell (* standard error of
the mean) was measured for 40 to 50 cells across multiple microscopic
fields from six independent transfections. The difference between
means, examined in a ¢ test, shows that dynamin-K44A significantly (P
< 0.001) inhibited NGF-stimulated neurite outgrowth. (B) Untrans-
fected, serum-starved PC12 cells were treated for 0 (control), 5, or 30
min with 50 ng of NGF/ml and analyzed for endogenous H-, N-, and
K-Ras activation in Raf-RBD pulldown assays. Starting lysates were
probed with a pan-Ras antibody to check protein normalization.

reduced (P < 0.01) the amount of Raf-1 recruited to the P100
fraction (Fig. 3A) and significantly decreased (P < 0.01) the
specific activity of membrane-recruited Raf-1 (Fig. 3C). Ex-
pression of neither Rab5 protein altered the total amount of
H-RasG12V associated with the P100 fraction (Fig. 3A). The
simplest interpretation of these results, given the known effects
of the two Rab5 proteins on vesicular trafficking, is that po-
tentiation of H-Ras-stimulated Raf-1 activity requires in-
creased endocytosis to be coupled with efficient endocytic re-
cycling.

These experiments were then repeated by using K-RasG12V
as the Raf-1 activator. Intriguingly, expression of both WT-
Rab5 and Rab5-Q79L significantly (P < 0.01) increased Raf-1
specific activity (Fig. 3D). Neither Rab5 protein altered the
amount of Raf-1 recruited to the P100 fraction or the amount
of P100-associated K-RasG12V (Fig. 3B). We conclude that
although endocytosis is not essential for K-Ras-mediated
Raf-1 activation, it can be potentiated by increasing the rate of
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endocytosis. However, in contrast to H-Ras-mediated Raf-1
activation, increased endocytic recycling is not required for the
effect.

H-Ras- but not K-Ras-mediated Raf-1 activation is depen-
dent on PI3-K activity. Previous data have demonstrated that
inhibitors of PI3-K and endocytosis block Ras-mediated B-Raf
and ERK activation in PC12 cells (55). In light of these results,
we investigated whether inhibition of PI3-K activity would dif-
ferentially affect H- and K-Ras-mediated Raf-1 activation in
BHK cells. BHK cells transiently expressing H-RasG12V or
K-RasG12V were treated for 60 min with the PI3-K inhibitor
LY294002. This treatment completely blocked activation of
Akt, assayed by immunoblotting with phosphorylation-specific
antisera (Fig. 4A). LY294002 treatment did not affect the
amount of H- or K-Ras associated with the membrane fraction
and did not inhibit Raf-1 membrane recruitment (Fig. 4A).
Confocal microscopy also revealed no effect of LY294002 on
the plasma membrane localization of GFP-tagged H-RasG12V
or K-RasG12V (data not shown). Nevertheless, assays of Raf-1
specific activity showed that 1.Y294002 treatment significantly
(P < 0.01) inhibited H-Ras-mediated Raf-1 activation but had
no effect on K-Ras-mediated Raf-1 activation (Fig. 4B).

These results prompted the additional question of whether
H- and K-Ras have differential requirements for endocytosis to
activate PI3-K. Figure 4C shows that this is not the case.
Expression of dynamin-K44A, WT-Rab5, or Rab5-Q79L did
not inhibit H- or K-Ras-stimulated Akt activation in cell mem-
branes (P100 fraction). In fact, expression of Rab5-Q79L re-
sulted in a small (1.5-fold) but reproducible increase in H- and
K-Ras-stimulated P100-associated phospho-Akt levels (Fig.
4C). Dynamin-K44A coexpression with H-RasG12V, however,
did result in reduced levels of cytosolic phospho-Akt, suggest-
ing that release of activated Akt from the plasma membrane
may in part be dependent on endocytosis.

