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Ras Partners

L. Van AreLst, M.A. WHITE, AND M.H. WIGLER
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724

THE RAS PROBLEM

The RAS oncogenes were first discovered as the
transforming elements of acutely oncogenic retrovi-
ruses. Subsequently, cellular RAS genes were found to
be frequently activated by mutation in a wide variety of
human cancers, providing the first example of a com-
mon oncogenic mechanism. As a consequence, Ras
proteins have been studied extensively (for review, see
Barbacid 1987).

RAS genes are found ubiquitously in eukaryotic
organisms. They encode low-molecular-weight guanine
nucleotide-binding proteins that hydrolyze GTP and
localize to the inner surface of the plasma membrane
after undergoing elaborate carboxy-terminal process-
ing. Proteins that are involved in processing Ras, or in
regulating its activity, e.g., by accelerating guanine
nucleotide hydrolysis or exchange, have been largely
conserved in evolution (for review, see Wigler 1993).

Understanding the function of Ras has been more
difficult. Genetic and biochemical studies point to the
involvement of Ras in regulating protein kinases in
vertebrate cells and in the yeasts, Schizosaccharomyces
pombe and Saccharomyces cerevisiae. In S. cerevisiae,
this occurs by the direct regulation of adenylyl cyclase
(Wigler et al. 1988). This particular biochemical func-
tion is not observed in other organisms. In both §.
pombe and vertebrate cells, Ras appears to activate a
conserved protein kinase cascade that we call the MAP
kinase module (Neiman et al. 1993). Parallels between
these two systems indicated the possibility of a con-
served biochemical function. There is strong evidence
for other Ras functions in both S. pombe and S. cere-
visiae (Toda et al. 1987, Wigler et al. 1988; Wang et al.
1991; Chang et al. 1994).

In this paper, we address the identification of Ras
binding (Rsb) proteins and experimental approaches to
the analysis of their function. We have employed a
powerful genetic tool, the ‘“‘two-hybrid system” of
Fields and Song, which enables the experimenter to
determine when two proteins form complexes within
yeast cells (Fields and Song 1989). The method com-
prises expressing the test proteins as “hybrid” proteins,
fused to DNA-binding and transcription-activating pro-
teins, such that when the test proteins interact, a report-
er gene is transcribed. We describe the use of this
system to discover new Ras-binding proteins and to

analyze interactions between Ras and these candidate
targets.

SEARCHING FOR RAS PARTNERS

S. pombe byr2 is a protein kinase homologous to the
Stell protein kinase of S. cerevisiage. Both Byr2 and
Stell function on the sexual differentiation pathway in
these yeasts. Genetic analysis in S. pombe suggests that
byr2 is a downstream target for rasl. Overexpression of
byr2 could bypass defects in ras1™" cells; disruption of
byr2 led to defects common to rasl™" cells; and domi-
nant interfering mutants of byr2 partially block the
effects of activated ras! (Wang et al. 1991; Neiman et al.
1993; Xu et al. 1994). Similar analysis in mammalian
cells suggested that Rafl was a potential downstream
target of Ras proteins. Rafl, like Byr2 and Stell, is a
protein kinase that participates in the conserved MAP
kinase cascade (for review, see Blumer and Johnson
1994; Cook and McCormick 1994). Activation of Rafl
is oncogenic and bypasses the effects of blocking Ras
function; moreover, interfering mutants of Rafl block
activated Ras mutants (Smith et al. 1986; Cai et al.
1990; Kolch et al. 1991). Although Rafl and Byr2 share
no significant homology outside of their kinase do-
mains, they have a similar relationship to Ras (Van
Aelst et al. 1993).

We thus sought genetic evidence, utilizing the two-
hybrid system, that Ras can form complexes with either
protein kinase (Table 1). As we reported previously
(Van Aelst et al. 1993), Ras proteins can complex with
both proteins, and this interaction appears to require an
intact effector loop, that region of Ras that has been
suggested, by both genetic and crystallographic studies,
to be a domain required for effector interactions (for
review, see Polakis and McCormick 1993). Mutants of
Ras that affect guanine nucleotide binding also fail to
interact with Rafl and Byr2 (Van Aelst et al. 1993).
Mutants lacking the Ras CAAX box, the carboxy-
terminal residues that are required for Ras processing,
still interact with Rafl and Byr2. In contrast, whereas
an intact effector loop and intact guanine nucleotide
binding are also required for complex formation be-
tween Ras and its target in S. cerevisiae, adenylyl
cyclase (Vojtek et al. 1993), this interaction does re-
quire an intact CAAX box (Table 1). This result is
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Table 1. Interaction between Hras Proteins
and Known Ras Targets

