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Abstract
Ras proteins are proto-oncogenes that are frequently mutated in human cancers. Three closely
related isoforms, HRAS, KRAS and NRAS, are expressed in all cells and have overlapping but
distinctive functions. Recent work has revealed how differences between the Ras isoforms in their
trafficking, localization and protein-membrane orientation enable signalling specificity to be
determined. We review the various strategies used to characterize compartmentalized Ras
localization and signalling. Localization is an important contextual modifier of signalling
networks and insights from the Ras system are of widespread relevance for researchers interested
in signalling initiated from membranes.
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Introduction
Ras GTPases sit near the top of signalling pathways regulating cell proliferation,
differentiation and apoptosis. All cells harbour three Ras isoforms: H-Ras, K-Ras and N-Ras
encoded by separate genes. Despite a high degree of sequence homology Ras isoforms are
not functionally redundant. This is surprising given that the regions of the proteins that
determine interactions with effectors that mediate downstream signalling, with GDP/GTP
that mediates Ras activation state and with regulatory proteins that turn on and off Ras, are
identical between the Ras isoforms.

Ras proteins are activated by cell surface receptors and their predominant plasma membrane
localization has meant that for many years this was believed to be the exclusive site of
action of Ras. More recently with the application of improved imaging and protein
modification technologies intracellular pools of Ras have been identified and location-
specific functions assigned. This is thought to be due to different pools and concentrations of
regulators and effectors localized in each compartment that enables different types of
signalling to be generated from each location. Since the main difference between Ras
isoforms is their overlapping but distinctive subcellular localizations, compartmentalized
signalling is believed to contribute to the lack of functional redundancy between the Ras
isoforms.
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Whilst the last decade has generated detailed mechanistic understanding of
compartmentalized Ras signalling there is still debate over the extent to which this is
important for cell function. An extreme view is that this is an experimental artifact since
most work has had to rely on over-expression of tagged or mutated Ras proteins that distort
the balance of normal signalling. In this review we will discuss the evidence for
compartment-specific Ras signalling and how it contributes to normal Ras function.

Normal and mutant Ras signalling
Ras proteins are 21kDa molecular switches that cycle between the inactive GDP-bound
conformation and the active GTP-bound conformation (Figure 1). Guanine nucleotide
exchange factors (GEFs) activate Ras by catalysing the release of GDP, facilitating GTP
binding due to its 10-fold higher concentration than GDP in the cytosol [1]. GTP binding
induces a conformational change in the Ras switch domains (Switch 1: residues 30-40 and
Switch 2: residues 60-76) revealing an effector binding site [2]. Ras has an intrinsic GTPase
activity that will return the protein to the inactive GDP-bound state. This process is normally
slow however GTPase activating proteins (GAPs) bind GTP-bound Ras and speed this up
≥1000-fold to ensure rapid inactivation.

GEFs and GAPs consist of large families that provide varied cell and organelle-specific
options for spatio-temporal regulation of Ras signalling. The classic example of a Ras GEF
is Sos that is recruited via the adaptor Grb2 to activated receptor tyrosine kinases on the
plasma membrane. Cell surface recruitment of Sos enables interaction with and activation of
GDP-bound Ras. More recently a second Ras binding site was identified on Sos that
recognises GTP-bound Ras enabling a positive feedback loop where active Ras stimulates
further Ras activation [3]. An alternative mode of Ras activation via second messengers
such as diacylglycerol (DAG) that causes translocation and activation of the GEF RasGRP1
[4]. Whilst Sos activity appears to be limited to the plasma membrane, RasGRP1 plays an
important role in determining compartment-specific Ras functions that regulate thymocyte
selection [5, 6].

Ras proteins activate signalling pathways by recruiting effectors to membranes; this results
in conformational changes in effectors and/or facilitates interactions with activating proteins,
cofactors or substrates necessary for signal propagation. Over 20 Ras effectors have been
identified although most work has focussed on the Raf protein kinase family (A-Raf, B-Raf
and c-Raf-1) and the PtdIns-3 kinase (PI3K) family members that regulate cell proliferation
and survival respectively (Figure 1; [7, 8]). Both Ras isoform- and compartment-specific
regulation of these effectors have been characterized [9-12].

