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Ras family GTPases (RFGs) regulate signaling pathways that control multiple biological processes. How
signaling specificity among the closely related family members is achieved is poorly understood. We have taken
a proteomics approach to signaling by RFGs, and we have analyzed interactions of a panel of RFGs with a
comprehensive group of known and potential effectors. We have found remarkable differences in the ability of
RFGs to regulate the various isoforms of known effector families. We have also identified several proteins as
novel effectors of RFGs with differential binding specificities to the various RFGs. We propose that specificity
among RFGs is achieved by the differential regulation of combinations of effector families as well as by the
selective regulation of different isoforms within an effector family. An understanding of this new level of
complexity in the signaling pathways regulated by RFGs is necessary to understand how they carry out their
many cellular functions. It will also likely have critical implications in the treatment of human diseases such
as cancer.

Ras genes (the H-Ras, K-Ras, and N-Ras genes) are found
mutated in 20 to 25% of human tumors (4). They code for
small GTPases that act as molecular switches, cycling between
an inactive GDP-bound state and an active GTP-bound state.
They are activated in response to a wide variety of extracellular
stimuli and regulate signaling pathways that control multiple
biological processes, allowing a cell to respond to its microen-
vironment. Mutations found in tumors lock the protein in a
constitutively active GTP-bound state. The activation state of
the proteins is normally tightly regulated by the concerted
action of guanine nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs). GEFs catalyze the release
of GDP, allowing binding of the more abundant GTP and the
activation of the proteins, whereas GAPs greatly stimulate
their intrinsic GTPase activity and therefore catalyze their
inactivation. The exchange of GDP for GTP induces a confor-
mational change in the proteins that allows them to interact
with their downstream effectors and carry out their multiple
functions (40, 71).

The best characterized Ras effectors are the Raf kinases,
through which Ras activates the mitogen-activated protein ki-
nase (MAPK) cascade, the p110 catalytic subunit of class I
phosphoinositide 3-kinases (PI3Ks), and a family of Ral ex-
change factors (RalGEFs). Other Ras effectors include RIN1,
Tiam1, phospholipase Cε (PLCε), AF6, and Nore1 (14).

Ras effectors interact with Ras through a small region called
the Ras binding domain (RBD). The RBDs of Raf, PI3Ks, and
RalGEFs, though having considerable structural similarities,
have little sequence homology and seem to define three types
of distinct domains that are found in other proteins. Tiam1, for
example, has a Raf-type RBD (35). The type of RBD found in

RalGEFs has been termed the RA (RalGDS/AF6, Ras-asso-
ciating) domain (50). RA domains are found in a wide variety
of proteins, some of which, including Rin1, AF6, Nore1, and
PLCε, are known to interact with Ras.

Ras proteins were the first members of what is now a large
superfamily of small GTPases, comprising more than 150 pro-
teins, to be identified (71). This superfamily is structurally
classified into at least five families: the Ras, Rho, Rab, Arf, and
Ran subfamilies. The Ras family now includes at least 21
members: H-Ras, K-Ras (A and B), N-Ras, R-Ras, TC21/R-
Ras2, R-Ras3/M-Ras, Rap1a, Rap1b, Rap2a, Rap2b, Rap2c,
Rit, Rin, Rheb, Noey2, DiRas1/Rig, DiRas2, ERas, RalA,
RalB, DexRas/RasD1, and RasD2/Rhes.

Many of these Ras family GTPases (RFGs) remain poorly
characterized, and little is known about their properties and
functions. Several of these RFGs do share some of the biolog-
ical properties of Ras in various cell systems. Mutated TC21
has been found in human tumors (2, 7, 27), and activated
versions of TC21 transform a variety of cell types. Like Ras,
TC21 also induces neurite outgrowth in PC12 rat pheochro-
mocytoma cells and blocks C2 mouse myoblast differentiation
(10, 20, 21, 45). Activated versions of R-Ras3 transform NIH
3T3 fibroblasts and induce neurite outgrowth in PC12 cells (16,
31, 32). R-Ras can transform some, but not other, cell types
(12, 39, 61) and also has functions clearly different from those
of Ras (62, 70, 78). Rap1 proteins, although originally pro-
posed to act by antagonizing Ras function, have functions that
are different from those of Ras, some of which may involve the
regulation of integrin-mediated adhesion (6). Rit and Rin lack
the Ras family characteristic CAAX prenylation signal but
instead contain a cluster of basic amino acids and are reported
to be membrane localized (36). Activated Rit, but not Rin, can
transform NIH 3T3 fibroblasts (60).

Although it is still not well defined, there is some overlap in
the way in which at least some of the RFGs are regulated, with
both GEFs and GAPs having overlapping specificities and act-
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ing on several Ras family members (14, 53). This fact raises
important considerations about Ras protein functions previ-
ously reported based on the use of certain experimental tools.
Many of the crucial cellular functions ascribed to Ras proteins
in the literature are based on experiments involving the block-
ing of Ras function with the use of dominant-negative mutants,
such as N17 Ras. N17 Ras is thought to prevent the activation
of endogenous Ras by sequestering RasGEFs. However, be-
cause RasGEFs also act on other RFGs, their activation is also
expected to be inhibited by N17 Ras and therefore this Ras
mutant cannot discriminate between contributions from differ-
ent RFGs. Similarly, the neutralizing monoclonal antibody Y13-
259, another tool widely used to block Ras function, cross-reacts
with R-Ras3 (16). Therefore, its reported effects upon micro-
injection, such as the inhibition of cell cycle progression, do not
exclude the possibility of a contribution from other RFGs.