Cyrl? Byr2 Rafl
Hras + + +
Hras(C186S) - + +
Hras(G15A) - - -
Hras(T35A) - - -

Hras wild-type and mutant proteins were expressed
as LexA-binding domain (LBD) fusions. Ras targets
were expressed as GAL4 activation domain (GAD)
fusions. Pairs were co-expressed in the yeast reporter
strain 140 (Vojtek et al. 1993). B-Galactosidase was
monitored using a filter assay (for description, see Van
Aclst et al. 1993). (+) represents a positive induction
of B-galactosidase activity. At least 4 independent
transformants were tested for each pair. Previously we
reported no interaction between Hras™ expressed as a
GAL4 DNA-binding (GBD) fusion with Rafl ex-
pressed as a GAD fusion using the YBP2 strain as
reporter, and we only observed interaction with Hras
proteins carrying the C186S mutation. However, using
the LBD fusion and the yeast reporter strain L40, we
do observe this interaction.

* 8. cerevisiae adenylyl cyclase.

consistent with the biochemical experiments of Kata-
oka and coworkers showing that processed Ras is a
more effective activator of adenylyl cyclase than is
unprocessed Ras (Kurodi et al. 1993).

We next tested whether the two-hybrid system could
be used to screen cDNA libraries for Ras binding
partners. In particular, we screened libraries in which
c¢DNA inserts were fused to the carboxyl terminus of
the trans-activating domain of Gal4 to find genes en-
coding proteins that could interact with either Ras or
Rafl fused to the DNA-binding domain of Gal4 or to
the DNA-binding domain of LexA (Fields and Song
1989; Vojtek et al. 1993). Using a variety of different
¢DNA libraries, on the order of 1 in 50,000 clones was
found able to encode a protein that interacts with these
targets. Some of the cDNAs we isolated encoded mem-
bers of the Ras family (interacting with Rafl) or mem-
bers of the Raf family (interacting with Ras). Some
encoded new proteins. We discuss here only those
putative proteins that interact with Ras.

Table 2 contains the results of screening several
libraries, a total of about 107 ¢cDNA clones. cDNAs
encoding Rafl or RafA were found mulitiple times. In
addition, five other genes were identified, each multiple

times. Among these were RalGDS, a protein that was
previously identified as a guanine nucleotide exchange
factor for Ral, a member of the RAS superfamily of
guanine nucleotide binding proteins (Albright et al.
1993). The smallest binding fragment comprised amino
acids 770 to the carboxy-terminal end, the region just
carboxy-terminal to the conserved nucleotide exchange
domain. In addition, another cDNA encoded a product,
which we call Rsb3, that was homologous to RalGDS
(67% homology between amino acids 580 and 768).
Other workers have since reported finding these two
targets for Ras (Hofer et al. 1994; Kikuchi et al. 1994).
On the basis of these results, it is apparent that Rsb3
(called RGL by Kikuchi et al. 1994) is a global homolog
of RalGDS. Therefore, interaction with Ras appears to
be a conserved feature of these proteins. These results
suggest the hypothesis that Ras can regulate Ral. Previ-
ous studies have indicated that members of the RAS
superfamily can regulate each other (Chang et al. 1994;
Horii et al. 1994).

Rsbl was another peptide identified by Ras binding.
Its sequence is completely contained within a protein
called AF6, which has been previously described in a
single example as a fusion partner for ALL-1 in acute
lymphoblastic leukemias (Prasad et al. 1993). ALL-1 is
a homolog of Drosophila trithorax and is found fused
to various partners in acute lymphoblastic leukemia
(Gu et al. 1992; Tkachuk et al. 1992; Domer et al. 1993;
Morrissey et al. 1993; Nakamura et al. 1993). Rsbl
comprises amino acids 1-180 of AF6. These sequences
overlap with the sequences of AF6 that are deleted
when fused to ALL-1 (1-35). We do not know the
biological significance, if any, of the interaction be-
tween AF6 and Ras, nor whether this relates to its
involvement in leukemias.

