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Although GTPases of the Ras family have been implicated in many aspects of the regulation of cells, little
is known about the roles of individual family members. Here, we analyzed the mechanisms of activation of
H-Ras, N-Ras, K-Ras 4B, and M-Ras by two types of external stimuli, growth factors and ligation of the antigen
receptors of B or T lymphocytes (BCRs and TCRs). The growth factors interleukin-3, colony-stimulating factor
1, and epidermal growth factor all preferentially activated M-Ras and K-Ras 4B over H-Ras or N-Ras.
Preferential activation of M-Ras and K-Ras 4B depended on the presence of their polybasic carboxy termini,
which directed them into high-buoyant-density membrane domains where the activated receptors, adapters,
and mSos were also present. In contrast, ligation of the BCR or TCR resulted in activation of H-Ras, N-Ras,
and K-Ras 4B, but not M-Ras. This pattern of activation was not influenced by localization of the Ras proteins
to membrane domains. Activation of H-Ras, N-Ras, and K-Ras 4B instead depended on the presence of
phospholipase C-y and RasGRP. Thus, the molecular mechanisms leading to activation of Ras proteins vary
with the stimulus and can be influenced by either colocalization with activated receptors or differential

sensitivity to the exchange factors activated by a stimulus.

The p21 Ras proteins H-Ras, N-Ras, K-Ras 4A, and K-Ras
4B are members of a subfamily of the Ras superfamily of small
GTPases, which also includes M-Ras, R-Ras, TC21, Rap1A/B,
Rap2A/B, and RalA/B. The members of this subfamily exhibit
remarkable structural similarities in regions involved in inter-
actions with guanine nucleotide exchange factors (GEFs) and
downstream effectors, resulting in considerable overlap in their
regulation and effector functions (18). Although as a group
these proteins have been implicated in many aspects of the
regulation of various cell types, relatively little is known about
the regulation and functions of individual family members.
This stems in part from the fact that commonly used research
tools fail to discriminate between many of these closely related
proteins. For example, the monoclonal antibody Y13-259,
which has been extensively used to measure the activation of
p21 Ras proteins, is now known to cross-react with M-Ras and
TC21 (reviewed in reference 18). Moreover, contrary to com-
mon assumptions, the use of a dominant-active or dominant-
negative mutant of a particular Ras protein does not allow the
drawing of firm conclusions about the function of that protein.
This is because the dominant-negative mutants can sequester
GEFs that are shared among multiple members of the Ras or
even Rho GTPase families, potentially blocking activation of
multiple small GTPases. Likewise, dominant-active mutants
can activate effectors that are shared by other family members.
It is thus conceivable that functions that have been attributed
to “p21 Ras” are shared with or belong exclusively to other Ras
family members. In particular, there is also no available infor-
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mation on whether different extracellular stimuli activate the
closely related Ras proteins in parallel or differentially. The
latter possibility is supported by evidence that the different Ras
family members have specific functions. For example, only
K-Ras is required for embryonic development in mice, whereas
mice that lack functional alleles of both H-Ras and N-Ras
develop normally (reviewed in reference 18).

Growth factors, such as interleukin-3 (IL-3), colony-stimu-
lating factor 1 (CSF-1, or M-CSF), and epidermal growth fac-
tor (EGF), were reported to activate p21 Ras on the basis of
assays using Y13-259 (6, 16, 21, 61). Likewise, ligation of the B-
or T-cell antigen receptors (BCRs or TCRs) was also reported
to result in activation of Ras proteins precipitated by Y13-259
(14, 26). However, given the cross-reactivity of this antibody, it
is now evident that the activation that was measured could
have reflected activation of other members of the Ras family,
such as M-Ras or TC21. EGF can induce the activation of
H-Ras, N-Ras, and K-Ras 4B (36, 48), but it is unclear if these
proteins are activated to the same extent. It is also not known
whether EGF induces the activation of M-Ras, which is ex-
pressed at much higher levels than p21 Ras proteins in fibro-
blasts (20) and could contribute to the essential roles of EGF
in proliferation and differentiation (45, 65).

A variety of effects due to expression of dominant-negative
mutants of p21 Ras in cells or in transgenic mice have been
attributed to inhibition of functions of p21 Ras. These include
inhibition of IL-3-dependent proliferation and inhibition of
survival and terminal differentiation of macrophages (32, 52).
However, the sharing of GEFs and GAPs among small
GTPases means that the observed phenotype may not have
been due to inhibition of activation of p21 Ras. Transgenic
expression of dominant-negative H-Ras or genetic disruptions
in the Ras-Erk pathway have also been shown to block the
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development of B and T cells (13, 28, 53, 69). Even though
there is additional evidence implicating Ras signaling down-
stream of the BCR or TCR in lymphocyte development (17,
28), it remains unknown which members of the Ras family are
the critical players.

One factor that could contribute to a possible differential
activation of the closely related Ras family GTPases by extra-
cellular stimuli is the differential usage of GEFs by the differ-
ent receptors. Although there is evidence that some GEFs
discriminate among members of the Ras family (11, 33), there
is little information on whether this is physiologically relevant.
In the case of growth factor receptors, activation of Ras pro-
teins by the IL-3, CSF-1, and EGF receptors is thought to be
mediated through mSos, which is recruited to tyrosine-phos-
phorylated receptor chains through complexes with Grb2, She,
or SHP-2 (5, 37,59, 70). Since p21 Ras proteins and M-Ras are
activated by common GEFs, including mSos (50), it is conceiv-
able that p21 Ras proteins and M-Ras would be activated in
parallel by these receptors. However, factors other than sensi-
tivity to GEFs may also contribute to the differential activation
of different Ras proteins. For example, there is compelling
evidence that H-Ras occurs in lipid rafts, whereas K-Ras 4B is
excluded from these membrane domains (48, 57, 60). This
differential localization is a result of differences in the post-
translational modifications of their carboxy termini. Thus, the
carboxy terminus of H-Ras exhibits sites for palmitoylation and
directs its transport via the Golgi apparatus to lipid rafts in the
plasma membrane. In contrast, the carboxy terminus of K-Ras
4B lacks palmitoylation sites and instead exhibits a stretch of
multiple basic residues. K-Ras 4B does not associate with the
Golgi apparatus and takes a different, largely undefined route
to the plasma membrane, where it localizes outside rafts (1,
57). This differential localization to membrane domains was
shown to affect downstream signaling (31, 60). It is conceivable
that this differential localization to membrane domains could
affect susceptibility to activation following the ligation of cell
surface receptors. The BCR and TCR can occur in lipid rafts
(8,77), but much less is known about the localization of growth
factor receptors to membrane domains.

Here, we compared the activation of H-Ras, N-Ras, K-Ras
4B, and M-Ras following stimulation of cells by the growth
factors IL-3, CSF-1, and EGF or ligation of the BCR or TCR.
We found that the four Ras proteins were differentially acti-
vated by these stimuli and that distinct mechanisms controlled
the pattern of activation downstream of the growth factor
receptors and immunoreceptors.