Mutations that increase Ras activity have been shown to lead to developmental disorders and
cancer. Importantly, they also provide some of the best evidence for isoform-specific Ras
functions. Whilst K-Ras is the only isoform required for normal mouse development, human
developmental disorders reveal a spectrum overlapping syndromes (Noonan, Costello,
cardio-facio-cutaneous and autoimmune lymphoproliferative) associated with germ-line
mutations of each Ras isoform [13, 14]. Each syndrome is phenotypically distinctive and
associated with a specific Ras isoform that has a heterozygous mutation resulting in mild
impairment of GDP/GTP binding or GAP interaction.

More potent somatic Ras mutations drive cancer development. On average, 16% of human
cancers harbour mutations to codons 12, 13 or 61 that render Ras constitutively active due to
significant impairment of GAP stimulation of Ras GTPase activity [15]. Intriguingly, there
is a bias in the pattern of Ras isoform mutation rates with K-Ras being the most frequently
mutated (20% of human cancers) and H-Ras rarely found mutated (2-3% human cancers). In
isogenic cell and mouse models K-Ras is more potent than the other isoforms at supporting
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transformation and oncogenesis [16, 17]. The reason for this is not understood but may be in
part related to relative abundance (K≥N⪢H in many cell types; [18]), differential abilities to
induce apoptosis [19], and/or K-Ras specific functions in promoting endodermal cancer
stem cell proliferation [20].

Together these observations point to in vivo functional differences between the Ras isoforms
however they are highly homologous sharing 100% sequence identity in the regions that
matter for regulating activation state and effector interactions. The only region of significant
difference between the isoforms is the C-terminal 23-24 residue hypervariable region (HVR)
that has been shown to be important for membrane interactions and determining localization.
For this reason compartmentalization has emerged as the most likely mechanism for
explaining isoform-specific Ras function.

Ras trafficking and localization
Synthesis, processing and trafficking to the plasma membrane

Ras proteins are synthesized in the cytosol and need subsequent post-translational
modifications to enable them to stably associate with membranes where they can function.
All three isoforms have a CAAX motif on their extreme C-termini that is sequentially
processed; firstly the cysteine is isoprenylated by farnesyl protein transferase. This
facilitates endoplasmic reticulum (ER) association where the AAX motif is cleaved off by
Ras-converting enzyme 1 (Rce1) and finally the farnesylated cysteine is carboxymethylated
by isoprenyl cysteine transferase (Icmt) [9]. Other motifs are necessary to improve the weak
membrane binding afforded by the farnesyl moiety. These consist of either stretches of
positively charged lysine residues that enable electrostatic interactions with negatively
charge phospholipid headgroups or alternatively further lipid modifications with palmitoyl
groups (Figure 2) [21].

The basic hexalysine patch present in the major K-Ras splice variant K-Ras4B (hereafter
referred to as K-Ras) together with the farnesyl group is necessary and sufficient for plasma
membrane localization of K-Ras via a Golgi-independent cytosolic route [22, 23]. Similarly
to the minimal targeting motifs on K-Ras, the farnesyl group and two palmitoyl groups on
cysteines 181 and 184 of H-Ras specify targeting to the plasma membrane via the Golgi and
transport vesicles [22, 23]. Unexpectedly the monopalmitoylated isoform N-Ras was shown
to require additional hydrophobic/basic residues located upstream in the HVR to provide
further membrane affinity to enable stable plasma membrane localization [24]. The K-Ras
splice variant K-Ras4A is also monopalmitoylated but contains an adjacent basic patch that
is sufficient to stablise membrane interactions and allow plasma membrane localization [24].

Reversible membrane interactions
Importantly, both the polybasic electrostatic membrane interactions and the palmitoyl lipid
groups enable reversible interactions with membranes and facilitate dynamic associations
with multiple subcellular compartments. K-Ras membrane interactions appear to have a very
short half life of a few minutes [25].The main reason for accumulation at the plasma
membrane is because of its net negative charge versus other intracellular locations [26]. An
implication of this short membrane residency is that K-Ras does not have an intrinsic
capacity to traffic between compartments via membrane carriers. In contrast, palmitoylated
Ras proteins are more stably associated with membranes and traffic post-Golgi via
membrane carriers that may include the recycling endosome to reach the plasma membrane
[27]. Unlike the farnesyl lipid attachment, the palmitoyl groups can be cleaved off Ras by a
thioesterase dramatically reducing membrane avidity and causing translocation to the
cytosol. Chemical biology studies and subsequent work using an inhibitor of
acylproteinthioesterase 1 (ACPT1) revealed that when the palmitoyl groups of H- or N-Ras
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cannot be removed the protein end up labelling all membranes [28, 29]. Therefore the
dynamics of the acylation/deacylation cycle are critical for ensuring correct localization of
the palmitoylated isoforms. When H- and N-Ras become depalmitoylated they return to the
Golgi complex for a new round of palmitoylation and trafficking to the surface [30, 31].
This can happen many times in the life of the protein. The number of palmitoyl groups
determine the half-life of membrane association and relative Golgi accumulation, with
monopalmitoylated N-Ras displaying stronger perinuclear Golgi staining than
dipalmitoylated H-Ras in many cell types.