H-RasG12V but not Raf-1 is sequestered in Rab5-Q79L
enlarged endosomes. We next used confocal microscopy to
address whether the subcellular distributions of GFP-tagged
Ras and Raf proteins were altered by ectopic expression of
dynamin or Rab5. Figures SA and 6A show that plasma mem-
brane localization of GFP-H-RasG12V and GFP-K-RasG12V
was unaffected by the expression of either WT-Rab5 or dy-
namin-K44A. However, in the majority of cells expressing
Rab5-Q79L, GFP-H-RasG12V was partially redistributed
from the plasma membrane to enlarged endosomes that
costained for the ectopically expressed Rab5-Q79L protein
(Fig. 5A). In contrast, GFP-K-RasG12V remained localized
exclusively at the plasma membrane in cells coexpressing
Rab5-Q79L (Fig. 6A).

To determine the subcellular localization of Raf-1, GFP-Raf
was coexpressed with H-RasG12V or K-RasG12V in the pres-
ence of dynamin-K44A or Rab5. The control panels in Fig. 5B
and 6B show that both RasG12V proteins efficiently recruit
GFP-Raf from the cytosol to the plasma membrane. Expres-
sion of dynamin-K44A or WT-Rab5 had no effect on the
plasma membrane recruitment of GFP-Raf by either
H-RasG12V (Fig. 5B) or K-RasG12V (Fig. 6B). Similarly,
K-Ras-mediated GFP-Raf plasma membrane recruitment was
unaffected by coexpression of Rab-Q79L (Fig. 6B). Most in-
terestingly, there was no decoration of the enlarged Rab5-
positive endosomes with GFP-Raf in the cells coexpressing
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FIG. 3. Dynamin-K44A and Rab5-Q79L expression reduces H-Ras- but not K-Ras-mediated Raf activation. BHK cells transfected with the
plasmid combinations indicated were fractionated, and 20 pg of each membrane (P100) fraction was immunoblotted for H-Ras and Raf-1 (A) or
K-Ras and Raf-1 (B). Under the conditions of this assay, approximately 50% of ectopically expressed Raf is recruited to the P100 fraction in the
control cells expressing H- or K-Ras and Raf alone (49). A representative P100 immunoblot is shown together with a graph of relative Raf
recruitment estimated from eight independent experiments. Differences from the respective control values (H- or K-Ras + Raf was set at 1) were
examined in ¢ tests, with significant differences indicated (x*, P < 0.01). P100 fractions from the H-Ras transfection series (C) and the K-Ras
transfection series (D) were normalized for Raf-1 content and assayed for Raf activity by using a coupled MEK/ERK assay. The results show Raf
specific activities * standard errors of the means (n = 18) from three to four independent experiments for the H-Ras series (C), and Raf specific
activities = standard errors of the means (n = 21 to 22) from five to six independent experiments for the K-Ras series (D). Expression of ectopically
expressed WT-Rab5, Rab5-Q79L, or dynamin-K44A was verified by Western blotting (not shown). Differences between each mean and the value
for the H- or K-RasG12V control were examined in ¢ tests, and significant differences are indicated (x, P < 0.05; **, P < 0.01).

Rab5-Q79L and H-RasG12V (Fig. 5B). Thus, activated H-Ras
does not remain complexed with Raf-1 on early endosomal
membranes. This result correlates well with the decrease in
P100-associated Raf-1 detected by immunoblotting in cells ex-
pressing H-RasG12V and Rab5-Q79L (Fig. 3A).

We next examined whether the Rab5-Q79L-induced endo-
somal accumulation of H-RasG12V was dependent on the
activation state of H-Ras. To this end, wild-type GFP-H-Ras
or GFP-tH (GFP targeted to the plasma membrane by the
minimal C-terminal targeting sequences of H-Ras [43]) was
coexpressed with Rab5-Q79L. Figure 7 shows that the plasma
membrane localization of GFP-H-Ras and GFP-tH was un-
affected by expression of Rab5-Q79L. Specifically, no GFP-H-

Ras or GFP-tH accumulated in the large Rab5-Q79L-positive
endosomes. We conclude from these results that activated
H-Ras is sensitive to Rab5-Q79L-stimulated endocytosis,
whereas inactive GDP-bound H-Ras is not.