MATERIALS AND METHODS

Constructs. The cDNAs for K-Ras 4B, N-Ras (a gift from Janis Jackson, The
Scripps Research Institute, La Jolla, Calif.), H-Ras, and M-Ras were cloned into
pEGFP-C1 (Clontech) for expression of the Ras proteins fused at their amino
termini with enhanced green fluorescent protein (EGFP) or into pcMyc (20), a
vector derived from pCDNA3.1 (Stratagene), for expression of proteins fused at
their amino termini with the myc epitope tag. Retroviral vectors were con-
structed by subcloning the myc-tagged Ras cDNAs into pMXpie (a gift from
Alice Mui, Jack Bell Research Centre, Vancouver, Canada). This vector drives
expression of EGFP from an internal ribosomal entry site downstream of the Ras
c¢DNA and features a puromycin resistance gene driven by a separate promoter.
Constructs encoding chimeric Ras proteins, in which the carboxy-terminal hy-
pervariable regions following amino acid R164 (H-Ras and K-Ras 4B) or R176
(M-Ras) were exchanged, were generated using standard PCR techniques and
cloned into pEGFP-C1, pcMyc, and pMXpie. The integrity of all constructs was
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verified by DNA sequencing. The mSos1 plasmid was a gift from Larry Feig
(Tufts University School of Medicine, Boston, Mass.).

Cells, transfections, and stimulations. Murine A20 B cells, murine WEHI-231
B cells, and human Jurkat T cells were maintained in RPMI medium with 10%
fetal calf serum, 100 U of penicillin/ml, 50 U of streptomycin/ml, 1 mM sodium
pyruvate, 2 mM L-glutamine, and 50 pM B-mercaptoethanol. DT40 chicken B
cells, a DT40 clone lacking functional phospholipase C-y2 (PLC-y2), and a clone
of the latter cells that had been reconstituted with exogenous PLC-y2 (71) were
grown in the above-mentioned medium supplemented with 1% chicken serum.
The human wild-type CSF-1 receptor (CSF-1R) (a gift from Martine Roussel, St.
Jude Children’s Research Hospital, Memphis, Tenn.) with the addition of a
carboxy-terminal hemagglutinin (HA) tag was expressed in IL-3-dependent
Ba/F3 pro-B cells. A clone designated Ba/F3-Fms was established. Ba/F3-Fms
cells were maintained in the above-mentioned medium supplemented with 3% of
a 10Xx-concentrated conditioned medium from WEHI-3B cells as a source of
IL-3. BOSC23 and NIH 3T3 cells were cultured in Dulbecco’s modified Eagle’s
medium with 100 U of penicillin/ml, 50 U of streptomycin/ml, and 10% fetal calf
serum or 10% calf serum, respectively.

Ba/F3-Fms cells were retrovirally transduced by incubation with supernatants
from BOSC23 packaging cells that had been transiently transfected with pMX-
pie-Ras constructs in the presence of 10 pg of Polybrene/ml. Infected cells were
selected in 2 pg of puromycin/ml. These polyclonal cell populations were used
for stimulations within 2 weeks postinfection. NIH 3T3 cells were transiently
transfected by electroporation with 20 g of pcMyc-based constructs and used 1
to 2 days posttransfection. A20, Jurkat, and DT40 cells were electroporated with
20 pg of pEGFP constructs. After 4 to 8 (A20 or Jurkat cells) or 16 (DT40 cells)
h, dead cells were removed by density centrifugation with Ficoll-Paque (Amer-
sham Pharmacia), and live cells were used for stimulations. The cells were
subjected to serum (and factor) starvation (1.5 to 2 h), followed by stimulation
with either 15 pg of synthetic IL-3 peptide (a gift from the late Tan Clark-Lewis,
The Biomedical Research Centre, Vancouver, Canada)/ml, 100 ng of recombi-
nant human CSF-1 (R&D Systems)/ml, 100 ng of EGF (R&D Systems)/ml, 100
pg of anti-mouse immunoglobulin G (IgG) [F(ab’),; Jackson Immunoresearch]/
ml, 10 pg of anti-human CD3 clone OKT3 (a gift from Maya Kotturi, The
Biomedical Research Centre)/ml, 5 pg of anti-chicken IgM (Southern Biotech-
nology Associates)/ml, 30 or 50 pg of anti-IgM [F(ab’),; Jackson Immunore-
search]/ml, or 50 uM phorbol dibutyrate (PdBu; Sigma).

Ras activation assay and Western blots. Cells were lysed in pull-down buffer
(1% NP-40, 50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5 mM MgCl,, 15%
glycerol) with protease and phosphatase inhibitors (40 wg of phenylmethylsul-
fonyl fluoride/ml, 0.7 pg of pepstatin/ml, 10 wg of soy bean trypsin inhibitor/ml,
1 mM sodium vanadate). Approximately 20 g of fusion proteins of glutathione
S-transferase (GST) with the Ras-binding domain (RBD) of Raf-1 or Norel (19)
bound to glutathione-Sepharose (Amersham Pharmacia) was incubated with
aliquots of lysates for 30 min at 4°C to precipitate activated H-Ras, N-Ras, or
K-Ras 4B (with Raf-1) or M-Ras (with Norel). Preliminary experiments dem-
onstrated that these reagents were the most efficient for precipitating activated
p21 Ras and M-Ras, respectively. Control experiments comparing the efficiencies
of these reagents for precipitating constitutively active H-Ras or M-Ras showed
that in each case ~70 to 80% of the activated Ras was depleted. Pull-down
samples were run in parallel with an aliquot of the cell lysate, derived from the
unstimulated controls, on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) to allow determination by densitometry of the percentage
of total exogenous Ras that was activated for each stimulus (using NIH Image
software), thus allowing comparison of the degrees of activation. After SDS-
PAGE, proteins were transferred to nitrocellulose membranes that were immu-
noblotted with antibodies to the myc tag (9E10 mouse ascites; a gift from
Hermann Ziltener, The Biomedical Research Centre), GFP (Clontech or Santa
Cruz Biotechnology), or p21 Ras (clone Ras10; Upstate Biotechnology) to visu-
alize myc- or GFP-tagged Ras proteins or endogenous p21 Ras. The anti-PKCs
antibody (BD Transduction Laboratories) was a gift from Michael Gold, Uni-
versity of British Columbia, Vancouver, Canada. Anti-EGF receptor (EGFR),
anti-phospho-Erk1/2, antiactin, and anti-HA were purchased from Upstate Bio-
technology, BD Transduction Laboratories, Cell Signaling Technologies, Sigma,
and Covance, respectively; all other antibodies were from Santa Cruz Biotech-
nology. After incubation with primary antibodies, the blots were incubated with
horseradish peroxidase-labeled secondary antibodies, and enhanced-chemilumi-
nescence detection (Amersham Pharmacia) was performed. Equivalency of load-
ing was always verified by blotting for the exogenous Ras protein.

