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Abstract
Ras proteins have become paradigms for isoform- and compartment-specific signaling. Recent work
has shown that Ras isoforms are differentially distributed within cell surface signaling nanoclusters
and on endomembranous compartments. The critical feature regulating Ras protein localization and
isoform-specific functions is the C-terminal hypervariable region (HVR). In this review we discuss
the differential post-translational modifications and reversible targeting functions of Ras isoform
HVR motifs. We describe how compartmentalized Ras signaling has specific functional
consequences and how cell surface signaling nanoclusters generate precise signaling outputs.
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Introduction
Ras proteins are small GTPase molecular switches that regulate cell proliferation,
differentiation, migration and apoptosis. They sit on membranes and following activation by
cell surface receptors act as adaptors that recruit and facilitate activation of a wide variety of
effectors. Mutations that generate aberrant, hyper-active Ras promote cancer and
developmental defects [1]. Interestingly, there are three major isoforms, H-, K- and N-Ras that
are ubiquitously expressed and share >90% sequence homology but are not functionally
redundant. For example, only K-Ras is essential for normal mouse development [2], while K-
Ras is the most frequently mutated isoform associated with human cancers, possibly due to an
essential role for K-Ras but not N- and H-Ras in endodermal stem cell expansion [3,4].
Differences in the membrane interacting motifs and consequent trafficking and localization of
Ras isoforms are believed to underlie their biological differences. Whilst the majority of Ras
activity is associated with the plasma membrane, each isoform also resides on intracellular
organelles to differing extents. As discussed later, both the cell surface and intracellular
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organelles regulate access to different pools of signaling complexes, allowing diversification
of Ras output and potentially reducing cross-talk between isoforms.

Ras post-translational modifications and trafficking
Stabilizing membrane interactions

The first 185 amino acids of Ras proteins exhibit a high degree of homology between isoforms
and contain all of the nucleotide and effector interacting domains required for Ras function.
The final 23/24 amino acids comprise the hypervariable region (HVR) that defines the isoform
and contains the membrane interacting and targeting sequences (Figure 1). After synthesis on
cytosolic ribosomes, all three major Ras isoforms undergo sequential post-translational
modifications of the HVR to enable them to more stably interact with membranes. The cysteine
of the C-terminal CAAX motif is farnesylated in the cytosol by farnesyl protein transferase.
This enables Ras to interact with the endoplasmic reticulum (ER) for subsequent AAX
proteolysis of the farnesylated CAAX by Rce1 (homologous to Afc1p/Ste24p and Rce1p in
yeast), followed by carboxymethylation of the farnesylated cysteine by Icmt (homologous to
Ste14p in yeast).

The weak membrane binding allowed by the farnesylated cysteine is supported by a second
motif in the HVR that strengthens membrane interactions. This motif varies amongst Ras
isoforms. For H-, N-and the 4A splice variant of K-Ras (K(A)-Ras), the second signal consists
of one or two palmitoyl groups (Figure 1A). In the 4B splice variant of K-Ras (K(B)-Ras,
referred to from here on as K-Ras), a hexa-lysine polybasic sequence electrostatically interacts
with acidic lipid headgroups enriched in the inner leaflet of the plasma membrane. These motifs
enable plasma membrane localization of the Ras isoforms and minimal sequences consisting
of the H- or K-Ras CAAX motif plus second motif (dipalmitoyl or polybasic groups)
recapitulate the localization of the full length proteins [5,6]. For the mono-palmitoylated K(A)-
Ras and N-Ras isoforms, a third HVR motif consisting of basic/hydrophobic amino acids is
necessary for plasma membrane localization (Figure 1A; [7]). These second signal motifs also
specify the trafficking routes: H- and N-Ras traffic via the conventional secretory pathway,
whilst preliminary data from yeast indicates that K-Ras transits via a poorly understood Golgi-
independent route that requires mitochondrial function and class C vps proteins [5,8,9]. Once
at the cell surface, the HVR motifs regulate interactions with different microdomains within
the plasma membrane (discussed later). Importantly, the reversibility of palmitoylation and
electrostatic interactions is critical for ensuring correct and dynamic localization of each
isoform.

