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Abstract
The Ras GTPases act as binary switches for signal transduction pathways that are important for
growth regulation and tumorigenesis. Despite the biochemical simplicity of this switch, Ras proteins
control multiple pathways, and the functions of the four mammalian Ras proteins are not overlapping.
This raises an important question—how does a Ras protein selectively regulate a particular activity?
One recently emerging model suggests that a single Ras protein can control different functions by
acting in distinct cellular compartments. A critical test of this model is to identify pathways that are
selectively controlled by Ras when it is localized to a particular compartment. A recent study has
examined Ras signaling in the fission yeast Schizosaccharomyces pombe, which expresses only one
Ras protein that controls two separate evolutionarily conserved pathways. This study demonstrates
that whereas Ras localized to the plasma membrane selectively regulates a MAP kinase pathway to
mediate mating pheromone signaling, Ras localized to the endomembrane activates a Cdc42 pathway
to mediate cell polarity and protein trafficking. This study has provided unambiguous evidence for
compartmentalized signaling of Ras.
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The mystery of cancer started to be unveiled in the early 1960s when the retroviral transfection
assay was used to systematically identify retrovirus that caused transformation of animal cells.
1 These studies led to the isolation of many “oncogenes.” However, it was not known whether
these oncogenes were “authentic” viral genes or whether they were, in fact, mutated forms of
human genes that had been hijacked by the virus. The latter possibility was proved in the early
1980s by the isolation from a human tumor of a mutated form of the H-ras gene that carried
the same mutation as the transforming v-ras found in the Harvey Sarcoma Virus.2 Mutations
in ras were found to be frequent in human tumors, and before p53 was discovered, ras mutations
were the most prevalent gene alteration found in human cancer. Enthusiasm for the study of
the ras oncogene was enhanced when it was appreciated that the gene product was a GTP
binding protein, a class of regulatory molecules whose biochemical properties were becoming
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widely known. These two seminal observations combined to raise early, and perhaps
premature, optimism that oncogenesis operates by simple rules.

Ras proteins, like most G-proteins, have rather simple biochemical properties that are well
understood. They bind GDP and GTP with similar affinity. Whereas Ras proteins are
biologically inactive in the GDP-bound state, the GTP-bound forms are active and can stimulate
the activities of effectors. Ras proteins are kept in the GDP-bound state through their intrinsic
but weak GTPase activity, which is enhanced by GTPase activating proteins (GAPs).3
Activation requires guanine nucleotide exchange factors (GEFs) that induce a conformational
change in Ras to open the nucleotide binding pocket, allowing the exchange of the bound GDP
for the free GTP present in tenfold greater abundance than GDP in the cytoplasm.4

Whereas on a biochemical level Ras operates as a simple binary switch, Ras signaling pathways
in cells are complex. There are three ras genes in mammals that encode four proteins, H-Ras,
N-Ras, K-Ras-4A and K-Ras-4B. All but K-Ras4A are ubiquitously expressed. These four Ras
proteins are nearly identical in amino acid sequences at the N-terminus, which includes the
domain that binds to GEFs and effectors. In vitro, each Ras isoform can be activated by any
one of several GEFs, and the human genome encodes many such proteins
(http://www.gdb.org/gdb/). Furthermore, each activated Ras can, in turn, regulate a long (and
growing) list of effectors.5 Despite the fact that these structurally similar Ras proteins possess
the same intrinsic ability to interact with many GEFs and effectors, they appear to have distinct
functions in vivo. For example, whereas mice lacking either N-ras or H-ras or both are viable,
K-ras is essential for embryonic development,6,7 and, in human tumors, mutations in K-ras
are far more frequent than those of H and N-ras.8 How a given Ras protein is coupled to a
particular set of GEFs and effectors in order to selectively regulate a specific signaling pathway
is of major interest to Ras biologists.

Although Ras proteins are nearly identical at their N-termini, they differ substantially at the
C-termini, where the final 10–20 amino acids are called the hypervariable region (Fig. 1A).
Thus, it seems reasonable to assume that the hypervariable region can determine signaling
selectivity. The hypervariable region contains amino acid residues that are the targets of the
covalent modifications that influence where Ras proteins localize in the cell. All Ras proteins
contain a CAAX motif at the C-terminus (where C is cysteine, A is an aliphatic amino acid,
and X is any amino acid) whose cysteine is farnesylated, a reaction catalyzed in the cytosol by
farnesyl transferase. Farnesylation facilitates the localization of Ras to the endoplastic
reticulum (ER, Fig. 1B), where the AAX amino acids of the CAAX sequence are proteolytically
removed and the farnesylated cysteine is then carboxyl methylated. Immediately upstream of
the CAAX box, all Ras proteins except K-Ras4B contain either one (N and K-Ras4A) or two
(H-Ras) additional cysteines which are palmitoylated on the Golgi. Palmitoylation targets these
Ras isoforms to the plasma membrane (PM). K-Ras4B, in contrast, does not have cysteines
that can undergo palmitoylation, but rather is targeted to the PM by a polylysine sequence
whose net positive charge is thought to interact with the negatively charged lipid head groups
of the inner leaflet of the PM.