Sucrose gradients. To assess the segregation of Ras proteins, receptors, and
receptor-associated molecules into different areas of the membrane, we used a
modification of the detergent-free method for purification of caveolin-rich mem-
branes that was first employed by Song et al. to demonstrate an association of
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H-Ras with these membranes (67). Ba/F3-Fms cells were starved of serum,
stimulated as described above, and then lysed in 0.5 M Na,CO; in MBS-M (25
mM morpholinoethanesulfonic acid, 150 mM NaCl, 5 mM MgCl,, pH 6.5),
followed by three sonication bursts of 15 to 20 s at 6 to 7 W. The sonicate (200
wl) was mixed with 200 pl of 90% sucrose in MBS-M and placed at the bottom
of a 2-ml ultracentrifuge tube. The mixture was overlaid with 1.2 ml of 35%
sucrose in MBS-M and 400 pl of 5% sucrose in MBS-M. Protease and phospha-
tase inhibitors were present throughout the gradient. The samples were centri-
fuged at 250,000 X g in a Beckman TL-100 ultracentrifuge for ~14 h at 4°C.
Twelve 160-pl fractions were collected from the top of the gradient. The first two
fractions were discarded, as preliminary experiments showed that they did not
contain detectable amounts of protein on Western blots. Fractions 3 to 12 were
each diluted in 370 pl of MBS-M, and the membranes were pelleted at 100,000
X g for 30 min. The membrane pellets were resuspended in SDS loading buffer,
boiled, and subjected to SDS-PAGE and Western blotting.

RESULTS

Growth factors preferentially activate M-Ras and K-Ras 4B
over H-Ras or N-Ras. To determine whether there were dif-
ferences in the activations of different members of the Ras
subfamily of GTPases by different extracellular stimuli, we
chose to study four members of the Ras family, H-Ras, N-Ras,
K-Ras 4B, and M-Ras. We first examined the responses to
three growth factors: CSF-1 and EGF, which act through clas-
sical receptor tyrosine kinases, and IL-3, which acts through a
receptor of the cytokine receptor family. We expressed tagged
versions of the four Ras proteins in various cell lines to allow
their identification with full confidence. We observed that stim-
ulation of Ba/F3-Fms cells with either IL-3 or CSF-1 resulted
in efficient activation of both K-Ras 4B and M-Ras, with max-
imal levels of activation between 8 and 15%. In contrast, the
levels of activation of H-Ras or N-Ras by either growth factor
were consistently less, with only ~4% of total H-Ras or N-Ras
being activated (Fig. 1A). Stimulation of fibroblasts with EGF
also led to more efficient activation of K-Ras 4B (~12%) than
of H-Ras or N-Ras (~3 to 5%), and the activation of M-Ras
was very strong (~17%; Fig. 1A). Collectively, these data show
that there were significant quantitative differences in the levels
of activation of different Ras proteins by growth factors, with
M-Ras and K-Ras 4B being preferentially activated over H-
Ras or N-Ras by all three growth factors (Fig. 1C).

The nature of the carboxy terminus affects the level of acti-
vation of Ras proteins by growth factors. The two Ras family
members that were preferentially activated by growth factors,
K-Ras 4B and M-Ras, both differ from H-Ras and N-Ras in
having polybasic carboxy termini. To explore the possibility
that the observed differences in levels of activation of Ras
proteins by growth factors correlated with the presence of
polybasic carboxy termini, we investigated the activation of the
chimeric Ras proteins in which the carboxy termini had been
exchanged. We observed that chimeras of M-Ras or K-Ras 4B
with the palmitoylated carboxy terminus of H-Ras (MH and
KH, respectively) were not as efficiently activated as their wild-
type counterparts by all three growth factors, IL-3, CSF-1, and
EGF (Fig. 1A, B, and C). Conversely, chimeras of H-Ras with
the polybasic carboxy termini of either K-Ras 4B or M-Ras
(HK and HM, respectively) were activated much more effi-
ciently than was wild-type H-Ras, again by all three factors
(Fig. 1A, B, and C). The levels of overexpression of exogenous
Ras proteins did not appear to affect their relative levels of
activation. We obtained very similar results for both Ba/F3-
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Fms cells, in which levels of exogenous Ras proteins were
comparable to those of endogenous p21 Ras, and NIH 3T3
cells, in which exogenous Ras proteins were grossly overex-
pressed (Fig. 1E). These findings thus indicated that the pref-
erential activation of K-Ras 4B and M-Ras by growth factors
correlated with the presence of a polybasic carboxy terminus.

Palmitoylated Ras proteins localize to lipid rafts in hema-
topoietic cells. The fact that the preferential activation of Ras
proteins correlated with the presence of polybasic carboxy ter-
mini suggested that this might be influencing the efficiency of
Ras activation by growth factors by directing the Ras proteins
to the disordered regions of the membrane. It was not known
whether H-Ras and K-Ras 4B localized to the raft and nonraft
regions of the membranes of hematopoietic cells, which lack
the caveolae that were present on the cells used in other
studies (48, 57). Thus, we investigated whether H-Ras and
K-Ras 4B exhibited the patterns of membrane localization and
trafficking in hematopoietic cells predicted from studies in cells
with caveolae. In Ba/F3-Fms cells, H-Ras indeed accumulated
in low-density fractions of sucrose gradients that also con-
tained Lyn, a marker for lipid rafts (8) (Fig. 2A). In contrast,
K-Ras 4B was excluded from the low-density fractions (Fig.
2A). We next tested the prediction that M-Ras, having a po-
lybasic carboxy terminus, would localize in the disordered
membranes and that N-Ras, having a palmitoylated carboxy
terminus, would localize to rafts. This was the case (Fig. 2A).
The fact that M-Ras was localized in the same regions of the
membrane as K-Ras 4B extends and confirms evidence that
polybasic carboxy termini of small GTPases determine local-
ization in the disordered plasma membrane. Moreover, ex-
changing the palmitoylated carboxy terminus of H-Ras for the
polybasic carboxy terminus of either K-Ras 4B or M-Ras re-
sulted in targeting of these chimeras of H-Ras (HK and HM)
to membranes of high buoyant density, while the palmitoylated
carboxy terminus of H-Ras directed M-Ras or K-Ras 4B (MH
or KH) to the low-density fractions (Fig. 2A). These data
indicated that the palmitoylated carboxy terminus of H-Ras
provides a necessary and sufficient signal to direct Ras proteins
to membrane domains of low buoyant density in hematopoietic
cells, confirming previous observations made in fibroblasts that
have caveolae (48, 57).