The ability of palmitoyl groups to partition into specific membranes provides a second
dynamic feature of this modification. The palmitoyl groups sit next to an adjacent linker
domain in the HVR that is highly flexible resulting in significant fluctuations in the depth of
insertion of the palmitoyl groups [32, 33]. This is stabilised by the basic residues that sit in
the hydrophobic/basic patch within the HVR linker domain [34]. It has been demonstrated
that changes in Ras conformation associated with GDP or GTP binding modulate whether
these basic residues can interact with the plasma membrane. This has consequent effects on
the orientation of the Ras for effector binding and partitioning of Ras in specific signalling
domains to enable isoform-specific signalling [35, 36]. This will be discussed in more detail
in the section about plasma membrane signalling domains.

Endomembrane trafficking
Whilst all isoforms display their predominant localization at the plasma membrane, a variety
of other organelles in addition to the ER/Golgi complex have also been identified as
accessible to Ras proteins. Perhaps the least unexpected and most interesting from a
signalling point of view is the endosome. Studies in the 1980’s and 1990’s established the
role that endocytosis and the endosome plays in modulating signalling from growth factor
receptor tyrosine kinases such as EGF receptor [37-39]. Upon activation, the majority of cell
surface EGF receptor rapidly internalises via a clathrin-mediated pathway to the endosomal
system. Although removed from the external source of activating growth factors the
receptors remain ligand bound in the early endosomal system and capable of initiating
cytoplasmic signalling until they are sorted into internal vesicles within endosomes.
Therefore the endosome is a bona fide signalling platform and contains many key
components of Ras signalling pathways.

All Ras isoforms have been localized to the endosomal system although relatively few
studies have characterized K-Ras on endosomes compared to H-and N-Ras. Apart from the
post-Golgi trafficking described earlier for H- and N-Ras the other route for endosome
accumulation of palmitoylated Ras is via conventional clathrin-mediated endocytosis [40].
Whether this is part of a receptor complex or as a passenger during the bulk flow of
membrane internalisation during receptor-mediated endocyosis is unclear. Cell surface
receptors can be flagged for endocytosis and sorting using ubiquitin; something similar
happens for H-, and N-Ras but not K-Ras that are di-ubiquitinated promoting endocytosis
and endosomal accumulation [41]. For K-Ras both clathrin-mediated trafficking and a
calcium/calmodulin mediated switch causing translocation to the cytosol have been
proposed to mediate late endosomal or recycling endosomal accumulation respectively [42,
43]. Given the short half-life of K-Ras on membranes (t1/2 of few minutes; [25]) this
conventional clathrin-mediated membrane trafficking is hard to explain and further work is
needed to reconcile these observations.

At the endosome various protein-protein and protein-lipid interactions may contribute to
retention and sorting of Ras. One recent example proposed involves FERM-like domains
that interact with Ras proteins. PX-FERM-like domain containing proteins on endosomes
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such as SNX17 and SNX27 are suggested to scaffold retention and recycling of trafficked
receptors and Ras proteins on this organelle [44].

Finally, Ras has also been observed on the mitochondria. Philips and colleagues showed in a
variety of mammalian cell types that protein kinase C (PKC)-dependent phosphorylation of
Ser181 on K-Ras antagonises the polybasic domain interaction with the plasma membrane
[45]. This promotes translocation to the cytosol and accumulation on the mitochondria
where it triggers apoptosis [45, 46]. The reason for the accumulation on mitochondria versus
any other organelle is unclear and may be driven by the specific membrane content of this
organelle or via protein-protein interactions such as the Bcl-XL interaction characterized in
the Philips study.

All of the localization studies described required the over-expression of tagged and mutant
forms of Ras to dissect the targeting and trafficking mechanisms. Endogenous Ras
localization has been rarely studied; H-Ras is below antibody detection sensitivity whilst K-
Ras and N-Ras appear predominantly localized to the plasma membrane with additional
limited perinuclear localization associated with N-Ras [47]. Consequently, whilst it is clear
which compartments are accessible to Ras proteins, the relative abundance of endogenous
Ras isoforms within these locations remains to be accurately determined.