The HVR and not the effector activation profile renders
H-Ras sensitive to endosomal sequestration. Taken together,
the data presented in Fig. 7 strongly suggest that plasma mem-
brane microlocalization, governed by the C-terminal hyper-
variable region (HVR), renders H-Ras differentially sensitive
to endocytosis. To formally demonstrate this, we replaced the
C-terminal HVR of K-RasG12V with the C-terminal HVR of
H-Ras. Figure 8A shows that this GFP-K/CTH-G12V chimeric
protein localized to the plasma membrane, but when coex-
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FIG. 4. H-Ras- but not K-Ras-mediated Raf-1 activation is selectively dependent on PI3-K activity. BHK cells were transfected with either
H-RasG12V or K-RasG12V. Cells were incubated in serum-free medium overnight and then either treated with 20 uM LY249002 for 60 min
before harvesting or harvested without treatment (control). (A) Cells were fractionated, and 20 pg of the cytosolic (S100) fraction was
immunoblotted for phospho-Akt and 20 pg of the membrane (P100) fraction was immunoblotted for Ras and Raf-1. (B) P100 fractions were
normalized for Raf-1 content and assayed for Raf activity by using a coupled MEK/ERK assay. The results show relative Raf specific activities *
standard errors of the means (n = 6 to 7) from three independent experiments. Differences between each mean and the value for the H- or
K-RasG12V control were examined in ¢ tests, and significant differences are indicated (*, P < 0.05; #*, P < 0.01). In this set of experiments, the
actual control H- and K-Ras Raf activities (estimated as described before [52]) were 2.9 + (.2 and 4.65 = 0.4 pmol of phosphate transfer/20 min/10
wg of P100 fraction/unit of Ras, respectively. (C) S100 and P100 fractions prepared from BHK cells transfected with H-RasG12V or K-RasG12V
with or without Rab5-Q79L, WT-Rab5, or dynamin-K44A or mock transfected (control) and normalized for protein content were immunoblotted
for phospho-Akt. Duplicate Western blots were immunoblotted with Y13-259 to confirm equivalent levels of expression of H- and K-Ras across
each transfection series and anti-HA and anti-Myc antisera to demonstrate ectopic expression of dynamin and Rab5 proteins (not shown).
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+Myc-WT-Rab5

+Myc-Rabs-Q79L
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FIG. 5. Rab5-Q79L expression causes endosomal accumulation of
H-Ras but not H-Ras-recruited Raf-1. BHK cells were cotransfected
with GFP-H-RasG12V (A) or untagged H-RasG12V with GFP-Raf-1
(B) in combination with WT-Rab5, Rab5-Q79L, or dynamin-K44A, as
indicated. GFP-tagged proteins were visualized by direct immunoflu-
orescence, and Myc-tagged Rab5 or HA-tagged dynamin proteins were
visualized by indirect immunofluorescence. GFP-H-RasG12V is local-
ized predominantly at the plasma membrane in cells coexpressing
dynamin-K44A or WT-Rab5 but accumulates within enlarged endo-
somes when coexpressed with Rab5-Q79L (A). In contrast, GFP-
Raf-1 does not accumulate within enlarged endosomes when coex-
pressed with H-RasG12V and Rab5-Q79L but is seen predominantly
decorating the plasma membrane (B). Note that in all of the experi-
ments shown in panel B and in Fig. 6B that are tritransfections, the
expression of RasG12V can be inferred because GFP-Raf is recruited
to the plasma membrane (compare with the control cells expressing
GFP-Raf-1 alone).
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A

GFP-K-RasG12V

+HA-Dyn-K44A

+Myc-WT-Rab5

+Myc-Rab5-Q79L]