We also examined whether M-Ras, with its polybasic car-
boxy terminus, would resemble K-Ras 4B in its failure to as-
sociate with the Golgi apparatus (1). We expressed GFP-
tagged H-Ras, N-Ras, K-Ras 4B, and M-Ras or chimeras in
which we had exchanged the carboxy termini in NIH 373 cells.
As expected, H-Ras and N-Ras, but not K-Ras 4B, accumu-
lated in the Golgi apparatus (Fig. 2B) (1, 10). M-Ras clearly
behaved like K-Ras 4B, with no evidence of association with
the Golgi apparatus. Moreover, the chimera MH confirmed
that the presence of a palmitoylated carboxy terminus was
sufficient to dictate its accumulation in the Golgi apparatus
(Fig. 2B). We saw a similar lack of association of M-Ras or
K-Ras 4B in the Golgi apparatus of the B-cell line A20,
whereas H-Ras and N-Ras accumulated in this region (not
shown). Thus, all Ras proteins used in our study exhibited the
patterns of trafficking and membrane association predicted
from studies of H-Ras and K-Ras 4B in fibroblasts.

The activated IL-3R, CSF-1R, and EGFR localize to nonraft
membranes. To explore the mechanisms through which stim-
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FIG. 1. Growth factors preferentially activate polybasic Ras proteins. (A) Activation of H-Ras, N-Ras, K-Ras 4B, or M-Ras expressed in
Ba/F3-Fms or NIH 3T3 cells was assessed after stimulation of the cells for the indicated times (in minutes) with CSF-1, IL-3, or EGF. GST-Raf-1
RBD was used to precipitate activated, GTP-bound H-Ras, N-Ras, and K-Ras 4B from cell lysates, and GST-Norel RBD was used to precipitate
GTP-bound activated M-Ras. One-tenth of the amount of the lysate used for precipitation was run in parallel on the same gel (1/10) to allow
quantitation by densitometry of the percentage of total Ras that was precipitated. (B) Activation of chimeric Ras proteins expressed in Ba/F3-Fms
or NIH 3T3 cells was assessed as described for panel A. All samples of cell lysates were also analyzed for levels of phosphorylated Erk1/2, and
equivalency of loading was confirmed by blotting for the exogenous Ras protein (not shown). The results shown are representative of at least three
independent experiments for each stimulus and Ras construct. (C) Densitometry was performed in three experiments for each of the constructs
and stimuli shown in panels A and B. The value for the first lane (1/10) of each blot was set to 10%, and the relative values of the intensities of
bands from pull-down samples were expressed as percentages of the total exogenous Ras. In cases where the precipitation of Ras from the
unstimulated sample (at time zero) showed detectable levels of activation, this value was subtracted from those of other samples. The graph
shows means and standard errors. P values, calculated using a nonpaired, two-tailed ¢ test, comparing each of the Ras proteins with polybasic
tails with each of the palmitoylated Ras proteins were all <0.05. The one exception was the comparison of the HM chimera with N-Ras in
the EGF series, where P was 0.3. (D) To validate our assay system (enhanced-chemiluminescence detection and densitometry), lysates from
cells expressing tagged Ras proteins were titrated. The percentages of total protein indicate the amounts of cell lysate in relation to that used



VoL. 24, 2004

ulation of growth factor receptors preferentially activate Ras
proteins with polybasic carboxy termini (M-Ras and K-Ras
4B), we investigated the possibility that the IL-3 receptor (IL-
3R), CSF-1R, and EGFR colocalized in the same regions of
the membrane as M-Ras and K-Ras 4B. In unstimulated Ba/F3-
Fms cells, the Bc chain of the IL-3R (the signal-transducing
subunit of the o/B heterodimeric receptor) was detected in the
high-density fractions of the sucrose gradients. This location of
Bc in high-density fractions was unchanged after stimulation
with IL-3 (Fig. 3). In contrast, whereas in resting cells the
CSF-1R occurred in fractions across the gradient, in cells
treated with CSF-1 it occurred preferentially in the high-den-
sity fractions (Fig. 3), where M-Ras and K-Ras 4B were also
found (Fig. 2A). We also determined the location of the EGFR
in the membranes of NIH 3T3 cells. As expected, caveolin was
enriched in the low-density fractions of the gradients (Fig. 3).
However, the EGFR occurred in the high-density fractions,
both before and after stimulation with EGF (Fig. 3). We ob-
tained similar results concerning the locations of these recep-
tors in experiments using gradients containing detergents (data
not shown). These data indicated that, independent of their
activation states, the IL-3RBc and the EGFR were found out-
side of lipid rafts. In contrast, the CSF-1R was present in both
rafts and disordered membranes in unstimulated cells but
moved out of rafts into the high-density fractions following
activation. These results indicate that in the case of all three
growth factor receptors, the activated receptors cofractionated
in the disordered membrane with those Ras proteins, M-Ras
and K-Ras 4B, that were preferentially activated.

She, Grb2, and mSos localize outside lipid rafts. There is
evidence for a critical role of the exchange factor mSos in the
activation of Ras proteins induced by IL-3 and EGF and for at
least a partial role in that induced by CSF-1 (5, 37, 70). All p21
Ras proteins, as well as M-Ras, can be activated by mSos (50),
which is recruited to activated receptors through the interac-
tion of its binding protein, Grb2. To analyze in more detail the
underlying mechanisms of the preferential activation of M-Ras
and K-Ras 4B downstream of growth factor receptors, we
asked whether Grb2, Shc, and mSos colocalized with the re-
ceptors and the relevant Ras proteins. We observed that mem-
brane-bound mSos localized exclusively to high-density nonraft
fractions of gradients from either Ba/F3-Fms or NIH 3T3 cells
(Fig. 4). Its localization in disordered membranes did not
change upon stimulation with any of the growth factors IL-3,
CSF-1, or EGF. We also noted that the adapter proteins Shc
and Grb2 were present in the high-density fractions, regardless
of activation of the receptors (Fig. 4). Although we could not
quantify any changes in the amounts of mSos, Grb2, and Shc
associated with membranes following stimulation with growth
factors, as the gradients from unstimulated and stimulated cells
were analyzed on different immunoblots, this question had
been investigated previously, and no increase in the amounts of
mSos, Grb2, or Shc associated with membranes had been

DIFFERENTIAL ACTIVATION OF Ras PROTEINS 6315

found following stimulation with hematopoietic growth factors
(75). Certainly, our data show that multiple components of the
activated receptor complex, including She, Grb2, and mSos,
occurred in high-density membrane fractions together with the
preferentially activated K-Ras 4B and M-Ras.

Ligation of the BCR or TCR induces activation of H-Ras,
N-Ras, and K-Ras 4B, irrespective of their localization to
membrane domains, but does not lead to activation of M-Ras.
We next investigated the patterns of activation of the four
different Ras proteins in response to ligation of the receptors
for antigens on B or T lymphocytes. These are both multisub-
unit receptors that lack intrinsic tyrosine kinase activity but are
associated with a number of kinases of the Src, Syk, and Tec
families. In contrast to our results with stimulation by growth
factors, ligation of either the BCR or TCR resulted in efficient
activation of both the palmitoylated H-Ras and N-Ras, as well
as the nonpalmitoylated K-Ras 4B (Fig. 5A). Strikingly, M-
Ras, which had been efficiently activated by stimulation of all
three growth factor receptors, was not activated at all (Fig.
5A). In light of the plentiful evidence that the activated BCR
and TCR localize to lipid rafts (8, 15, 47, 55, 77), where they
could potentially activate signaling molecules that also prefer-
entially localize to rafts, the efficient activation of K-Ras 4B,
which does not localize to rafts, was surprising. We therefore
investigated the localization to membrane domains of the Ras
proteins in A20 B cells. These studies confirmed that K-Ras
4B, M-Ras, and the chimeric Ras proteins with polybasic car-
boxy termini localized to high-density nonraft fractions of A20
B lymphocytes, while H-Ras and the chimeras with the carboxy
terminus of H-Ras still localized in low-density raft fractions,
as expected (data not shown).