In order to understand the biological functions of the dif-
ferent RFGs and their individual contributions to human dis-
eases, such as cancer, it is crucial to understand which effector
pathways they can regulate. Different RFGs also overlap in
their abilities to activate the different effector pathways. TC21
can activate the PI3K/protein kinase B (PKB) pathway, but
there are conflicting results regarding its ability to activate the
Raf/MAPK and RalGEF pathways (37, 45, 46, 57–59). R-Ras3
interacts with a variety of Ras effectors in the yeast two-hybrid
(Y2H) system, though different groups have reported different
results (15, 31, 52). R-Ras activates the PI3K pathway but not
the Raf/MAPK pathway (44). Rit and Rin can interact by Y2H
with RalGEFs and AF6 but not with Rafs (64, 65), and Rit
failed to activate the MAPK or PKB pathway in NIH 3T3
fibroblasts (60) but did induce Erk phosphorylation in PC6
pheochromocytoma cells (68).

Conflicting results reported by different laboratories may
have arisen from the use of different experimental systems,
including different assays and cell types. In vitro interaction
assays with purified proteins most often rely on the use of
fragments of the effectors, typically just the RBD. Interactions
with these minimal binding regions may not accurately reflect
interactions with the full-length proteins. Similarly, in the Y2H
assay that has been instrumental in the identification of Ras
effectors and in the characterization of their abilities to interact
with different RFGs, often only truncated versions of the
effectors have been used. Furthermore, the assay relies on
the mislocalization of the GTPases. The carboxy-terminal
sequences that target these GTPases for posttranslational lipid
modifications and membrane localization are deleted in order
to allow nuclear localization of the fusion proteins and tran-
scriptional activation of the reporter genes used in the assay.
Therefore, any contributions of these posttranslational modi-
fications or the subcellular localizations of the RFGs to the
interactions will be lost.

Another important consideration is that there are several
isoforms for most Ras effectors. For example, the class I family
of PI3K has p110�, p110�, p110�, and p110� isoforms and the
Raf kinase family comprises Raf-1, A-Raf, and B-Raf genes.
RalGEFs now include RalGDS, RGL, RGL2/Rlf, and RGL3.
RFGs may differ in their abilities to regulate different isoforms
of the same family, and these selective interactions may have
important biological consequences, depending on the specific
properties and functions of the different isoforms as well as the

patterns of expression of the various GTPases and the effector
isoforms in different cell types. Furthermore, in many instances
the ability of RFGs to activate effector pathways, such as the
Raf/MAPK and PI3K pathways, relies on the use of the acti-
vation of a downstream target as a readout (e.g., Erk or PKB,
respectively). These assays rely on the endogenous Raf or
PI3K isoforms expressed within the given cell type, but because
these isoforms very often have not been determined, important
isoform-specific differences may have been overlooked and
may also account for some of the conflicting reports in the
literature.

To understand the effector specificity of RFGs, we have set
out to compare comprehensively the ability of a large set of
RFGs to interact with and directly activate the various effector
isoforms of the PI3K, Raf, and RalGEF families. We have
found some striking isoform-specific differences and discuss
their critical implications. We have also compared the abilities
of the different RFGs to interact with a wide array of proteins
containing RA domains, some previously described and some
recently uncovered by sequencing projects and yet to be char-
acterized. We have identified several new proteins as novel
effectors of RFGs with differential binding specificities to the
various GTPases of the Ras family.

We propose a model in which specificity among the RFGs is
achieved by the differential regulation of combinations of ef-
fector families as well as by the selective regulation of different
isoforms within an effector family. An understanding of this
new level of complexity in the Ras field is necessary to under-
stand how RFGs carry out their many cellular functions. It will
also help to design strategies for treating diseases in which
these pathways are deregulated, such as human cancer.

MATERIALS AND METHODS

Materials. Anti-myc (A-14) and antihemagglutinin (anti-HA) (Y-11) antibod-
ies were obtained from Santa Cruz Biotechnology, anti-Flag M2 antibody was
obtained from Sigma-Aldrich, and phospho-T202/Y204 p44/42 MAPK was ob-
tained from Cell Signaling Technology. Horseradish peroxidase-coupled second-
ary antibodies and glutathione Sepharose were obtained from Amersham-Phar-
macia Biotechnologies.

Cell culture and transfections. 293T cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum. Cells (1 �
106) were seeded in six-well dishes and transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. The total amount of
plasmid DNA was always 2 �g, and when several plasmids were used, the ratios
were always 1:1, except in the RalGEF assays, in which one-fourth of the amount
of RalGDS was used.