Overlay

B GFP

GFP-Rai-1

+ K-RasG12v

+K-RasG12Vv
+HA-Dyn-K44A

+K-RasG12V
+Myc-WT-Rab5

+K-RasG12Vv 5
+Myc-Rab5-Q79L

FIG. 6. Dynamin-K44A or Rab5 expression does not affect the
plasma membrane localization of K-Ras or K-Ras-recruited Raf-1.
BHK cells were transfected with GFP-K-RasG12V (A) or untagged
K-RasG12V with GFP-Raf-1 (B) in combination with WT-Rab5,
Rab5-Q79L, or dynamin-K44A, as indicated. Proteins were visualized
by direct or indirect immunofluorescence. GFP-K-RasG12V coex-
pressed with WT-Rab5, Rab5-Q79L, or dynamin-K44A is found ex-
clusively at the plasma membrane (A). GFP-Raf-1 coexpressed with
K-RasG12V and either WT-Rab5, Rab5-Q79L, or dynamin-K44A is
also found exclusively at the plasma membrane (B).

pressed with Rab5-Q79L, it behaved exactly like H-RasG12V
and accumulated in the enlarged Rab5-Q79L-generated endo-
somes. The reciprocal GFP-H/CTK-G12V chimera H/K (H-
RasG12V with the C-terminal HVR of K-Ras) behaved like
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FIG. 7. Neither wild-type H-Ras nor GFP-tH localization is affected by WT-Rab5 or Rab5-Q79L expression. BHK cells were transfected with
GFP-H-Ras or GFP-tH with or without Rab5-Q79L, as indicated, and proteins were visualized by direct or indirect immunofluorescence. There
was no effect on the plasma membrane localization of GFP-H-Ras (A) or GFP-tH (B) when the proteins were coexpressed with Rab5-Q79L.

K-RasG12V and did not accumulate in Rab5-Q79L endo-
somes (data not shown).

Recent work from Walsh and Bar-Sagi (65) with chimeric
Ras proteins has shown that the effector activation profiles of
H- and K-Ras are also determined by the C-terminal HVR
sequences. These data are entirely consistent with the general
hypothesis that different microlocalizations govern Ras signal
output, but given that the Ras HVR sequences govern both
effector utilization and microlocalization, then by swapping
HVR sequences between H- and K-Ras, the effector activation
profile and microlocalization will both be changed. Therefore,
we coexpressed GFP-K-RasG12V with H-RasG12V in cells
expressing Rab5-Q79L to see if activation of the H-RasG12V
effector complement is sufficient to trap GFP-K-RasG12V in
the endosomal compartment. The results show that this is not
the case, because in cells coexpressing H-RasG12V, GFP-K-
RasG12V did not accumulate in Rab5-Q79L enlarged endo-
somes (Fig. 8B). Similarly, coexpression of K-RasG12V had no
effect on the accumulation of GFP-H-RasG12V in Rab5-
Q79L-positive endosomes (data not shown). We conclude that
microlocalization, dictated by the C-terminal membrane an-
chor, and not differences in signaling output determine the
differential sensitivity of the Ras isoforms to clathrin-mediated
endocytosis.

DISCUSSION

Recent studies have demonstrated that the closely related
Ras isoforms H-, K-, and N-Ras generate distinct signaling
outputs despite having a common set of activators and effec-
tors (5, 20, 27, 29, 62, 64, 65, 69, 70). We and others have
proposed that these signaling differences are a result of com-
partmentalization of the Ras proteins to different microdo-
mains of the plasma membrane (42, 43). K-Ras, anchored by a
polybasic sequence and farnesylation, is localized predomi-
nantly to the disordered plasma membrane. H-Ras anchored
by palmitoylation and farnesylation is in equilibrium between
lipid rafts and disordered plasma membrane. We show in the
present study that the different Ras membrane anchors, which
mediate microcompartmentalization within the plasma mem-
brane, also render H- and K-Ras differentially sensitive to
regulation by membrane trafficking. Our focus was the initial
event in the MAPK cascade, namely, Ras-dependent plasma
membrane recruitment and activation of Raf. We used ectopic
expression of Rab5 proteins to enhance endocytosis and dom-
inant interfering mutant dynamin proteins to block endocytosis
and found strikingly different effects on H- and K-Ras-medi-
ated Raf activation.