We also examined the effects of ligation of the BCR or TCR
on activation of chimeras of H-Ras that were targeted to non-
raft membranes by virtue of the polybasic carboxy termini of
either M-Ras or K-Ras 4B (HM or HK). We observed that
both chimeras were strongly activated (Fig. 5B). Conversely,
even when M-Ras was targeted to lipid rafts by replacement of
its polybasic carboxy terminus with the palmitoylated carboxy
terminus of H-Ras (MH), it was still not activated (Fig. 5B).
Thus, ligation of the BCR or TCR resulted in activation of
H-Ras, N-Ras, or K-Ras 4B, regardless of whether they were
targeted to rafts or nonraft domains. In contrast to stimulation
by growth factors, where the preferential activation of the four
different Ras proteins correlated with whether they were lo-
calized in the disordered membrane, localization in membrane
subdomains was not a factor in determining the degree of
activation of Ras family members following ligation of the
BCR or TCR.

Activation of H-Ras, N-Ras, and K-Ras 4B by the BCR is
dependent on PLC-y2. Since the ability of Ras proteins to
become activated by the BCR and TCR was not determined by
the localization of the former to specific membrane domains,
we asked whether their differential activation resulted from

in the pull-down assays. After Western blotting, densitometry was performed, and the values were plotted against the amount of protein loaded.
The graph shows results, and a linear-regression coefficient (r) of 0.995. The linear-regression coefficient in a second experiment was 0.95.
(E) Lysates from Ba/F3-Fms or NIH 3T3 cells were analyzed to allow comparison of the expression levels of exogenous and endogenous Ras
proteins using an anti-p21 Ras antibody (which does not detect M-Ras). Also shown are the relative levels of expression of the exogenous proteins

used, detected with an anti-myc antibody.
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FIG. 2. Ras proteins with a palmitoylated carboxy terminus localize
to low-density raft fractions and accumulate in the Golgi apparatus.
(A) Sonicates of Ba/F3-Fms cells expressing the indicated myc-tagged
Ras constructs were fractionated by buoyant density using sucrose
gradients. Twelve fractions were collected from the top of the gradient.
Fractions 1 and 2 were discarded. After dilution, membranes were
pelleted by further ultracentrifugation. The pellets were resuspended
in SDS loading buffer and subjected to SDS-PAGE and blotting with
anti-myc antibodies to visualize Ras proteins. The top blot indicates
the location of Lyn, a marker for rafts. Each blot is representative of
at least three independent experiments. (B) NIH 3T3 cells were tran-
siently transfected with GFP-tagged Ras constructs as indicated. The
cells were stained with a red fluorescent ceramide (Molecular Probes)
to mark the localization of the Golgi apparatus, fixed, and imaged by
confocal microscopy. Merged images are shown. The yellow color seen
in the case of Ras proteins with palmitoylated carboxy termini indi-
cates the colocalization of green (Ras protein) and red (Golgi marker).
Box size, 63 by 63 pm.
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FIG. 3. Locations of growth factor receptors in sucrose gradients
with and without stimulation. Sonicates from unstimulated Ba/F3-Fms
or NIH 3T3 cells or from cells that had been stimulated with IL-3 for
5 min, with CSF-1 for 2 min, or with EGF for 1.5 min were prepared
and fractionated over sucrose gradients, and the membranes were
pelleted. The locations of the receptors in fractions from the gradients
were determined by blotting with anti-Bc¢ or anti-HA (for the CSF-1R)
or with anti-EGFR (left). Aliquots from the same sonicates that were
applied to sucrose gradients were also analyzed for phosphorylated
Erk1/2 to assess the efficiency of growth factor stimulation (right).
Each blot is representative of at least three independent experiments.
The bottom blot indicates the location of caveolin in gradients ob-
tained from NIH 3T3 cells.

differences in susceptibility to activation by the relevant GEFs.
Recent data suggested a critical role for members of the Ras-
GRP family in TCR-mediated p21 Ras activation (17), al-
though the roles of these DAG-responsive GEFs in BCR-
induced Ras activation were unclear. DAG can be generated
through cleavage of PI(4,5)P, by PLC-y enzymes, and the
PLC-y2 isoform accounts for all increases in PLC-y activity by
ligation of the BCR (71). Therefore, we examined the activa-
tion of Ras proteins induced by ligation of the BCR in a clone
of the chicken B-cell line DT40 that lacks PLC-y2 (71). As
shown in Fig. 6A, the absence of PLC-y2 resulted in a dramatic
reduction in activation of endogenous p21 Ras following liga-
tion of the BCR. This result is in agreement with data obtained
by pharmacological inhibition of PLC-y (7). Phosphorylation
of Erk was also severely reduced (Fig. 6A and C), as had been
reported before (27), while the phosphorylation of Akt was
unaffected (Fig. 6C). We next investigated whether BCR-me-
diated activation of specific Ras proteins was dependent on the
presence of PLC-y2. In the parental DT40 cells, ligation of the
BCR resulted in efficient activation of exogenous H-Ras, N-
Ras, or K-Ras 4B, but the activation of M-Ras was undetect-
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FIG. 4. mSos1/2, Grb2, and Shc occur in high-density fractions in sucrose gradients. Sonicates from Ba/F3-Fms or NIH 3T3 cells that were
either unstimulated or stimulated with IL-3 for 5 min, CSF-1 for 2 min, or EGF for 1.5 min were fractionated over sucrose gradients. The locations
of mSos1/2, Grb2, and Shc in membrane fractions obtained from the gradients were determined by Western blotting using the corresponding
antibodies (left). Aliquots from the same sonicates that were applied to sucrose gradients were also analyzed for levels of phosphorylated Erk1/2
to assess the efficiency of growth factor stimulation (right). Each blot is representative of at least three independent experiments.

able (Fig. 6B), consistent with the results from the A20 mouse B
cells (Fig. 5A). However, in the DT40 cells lacking PLC-y2, the
activation of H-Ras, N-Ras, and K-Ras 4B was dramatically re-
duced (Fig. 6B). To confirm that the lack of activation of H-Ras,
N-Ras, and K-Ras 4B in the DT40 cells lacking PLC-y2 was
indeed caused by a lack of PLC-y2, we investigated the respon-
siveness of a clone of these cells into which PLC-y2 cDNA had
been reintroduced (71). These cells responded to ligation of the
BCR by induction of phosphorylation of Erk (Fig. 6C). We ob-
served that expression of exogenous PLC-y2 in DT40 cells lacking
endogenous PLC-y2 restored their ability to activate H-Ras, N-
Ras, or K-Ras 4B after ligation of the BCR. These results indi-
cated that the activation of H-Ras, N-Ras, or K-Ras 4B induced
by ligation of the BCR all occurred through pathways that de-
pended on PLC-y2.