Constructs. All RFGs were of human origins except RalA, which was of a
simian origin (18a). All RFGs carried activating mutations (V12 H-Ras, V12
N-Ras, V12 K-Ras4B, V12 Rap1a, V12 Rap2a, V38 R-Ras, V23 TC21, L81
R-Ras3, L79 Rit, L78 Rin, L64 Rheb, and L89 Rab5). V22 R-Ras3, V30 Rit, and
V29 Rin were also tested and exhibited no significant differences from their
respective L61 versions. Mutations were generated with the QuikChange site-
directed mutagenesis kit (Stratagene). All Raf kinases, RalGEFs, class I PI3Ks,
and RA domain-containing proteins were of human origins except p110�, which
was of a bovine origin. Most were cloned by reverse transcription-PCR from
pooled human fetal brain, liver, and lung poly(A) RNAs (Clontech) by using the
Superscript One-Step reverse transcription-PCR for long templates (Life Tech-
nologies) or from human full-length cDNA (Panomics) by PCR with LA-Taq
polymerase (Takara). All genes were full length except APBB1IP/RIAM, which
was cloned as a hypothetical protein FLJ20805 and was a truncated version
(amino acids 1 to 261) of APBB1IP/RIAM, and PLCε, which was a C-terminal
fragment (amino acids 1383 to 2303). Genes were cloned into pENTR vectors
(Invitrogen) and transferred in frame into cytomegalovirus promoter-driven ex-
pression plasmids with N-terminal myc, HA, or glutathione S-transferase (GST)
tags by using recombination-mediated Gateway technology (Invitrogen).
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Raf and Erk assays. Two days after transfection, cells were lysed in 350 �l of
1% Triton X-100–TNE (20 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA)
containing protease and phosphatase inhibitor cocktails (Sigma). HA-tagged
Rafs or HA-tagged Erk1 was immunoprecipitated with anti-HA antibodies, and
after extensive washing, Raf activity was assayed in a coupled MEK/ERK2 kinase
assay and Erk activity was measured by using myelin basic protein as a substrate
as described previously (1).

Interaction assays. GST-RFGs were transfected into 293T cells with myc
effectors. Two days after transfection, cells were lysed in 350 �l of 1% Triton
X-100–TNM containing protease and phosphatase inhibitor cocktails (Sigma).
RFGs were pulled down from cleared lysates with glutathione Sepharose, and
beads were washed four times with 1% Triton X-100–TNM, drained, and resus-
pended in sample buffer. Bound effectors were detected by Western blotting with
myc antibodies.

Ral activation assays. Flag-RalA was cotransfected with RalGEFs, RFGs, or
empty vector. Two days later, cells were lysed and the GTP-bound form of RalA
was specifically pulled down with the GST-tagged RBD of RalBP1 as described
previously (73). Cells were lysed and processed as described above for interaction
assays. Ral was detected by immunoblotting with an anti-Flag antibody.

PI3K assays. The p110 catalytic subunits of class I PI3Ks were cotransfected
with RFGs into 293T cells. Two days later, cells were labeled in 600 �l of phosphate-
free Dulbecco’s modified Eagle’s medium with 60 �Ci of [32P]orthophosphate for
4 h. PI3K activity was assayed by measuring the levels of total 3� phosphorylated
lipids by high-pressure liquid chromatography as described previously (56).

RESULTS

Activation of Raf kinases by RFGs. Activation of Raf kinases
by H-Ras, N-Ras, and K-Ras has been well established, but the
ability of other RFGs to activate the Raf/Erk pathway is con-
troversial, possibly because different experimental systems
have been used. In addition, different RFGs have been ana-
lyzed mostly individually, making it difficult to make relative
comparisons between the various RFGs. We have compared
the abilities of a large subset of RFGs to activate the three Raf
isoforms in 293T cells. As shown in Fig. 1A, H-Ras, N-Ras, and
K-Ras are the strongest activators of Raf-1, with a 12- to
15-fold increase in stimulation compared with the activity seen
in immunoprecipitates from cells expressing Raf-1 alone.
TC21, R-Ras3, and Rit also activate Raf-1, although less effi-
ciently than Ras proteins (with a four to sixfold increase in
stimulation, depending on the experiment). Rap1, Rap2, Rin,
and Rheb had no detectable effects. H-Ras, N-Ras, K-Ras,
and, to a smaller but significant extent, R-Ras3 can also stim-
ulate A-Raf, whereas only H-Ras, N-Ras, and K-Ras are able
to detectably activate B-Raf. Thus, different RFGs vary greatly
in their abilities to activate the various Raf isoforms, with
differences both in isoform specificities and in the efficiencies
with which they activate individual isoforms.

To assess whether the differential stimulation of Raf kinase
activity correlates with activation of the downstream Erk path-
way, we measured the phosphorylation state of the endogenous
Erks with phospho-specific antibodies. Figure 1C shows that
when RFGs are expressed by themselves, only N-Ras and
K-Ras can stimulate Erk phosphorylation. Surprisingly, we did
not detect any Erk phosphorylation in response to TC21, R-
Ras3, or Rit, despite the fact that 293T cells express Raf-1 and
that TC21, R-Ras3, and Rit can activate Raf-1 kinase activity
in Raf assays (Fig. 1A). To address the possibility that a weaker
level of Erk phosphorylation may have been below the thresh-
old of detection of our Western blots, we cotransfected a
tagged Erk1 construct with the RFGs and measured Erk ac-
tivity on the Erk immunoprecipitates. As shown in Fig. 1D, in
this assay, TC21, R-Ras3, and Rit could all activate Erk1 ac-

tivity, although considerably less efficiently (6- to 10-fold less)
than the Ras proteins.

When Raf-1 is coexpressed, phosphorylation of endogenous
Erks by TC21, R-Ras3, and Rit becomes detectable (Fig. 1C).
When A-Raf is coexpressed, R-Ras3 is able to weakly but
detectably stimulate Erk phosphorylation. Therefore, stimula-
tion of the kinase activity of the Raf isoforms by the various
RFGs correlates well with Erk activation within the same cells.

We also studied the ability of the RFGs and Raf kinases to
interact within the cell in coimmunoprecipitation experiments.
As shown in Fig. 1E, N-Ras and K-Ras bind strongly to all
three Raf isoforms. H-Ras behaved in a fashion identical to
that of N-Ras and K-Ras (data not shown). Raf-1, A-Raf, and
B-Raf were also detected in association with TC21 and R-
Ras3, but these interactions were considerably weaker than
those with the Ras proteins. Contrary to previous reports, we
did not detect any association of any Raf isoforms with R-Ras
or Rap1.