In BHK cells, H-Ras- and not K-Ras-mediated Raf activa-
tion was selectively inhibited by dynamin-K44A. The simplest
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FIG. 8. The HVR but not the effector activation profile renders H-Ras sensitive to endosomal sequestration. (A) BHK cells were transfected
with chimeric GFP-K/CTH-G12V or GFP-H/CTK-G12V with or without Rab5-Q79L, as indicated, and proteins were visualized by direct or
indirect immunofluorescence. There was significant accumulation of GFP-K/CTH-G12V within enlarged endosomes when coexpressed with
Rab5-Q79L. No effect was seen on the plasma membrane localization of GFP-H/CTK-G12V (data not shown). (B) BHK cells were transfected
with GFP-K-RasG12V together with H-RasG12V and Rab5-Q79L or with GFP-H-RasG12V together with K-RasG12V and Rab5-Q79L, as
indicated, and proteins were visualized by direct or indirect immunofluorescence. There was no effect on GFP-K-RasG12V plasma membrane
localization in cells coexpressing H-RasG12V and Rab5-Q79L. Similarly, expression of K-RasG12V did not inhibit the accumulation of GFP-

H-RasG12V in Rab5-Q79L enlarged endosomes (compare with Fig. SA).

interpretation of these data are that H-Ras/Raf complexes
must enter the endosomal compartment to complete the mul-
tistep process of Raf activation initiated at the plasma mem-
brane (Fig. 9, loop A), whereas K-Ras completes Raf activa-
tion efficiently at the plasma membrane without a contribution
from the endosome (Fig. 9, loop B). Interestingly, the inhibi-
tory effect of dynamin-K44A on H-Ras function was more
complete in the biological assay of PC12 cell differentiation
than was evident in our biochemical Raf kinase assays in BHK
cells. Possible explanations for this discrepancy are that endo-
cytosis may also be required for MEK to MAPK communica-
tion, as suggested by Kranenberg et al. (30), and/or is needed
to activate additional H-Ras signaling pathways that contribute
to PC12 cell growth or viability.

In contrast to the nearly complete block of H-RasG12V-
induced neurite outgrowth, dynamin-K44A only partially in-
hibited NGF-induced PC12 cell differentiation. A similar ob-
servation has also been made in PCI12 cells expressing a

temperature-sensitive dominant negative dynamin G273D
(72). PC12 cells express H-, N-, and K-Ras, and we show here
that NGF efficiently activates all three Ras isoforms. There-
fore, one explanation of the incomplete inhibition of NGF-
stimulated PC12 neurite outgrowth by dominant interfering
dynamin mutants is that endogenous K-Ras-mediated Raf ac-
tivation is sufficient to differentiate PC12 cells when clathrin-
mediated endocytosis is blocked.

Interestingly, like dynamin-K44A, L.Y294002 selectively in-
hibited H-Ras- but not K-Ras-mediated Raf-1 activation.
PI3-Ks are involved in multiple vesicular trafficking events,
including cooperating with Rab5 in regulating early endosomal
function (13). The precise role that PI3-Ks play in Raf-1 acti-
vation continues to be debated (50, 58, 68), but in the context
of the dynamin-K44A result, our preferred interpretation is
that the selective effect of LY294002 on H-Ras signaling is due
to an inhibition of endocytosis. Similarly, York et al. (71)
showed that activation of B-Raf by H-RasG12V in PCI12 cells
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FIG. 9. Model of the differential endosomal trafficking of H- and K-Ras. In loop A, activated H-Ras recruits Raf to the plasma membrane,
where Raf activation is initiated. H-Ras and Raf are internalized together because they occupy the same microdomain in the disordered plasma
membrane. Raf is released directly from the endosome to the cytosol, but H-Ras remains associated with the endosome because of its C-terminal
membrane anchor and is reliant on endocytic recycling for return to the plasma membrane. Endocytosis of H-Ras/Raf complexes is required to
complete H-Ras-mediated Raf-1 activation. In loop B, activated K-Ras recruits Raf to the plasma membrane. Raf activation in the K-Ras
microdomain is both initiated and completed. K-Ras and activated Raf-1 are endocytosed together. K-Ras immediately diffuses back to the
negatively charged plasma membrane down an electrostatic gradient, and Raf is released directly from the endosome to the cytosol. Recycling of
K-Ras is therefore not dependent on endocytic recycling. Raf-1 is probably released after clathrin-coated vesicles have fused with early endosomes
because activated Ras and Raf are found together in clathrin-coated vesicles in NGF-stimulated PC12 cells (25). Raf-1 is inactive in the cytosol
(32, 52, 57), so release from the endosome must be accompanied by deactivation. Manipulations that increase or decrease endocytosis or recycling
are marked on either side of the diagram with an arrow or T-bar, respectively. EE, early endosome; RE, recycling endosome.