Ras acylation and reversible membrane interactions
Metazoan Ras palmitoylation is catalyzed by an ER/Golgi-localized heterodimeric complex
consisting of DHHC9 (Erf2p in yeast) and GCP16 (Erf4p in yeast) [10-13]. DHHC9 is a
member of a large family of 23 DHHC-motif containing mammalian protein S-acyltransferases
(PATs; [14]). GCP16 was identified as a dually palmitoylated golgin (GCP170)-interacting
protein [15]. The precise function of GCP16 is unclear; however it is required for DHHC9 ER/
Golgi localization and function and in the absence of GCP16 DHHC9 suffers extensive
proteolysis [10].

Although H- and N-Ras are ubiquitously expressed, DHHC9 is not expressed in thymus,
skeletal muscle, spleen and leukocytes, indicating that other DHHC family members must also
palmitoylate Ras proteins [10,13]. The extent of redundancy amongst PATs for Ras
palmitoylation has not been extensively investigated. All 22 human DHHC proteins have now
been cloned [13,16] and the subfamily of six Erf2-like DHHC proteins (DHHCs: 5, 8, 9, 14,
18 and 19) represent the best candidates for alternative Ras palmitoylation [14]. All are ER/
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Golgi localized except for DHHC5 (found exclusively on the plasma membrane) and all except
DHHC9 and DHHC19 are ubiquitously expressed [13]. Preliminary support for the idea that
other members of the Erf2 family of PATs can act as Ras palmitoylators comes from a study
that overexpressed DHHC18 and H-Ras in HEK293 cells, resulting in increased palmitoylation
of H-Ras [17].

It has been known for a while that palmitoylation is labile, and that H- and N-Ras activation
significantly decreases the half-life of the attachment of their palmitoyl groups from hours to
minutes [18,19]. Ras depalmitoylation is important for correct localization, because when non-
hydrolysable acyl groups are attached to H-Ras, it partitions non-specifically into the entire
endomembrane system [20]. Depalmitoylation results in H- and N-Ras translocation to the
cytosol before re-palmitoylation at the Golgi allows another cycle of trafficking back to the
cell surface. Mono-palmitoylated N-Ras is more susceptible to loss of plasma membrane
anchorage than dually palmitoylated H-Ras [20]; this mechanism may explain the more
pronounced Golgi localization of N-Ras in many cell types.

In addition to regulating Ras macro-localization in the cell, palmitoylation also specifies
localization within cell surface subdomains. These are discussed in detail in a following section;
briefly, it should be noted that palmitoylation enables access to cholesterol-sensitive
nanodomains or clusters, whereas non-palmitoylated K-Ras is excluded from these domains
[21,22]. Interestingly, the positioning of the palmitoyl group relative the farnesylated C-
terminal cysteine is important for both trafficking and eventual subdomain localization within
the plasma membrane. Palmitoylated Cys181, shared by both N-Ras and H-Ras, supports
trafficking to cell surface cholesterol-dependent domains/clusters, whereas mutant H-Ras
monopalmitoylated on Cys184 remains confined in the Golgi [23].

In summary, the dynamic interactions of the Ras palmitoyl or polybasic HVR targeting motifs
with membranes modulate the targeting of Ras isoforms to cell surface and intracellular
organelles.

Ras antagonists that perturb Ras processing
Since membrane targeting is required for Ras function, drugs targeting Ras post-translational
processing have been developed as potential anti-cancer agents with mixed results. For
example, farnesyl transferase inhibitors (FTIs) that in the main mimic the Ras CAAX motif
and compete for farnesyl transferase binding have two potential problems. Firstly, K-Ras and
N-Ras, the isoforms most frequently mutated in cancer, can bypass farnesyl transferase
inhibition by being alternatively prenylated by geranylgeranyl transferase in the presence of
FTIs [24]. Secondly, FTIs are not specific for Ras but also inhibit the function of other
prenylated proteins such as Rho family members and Rheb [25,26]. Work is ongoing to
characterize FTI targets in FTI-sensitive tumors where oncogenic Ras is not present.