Evidence for compartment-specific Ras signalling
The challenge when studying compartment specific signalling is to separate it from the
predominant signalling emanating from other locations such as the plasma membrane.
Various methods are used to achieve this that mostly involve either expression of mutant or
targetted Ras proteins or reporters of Ras output. An independent indicator of compartment
competency to support Ras signalling is the presence of activators, effectors and co-factors
for the Ras pathway. In the following section we will discuss how these modes of analysis
have been used in complementary studies to provide evidence for compartmentalized Ras
signalling.

Evolutionarily ancient origins
Fungal species and Dictyostelium utilise location-specific Ras signalling to control
phenotypic outputs. Yeast use Ras signalling via cdc42, MAP kinase and adenylate cyclase/
cAMP pathways to regulate many phenotypes including growth, morphogenesis, stress
responses and mating [48, 49]. In the budding yeast Saccharomyces cerevisiae there are two
Ras isoforms: Ras1 and Ras2, that are both mono-palmitoylated. As in mammalian cells,
these Ras isoforms are not functionally redundant and compartment-specific effectors and
responses have been proposed to mediate this [50]. The fission yeast Saccharomyces pombe
provides a simpler system for Ras study because it harbours only one isoform: Ras1. In S.
pombe, Ras1 signalling via Byr2 activates MAP kinase in response to pheromones to control
mating whereas Ras1 signalling via Scd1/cdc42 regulates the cytoskeleton to maintain an
elongate morphology. Eric Chang and colleagues employed a Ras targetting approach to
exclusively restrict Ras to either endomembranes or plasma membrane in S. pombe to
investigate these phenotypic responses with striking results. A palmitoylation deficient
endomembrane-localized Ras1 stimulated morphogenesis but not the mating pathway
whereas the Byr2/MAP kinase mating response was only stimulated from the plasma
membrane [51]. Given the potential for signalling artefacts associated with over-expression
studies, the authors were careful to optimise exogenous expression of endomembrane and
wild type control Ras1 to levels equivalent to endogenous Ras1 however the extent to which
these levels compared with plasma membrane Ras was not evident. Despite this omission,
this study represents the best example to date of this type of Ras targetting approach because

Prior and Hancock Page 5

Semin Cell Dev Biol. Author manuscript; available in PMC 2012 October 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



of the simplicity of the system, the mechanistic understanding of compartment influence on
the pathways generated and the clear phenotypic differences in output.

Related work with the human fungal pathogen Cryptococcus neoformans also revealed
compartment-specific Ras effects on mating and morphogenesis. In this organism Ras1 is
dipalmitoylated and endomembrane localized palmitoylation deficient mutants were mating
competent but displayed impaired morphogenesis, both observations in direct contrast to the
results in S. pombe [52]. This reveals that whilst compartmental Ras signalling appears
generic in fungal species, the specific pathways and phenotypes that are regulated from
distinct locations may be highly variable.

A smaller scale of compartmentalization is via sub-domains within an organelle. An
example of this is the plasma membrane that we now know is organised over various length
scales from nanoscale signalling domains to larger regions such as primary cilia and
migratory leading edges. Dictyostelium exhibits compartmental Ras signalling within the
leading edge to enable directed migration in response to chemical gradients [53, 54]. Of the
11 Ras genes in this organism, RasC and RasG mediate cAMP-dependent chemotaxis [55].
Both of these proteins localize throughout the plasma membrane but GFP-based reporter
assays reveal localized activation at the leading edge [54]. Whilst the mechanisms for this
are still being defined, a negative feedback loop involving PI3K signalling to the RasGEF
Aimless appears to be important [53]. These data highlight a key feature of
compartmentalized Ras signalling in that whilst Ras isoforms may display spatially
distinctive distributions, spatiotemporal Ras GEF and GAP activity is equally if not more
important. Despite this, many of the approaches used to investigate Ras signalling uncouple
the experiment from these regulatory mechanisms through use of mutationally active Ras
proteins.