Activation of RalGEFs by RFGs. We analyzed the ability of
the RFGs to activate three members of the RalGEF family,
RalGDS, RGL, and RGL2/Rlf. RalGEF activity was measured
by using an activation-specific RBD pulldown assay to measure
Ral-GTP levels. Upon cotransfection of all three RalGEFs,
N-Ras, K-Ras, R-Ras, TC21, R-Ras3, and Rit can all increase
the levels of Ral-GTP, though to slightly different extents (Fig.
2A and B). H-Ras behaves in a fashion identical to that of
N-Ras and K-Ras (data not shown). Rheb failed to activate any
of the three RalGEFs tested (data not shown). Ras proteins
are the strongest activators of RalGDS, whereas R-Ras, TC21,
and R-Ras3 are as potent as Ras proteins in the activation of
RGL and RGL2. Rap1 (but not Rap2 or Rin) can also activate
RalGDS. In some experiments, we detected a small effect of
Rap1 on RGL activity (see Discussion).

Figure 2C shows that all RFGs tested are able to interact
with all three RalGEFs. However, the ability to associate with
the protein in vivo does not correlate with the ability to stim-
ulate its activity. Rap1 and Rap2 display the strongest associ-
ation with RalGDS, but Rap1 is weaker than Ras proteins in
activating RalGDS activity, whereas Rap2 has no effect. Sim-
ilarly, Rap1 and Rap2 interact with RGL more strongly than
R-Ras, TC21, and R-Ras3, with little or no effect on their
activity.

Activation of class I PI3Ks by RFGs. We assessed the ability
of the RFGs to stimulate the lipid kinase activity of the four
class I PI3K isoforms, p110�, p110�, p110�, and p110�, by
measuring the levels of their 3� phosphorylated lipid products
in intact cells (Fig. 3). H-Ras, N-Ras, K-Ras, R-Ras, TC21, and
R-Ras3 potently activate p110� and p110� to similar extents;
when R-Ras is coexpressed, the levels of PIP3 are 30- to 40-
fold or 25- to 30-fold higher than those in cells expressing only
p110� or p110�, respectively. Rap1 and Rit expression also
significantly stimulate p110� activity, with a 10- to 15-fold
increase in 3� lipid levels compared with those for p110� alone.
Rit can also stimulate p110� activity. The ability of the differ-
ent RFGs to stimulate p110� activity correlates well with their
ability to stimulate Akt activation in a variety of cell lines
tested, such as NIH 3T3 fibroblasts and PAE cells (data not
shown).

Remarkably, only R-Ras and TC21 are able to activate the
p110� isoform. p110� failed to undergo activation by any of the
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RFGs tested. It is possible that p110� activity may be selec-
tively inhibited in our cells. However, immunoprecipitates of
p110� had readily detectable lipid kinase activity in vitro (data
not shown). Similarly, the ability of this isoform to associate
with the p85� and p85� regulatory subunits was undistinguish-
able from that of p110� or p110� (data not shown). p110� has
been reported to interact with Rab5 (9), suggesting that p110�
may be regulated by Rab family GTPases. We were, however,

unable to detect any effect of activated Rab5 on p110� activity
(data not shown).

Interaction of RFGs with RA domain-containing proteins.
Data presented above and elsewhere indicate that RFGs in-
teract with effector proteins with a remarkable combination of
selectivity and promiscuity. In addition to Raf, PI3Ks, and
RalGEFs, RFGs are known to interact with other effectors.
The type of RBD found in RalGEFs, termed the RA domain,

FIG. 1. Activation of the Raf/Erk pathway by RFGs. (A) Activation of Raf kinases by RFGs. Constructs expressing HA-tagged Raf kinases
were cotransfected into 293T cells with constitutively active myc-tagged RFGs or empty vector (control). Two days later, Raf kinase activity on HA
immunoprecipitates was measured in a coupled assay for its ability to activate MEK. (B) Expression levels of transfected proteins were measured
by Western blotting with anti-HA or anti-myc antibodies. (C) Stimulation of Erk phosphorylation by RFGs. Erk phosphorylation was measured
in lysates from transfections as described for panel A by Western blotting with phospho-specific Erk antibodies. (D) Activation of Erk1 activity
by RFGs. HA-tagged Erk1 was contransfected with RFGs, and Erk kinase activity was measured in HA immunoprecipitates by using myelin basic
protein as a substrate. (E) Interaction of Raf kinases with RFGs. GST-tagged RFGs were cotransfected into 293T cells with myc-tagged Raf
kinases, and interactions were measured by pulling down RFGs with glutathione beads and detecting bound Raf in Western blots with anti-myc
antibodies.
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is also found in other proteins known to interact with RFGs,
such as RIN1, Nore1, PLCε, and AF6. In addition, as shown in
Fig. 4, RA domains are found in many other proteins. The
abilities of many of these proteins to interact with RFGs have
not been determined.