Inhibition of Icmt or Rce1 function appears to be more promising, as it has in vivo anti-
transformation and anti-cancer efficacy [27-29]. Whilst these proteins are also required for the
processing of Rho GTPases, their effects on proteins other than Ras are fortuitously limited,
as demonstrated by the finding that knocking out Icmt and Rce1 does not perturb Rho
localization or function [30]. Finally, the Ras PAT DHHC9 is also a potential drug target.
However, the non-palmitoylated K-Ras, which is the most frequently mutated isoform in
cancer, is not susceptible to this enzyme. Furthermore, as discussed above, the PAT redundancy
for Ras palmitoylation complicates the usefulness of PAT as a target for oncogenic Ras
inhibition.
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Targeting of Ras proteins to membrane lateral domains/nanoclusters
Lateral domains and nanoclusters in the plasma membrane

The cellular plasma membrane is laterally heterogeneous. It is comprised of a large array of
subdomains, evidenced in both spatial and temporal segregation of lipids, proteins and
membrane-associated scaffolds [21,31-39]. The interactions between distinct lipids and
proteins in these subdomains confer the formation of nanoscale domains or clusters, including
‘lipid rafts’ (defined below) as well as other types of nanoclusters.

Lipid rafts were originally viewed as liquid-ordered cholesterol- and sphingolipid-rich
membrane regions into which specific proteins partition preferentially [35,40-42]. However,
more recent models treat rafts as transient nanoscale cholesterol-dependent assemblies of
specific lipids and proteins, where interactions with specific proteins, scaffolds and membrane
lipids influence the formation, stability and size of the cluster [38,39,43]. The potential of
domain-specific interactions to regulate signaling and cellular trafficking by selective
segregation of multiple interacting proteins has led to a large number of studies on the
involvement of rafts in cellular processes [37,44-50]. Clear evidence for the existence of such
domains in artificial lipid bilayers [38,41,51-54] led to the suggestion that they exist also in
cell membranes [35,38-40,55]. However, large-scale laterally segregated cholesterol-
dependent domains were not detected in cell membranes, implying that their size in cells (if
they exist) must be below the resolution of light microscopy, and casting doubts on their very
existence in cell membranes [56-60]. Yet, some raft-related structures were undoubtedly
identified in cells; these are caveolae, assembled around caveolin as a principal structural
protein, which may be considered a subtype of lipid rafts [55,61,62].

Enrichment of specific proteins in detergent-resistant membranes (DRMs) floated on density
gradients, commonly used to evaluate raft association of proteins in cell extracts, is not a
sufficient criterion for raft association due to the potential complex effects of detergents on
nanoscale membrane domains [38,63]. Therefore, biophysical and structural studies were
initiated to explore the existence and properties of cholesterol-sensitive clusters in cells. Early
fluorescence resonance energy transfer (FRET) and electron paramagnetic resonance studies
indicated that such clusters are small and unstable, and/or that they can rapidly exchange
proteins with the surrounding membrane [64,65]. FRET studies of acylated peptides tagged
with green fluorescent protein (GFP) variants anchored to the cytoplasmic plasma membrane
leaflet suggested that they form clusters [66]. More recently, FRET studies combined with
mathematical modeling demonstrated that a fraction (20–40%) of glycosylpho-
sphatidylinositol-anchored proteins (GPI-AP) reside in ~5 nm cholesterol-dependent clusters
containing 3–4 GPI-APs [43,67]. Single particle tracking and single fluorophore video tracking
(SFVT) have indicated that GPI-AP clusters are small (<10 nm), dynamic, and can be stabilized
by crosslinking with antibody-coated gold particles, leading to transient cholesterol-dependent
recruitment (0.1– 0.2 s lifetimes) of Lyn or Gαi2 proteins [50,68]. A rather similar distribution
and size was found for the lipid anchor of H-Ras (amino acids 180–189) fused to GFP (GFP-
tH), which is considered an inner-leaflet marker of cholesterol-dependent clusters [21,37].
Using electron microscopy (EM) spatial analysis of immunogold point patterns in plasma
membrane sheets, ~40% of GFP-tH was found in 12–20 nm cholesterol-dependent clusters
comprised of ~6 proteins, which were also sensitive to the integrity of the actin cytoskeleton
[21,69]. The extent of clustering remained unaltered (~40% in clusters) over a wide cell-surface
density, excluding the possibility that tH partitions into pre-existing raft domains and
suggesting that the H-Ras lipid anchor itself drives the formation of cholesterol-dependent
nanoclusters [38,69]. Importantly, the tH clusters, similar to clusters of full-length H- and K-
Ras, are dynamic (Figure 2), with lifetimes between 0.1–0.5 s as deduced from SFVT [33,36,
38,50]. Thus, cholesterol-dependent dynamic proteolipid nanoclusters, such as those observed
for GPI-APs and for tH, can be regarded as a modern equivalent of rafts. It is important to note
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that these are not the only nanoclusters associated with Ras proteins, in view of the
identification of non-overlapping cholesterol-independent clusters of K-Ras (both GDP- and
GTP-loaded), H-Ras-GTP and N-Ras-GDP [21,22,38,69-71], and the laterally segregated
assemblies suggested by the distinct FRET pair vectors measured between a set of domain
markers and tH, tK (the lipid anchor of K-Ras) or their complete HVR counterparts ([72]; see
also Figure 2). The interactions of the different Ras isoforms with these distinct nanoclusters
are discussed below.