ER and Golgi Ras signalling
Whilst all Ras isoforms localize to the ER, Ras localization to the Golgi is well established
for isoforms that are palmitoylated en route to the plasma membrane. Localization studies,
albeit of over-expressed isoforms reveals the Golgi as the most obvious endomembrane
compartment for Ras [9]. Various methods employed by several labs have been used to
measure Ras signalling from the Golgi however there remains some debate about whether
bona fide signalling occurs from this location. Evidence against is principally based on work
using a fluorescent reporter based on the Ras binding domain (RBD) of Raf that recognises
GTP-bound Ras. Triplet RBDs attached to GFP enable clear visualisation of endogenous
Ras signalling at the plasma membrane in response to T-cell receptor stimulation in Jurkat
T-cells [56, 57]. These cells are classically associated with Golgi Ras signalling however, no
perinuclear fluorescence indicative of Golgi Ras activation was observed even when
employing strategies to further increase endogenous Ras activation. Despite this, a negative
result is not evidence of the opposite and questions remain about whether the reporter is
sensitive enough to detect endogenous Golgi Ras signalling.

The authors argue that evidence for Golgi Ras activation seen in other studies are a
consequence of over-expression however alternative imaging strategies have detected
endogenous Golgi Ras activation and the GEFs and GAPs regulating this. Using an
innovative bystander FRET approach, localized activation of endogenous Ras on the Golgi
of COS-1 cells was observed 10-20 minutes after stimulation with insulin [58]. Therefore
whilst plasma membrane Ras activation is transient, endomembranous ER/Golgi Ras
activation is sustained. Building on these observations in combination with exogenous
expression of H-Ras, it was shown that a variety of growth factors could stimulate Ras in the
ER/Golgi with similar kinetics [58]. Differential activation of effectors from ER and Golgi
was observed with Golgi-Ras poorly able to active ERK and Akt compared to ER-targetted
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Ras [59]. In contrast to these data are experiments where Raf was targeted to the ER or
Golgi, in this case Golgi-Raf more potently activated ERK compared to ER-Raf [60].

Two compatible modes of ER/Golgi Ras activation have been proposed, one involving in
situ GEF activity the other diffusion of activated GTP-bound Ras from the plasma
membrane. The relatively slow time-course of endomembrane Ras activation would be
consistent with both models. The GEF model is supported by work localising GEFs and
revealing the role of second messengers DAG and Ca2+ in activating localized GEF
responses. Several GEF families have been localized to the ER [9, 61], and RasGRP1 has
been specifically shown to activate Ras on the Golgi following PLC-γ generation of second
messengers [58, 62, 63]. Since Ras GRP1 is not ubiquitously expressed and given the known
reversible interactions of palmitoylated Ras with membrane the alternative active Ras
cytoplasmic diffusion model has been proposed to predominate in some cells [29, 64]. In
this case whilst EGF was able to stimulate K-Ras signalling at the plasma membrane, there
was no detectable activation of a Golgi-targetted Ras. The only conditions where Golgi-
localized Ras activation was observed was with H-Ras that could localize to the plasma
membrane and undergo depalmitoylation [64]. Since individual Ras molecules are activated
for less than a second [65], this suggests that the activation/depalmitoylation cycle must be
very tightly coupled to enable GTP-bound Ras to be released from the membrane. The
authors also found that the ER is a second critical regulator of Golgi Ras activity due to local
GEF/GAP activity on Ras that transiently localizes to the ER en route to the Golgi [64].
Further support for the translocation of active Ras from the plasma membrane to the Golgi
recently came from a combined EM/FRAP investigation of N-Ras signalling. In this case
both N-Ras activation and fibronectin induced clustering of cell surface signalling domains
was required to promote depalmitoylation and translocation [66].

Using a targetted Ras approach, ER-Ras was found to be capable of stimulating
transformation and proliferation equivalent to that seen for oncogenic H-Ras [58, 59].
Despite or perhaps because of similar levels of expression, Golgi Ras was incapable of
stimulating these responses. The difficulty with interpreting the relative responses of this
type of experiment is that the final concentration of Ras on each organelle cannot be
accurately determined or titrated. An interesting alternative approach that can generate
localized endogenous Ras activation is through targetting Ras GEF activity. This involves
chemically induced dimerisation to acutely induce localization of RasGRF to the plasma
membrane or Golgi [67]. Intriguingly, endogenous phospho-ERK labelling was localized as
normal to the nucleus in response to plasma membrane Ras but was restricted to the Golgi
following Golgi Ras activation – presumably due to interactions with the Golgi localized
scaffold Sef [68].