The phorbol ester PdBu stimulates activation of H-Ras, N-Ras,
and K-Ras 4B, but not of M-Ras. The requirement for PLC-y2
for activation of H-Ras and K-Ras 4B in response to ligation of
the BCR suggested that the GEFs involved were activated by
increases in intracellular calcium or DAG. To investigate
whether calcium fluxes alone could stimulate Ras activation in
B cells, we first determined the concentration of the calcium
ionophore ionomycin that stimulated a calcium flux compara-
ble to that induced by anti-IgM stimulation of DT40 cells. This
was between 5 and 10 nM (Fig. 7A). However, even when cells
were stimulated with concentrations of ionomycin of up to 100
nM, there was no detectable activation of any of the Ras
proteins (Fig. 7B). At very high concentrations of ionomycin (1
wM), H-Ras, N-Ras, and K-Ras 4B were weakly activated,
perhaps due to activation of PLCs by a massive influx of cal-
cium. However, our results indicate that calcium fluxes equiv-
alent to those evoked by BCR ligation were insufficient for the
activation of H-Ras, N-Ras, and K-Ras 4B in B cells. Thus, the
calcium-activated GEFs RasGRF1 and RasGRF2 are unlikely
to be involved in BCR-induced activation of Ras.

To assess the role of the second product of PLC-y2 activity,
DAG, we used a functional analog, the phorbol ester PdBu.
We observed that stimulation of DT40 cells with PdBu alone
was sufficient for activation of H-Ras, N-Ras, and K-Ras 4B,
but not of M-Ras (Fig. 7C), paralleling the results obtained by
ligation of the BCR or TCR. Moreover, H-Ras, N-Ras, and
K-Ras 4B were also activated in response to PdBu in DT40
cells lacking PLC-vy2, indicating that PdBu bypassed the defect
in Ras activation in these cells (Fig. 7D). Collectively, our
results indicate that the production of DAG by PLC-y2 is both
necessary and sufficient for activation of H-Ras, N-Ras, and
K-Ras 4B, but not M-Ras, following ligation of the BCR.

Down-regulation of RasGRP by prolonged exposure to PMA
results in reduced activation of p21 Ras by ligation of the BCR.
To gain more direct evidence for a possible role for DAG-
responsive RasGRP proteins in BCR-mediated activation of
Ras proteins, we tested the effects on p21 Ras activation of
reductions in the levels of endogenous RasGRPs. Since the
levels of the classical and novel isoforms of protein kinase C
(PKC) that exhibit DAG-binding C1 domains are known to be
down-regulated by chronic exposure to phorbol esters, such as
phorbol myristate acetate (PMA) or PdBu, we speculated that
this might also be the case for RasGRP proteins, which also
exhibit a C1 domain. As shown in Fig. 8A, exposure of WEHI-
231 B cells to PMA did indeed result in a time-dependent
down-regulation of RasGRP. The kinetics of reduction in Ras-
GRP levels were similar to those of the reduction in levels of
PKC3 (Fig. 8A). The loss of RasGRP in solubilized cell ex-
tracts was not due to sequestration in detergent-insoluble com-
partments, as solubilization of whole cells in SDS loading
buffer gave similar results (Fig. 8B). The levels of mSos1 were
unchanged by exposure to PMA, as were the levels of p21 Ras
(Fig. 8A). A similar down-regulation of RasGRP by exposure
to PdBu was also seen in WEHI-231 and A20 cells (not
shown). When WEHI-231 cells that had been treated with
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FIG. 5. Ligation of BCR or TCR induces activation of H-Ras,
N-Ras, and K-Ras 4B, but not M-Ras, irrespective of localization to
membrane domains. A20 B cells and Jurkat T cells were transfected
with the indicated wild-type (A) or chimeric (B) Ras constructs and
stimulated with either anti-IgG or anti-CD?3 for the indicated times (in
minutes). Lysates were subjected to pull-down assays to precipitate
activated, GTP-bound Ras proteins. One-tenth of the amount of lysate
used for precipitation was run in parallel with the precipitates (1/10).
The last blot in the bottom row of panel A shows a control experiment
in which activated M-Ras was precipitated from HEK293 cells trans-
fected with equal amounts of M-Ras constructs with or without mSos1.
All cell lysates were also analyzed for levels of phosphorylated Erk1/2,
and equal loading was confirmed by blotting for the exogenous Ras
protein (not shown). The results shown are representative of at least
three independent experiments for each stimulus and Ras construct.

PMA to reduce levels of RasGRP were stimulated with anti-
IgM antibodies, the activation of endogenous p21 Ras was
significantly reduced (Fig. 8C). These results strongly implicate
RasGRP proteins as the critical RasGEFs that are activated by
ligation of the BCR.

DISCUSSION

Here, we demonstrate that different extracellular stimuli
trigger quantitative or absolute differences in the activation of
different members of the Ras family. Moreover, the mecha-

MoL. CELL. BIOL.

nisms underlying selective or preferential activation of a subset
of Ras proteins differ with the type of stimulus and the GEFs
that are activated. We also provide the first direct evidence
that members of the p21 Ras family of proteins, H-Ras, N-Ras,
and K-Ras 4B, are activated differentially by growth factors
and show that M-Ras is more efficiently activated by IL-3,
CSF-1, and EGF than H-Ras or N-Ras. In that M-Ras is also
activated by nerve growth factor and basic fibroblast growth
factor (34), it is likely that activation of M-Ras is an important
aspect of growth factor action. In this respect, the fact that
M-Ras is expressed in all tissues, including myeloid progenitor
cells and macrophages, and that in fibroblasts it occurs at much
higher levels than all forms of p21 Ras together (20) is partic-
ularly intriguing. We show that the preferential activation of
M-Ras and K-Ras 4B was determined by their polybasic car-
boxy termini and correlated with their localization in high-
density membrane fractions, where the activated receptors
were found. Finally, we show that in the case of BCRs and
TCRs, localization of different Ras proteins in different mem-
brane domains does not influence the degree of activation and
that instead sensitivity to catalytic action of the major GEF was
the key factor determining which Ras family members were
activated.

The polybasic carboxy termini of K-Ras 4B and, as shown
here, M-Ras determine not only their preferential activation by
growth factors but also two features of their cellular localiza-
tion where the activation takes place: their presence in nonraft
areas of the membrane and a lack of association with the Golgi
apparatus. It has been reported recently that after stimulation
with EGF, H-Ras that is activated at the plasma membrane is
rapidly inactivated by CAPRI, a calcium-activated GAP. Con-
sequently, at later times, activation of H-Ras is observed
mainly on the Golgi apparatus (3, 9). The action of CAPRI is
unlikely to account for the differences we observed, as there is
no evidence that it acts differently on H-Ras and N-Ras as
opposed to K-Ras 4B and M-Ras (41), and IL-3 does not
stimulate calcium fluxes. These considerations suggest that
growth factor stimulation will result in efficient activation of
M-Ras and K-Ras 4B in disordered regions of the plasma
membrane and lesser increases in activated H-Ras or N-Ras,
which may occur mainly on the Golgi apparatus. The func-
tional significance of this compartmentalization of the different
forms of activated Ras following growth factor stimulation is of
great interest and requires further investigation.