Localization of Ras proteins to nanoclusters/assemblies and its roles in signaling
Recent data suggest that Ras proteins at the plasma membrane reside in distinct assemblies/
nanodomains that depend on the Ras isoform and its GDP/GTP loading (reviewed in [37,38,
73]). Initial evidence that H- and K-Ras differ in their association with cholesterol-dependent
assemblies came from biochemical fractionation experiments [22,74]. These were followed by
EM spatial immuno-gold point-pattern analysis and biophysical studies that measured the
clustering, lateral diffusion and interactions of Ras proteins in cell membranes. These studies
yielded compelling evidence that Hand K-Ras in the plasma membrane are targeted to largely
non-overlapping nanoclusters. Their distributions are modulated by GDP/GTP exchange;
unactivated wild-type H-Ras (H-Ras-GDP) exhibits the highest affinity to cholesterol-sensitive
clusters, H-Ras-GTP (e.g. constitutively active H-RasG12V) has a preference for cholesterol-
independent domains/clusters, while either wild-type K-Ras (K-Ras-GDP) or K-RasG12V (K-
Ras-GTP) interact with cholesterol-independent clusters ([21,22,32,70,75,76]; see Figure 2).
Although both are cholesterol-independent, the H-Ras-GTP and K-Ras-GTP nanoclusters are
physically distinct [21,32,69], exhibit different dependencies on the actin cytoskeleton (only
K-Ras-GTP clusters and signaling are actin-dependent; [69]), and differ in their ability to
recruit Raf-1 [70]. The selective association of H-Ras-GDP (as opposed to K-Ras) with
cholesterol-dependent clusters is in accord with the demonstration that prenylation alone (e.g.
K-Ras) targets proteins to non-raft (non-DRM) domains, while dual acylation (S-palmitoyl
and/or N-myristoyl residues) enhances their association with DRMs [77,78]. Interestingly, a
dependence of the balance between cholesterol-dependent and independent clusters on the
GDP/GTP loading state was also observed for N-Ras (Figure 2), although in the latter case it
is N-Ras-GTP which is preferentially localized in cholesterol-sensitive clusters [23]. Apart
from the important roles of differential targeting to nanoclusters in Ras signaling (see next
section), it may also affect the susceptibility of distinct Ras isoforms to specific modifications.
One such example is the selective ubiquitination of the G-domain of H-Ras (and N-Ras, but
not K-Ras), which was shown to require both the CAAX box and the palmitoylation sites on
H-Ras, and results in its transport to endosomes [79]. It should be noted that some studies
reported that the lateral diffusion of wild-type H-Ras is insensitive to cholesterol depletion
[33,80], seemingly at odds with its preferential localization to cholesterol-dependent clusters.
However, this discrepancy is likely due to the use of methyl–cyclodextrin to deplete
cholesterol, a treatment that has additional effects on the plasma membrane that are unrelated
to cholesterol depletion [81,82]. An alternative method (metabolic inhibition of cholesterol
synthesis using statins) did not lead to such artifacts and increased (~2-fold) the lateral diffusion
rate of wild-type H-Ras without affecting K-Ras diffusion [32,81,82].