is abolished by LY294002 and concluded that this was likely
due to an inhibition of Ras endocytosis. In contrast to the
activation of Raf, the generation of membrane-associated
phospho-Akt by H- and K-Ras was unaffected by dynamin-
K44A, suggesting that neither Ras isoform requires clathrin-
mediated endocytosis to activate PI3-K at the plasma mem-
brane. This is also consistent with an earlier study showing that
PI3-K activation in NGF-stimulated PC12 cells is actually ter-
minated by endocytosis of activated Trk receptors (72).
Although it has a critical role in regulating clathrin-mediated
endocytosis, dynamin also interacts with numerous signaling
proteins as well as the actin cytoskeleton (28, 45). Thus, we
cannot exclude the possibility that interference with some
other dynamin-regulated process could underlie the effects on
Raf activation that we observed. Given these uncertainties, we
therefore also used Rab5 proteins to stimulate clathrin-medi-
ated endocytosis. The results of these experiments can most
readily be explained if the normal pathway of H-Ras-mediated
Raf activation and the return of Raf to the cytosol involve
trafficking through the endosome (Fig. 9, loop A). We specu-
late that Raf is released directly from the endosome to the
cytosol, whereas H-Ras, because of its C-terminal membrane
anchor, is more avidly membrane associated and is reliant on
endocytic recycling for return to the plasma membrane. Thus,
when Rab5-Q79L expression stimulates endocytosis and blocks
endocytic recycling, the model predicts that H-Ras but not

Raf-1 will accumulate within enlarged endosomes, exactly as
seen in Fig. 5.

The sequestration of H-RasG12V in the Rab-Q79L en-
larged endosomes reduces the amount of H-RasG12V avail-
able at the plasma membrane to recruit and activate Raf,
explaining the kinase assay and fractionation results shown in
Fig. 3. Activated H-RasG12V but not H-Ras or GFP-tH was
sequestered in the Rab-Q79L-positive endosomes. Our previ-
ous studies have shown that although these three proteins are
tethered to the plasma membrane by the same membrane
anchor, activated H-RasG12V is localized almost completely
to disordered plasma membrane, whereas H-Ras and GFP-tH
are approximately 50% and 100% localized to lipid rafts, re-
spectively (42). Together, these results suggest that H-Ras
must be released from lipid rafts in order to be captured by
clathrin-coated pits.

A different situation exists in cells expressing WT-Rab5,
where increased endocytosis is matched by increased endocytic
recycling (56). Endocytosed H-Ras will be efficiently returned
to the plasma membrane, and endocytosed Raf-1 will be re-
leased to the cytosol, where it is available for reactivation by
H-Ras (Fig. 9, loop A). The net effect of WT-Rab5 expression
then is to stimulate Raf-1 and H-RasG12V recycling without
altering the steady-state plasma membrane localization of H-
Ras. In a previous study, we showed that under conditions in
which H-Ras plasma membrane localization is maintained,
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increased recycling of Raf-1 between the cytosol and plasma
membrane is accompanied by an increase in Raf specific ac-
tivity (54), consistent with the effect of WT-Rab5 on Raf acti-
vation seen in Fig. 3.