The differences in the mode by which Ras proteins associate with various cellular membranes
appear to affect where they concentrate in the cell (Fig. 1B). At steady state, H and N-Ras can
be found on both the PM and Golgi, but K-Ras-4B is only detectable on the PM.9 This
difference in the localization of Ras proteins leads to a model whereby Ras proteins can localize
to different cell compartments in order to control different functions. Major support for this
idea came from a study by Chiu et al, in which H-Ras was engineered such that it could be
specifically targeted to the endomembrane (either Golgi or ER) of fibroblasts.10 These
ectopically expressed mutant H-Ras proteins could be activated on the endomembrane and
from this location stimulate three well-characterized Ras pathways (Erk, Akt and Jnk).
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Moreover, oncogenic Ras similarly targeted to the endomembrane was able to transform cells.
Endogenous H-Ras is also activated on the endomembrane, as demonstrated by “bystander”
fluorescence resonance energy transfer.10

The compartmentalized Ras model predicts that Ras in different subcellular locations can
regulate distinct functions, but this idea was not unambiguously validated by the studies of
Chiu et al. because the ectopically expressed, endomembrane-targeted Ras proteins activated,
to some degree, all Ras pathways studied without absolute selectivity. Compelling evidence
supporting compartment-specific signaling came from studies of the budding yeast
Saccharomyces cerevisiae, which contains two Ras proteins, Ras1 and Ras2.11 Adenylyl
cyclase was the first Ras effector identified in this (or any) organism,12 and was presumed to
act on the PM. Sobering et al have more recently identified an additional Ras effector in yeast
called Endoplasmic Reticulum Ras Inhibitor 1 (Eri1),13 which functions in the biosynthesis
of the glycosylphosphatidylinositol anchor, a process that occurs in the ER. Furthermore, Ras2,
when overexpressed, cofractionated with Eri1 in the ER in a GTP-dependent manner.14 Since
Ras2 is presumed to activate adenylyl cyclase on the PM, this study substantially strengthened
the compartmentalization model by showing that Ras2 can interact with a second effector on
a distinct compartment. However, in addition to Ras2, S. cerevisiae also expresses Ras1.
Therefore, as in mammalian cells, although one can alter one Ras pathway, one cannot be
certain that distinct signaling outcomes are regulated by the same molecule in different
locations. Thus a simpler system limited to one Ras isoform would offer a unique opportunity
to definitively test the compartmentalization model.

In contrast to budding yeast and mammalian cells, the fission yeast Schizosaccharomyces
pombe contains only one Ras ortholog, Ras1.15 Whereas wild type cells are elongated in cell
shape and can mate, ras1 cells are abnormally round and sterile. The sterility and round cell
shape are two phenotypes that are easily scored and they facilitated the identification of two
evolutionarily conserved Ras pathways.16–18 Ras1 regulates Byr2, a MAP kinase kinase, to
control mating through a MAPK regulated transcriptional program. Ras1 also regulates Scd1/
Ral1, a GEF for Cdc42, to control morphogenesis through the regulation of the cytoskeleton.
Because S. pombe contains a single Ras protein that regulates two effectors, it presents an ideal
system to study the mechanisms of Ras signaling selectivity.

In a study that was just published, Onken et al.19 tested the hypothesis that the two pathways
in S. pombe regulated by Ras1 are controlled from distinct subcellular compartments. The
authors constructed a pair of Ras1 mutants that are specifically targeted to the PM and
endomembrane, respectively. Ras1-C215S is restricted to the endomembrane due to a cysteine-
to-serine substitution that abolishes palmitoylation (Fig. 1A). Ras1-Rit is a fusion protein
wherein the C-terminal membrane trafficking region of Ras1 is replaced with the C-terminal
region of mammalian Rit, a nonCAAX GTPase that is targeted directly to the PM without first
trafficking through the endomembrane. Thus, Ras1-C215S is restricted to the endomembrane,
and Ras1-Rit is stringently restricted to the PM. Remarkably, Ras1-C215S, whether expressed
from the authentic ras1 promoter or overexpressed from a strong promoter in a multicopy
plasmid, restored cell morphology of ras1 cells but did not rescue sterility, while the converse
was observed with Ras1-Rit (Fig. 2A). Since protein binding studies showed that Ras1-C215S
and Ras1-Rit can bind both effectors as efficiently as wild type Ras1, the alternative possibility
that the mutations made to the Ras1 C-terminus have somehow altered their ability to interact
with the effectors is ruled out, leaving the difference in localization to explain the different
activities of the two mutants.

Like growth factors in mammalian cells, yeast mating pheromones signal across the PM, so
that it seems appropriate for Ras1 to localize to the PM to regulate the MAP kinase pathway.
Conversely, the Ras1-Cdc42 pathway has been shown to control, in addition to the
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cytoskeleton, protein trafficking.20–22 Therefore the endomembrane is a logical platform from
which Ras1 might be expected to regulate this function. These results have provided the clearest
demonstration thus far that compartmentalized Ras signaling is an evolutionarily conserved
mechanism allowing a single Ras protein to control different functions by regulating spatially
distinct pathways.