All these targets, Byr2, Cyrl, Rafl, RafA, RalGDS,
Rsb3, and Rsbl, share the property that they do not
bind to Ras mutated in the effector loop Hras(T35A) or
impaired in guanine nucleotide binding Hras(G15A).
We infer from this that these proteins interact with Ras
in its active, GTP-bound state. In contrast, two other
proteins were found, Rsb2 and Rsb4, which putatively
bind Ras containing these mutations, but not Ras with
mutations in the -CAAX box. One of these, Rsb4, is
identical to the catalytic (8) subunit of the Rab
geranyl-geranyl transferase (Armstrong et al. 1993).

Table 2. Interaction between Hras Proteins and New Ras Binding Partners

Rafl RafA Ral GDS Rsb3 Rsbl Rsb2 Rsb4
Hras + + + + + + +
Hras(C186S) + + + + + - -
Hras(G15A) - - - - - + +
Hras(T35A) - - - - - + +

Hras proteins were expressed as LBD fusions. Ras targets were expressed as GAD fusions. Pairs were co-expressed in the yeast reporter strain
L40. (+) represents a positive induction of 3-galactosidase activity using filter assays. The Ras binding partners were isolated by co-transforming
mouse brain, rat embryonic, and Jurkat cDNA libraries in which cDNA inserts were fused to the carboxyl terminus of the trans-activating domain
of GAL4 with either Hras(C186S) mutant fused to GBD or Hras" fused to LBD. Rafl, RafA, Ral GDS, Rsb3, and Rsb1 were isolated several
times both in the Gal4 and LexA systems. RSB2 and RSB4 were isolated only when Hras™ fused to LBD was used. The tester strain used for the
screens was either 140 or HF7e (Vojtek et al. 1993; Feilotter et al. 1994). Primary positives were isolated by selecting for colonies that could grow in
the absence of histidine and subsequently screened for B-galactosidase activity.
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Table 3. Interaction between Ras-like Proteins and Ras Binding Partners

Cyrl Byr2 Rafl RafA RalGDS Rsb3 Rsbl Rsb2 Rsb4

Hras + + + + + + + + +
Sc.Ras2 + + + + + + +

Sp.Rasl + + + + + + +

RaplA - + + + + + + - -
R-Ras + + + + + +

Rab6 - - - - - - - - -
RholA - - - - - - - - -
Cdc42 - - - - - - - - -
Racl - - - - - - - - -

Ras and Ras-like proteins were expressed as LBD fusions. All proteins were wild type except for R-Ras(C215R). Ras targets were expressed as
GAD fusions. (+) represents a positive induction of B-galactosidase activity using filter assays. At least 4 independent transformants were tested for
each pair. Positive interactions in the two-hybrid system have been observed between Rab6, Rhol A, Cdc42, and Racl with other proteins (data not

shown).

Rab proteins are members of the RAS superfamily.
Although the BRabGGtase is homologous to the S
subunit of the Ras farnesyl transferase, the carboxy-
terminal consensus processing signal for Rab is -CXC
or -CC, and the Rab geranyl-geranyl transferase does
not process Ras (Khosravi-Far et al. 1992). These
results raise fundamental questions about what features
the transferases recognize in their substrates, and what
their role is in cellular compartmentalization. Curious-
ly, we do not detect interaction between the
BRabGGtase and Rab proteins in the two-hybrid sys-
tem (Table 3). We believe that the productive en-
zymatic interaction between BRabGGtase and Rab
may lead to a very transient interaction.

Rsb2 has been sequenced and does not show homol-
ogy with known proteins. It does have homology with a
protein predicted from nucleotide sequencing of the
Caenorhabditis elegans genome, and we have found a
homolog in S. cerevisiae. Curiously, although Rsb2 will
bind mammalian H-ras, S. cerevisiage Ras2, and S.
pombe rasl, it does not bind other members of the Ras
superfamily that we have tested, including Rapla
(Table 3), which is otherwise very homologous to Ras
proteins.

EVALUATING PARTNERS

To evaluate the physiological role of candidate Hras
targets, we next sought mutant Hras proteins that could
discriminate among the candidates. Libraries of vectors
expressing mutant Hras proteins fused to GBD were
created by PCR mutagenesis (White et al. 1995) and
screened against Rafl and byr2 fused to GAD. Two

mutants were identified. One, Hras(T35S), could bind
Rafl but not Byr2, and one, Hras(E37G), could bind
Byr2 but not Rafl. These mutants contain mutations in
the conserved effector loop of Hras.