Our data reveal a clear correlation between the localization
in high-buoyant-density membrane domains of those Ras pro-
teins with polybasic carboxy termini, activated growth factor
receptors, the adaptors Shc and Grb2, and the exchange factor
mSos, potentially explaining their preferential activation. The
finding that stimulation with CSF-1 resulted in the CSF-1R
moving out of low-density membranes was unexpected, in that
the closely related receptor for platelet-derived growth factor
has been reported to be localized in rafts and/or to caveolae in
low-density membranes (40, 44). Our finding that the EGFR
occurred in high-density membrane fractions is in agreement
with some observations (S. Robbins, personal communication),
although others have reported that the EGFR was present in
caveolae and/or rafts (44, 46, 74). There are very few reports
indicating whether cytokine receptors, like IL-3R, that lack
intrinsic tyrosine kinase activity are associated with raft- or
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FIG. 6. Reduced Ras activation in the absence of PLC-y2. (A)
Parental or PLC-y2-deficient DT40 B cells were stimulated with anti-
IgM for the indicated times (in minutes), and activated endogenous
p21 Ras was precipitated by using the Raf-1 RBD. One-tenth of the
amount of lysate used for a precipitation was run next to the precipi-
tates (1/10). The same lysates used for the precipitations probed with
anti-phospho-Erk (p-Erk) and anti-p21 Ras to monitor stimulation
and loading, respectively. (B) Activated exogenous Ras proteins ex-
pressed in parental and PLC-y2 /" cells and PLC-y2~/~ cells that had
been reconstituted with exogenous PLC-y2 were precipitated with the
Raf-1 RBD (H-Ras, N-Ras, and K-Ras 4B) or Norel RBD (M-Ras).
The same lysates used for the pull-down assays were also probed with
anti-phospho-Erk and anti-p21 Ras to ensure, respectively, the effi-
ciency of BCR ligation and the equivalency of loading (not shown).
The experiments shown were repeated two more times with similar
results. (C) Parental, PLC-y2 /", and reconstituted DT40 cells were
subjected to stimulation (+) with anti-IgM antibodies for 5 min. The
cell lysates were probed with anti-phospho-Erk and anti-phospho-Akt
(S473) to demonstrate stimulation and with antiactin to demonstrate
equivalency of loading.
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nonraft membranes. The related receptor for gamma inter-
feron and the gp130 component of multiple cytokine receptors
were found in raft fractions, as was tumor necrosis factor
receptor 1 (39, 64). A number of groups have investigated the
possible association of the IL-2R with rafts, but the conclusions
have varied (22, 42, 43, 73). Differences in the conclusions of
these studies and our own could be due to differences in the
cells used or the choice of the technique that was used to study
rafts (66). In addition, there appear to be various classes of
rafts (15, 54, 63, 76). The extent of heterogeneity of native rafts
and details of their sizes and lipid and protein compositions are
still largely unknown. However, we believe that it is possible to
conclude from our data that Ras proteins with polybasic car-
boxy termini occur together with the activated growth factor
receptors, mSos, and adapters in membrane domains that
share a high buoyant density.

In dramatic contrast to the activation of Ras proteins by
growth factors, localization to high-density membrane domains
was not a determining factor in their activation following liga-
tion of antigen receptors. That H-Ras, N-Ras, and K-Ras 4B,
as well as chimeras of H-Ras with the carboxy termini of either
K-Ras 4B or M-Ras, were strongly activated by ligation of the
BCR or TCR indicates that localization of Ras proteins in
either high- or low-density membrane fractions had no effect
on the efficiency of their activation and implies that the rele-
vant BCR- and TCR-generated signals occurred both inside
and outside rafts. Only a fraction of the BCR or TCR is
present in rafts after ligation of the receptors, and proteins that
become tyrosine phosphorylated following antigen receptor
ligation were found in both raft and nonraft parts of the mem-
brane (8, 15, 55, 77). Thus, activated receptors are likely to be
present in both rafts and high-density regions of the mem-
brane. Ligation of the BCR on the immature B-cell line
WEHI-231, in which the activated BCR fails to translocate into
rafts (68), also resulted in the activation of H-Ras and K-Ras
4B, but not M-Ras (data not shown). This further supports the
idea that there is no absolute requirement for localization of
the activated antigen receptor to particular membrane do-
mains in order to transmit signals that lead to activation of Ras
proteins and is in agreement with other evidence suggesting
that signaling events downstream of immunoreceptors are not
restricted to rafts (2, 12, 25, 35, 38).

One important factor that may account for the lack of in-
fluence of localization of Ras proteins in specific parts of the
membrane is the likely dominance of GEFs of the RasGRP
family in activation of Ras downstream of antigen receptors
(discussed in detail below). Thus, recent evidence shows that
following stimulation of cells with EGF or DAG analogs, Ras-
GRP localizes to the Golgi apparatus, where it activates H-Ras
(3). Conceivably, once activated, RasGRP could also activate
Ras proteins at the plasma membrane, irrespective of whether
they were colocalized with the activated antigen receptors in
membrane domains. One could envisage long- and short-range
classes of GEFs. The first, represented by mSos, would activate
only those Ras species in the immediate vicinity of the acti-
vated receptors, which, in the case of the growth factor recep-
tors we looked at, was in the disordered membrane. The sec-
ond class of GEFs, represented by the RasGRP proteins,
would activate susceptible species of Ras, e.g., H-Ras, N-Ras,
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FIG. 7. Stimulation with PdBu, unlike increases in intracellular calcium, is sufficient to activate H-Ras, N-Ras, and K-Ras 4B, but not M-Ras.
(A) Calcium fluxes induced by different concentrations of ionomycin or by 5 pg of anti-IgM/ml in DT40 cells were assessed by flow cytometry using
the calcium-activated dye Fluo-4 (Molecular Probes). The baseline was measured for 30 s before addition of ionomycin or anti-IgM. (B and C)
DT40 cells were transiently transfected with the indicated Ras constructs, and the cells were stimulated with the indicated concentrations of
ionomycin (B) or with PdBu for the indicated times (in minutes) or with dimethyl sulfoxide (DMSO) carrier for 5 min (C). Precipitations of
activated, GTP-bound Ras proteins were performed using the Raf-1 RBD (for H-Ras, N-Ras, and K-Ras 4B) or the Norel RBD (for M-Ras) (top).
One-tenth of the amount of lysate used for precipitation was run next to the precipitates (1/10). The middle and lower blots are of the same lysates
probed with anti-phospho-Erk (p-Erk) and anti-GFP. The results are representative of three similar experiments. (D) PLC-y2~/~ DT40 cells
expressing exogenous H-Ras, N-Ras, or K-Ras 4B were stimulated with PdBu (+) or DMSO (—) for 5 min. Activated Ras proteins were
precipitated using the Raf-1 RBD (top). (Bottom) Expression of the Ras protein in cell lysates.

and K-Ras 4B, irrespective of whether they were localized in
the same membrane domains as the activated receptors.