Both positive and negative roles for the Golgi and ER in regulating Ras pathway signalling
have been identified. The Raf binding protein RKTG and the MEK/ERK scaffold Sef have
both been localized to the Golgi [68, 69]. Whilst Sef modulates MAPK signalling by
retaining ERK in the cytosol, RKTG is a negative regulator by sequestering Raf kinases to
the Golgi surface in an inactive conformation [70]. Notably, even mutationally active Raf
was unable to activate MEK-ERK when bound to RKTG. The mechanism for this inhibition
is unclear and seems likely to extend beyond the proposed simple sequestration model
proposed by the authors since RKTG is bringing Raf to a compartment that contains the
other components of the Ras-MAP kinase cascade.

Finally, there are good examples of ER and Golgi Ras signalling where endogenous Ras has
been shown to regulate specific responses. Using the triplet-RBD probe to visualise and cell
fractionation to detect endogenous Ras activation and siRNA to knock-down endogenous
Ras, Terada and colleagues demonstrated that ER-localized K-Ras stimulates the unfolded
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protein response (UPR) and autophagy in HUVEC cells in response to oxidative stress [71].
Another example is lymphocyte selection where endogenous Golgi Ras activation results in
positive selection whereas plasma membrane Ras activation results in negative selection [5].
Whist the ER/Golgi has been the most intensively studied location for Ras signalling, other
endomembranes are also associated with Ras signalling.

Other locations for Ras signalling
Both the endosomal system and mitochondria have been implicated as hosts for Ras
signalling. Fluorescence imaging of tagged Ras isoforms and endogenous Ras detection
following subcellular fractionation have revealed Ras accumulation on endosomes following
growth factor stimulation [38, 72, 73]. Inhibition of dynamin-dependent endocytosis inhibits
activation and downstream signalling of endogenous and over-expressed H-Ras and N-Ras
but not K-Ras [9, 74]. This is surprising given that K-Ras has been observed on
multivesicular bodies/late endosomes [22, 43]; and that K-Ras localization to late
endosomes putatively occurs via conventional clathrin-mediated endocytosis and sorting in
the early endosome [42, 43]. Dynamin-dependent endocytosis includes both clathrin-
dependent and clathrin-independent pathways. An example of a clathrin-independent
pathway is the route to Arf6-associated endosomes. Fluorescence microscopy of tagged Ras
and effectors revealed accumulation on these structures of both H-Ras and K-Ras together
with signalling phosphoinositides and Akt but not Raf indicating specific effector coupling
[75, 76].

Ubiquitiination specifies endocytosis of H- and N-Ras although it should be noted that less
than 2% of total Ras is ubiquitinated and this is not changed by the GDP/GTP-bound status
of Ras [41]. Mutations of H-Ras that abrogate ubiquitination result in enhanced activation of
downstream Raf-MAPK [41]. This was interpreted to be due to enhanced plasma membrane
association of Ras however there would also be no ubiquitin-dependent sorting of Ras into
internal vesicles of endosomes and subsequent degradation in lysosomes that together would
normally downregulate signalling.

To what extent endosomal compartments proportionally or uniquely contribute to total Ras
signalling is poorly understood. A recent study however utilising targeted Ras constructs
came to the provocative conclusion that palmitoylation-deficient endomembane Ras is much
more potent at transforming NIH3T3 cells than plasma membrane restricted Ras [77]. This
difference in potency was due to endomembrane Ras being able to activate cdc42 that is
normally localized on endosomes.

Mitochondria represent the most mysterious location for Ras signalling. Both K-Ras and N-
Ras have been localized to mitochondria using fluorescence microscopy and subcellular
fractionation. At this location, K-Ras interacts with Bcl-XL triggering apoptosis whilst N-
Ras initiates retrograde signalling to the nucleus [45, 78]. Whilst PKC triggers K-Ras
translocation to mitochondria to initiate apoptosis in COS-1 and Jurkat T-cells, mitochondria
are targets for antiapoptotic Ras signalling in cancer cells. In this case activated ERK in
various K-Ras transformed cancer cells localizes to mitochondria to reduce sensitivity of the
mitochondrial permeability transition pore that opens to initiate a terminal apoptotic
signalling cascade [79]. Therefore whilst in normal and some cancer cells Ras signalling via
PI3K and ERK targets the mitochondria to protect against apoptosis, direct interaction of
Ras with this organelle subverts this process and triggers cell death.

In this section we have seen how different intracellular locations support Ras signalling to
control key cellular phenotypes. Classically, Ras signalling is associated with the cell
surface and this represents the predominant location for all Ras isoforms. Work in recent
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years has revealed how this platform consists of a mosaic of different signalling domains
that modulate signal flow across the membrane and regulate isoform-specific interactions.