To better characterize the scope of interactions between
RFGs and other potential effectors, we tested the binding of 14
other RA domain-containing proteins in coimmunoprecipita-
tion assays. As shown in Fig. 5, all of the RA domain-contain-
ing proteins that we tested interacted with at least some RFGs,
showing promiscuous as well as selective interactions. Some
proteins, such as RIN1, RIN2, and Nore1, interacted with all
RFGs, though with variable efficiencies. Many others showed
differential interactions with the various RFGs. Some, like
PLCε, AF6, PDZ-GEF, APBB1IP, and P-CIP1, showed pref-

erential binding to N-Ras and K-Ras but also bound more
weakly to other RFGs. APBB1IP, for example, also interacted
with R-Ras and R-Ras3. PLCε, on the other hand, could also
interact with R-Ras3 and, weakly, with TC21 but not with
R-Ras. AF6 bound most strongly to N-Ras and K-Ras and
considerably more weakly, but detectably, to the other RFGs.
Weak binding of R-Ras3, but of no other RFG, was also
detected for P-CIP1. Rassf4/ADO37 could interact with all of
the RFGs except TC21. In some cases, like those for Rassf1
and Rassf2, R-Ras3 displayed the strongest interaction. Rassf1
also bound to N-Ras and K-Ras, whereas Rassf2 interacted
more weakly with R-Ras, TC21, N-Ras, and K-Ras. In conclu-
sion, there was clear promiscuity in the interactions between
RFGs and RA domain-containing proteins, with several RFGs
binding to the same proteins. There were, however, overlap-

FIG. 2. Activation of RalGEF pathway by RFGs. (A) Flag tagged-RalA was cotransfected into 293T cells with empty vector (background),
HA-tagged RalGEFs, and empty vector or constitutively active myc-tagged RFGs. Two days after transfection, the levels of GTP-bound flag-RalA
were measured in total cell lysates in pulldown assays with GST-RalBP1-RBD. In each gel, 1/100 of the lysate used was run. Expression levels of
transfected proteins were measured by Western blotting with anti-Flag or anti-HA antibodies. Results shown are representative of at least three
independent experiments. (B) The levels of Ral-GTP shown in panel A were quantified with a STORM phosphorimager. (C) Interaction of
RalGEFS with RFGs. GST-tagged RFGs were cotransfected into 293T cells with myc-tagged RalGEFs, and interactions were measured by pulling
down RFGs with glutathione beads and detecting bound RalGEFs with anti-myc antibodies in Western blots.
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ping but distinct sets of interactions, with different RFGs bind-
ing to some RA domain-containing proteins but not others and
doing so with various relative efficiencies.

We next analyzed whether the interactions required the ef-
fector domain of Ras and determined their differential sensi-
tivity to known partial-loss-of-function Ras mutants. As shown
in Fig. 6, the interactions of RFGs with all of the RA domain-
containing proteins tested were severely impaired by at least
some of the mutations in the effector domain of Ras. This
finding highlights the specificity of the interactions and is con-
sistent with these proteins behaving as effectors.

DISCUSSION

Activation of Raf kinases. RFGs differ greatly in their abil-
ities to regulate the three Raf isoforms. H-Ras, N-Ras, and
K-Ras activate all three Raf isoforms; R-Ras3 can active Raf-1
and A-Raf, whereas TC21 and Rit are able to detectably acti-
vate only Raf-1. Raf-1 displays the more promiscuous reg-
ulation by RFGs, but the efficiencies with which the various
GTPases stimulate its kinase activity vary greatly. H-Ras, N-
Ras, and K-Ras have much stronger effects than TC21, R-
Ras3, or Rit. We propose that the detection of these weaker
effects of TC21, R-Ras3, and Rit may depend on the sensitiv-
ities of the assays used by different groups and that differences
in these sensitivities may account for previously reported con-
flicting results.

There is a good correlation between the abilities of the
various RFGs to interact with Raf-1 and A-Raf and their
abilities to stimulate their kinase activities, with the strongest
interactors (Ras proteins) being the strongest activators. TC21
and R-Ras3 bound weakly to B-Raf and TC21 bound weakly to
A-Raf, but we could not detect the stimulation of their kinase
activity. A low level of activation may, however, be below the
sensitivity of our assays. Consistent with this possibility, an-
other group has reported the activation of B-Raf by TC21 (58).

Nonetheless, it is clear that different RFGs vary greatly in
their abilities to activate the three Raf isoforms, and these
differences could have important physiological implications.
Raf isoforms have distinct biochemical properties and could
potentially have different functions (43, 51, 77). Furthermore,
different magnitudes of activation of the Erk pathway are
known to have strikingly different consequences (51, 63, 76). It
is thus likely that the differential efficiencies with which the
different RFGs activate the Erk pathway (in a Raf isoform-
specific way) may have critical physiological consequences.

Surprisingly, we did not see any interaction of R-Ras or
Rap1 with any of the Raf isoforms. Both R-Ras and Rap1 have
previously been reported to interact with Raf-1 in vitro without
being able to activate it (11, 44, 55, 67). In the case of Rap1,
this fact was used to support a model in which Rap1 would
function as a Ras antagonist by competing for Ras effectors.
There are also reports in the literature of the inhibition of Erk
activation by Rap1 that would be in agreement with this model

FIG. 3. Activation of class I PI3Ks by RFGs. Constitutively active RFGs were cotransfected into 293T cells with PI3K isoforms. Two days after
transfection, cells were labeled with [32P]orthophosphate, and total cellular PIP3 levels were measured by high-pressure liquid chromatography.
The levels of PI(4,5)P2 were standardized to 200,000 cpm. Results shown are representative of at least three independent experiments.
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(69). It should be noted, however, that the previously reported
interactions between Rap1 and Raf1 (as well as those between
R-Ras and Raf-1) were carried out by using the Raf1 RBD, not
full-length Raf. We also saw binding of Rap1 and R-Ras to the
Raf RBD (data not shown). However, we could not detect any
interaction when the full-length proteins were expressed in
cells, even under conditions of overexpression, for which we
readily detected interactions of Raf-1 with other RFGs and
interactions of Rap1 and R-Ras with other proteins. Other
studies have also failed to detect interactions between Rap1
and full-length Raf proteins (48, 75). Our data thus argue
against a model of direct competition of Rap1 and Ras for
Raf-1 and is consistent with reports that Rap1 activation does
not antagonize Ras-dependent Erk signaling (6, 17, 79).