A key assumption in our reasoning is that H-Ras and Raf are
separated from each other after endocytosis in clathrin-coated
vesicles or early endosomes (Fig. 9). How might this be
achieved? A direct interaction between GTP-loaded Ras and
the RBD of Raf-1 is essential for the recruitment of Raf-1
from the cytosol to the plasma membrane (18, 60). However,
several lines of evidence suggest that Ras does not continue to
operate as a membrane anchor for Raf after recruitment. First,
H- and K-Ras are readily solubilized from membranes by 1%
NP-40, whereas membrane-recruited Raf-1 is largely insoluble
(52, 57). Second, recent studies have shown that Raf-1 can
anchor to cell membranes, including endosomes, via an inter-
action with phosphatidic acid that is independent of the RBD
(48, 49). Taking these data together, it is reasonable to con-
clude that after recruitment by Ras, Raf remains anchored to
plasma and endosomal membranes independently of an inter-
action with Ras. Indeed, if the main anchor for Raf is phos-
phatidic acid, then turnover of this lipid in the endosome could
be the mechanism that releases Raf back to the cytosol.

Unlike H-Ras-mediated Raf activation, K-Ras-mediated
Raf activation was potentiated by WT-Rab5 and Rab5-Q79L
expression. Importantly, Rab5-Q79L did not trap K-Ras in
enlarged early endosomes. The simplest interpretation of these
data are that K-Ras and Raf are endocytosed together, but
K-Ras is returned to the cell surface from the endosome by a
mechanism that it is independent of endosomal recycling (Fig.
9, loop B). The maintenance of K-Ras plasma membrane lo-
calization is thus independent of endosomal recycling, and so,
both Rab5 proteins, by increasing the rate of endocytosis, will
increase Raf-1 recycling and hence Raf-1 specific activity.
There is some indirect evidence to support this hypothesis.

Much attention recently has been focused on how newly
synthesized Ras proteins traffic to the plasma membrane after
posttranslational processing has been completed on the cyto-
solic surface of the endoplasmic reticulum. Palmitoylated H-
Ras traffics to the cell surface through the Golgi via the clas-
sical exocytic pathway (2, 12). The K-Ras transport pathway is
as yet poorly defined, but it does not involve the Golgi, is
unaffected by temperature blocks, and is independent of Sarl
and Arfl function (2, 12; S. Roy and J. F. Hancock, unpub-
lished data). Thus, by all established criteria, transport of K-
Ras from the endoplasmic reticulum to the plasma membrane
is independent of known vesicular transport mechanisms.
These data have led to speculation that the charged polybasic
domain of K-Ras drives diffusion through the cytosol to the
negatively charged plasma membrane down an electrostatic
gradient (3, 33, 37, 51). If this is correct, then K-Ras removed
from the negatively charged plasma membrane by endocytosis
could similarly diffuse back to the plasma membrane down a
charge gradient, whereas the recruited Raf-1 remains an-
chored to the endosome by an interaction with phosphatidic
acid.

Thus, our proposed recycling mechanisms for endocytosed
H-Ras and K-Ras are analogous to their known mechanisms
for transport from the endoplasmic reticulum to the plasma
membrane, i.e., H-Ras is dependent on vesicular transport,
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whereas K-Ras is not. An alternative scenario, which we can-
not formally exclude, is that Raf activated by K-Ras undergoes
endocytosis, whereas K-Ras does not and simply remains at the
plasma membrane. Further work is required to discriminate
between these possibilities.

Although the proposed model is our favored interpretation
of the data, it is substantially based on ectopic Rab5 and
dynamin-K44A expression experiments, and several caveats
are required. First, others have shown that clathrin-coated
vesicles immunopurified from NGF-stimulated PC12 cells con-
tain both Ras and Raf (25), whereas the Rab5-Q79L endo-
somes that we studied here contain H-Ras but not Raf. It is
therefore possible that the enlarged Rab5-Q79L endosomes
may not exactly replicate the function of normal early endo-
somes, i.e., may inappropriately retain or exclude specific pro-
teins. An alternative conclusion, if the two data sets are taken
together, is that Raf may be released to the cytosol when
clathrin-coated vesicles fuse with early endosomes. Second,
our focus has been on clathrin-mediated endocytosis, whereas
there are also clathrin-independent endocytic pathways. Of
particular relevance to Ras signaling are endocytic pathways
that selectively internalize or sort lipid raft-associated proteins
or endocytose caveolae (24, 38-40, 44). The nature of these
pathways remains somewhat controversial, with different stud-
ies reporting somewhat conflicting results (38, 44, 55). Never-
theless, it is clear that some nonclathrin endocytic pathways are
dynamin dependent or are regulated by Rho family GTPases
(17, 31), although none are regulated by Rab5.