What additional challenges do we face in elucidating compartmentalized Ras signaling?
Palmitoylation is the rate-limiting step in determining whether H, N, and K-Ras-4A proteins
are trafficked to the PM. Is this step regulated? Magee et al.23 found that the half-life of N-Ras
was significantly longer than that of its palmitate group, establishing a depalmitoylation
pathway. Recently, Goodwin et al.24 and Rocks et al25 discovered, using GFP-tagged N-Ras
and H-Ras, a retrograde pathway of Ras trafficking from the PM to the Golgi that was dependent
on a cycle of palmitoylation/depalmitoylation (Fig. 1B). Although these results provide
compelling evidence for a palmitoylation/depalmitoylation cycle for N-Ras and H-Ras in
mammalian cells, how this cycle is regulated and how it impacts on signaling remain unclear.

Compartmentalized Ras signaling from various subcellular compartments does not fully
explain isoform differences in Ras signaling. For example, despite the fact that all Ras isoforms
are found at the PM, neither N-Ras nor H-Ras can compensate for the absence of K-Ras in
embryonic development. Clearly what is unique about K-Ras is not fully explained by its
association with the PM. One extended view of the compartmentalization model suggests that
various Ras isoforms may function in different membrane microdomains. Indeed, whereas N-
Ras and H-Ras are enriched in liquid-ordered, cholestrol-rich microdomains known as lipid
rafts, K-Ras4B is enriched in distinct microdomains that are disordered.26 Much needs to be
done before we understand how differential localization to the lipid rafts can lead to distinct
signaling output. Nevertheless, the study of Ras and lipid rafts has illuminated the possibility
that the PM has a complex geography, which may profoundly impact signaling.

If Ras signaling is compartmentalized, are there upstream and/or downstream signaling
elements that are similarly spatially segregated? There is evidence that GEFs and effectors can
cosegregate with their cognate Ras proteins. In mammalian cells a Ras GEF called RasGRP1
localizes to the Golgi to activate N- and H-Ras that concentrate on that organelle.27 RasGRP1
is activated by Ca2+ and diacylglycerol, both of which are rich in the endomembrane and thus
may explain why Ras1GRP1 has relatively high affinity for Golgi membranes. By contrast,
while recruitment of Sos to the PM by the receptor tyrosine kinase-Grb2 complex has long
been predicted by protein-protein interaction experiments,28 so far full-length Sos is mainly
detectable in the cytosol and its translocation to the PM has not been reported. Thus, it remains
possible that many GEFs may cosegregate with Ras only transiently. The S. pombe Ras
pathways may again serve as a valuable model system to analyze the roles of GEFs since the
two Ras pathways are specifically regulated by two distinct GEFs (Fig. 2A).29 In mammalian
cells, activated Ras recruits Raf to the PM30 and in S. pombe Byr2 translocates to the PM upon
the onset of sexual differentiation.31 In mammalian cells, Cdc42 localizes to the endomembrane
upon release from Rho-GDI,32 and in S. pombe Cdc42 localization is indistinguishable from
that of endomembrane-localized Ras1.20 It remains unclear how many GEFs and effectors are
intrinsically localized to a particular compartment and how many are somehow recruited to
these compartments in response to signals.

The study of Ras signaling selectivity has more clearly than ever illustrated the importance of
the complexity of the architecture of the cell and the dynamic interactions between cell
compartments. Thus, to better define the roles of Ras proteins in cancer, it seems insufficient
to simply know whether they are overexpressed or carry oncogenic mutations in a particular
type of tumor. Rather, one must also decipher where in the cell they concentrate. This
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information could conceivably facilitate cancer diagnosis and the design of targeted
interventions.
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Figure 1.
The hypervariable regions of Ras proteins influence where they localize in the cell. (A) The
membrane targeting sequences within the hyper-variable regions of indicated Ras proteins from
humans and S. pombe are shown. The cysteine residue that is the target for farnesylation is
marked in green while that for palmitoylation is marked in red. The polylysine region in K-
Ras-4B is underlined. (B) In human cells, newly synthesized Ras proteins localize in the
cytoplasm and are devoid of lipidation. N, H, and K-Ras4A (represented by a grey box) are
first farnesylated (green circle) to associate with the endomembrane. These proteins are further
palmitoylated (red triangle) in the Golgi to localize to the PM, and these proteins can return to
the Golgi by depalmitoylation. The polylysine region (red + signs) in K-Ras-4B provides an
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alternative mode of association with the PM because it interacts with the negatively charged
lipids on the inner leaflet of the PM.
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Figure 2.
Spatial segregation of S. pombe Ras1 pathways. The Ras1-Byr2 (MAP kinase) pathway signals
from the PM to mediate cross-membrane signaling during mating. The Ras1-Scd1 (Cdc42)
pathway regulates uncharacterized intracellular signals to control protein trafficking. Each
Ras1 pathway is specifically activated by a GEF. The Ras1-Byr2 pathway is regulated by Ste6,
while Efc25 selectively regulates the Ras1-Scd1 pathway. The farnesyl modification is
indicated with a branched, unsaturated polyisoprene chain while palmitoylation is indicated
with an acyl chain.
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