Rap1 has also been reported to activate the Erk pathway in
some cell types through direct activation of B-Raf (69). This
finding is also controversial, however, and there are reports
that Rap1 was unable to activate Erks, even in cells expressing
B-Raf (6, 17). As was the case for Raf-1, we failed to detect any
interaction between Rap1 and full-length B-Raf in our assays.
Furthermore, whereas coexpression of the Raf isoforms results
in increased phosphorylation of the endogenous Erks by RFGs

in some cases, we did not detect any increase in Erk phopho-
rylation by Rap1, even when B-Raf was overexpressed. It
should be noted that we did see effects of Rap1 on the activities
of other proteins, such as RalGDS or p110�. Therefore, our
results argue against a role of Rap1 in directly regulating
B-Raf kinase activity. It is possible, however, that Rap1 could
indirectly modulate Erk activation in some cell types. Rap1 has
been implicated in regulating integrin-mediated cell adhesion
(5). Through changes in integrin function, Rap1 could possibly
indirectly modulate Erk activation by extracellular agonists in
a cell type-dependent manner.

The differences seen between results obtained with the iso-
lated RBD and those obtained with the full-length proteins
highlight the possibility that interactions between RFGs and
isolated RBD fragments do not accurately mimic interactions
with full-length proteins and therefore should be interpreted
with caution. It is likely that effector regions other than the
RBD may contribute directly or indirectly to the interaction
with the GTPases. Raf-1, for example, is known to have two
domains that interact with Ras, the higher-affinity RBD and
the lower-affinity cysteine-rich domain (CRD) (8). It is possible
that the CRD may contribute structural and/or functional

FIG. 4. Proteins with RA domains. Domain structures of RA domain-containing protein families according to the SMART protein domain
database (http://smart.embl-heidelberg.de). Proteins are not drawn to scale. Note that some genes have splice variants that give rise to proteins
lacking some of the depicted domains. Asterisks indicate proteins that have been analyzed in this study.
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specificity to the interactions with different RFGs that are lost
when interactions with the RBD are analyzed alone. Consis-
tent with this possibility, it has been proposed that the differ-
ential ability to displace 14-3-3 from conserved region 2 may
account for the differences in the regulation of Raf-1 kinase
activity by RFGs (37). Furthermore, the interaction with the
CRD is dependent on the farnesylation of Ras (26, 41, 74).
Assays in which the interactions are carried out by using RFGs
that are not posttranslationally modified (in vitro interactions
with bacterially expressed proteins or Y2H analysis) will over-
look any contribution of posttranslational modification of the
RFGs to the interactions with the effectors. Our data strongly
suggest that interactions previously reported on the basis of the

use of isolated RBDs or truncated proteins may not accurately
reflect the differential binding specificities to the various RFGs
that occur in vivo.

Similar considerations apply to interactions with other ef-
fectors. We saw, for example, detectable binding of Rap1,
R-Ras, TC21, and R-Ras3 to AF6, but this binding was much
weaker than that of Ras proteins. This finding is in stark con-
trast to reports in the literature in which Rap1 was reported to
bind with higher affinity than Ras to the RBD of AF6 both in
vitro and in the Y2H assay (3, 38). Issues concerning RBD
versus full-length, proper posttranslational processing and/or
subcellular localization may account for these differences. In-
terestingly, AF6, like Raf-1, has two RBD domains at the N

FIG. 5. Interaction of RFGs with RA domain-containing proteins.
Constitutively active GST-tagged RFGs were cotransfected into 293T
cells with myc-tagged RA domain-containing proteins, and interac-
tions were measured by pulling down RFGs with glutathione beads
and detecting bound proteins with anti-myc antibodies in Western
blots. All proteins were full length except those shown with asterisks
(APBB1IP/RIAM [amino acids 1 to 261] and PLCε [amino acids 1383
to 2303]).

FIG. 6. Interaction of H-Ras effector mutants with RA domain-
containing proteins. GST-tagged H-Ras effector mutants in a V12
backbone were cotransfected into 293T cells with myc-tagged RA
domain-containing proteins, and interactions were measured in GST
pulldown assays and with anti-myc Western blots.
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terminus. Ras has been reported to bind to the first, but not the
second, RA domain of AF6 in the Y2H assay (3), although a
lower-affinity interaction may have been below the sensitivity
of the assay or lost because of a lack of posttranslational
processing. PLCε also has a second low-affinity RA domain
that is required for the activation of PLC activity by Ras (29).
A similar requirement for dual RBDs has been reported for
Ras activation of yeast adenylyl cyclase (33, 66). Interestingly,
in this case, the second RBD does not lie entirely within the
adenylyl cyclase but is created by the binding of a second pro-
tein, adenylyl cyclase-associated protein, to adenylyl cyclase.