We did not examine the role of nonclathrin endocytosis in
Ras signaling. Our rationale was that since constitutively acti-
vated H-RasG12V and K-RasG12V are predominantly
(>85%) localized outside of lipid rafts, they may not be acces-
sible to lipid raft-selective endocytic pathways. In the context
of agonist-driven endocytosis, however, this may not be the
case. Rizzo et al. (47) have shown that GFP-H-Ras and a lipid
raft marker (GFP-with the C-terminal HVR of H-Ras, very
similar to GFP-tH) are both internalized into endosomal struc-
tures when HIRcB cells are stimulated with insulin. Immu-
noisolation of insulin receptor-positive endosomes from these
stimulated cells shows that they contain clathrin and EEA1
and, like the clathrin-coated vesicles from NGF-stimulated
PCI12 cells, retain Raf (47, 49). Thus, activation of insulin
receptors drives the endocytosis of both H-Ras and the
GFP-tH lipid raft marker, possibly into the same set of endo-
somal vesicles (although this has not yet been formally dem-
onstrated). In contrast, our data show that activated H-Ras in
the absence of an insulin stimulus is internalized away from the
GFP-tH lipid raft marker, which remains at the plasma mem-
brane.

These observations can be reconciled by proposing that ei-
ther (i) the endocytic pathway utilized by H-Ras is controlled
by signals from the insulin receptor or (ii) activation of the
insulin receptor triggers the recruitment of lipid rafts into
endocytic vesicles, whereas activated H-Ras signaling does not.
Substantial support for the latter proposal comes from multi-
ple studies showing that insulin receptor activation drives the
assembly of multiprotein signaling complexes on lipid rafts (1,
7, 11, 36) and that activation of lipid raft-associated TC10 is
required for GLUT4 translocation to the plasma membrane
(11, 66). The C-terminal anchor of TCI0 is nearly identical to
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H-Ras, and in fact a TC10 chimera with H-Ras C-terminal
sequences functions like wild-type TC10 (66). The presence of
ectopically expressed H-Ras and GFP-tH in insulin-stimulated
vesicles (47) is therefore perhaps not unexpected if proteins
recruited to the insulin receptor-positive lipid rafts at the
plasma membrane are internalized together. Moreover, the
presence of activated insulin receptor in the endocytic vesicles
could maintain the levels of phosphatidic acid at a level suffi-
cient to retain Raf. Nevertheless, further work is clearly re-
quired to unravel the sorting mechanisms involved in directing
Ras proteins and other plasma membrane proteins into differ-
ent endocytic pathways and the possible signaling conse-
quences of such compartmentalization.

Activated Ras stimulates fluid-phase endocytosis via a Rab5-
dependent mechanism (4, 6, 34). Recently Tall et al. (59)
identified Rinl, a Rab5-guanine nucleotide exchange factor, as
a novel Ras effector and showed that Rinl stimulates endoso-
mal fusion in a Ras-GTP-dependent manner. Rinl expression
drives the formation of enlarged early endosomes in NR6 cells,
very similar to Rab5-Q79L endosomes, and attenuates EGF-
stimulated MAPK activation. This result recapitulates the ef-
fect of Rab5-Q79L on H-Ras-mediated Raf activation and
further emphasizes the interplay between Ras signaling and
endocytosis.

In conclusion, although the final model remains speculative,
our study clearly demonstrates differences in the dependence
of H- and K-Ras on endosomal function that reflect their
different mechanisms of plasma membrane attachment. Ear-
lier studies have shown that the correct microlocalization of
Ras proteins is intricately linked to their signaling function.
The new observations presented here are fully consistent with
this general hypothesis and highlight the potential role of en-
docytosis in isoform-specific regulation of Ras signaling.
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