Plasma membrane signalling domains
The plasma membrane is a complex, dynamic, non-equilibrium mixture of >7000 species of
phospholipid, ~30-40mol% cholesterol and ~25% by mass of integral and peripheral
membrane proteins. Immediately underneath the lipid bilayer, which itself is asymmetric in
composition, is an actin mesh that interacts with and impedes the lateral diffusion of trans-
membrane proteins [80-82]. The plasma membrane is therefore not well mixed on many
length and time scales, which results in non-random distributions of proteins and lipids
within the membrane [83-85]. The lipid anchored Ras proteins provide an excellent example
of the outcome of the complex biophysics of diffusion on the plasma membrane.

Ras proteins are arrayed in a mixture of immobile clusters and freely diffusing monomers.
Each cluster is estimated to be in the range of 12-24nm in diameter, to comprise 6-7 Ras
proteins and to have a lifetime of 0.1-1s [86, 87]. Ras clusters, which because of their size
are generally called nanoclusters, are therefore transient, dynamic entities that are constantly
forming and disassembling. The formation of Ras nanoclusters involves interplay between
the C-terminal lipid anchor, the adjacent hypervariable region and G-domain of Ras with
specific phospholipids and cholesterol in the lipid bilayer [88]. In consequence H-, N- and
K-ras all operate in spatially distinct, non-overlapping nanoclusters [86]. There is further
lateral segregation according to activation state, such that Ras.GDP- and Ras.GTP
nanoclusters are spatially distinct for each isoform [89, 90]. Each Ras nanocluster has
different structural properties, for example H-ras.GDP and N-ras.GTP nanoclusters are
cholesterol dependent whereas all other Ras nanoclusters are not [87, 90-93]. For certain
nanoclusters specific scaffold proteins are utilized, to date galectin-1 and galectin-3 have
been identified as selective scaffolds for H-Ras.GTP and K-ras.GTP nanoclusters
respectively [46, 94-96], whereas nucleolin and nucleophosmin can stabilize K-ras. GTP and
K-ras.GDP nanoclusters [97, 98].

A major question has been how the conformational state of the G-domain can regulate
membrane Ras / membrane interactions, that in turn drive Ras into distinct types of
nanocluster. Initial insights into this problem were gained through molecular dynamic
simulations and validated by cell imaging [34, 99, 100]. We now have a fairly clear
understanding of the molecular mechanisms that drive H-Ras nanoclustering and the
expectation is that similar principles operate for other isoforms [101]. GDP-H-ras membrane
anchorage is predominantly stabilized through two basic residues R161 and R164 in the
HVR in association with the adjacent membrane anchor [34, 36, 102]. Within the anchor the
two palmitates are in an extended, ordered conformation that are able to engage Lo phase
lipids in the membrane and assemble into cholesterol-dependent Lo nanoclusters. GTP-
loading triggers structural rearrangements in the classical switch regions I and II to operate a
novel “switch III” mechanism. Switch III, which comprises the β2-β3 loop and helix α5,
pulls R169 and K170 off the membrane [35, 99]. This allows the whole G-domain to rotate
and for basic residues in helix-α4 to bind membrane phospholipids and stabilize the new
orientation [34, 36, 102]. Simultaneously the palmitates of the lipid anchor become
disordered and unable to engage Lo domains. The GTP-orientation is recognized by
cytosolic galectin-1, which binds and provides further stability [35, 99]. The stabilized H-
Ras.GTP/ galectin-1 complex in turn undergoes homotypic assembly into H-ras.GTP
nanoclusters [35, 94, 101]. The RBD of Raf and PI3K also recognize the orientation of the
G-domain with respect to the membrane: mutation in the HVR or helix a4 that prevent GTP-
driven reorientation abrogate H-ras signal output [35, 36]. Interestingly, certain germline
mutations in Noonan’s syndrome that are associated with increased Ras signalling perturb
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the putative switch III, presumably by stabilizing the effector preferred G-domain
orientation [103]. The G-domain orientations of GTP-loaded K-, N-, and H-ras required for
optimal effector binding are all different [35]. This observation coupled with the different
proteolipid content of the distinct non-overlapping nanoclusters likely accounts for the
different signal output and in vivo biochemical diversity of the Ras isoforms [35].