It is possible that interaction with a second RBD may be a
common feature conserved among RFG effectors, with a sec-
ond lower-affinity site being involved in modulating specificity
to different RFGs and dependent on posttranslational process-
ing of the RFG. This second RBD may lie within the effector
protein (e.g., Rafs, AF6, and PLCε) or could potentially also
be provided through binding to other molecules (like adenylyl
cyclase-associated protein and adenylate cyclase in yeast).
Also, in the case of p110�, which has been cocrystallized in a
complex with Ras, Ras was shown to establish direct contact
with regions other than the RBD (49).

Activation of RalGEFs. RFGs showed considerable promis-
cuity in their interactions with the RalGEFs tested; all of the
RFGs bound to all three RalGEFs. H-Ras, N-Ras, K-Ras,
R-Ras, TC21, R-Ras3, and Rit all activated the RalGEFs,
although with some differences in the magnitude of the acti-
vation. It is clear, however, that interaction even with the
full-length effector does not necessarily directly correlate with
the ability to stimulate the enzymatic activity of the RalGEF.
We observed that the binding of Rap1 and Rap2 to RalGDS
was stronger than that of the other RFGs, but Rap1 had a
smaller effect on RalGDS activity than other RFGs did,
whereas Rap2 had no effect at all. We sometimes saw a barely
detectable effect of Rap1 on RGL. This observation raises the
possibility that we may be at the limit of sensitivity of our assay
and that experimental considerations should be borne in mind.
For example, cell type-dependent localizations of the GTPases
in discrete subcellular compartments may stimulate the activa-
tion of the effector pathway in localized cellular regions, and
these spatially restricted effects may be missed when the read-
out for the activation of the pathway (i.e., Ral-GTP formation)
measures the total cellular pool of Ral. It is possible that the
small effects observed on the total Ral protein may be greatly
amplified in localized subcompartments. It is also possible that
specific RFG-RalGEF interactions may differentially target
RalA versus RalB.

It is worth noting, for example, that Rap1 localization seems
to be remarkably diverse. Rap1 has been detected at the
plasma membrane, in the Golgi apparatus, in the perinuclear
region, and in the endocytic-phagocytic and exocytic vesicles in
different cell types (6). It could be speculated that the ability of
Rap1 (and other RFGs) to stimulate Ral-GTP formation upon
binding and recruitment of RalGEFs will depend on the colo-
calization of Rap1 with Ral, highlighting the importance of cell
type-dependent spatial considerations (47).

It is possible that some specificity in the activation of Ral-
GEFs by RFGs may be provided by the putative differential
compartmentalization of the various RFGs. Ral proteins have
been implicated in functions as diverse as cell cycle control

through the regulation of cyclin D and p27 levels and mem-
brane trafficking events both endocytic and exocytic in nature
(18). It is tempting to speculate that spatially restricted pools of
Ral may be differentially activated by the various RFGs to
carry out selective functions.

Activation of PI3Ks. Perhaps the most striking isoform-spe-
cific differences were seen in the regulation of class I PI3Ks.
H-Ras, N-Ras, K-Ras, R-Ras, TC21, and R-Ras3 were equally
potent in activating the p110� and p110� isoforms. Rit had a
more modest, but significant, effect on p110� and p110� activ-
ity, whereas Rap1 could modestly stimulate p110�. Strikingly,
only R-Ras and TC21 were able to activate the p110� isoform.
We failed to see any effect of any of the RFGs tested on the
activity of p110�. We cannot rule out the possibility that this
result is due to the presence of some inhibitory signal specific
to p110� that may be present in the cell system used. p110�
immunoprecipitates, though, have readily detectable lipid ki-
nase activity in vitro. Alternatively, p110� may be regulated by
different mechanisms independent of RFGs. In support of this
possibility, there are reports that p110� (but not p110� or
p110�) can be activated by G�� subunits in vitro (34, 42).
p110� has also been shown to directly interact with Rab5 (9),
suggesting that GTPases of a family other than the Ras family
may regulate the p110� isoform.

The different class I PI3K isoforms may have distinct cell
type-specific functions, as suggested by the different pheno-
types of knockout mice and by microinjection studies with
neutralizing antibodies (28). The remarkable effector isoform
specificity displayed by RFGs raises several important consid-
erations. For example, the expression profile of the various
isoforms will play a critical role in both the physiological role
and the oncogenic properties of the different RFGs in any
given cell type; the consequences of activation of RFGs in
response to extracellular signals or by mutation will be differ-
ent, depending on whether the cell expresses the �, �, �, or �
p110 isoform, Raf-1, B-Raf, A-Raf, or any combination there-
of. Considering the strong selection for PI3K activation in
human cancer and the fact that the PI3K pathway has been
found to be upregulated by various means in different tumor
types (e.g., mutations in Ras and PTEN, overexpression of
p110� and protein kinase B [28]), it will be interesting to
address the possibility that tumors arising from cell types ex-
pressing p110� may have a stronger predisposition to have
acquired activating mutations in R-Ras and/or TC21 genes.