The activation of H-Ras, N-Ras, and K-Ras 4B following
BCR or TCR ligation correlated with their sensitivity to acti-
vation by RasGRP and the phorbol ester PdBu. Several lines of
evidence support the notion that RasGRP family members are
critical in activation of Ras downstream of antigen receptors.
The fact that reduced levels of RasGRP expression correlated

with reduced levels of activation of p21 Ras points to a critical
role for RasGRPs (Fig. 8). They are the only GEFs known to
be regulated by DAG, and RasGRP1 has been clearly impli-
cated in the activation of p21 Ras induced by ligation of the
TCR (17). Given that physiological increases in cytosolic cal-
cium alone failed to activate H-Ras or K-Ras 4B, a major role
for the calcium-activated GEFs RasGRF1/2 in BCR-mediated
activation of Ras proteins can be excluded. Likewise, since the
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FIG. 8. Reduced levels of RasGRP correlate with reduced activation of p21 Ras following ligation of BCR. (A) WEHI-231 B cells were exposed
to 100 nM PMA and lysed after the indicated times, and the lysates were subjected to Western blotting with the indicated antibodies.
(B) WEHI-231 cells were treated with 100 nM PMA overnight. The cells were lysed directly in SDS loading buffer, and the lysates were sonicated
before analysis of the total expression of RasGRP, PKC3, and actin by immunoblotting. (C) WEHI-231 cells were exposed to either dimethyl
sulfoxide (DMSO) or PMA overnight and subsequently stimulated with 30 or 50 pg of anti-IgM/ml. Levels of activated endogenous p21 Ras were
determined by pull-down assays with Raf-1 RBD. Cell lysates were also analyzed for RasGRP and p21 Ras. Similar results were obtained in two

additional experiments.

activation of H-Ras, N-Ras, and K-Ras 4B required the pres-
ence of PLC-vy2, and mSos1/2 are not known to function down-
stream of this enzyme, our results also preclude a major role
for mSos1/2 in BCR-induced activation of Ras proteins. The
fact that M-Ras is readily activated by mSosl and RasGRF
both in vitro and in vivo (50, 58) but was not activated by
ligation of the BCR and TCR also supports the notion that
mSos and RasGRF were not involved in the latter events.
Finally, during the revision of this report, it was shown that
DT40 cells in which RasGRP3 had been ablated exhibited
gross deficiencies in p21 Ras activation (51).

Although mSos1/Grb2/She complexes are recruited to the
activated BCR and complexes of mSosl with p36LAT and
Grb2 are rapidly formed after TCR ligation (49, 62), the func-
tional significance of these complexes is unclear. In favor of a
role for mSos in Ras activation by the BCR is evidence that the
activation of Erk was reduced by overexpression of dominant-
negative Shc or dominant-negative Grb2 (30). Moreover, p21
Ras was activated normally after ligation of the BCR in DT40
cells lacking expression of BLNK, despite the fact that PLC-y
was not activated (29). Thymocytes of mice with haploinsuffi-
ciency for Grb2 show reduced, but not absent, activation of p21
Ras after TCR ligation (23). This discrepancy remains to be
resolved. The strengths of signals may be one important factor.
Thus, RasGRP1 is critical for Erk activation by weak, but not
strong, TCR signals (56). It is conceivable that a similar mech-
anism could apply to the BCR, although the stimuli that were
used in our study—ligation by polyclonal antibodies—probably
represent a strong signal.

Our data imply that RasGRPs do not efficiently activate
M-Ras. While overexpression of RasGRP1 can lead to activa-
tion of M-Ras (references 34 and 51 and our own observa-
tions), in vitro RasGRP1 has only weak exchange activity on
M-Ras, and RasGRP2 and RasGRP3 are inactive (50). Con-
sistent with our observations, stimulation of PC12 neuronal
cells with the phorbol ester PMA did not result in activation of
M-Ras, despite the fact that these cells express endogenous
RasGRPI, although M-Ras was activated in cells in which
RasGRP1 was overexpressed (34). We conclude that Ras-

GRPs are much weaker activators of M-Ras than of p21 Ras
proteins. The molecular basis of the lack of sensitivity of M-
Ras to the catalytic activity of RasGRP is unclear. We noted
that mutants of M-Ras made more similar to H-Ras (P40D,
E79D, truncation of the N terminus, or exchange of the entire
helix 3-loop 7 region) still failed to be activated following
ligation of the BCR (data not shown), suggesting that the
structural determinants of sensitivity to activation by RasGRP
are not restricted to single small parts of the structure. Our
data showing that M-Ras is not activated by ligation of antigen
receptors suggest that M-Ras is unlikely to be involved in those
aspects of T-cell differentiation affected by the absence of
RasGRP (13). This does not exclude a role in those aspects of
T-cell differentiation in which Grb2/mSos act downstream of
the TCR (23, 56).

Our observation that RasGRP was down-regulated by
chronic exposure to PMA is intriguing, as to date, this treat-
ment has only been reported to lead to the down-regulation of
isoforms of PKC. It is possible that RasGRP binds to PKC and
is passively degraded with it or that downregulation of Ras-
GRP depends on phosphorylation by PKC (72). Alternatively,
RasGRP may be depleted as a direct result of the binding of
phorbol ester to its C1 domain, raising the possibility that other
proteins containing phorbol ester binding C1 domains, such as
chimaerins, the Munc-13 family of proteins, DAG kinases, and
PKD1/PKCp, may also be down-regulated. Thus, we cannot
rule out the possibility that the reduction in Ras activation by
BCR ligation in cells pretreated with PMA was solely due to
depletion of RasGRP, although the tissue distribution and
functions of other C1 domain-containing proteins (4) make it
unlikely that they were important in regulation of the activa-
tion of p21 Ras. Prolonged exposure of cells to PMA has been
extensively used to gain insight into the functions of PKC.
However, careful reevaluation of data obtained from such ex-
periments is required to exclude the possibility that the ob-
served effect resulted from the loss of proteins other than PKC.

By showing that individual members of the Ras family are
activated differentially, and that the patterns of activation vary
with different classes of stimuli, we have provided one answer
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to the question of why there are so many members of the Ras
family. We have identified two mechanisms that account for
these differences in activation, the degree of colocalization of
an individual Ras protein with activated receptors in mem-
brane domains and its relative sensitivity to the GEFs activated
by the receptor. Finally, the differences among members of the
Ras family in their localizations to the plasma membranes,
endosomes, and the Golgi apparatus (24) are also likely to
have functional implications, for example, in the patterns of
effector pathways they engage.
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