An interesting property of the plasma membrane distribution of Ras proteins is that the ratio
of clustered to monomeric Ras is relatively constant over a multilog concentration range
[87]. This non-equilibrium property of the Ras distribution is shared by GPI-anchored
proteins [104, 105]; the cellular mechanisms that actively maintain these distributions are
not understood, but may be related to dynamic turnover of the submembrane actin mesh
[106]. Whatever the mechanism it contributes to an important emergent property of the Ras
signalling system. The fixed clustered fraction delivers a linear relationship between
Ras.GTP levels and number of Ras.GTP nanoclusters on the plasma membrane [107].
Nanoclusters are the sole sites for activation of the Raf/MEK/MAPK cascade on the plasma
and scaffolding the MAPK module in nanoclusters renders the biochemistry switch-like,
such that the same ERKpp output is generated for all Raf kinase inputs [46, 60, 107, 108].
Each nanocluster therefore operates as a transient, low threshold digital switch that dumps a
fixed quantum of ERKpp into the cytosol. The Ras nanocluster system therefore turns the
plasma membrane into an analog-digital-analog (ADA) signal converter that transduces the
strength of a growth factor signal into a corresponding level of cytosolic activated ERKpp
with high fidelity [107-110].

A critical feature of the plasma membrane ADA converter is that the gain of the Ras.GTP to
ERKpp signal response is set by the clustered fraction, since this determines what proportion
of the total Ras-GTP generated is assemble into signalling nanoclusters. As the clustered
fraction is reduced, the ERKpp signal response to a given growth factor stimulation is
decreased, even though the total amount of Ras.GTP generated is unchanged [109, 110].
Therefore biological or pharmacological manipulations of the plasma membrane that
changes the spatiotemporal organization of Ras could potentially perturb Ras signalling,
even without changing the amount of Ras.GTP. Indeed two examples of recent work suggest
that this is possible. Growth in n-3 polyunsaturated fatty acids (PUFA) can modulate Ras
clustering [111, 112], and a variety of NSAIDs stabilize Lo domains in model and biological
membranes [113]. These amphiphilic drugs have pleiotropic activities that extend well
beyond COX inhibition, some of which may be explained by perturbation of Ras
spatiotemporal dynamics [114]. Novel therapeutic possibilities for targeting Ras
nanoclustering in oncogenically transformed cells follow from these studies.

Discussion
We have seen that various mechanisms can ensure signalling specificity of the Ras isoforms.
Critical amongst these are their relative abundance and localized concentrations that will
determine interaction efficiencies with various GEFs, GAPs and effectors over time.
Importantly, the majority of strategies used to date to investigate isoform- or compartment-
specific Ras signalling have abrogated the influence of these control mechanisms by
overexpressing often constitutively active mutant forms of Ras. There is also the risk that
these experiments could scaffold novel signalling in places never seen in vivo or overstate
the relative contributions of localized signalling events. Consequently care must be taken
when interpreting the results of these experiments, however at the very least many studies
have shown the potential of individual compartments for supporting specific signalling
pathways.
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A final point when considering compartment-specific functions is that whilst organelles are
self-contained entities they are frequently observed tethered or closely apposed to each
other. A good example of this is the ER that all Ras isoforms initially occupy en route to the
plasma membrane and that establishes clear contacts with all of the other organelles in the
cell. Contacts between the ER and endosomes enables an ER localized phosphatase, PTP1B,
to promote down-regulation of endosomal EGFR [115]. Therefore the boundaries of
functionality may be blurred.

In summary, there is general acceptance of the idea that Ras signalling is compartmentalized
and that this contributes to specificity within signalling cascades. Compartmentalization can
occur over several length scales and whilst this is generic there is variability between
organisms and cell types in the phenotypes and pathways that are specifically coupled to
individual locations. Ras isoforms represent excellent models for investigating wider
questions of signalling compartmentalization whilst insights from this work may also
ultimately inform strategies for nullifying aberrant Ras function associated with cancer or
developmental disorders.
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Figure 1. Ras activation cycle
Ras is activated when GTP bound. Approximately 20 Ras effectors have been identified that
modulate key proliferative, survival and cell migration pathways.
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Figure 2. The Ras Hypervariable Region (HVR) determines functional difference between
isoforms
Ras isoform share sequence identity at all regions regulating activation state and effector
interactions. The HVR is post-translationally modified to enable membrane interactions and
differential localization (key residues to enable correct localization highlighted in red).
Asterixes indicate sites of oncogenic mutations at codons 12, 13 and 61.
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