Our findings on the remarkable differential specificity of
RFGs for the various p110 isoforms also highlight the impor-
tance of designing and using isoform-specific inhibitors, a point
that is of special relevance because of the pleiotropic functions
of PI3Ks. In addition to their roles in cell proliferation, sur-
vival, and migration, which make them attractive targets for
inhibition in the treatment of cancer, PI3Ks also play roles in
the metabolic functions of insulin, in the regulation of endo-
thelial homeostasis, and in inflammatory and immune re-
sponses, among other processes (28). Based on our observa-
tions that the Ras proteins activated p110� but not p110� or
p110�, we propose that isoform-specific inhibitors of the p110�
isoform would be ideal candidates for the inhibition of the
PI3K pathway in tumor cells harboring Ras mutations, avoid-
ing any potentially toxic effects of the unnecessary inhibition of
p110� and p110�.
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Interaction with other effectors. In addition to regulating the
Raf, PI3K, and RalGEF pathways, it is clear that RFGs have
many other effectors. Some were already known to interact
with Ras and other RFGs. In addition, there is an incredibly
diverse array of proteins with RBDs and thus the potential to
behave as effectors of RFGs that have not been characterized
yet. In this study, we have analyzed the ability of many proteins
containing RA domains to interact with the various RFGs and
have identified several of them as novel putative effectors of
RFGs. All of the RA domain-containing proteins we have
tested in this study interact with at least some RFGs, although
with various strengths. We therefore predict that other RA
domain-containing proteins that have not been tested will also
bind to at least some RFGs.

It is likely that the interactions between the RFGs and their
many effectors reported in this study are subject to a more
complex set of factors that still need to be characterized. For
example, posttranslational modifications of the effectors or
interaction with other proteins in response to extracellular
agonists may differentially modulate their interactions with the
various RFGs. This possibility is illustrated by the recent re-
port that phosphorylation of AF6 by Bcr kinase increases the
binding of Ras to AF6 (54). However, it is clear that in the
same cell type, under the same conditions, there is a differen-
tial pattern of interactions among RFGs and their various
effectors, with some, but not all, RFGs binding to some effec-
tors but not others.

Partial-loss-of-function mutants of Ras have been character-
ized for their ability to discriminate between the Raf, PI3K,
and RalGEF pathways and have proved to be useful tools in
elucidating the contribution of these pathways to various bio-
logical effects of Ras in different cell types. With the realization
that RFGs interact with many other proteins, it is clear, how-
ever, that the ability of these mutants to interact with other
effectors needs to be taken into consideration when interpre-
tations of their biological effects are made. Recently, for ex-
ample, the E37G Ras mutant (but not the Y40C and T35D
mutants or constitutively active PI3K or Raf) was shown to
selectively induce anchorage-independent growth in human
cells (22). This effect was only partially mimicked by a consti-
tutively active RalGEF and only partially blocked by a domi-
nant-negative Ral, suggesting that the E37G mutant regulates
other effector pathways that are making important contribu-
tions to malignant transformation of human cells. As previ-
ously reported by other groups (24, 29, 30, 49) and shown in
this study, the E37G mutant does indeed interact with several
other effectors. This finding further highlights the importance
of understanding the functions of all of the new effector mol-
ecules and their contributions to the functions of the RFGs.

Little is known about most RA domain-containing proteins,
and more work is thus needed to understand their contribu-
tions to the functions of the various RFGs. RIN1 has been
reported to act as a GEF for Rab5 and to regulate endocytosis
(72). Some RFGs may also regulate the activation of Rap1 and
Rap2 through PDZGEF-1 and PDZGEF-2. R-Ras3 has been
previously reported to activate PDZGEF2 activity (19). We
found that PDZGEF1 interacts most strongly with N-Ras and
K-Ras. This finding suggests that Rap1 proteins, originally pro-
posed to function by antagonizing Ras function, may actually
act downstream of Ras under some circumstances.

It is becoming apparent that RFGs can also interact with a
large number of proteins without any catalytic domain. These
proteins may function as scaffolding proteins, localizing active
RFGs to specialized protein complexes. AF6, for example,
interacts with cell-cell adhesion molecules like ZO-1 and JAM
and may localize RFG signaling to sites of cell-cell contact.
The Grb7/10/14 family of adaptors is known to interact with
many receptor tyrosine kinases and other signaling proteins
(23). Many other adaptor molecules, such as Grb2 and Shc, are
known to function upstream of RFGs, linking growth factor
receptors to GEFs for RFGs. The ability of RFGs to interact
directly with Grb7 suggests the striking possibility that the
Grb7/10/14 adaptor proteins may function downstream of
RFGs.

Some splice variants of Rassf1 and Nore1/Rassf5 are selec-
tively downregulated by promoter methylation in human tu-
mors, and their reexpression inhibits cell growth (13, 25). This
finding suggests the remarkable possibility that RFGs may
directly regulate proteins with tumor suppressor properties.
We have now identified several other proteins as putative
novel effectors of RFGs, some not yet described and of as yet
unknown function. The future identification of proteins that
interact with these new scaffold-type proteins will shed more
light on their function.

Further work is needed to fully understand and characterize
this exciting and intriguing new level of complexity in the
effector pathways regulated by RFGs. A picture emerges in
which there is promiscuity when the interactions between
RFGs and individual effectors are considered but specificity
when the whole array of effectors is considered; each RFG has
its individual blueprint of effector interactions. We propose
that specificity in the signaling properties and biological func-
tions of the various RFGs arises from the specific combination
of effector pathways they regulate in each cell type. The acti-
vation of any RFG by extracellular signals (or aberrantly in
cancer) will lead to the activation of a specific set of effector
pathways, depending on the expression of the various effector
isoforms they can regulate in the cell in question. Furthermore,
the consequences of activation of any given pathway should in
turn be considered in the context of the wide but specific set of
effector pathways being regulated at the same time.

A better understanding of the functions of the different
effectors is required to assess how these effectors may contrib-
ute to the many cellular functions of the various RFGs in
different cell types. It will also likely have important implica-
tions both in the identification of new targets of therapeutic
intervention and in the design and use of isoform-specific
drugs for the treatment of human diseases such as cancer.
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