In keeping with the hypothesis that Rafl is a critical
target for Hras, the Hras(G12V, E37G) mutant failed
to induce transformed foci of NIH-3T3 cells (Fig. 1). To
further test this hypothesis, we identified mutants in
Rafl that restore interaction with Hras(E37G). These
mutant Rafls can cooperate with Hras(G12V, E37G) in
the induction of transformed foci (Fig. 1). Such results
provide further genetic evidence for the physiological
importance of Hras/Raf1 interactions. A more detailed
description of these results can be found in White et al.
(1995).

More puzzling is that the Hras(G12V, T35S) mutant
is greatly attenuated in focus induction. Perhaps its
interaction with Raf1 is altered in some way that is not
reflected by the two-hybrid assay. Alternatively, or in
addition, the interaction of Hras(G12V,T358) with
another effector, perhaps one homologous to Byr2, is
adversely affected. In keeping with this idea,
Hras(G12VE37G) is capable of cooperating with
Hras(G12V,T35S) in focus induction (White et al.
1995). These results suggest that two different effectors
of Hras can contribute to mammalian cell transforma-
tion. Unfortunately, none of the candidate mammalian
targets we have identified to date, except Rafl, dis-
criminates between our Hras mutants. Continued
screening of cDNAs in the two-hybrid system, using the
mutant Hras proteins, may identify candidates for this
putative additional effector of Hras transformation.
Alternatively, this effector may be among our candi-

Table 4. Interaction between New Ras Mutants and Ras Binding Partners

Cyrl Byr2 Rafl RalGDS Rsb3 Rsbl Rsb2 Rsb4
Ras(G12V) + + + + + + + +
Ras(G12V,E37G) + + - + + + + +
Ras(G12V,T35S) - - + + + + + +

The Ras mutants were expressed as LBD fusions. Isolation and characterization of these mutants is described elsewhere (White et al. 1995). Ras
targets were expressed as GAD fusions. (+) represents a positive induction of B-galactosidase activity using filter assays. At least 4 independent
transformants were tested.
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VECTOR

HRAS(GI2V)

HRAS(GI2V,E376)

VECTOR

RAF(S257L)

Figure 1. NIH-3T3 cells were cotransfected with the indicated genes or empty vectors (Shih et al. 1979; Wigler et al. 1979; Perucho
et al. 1981). Transfected cells were grown in reduced serum for 14 days, then fixed in 10% formaldehyde and stained with Giemsa.
Foci of transformed cells appear as diffuse darkly staining spots. Transfection efficiencies, as measured by growth in selective

media, were similar for each transfection (White et al. 1995).

dates and interact in the two-hybrid system with
Hras(T35S) but interact nonproductively with it in
mammalian cells.

THE RAS PROBLEM REVISITED

From our work and that of others, we conclude that
Rafl is a direct mediator of Ras in mammalian cells
(Moodie et al. 1993; Van Aelst et al. 1993; Vojtek et al.
1993; Warne et al. 1993; Zhang et al. 1993; White et al.
1995). From our genetic studies, we know that Ras has
multiple functions in yeasts (Wigler et al. 1988; Chang
et al. 1994) and appears to have multiple functions that
can contribute to mammalian cell transformation. We
do not know what these other functions may be, al-
though we have defined approaches that may ultimately
lead to their identification.

We do not know at the biochemical level how Ras
activates effectors. Some data support the idea that Ras
merely causes Rafl to colocalize to the plasma mem-
brane, where Rafl can encounter other regulators or
substrates. For example, Rafl is activated by fusion to
peptides that direct it to the plasma membrane (Leev-
ers et al. 1994; Stokoe et al. 1994), and the function of
Ras is severely impaired by mutations that block the

processing events which direct it to the plasma mem-
brane (Willumsen et al. 1984). Although Ras may
function to cause protein localization, this is certainly
not its only function in evolution. In S. cerevisiae, Ras
activates the enzymatic activity of adenylyl cyclase in a
cell-free system (Broek et al. 1987, Field et al. 1988),
and in S. pombe, Ras can promote the cooperative
binding of proteins involved in morphogenesis (Chang
et al. 1994). None of the mechanisms of productive
interaction between Ras and its effectors has been
solved.
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