The lateral segregation of Ras proteins depends not only on their lipid anchors, but also on
additional features in the HVR regions (depicted in Figure 1). This was most thoroughly
investigated for H-Ras. Combining fluorescence recovery after photobleaching (FRAP) beam-
size analysis (a FRAP variation that measures the relative contribution of membrane-
cytoplasmic exchange and lateral diffusion to the FRAP recovery kinetics; [83]) with EM
spatial pattern analysis, it was shown that the lipid anchor and the HVR linker region of H-Ras
(residues 166–179; Figure 1) exert distinct and significant attractive forces targeted to specific
membrane domains [75]. The lipid anchor, especially the palmitoyl at Cys181, favored
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association with cholesterol-sensitive assemblies, while the HVR linker region interacted
preferentially with non-raft domains and clusters [23,75]. The G-domain (residues 1–165) had
a negative contribution, the extent of which was modulated by GDP/GTP exchange (weaker
membrane association in the GTP-bound form). Thus, apart from its role in the regulation of
H-Ras segregation between cholesterol-dependent and independent domains/clusters, the HVR
linker also contributes to the stabilization of H-Ras association with the plasma membrane,
and both effects are modulated by the GDP/GTP loading state [37,75]. Insight into the
mechanism underlying the guanyl nucleotide-dependent changes in H-Ras membrane
association and lateral segregation was recently provided by applying molecular dynamics
simulations [84] to NMR data on the farnesylated full-length H-Ras in DMPC bilayers [85],
and by molecular dynamics simulations combined with FRET studies and mutational analysis
of H-Ras with respect to a set of nanodomain markers [72]. These studies demonstrated
different interactions of H-Ras with the membrane depending on GTP/GDP exchange, with
different orientation of the G-domain and HVR region relative to the lipid bilayer due to
different contributions of basic residues in the HVR linker (in H-Ras-GDP) and in helix α4
(H-Ras-GTP) to membrane binding (Figure 3). Notably, the extended conformation of the
palmitoyl moieties for membrane-bound H-Ras-GDP results in deeper insertion into the bilayer
than in the GTP-bound conformation ([72,84]; see Figure 3). This may increase the availability
of the GTP-loaded conformation for interaction with the scaffold protein galectin-1, explaining
its preferential binding to the GTP-loaded conformation of H-Ras [21,86-88].

The K-Ras HVR region also plays a crucial role in K-Ras membrane association and
recruitment to nanoclusters. In accord with the absence of palmitoylation sites in K-Ras, it is
not targeted to raft-like domains/clusters [21,22,32,76,81]. Rather, the high positive charge (8
+, including a 6-lysine basic cluster) at the K-Ras HVR region binds to negatively-charged
lipids in the inner leaflet of the plasma membrane [89-91]. It should be noted that another small
GTPase, Rac1, was reported to interact with raft-like domains [92], although its C-terminus
resembles that of K-Ras [93,94]. This difference may be due to more subtle but still distinct
differences between the C-terminal regions of K-Ras and Rac1, which may result in association
with different scaffold and adaptor proteins that affect their targeting (see following section).
Thus, while K-Ras is farnesylated, Rac1 is geranylgeranylated, and although it has a C-terminal
polybasic cluster resembling K-Ras (but containing also Arg residues), it has an adjacent
proline-rich region absent in K-Ras [93-95]. These distinct differences can lead to specific
interactions with adaptor proteins such as Crk and to integrin regulation of Rac1 membrane
binding sites [94,96].

Recent reports demonstrate that negatively charged phosphatidylinositol-4,5-bisphosphate and
phosphatidylinositol-3,4,5-trisphosphate [97] are required for the charge-based membrane
interactions of K-Ras, and phosphatidylserine also has a role in balancing K-Ras between the
plasma membrane and endocytic compartments [98]. Accordingly, interference with these
electrostatic interactions by a cationic amphiphilic drug (chlorpromazine) reduced the
association of K-RasG12V (but not H-Ras) with the plasma membrane, leading to its
accumulation in endosomal or mitochondrial membranes with corresponding effects of growth
inhibition or apoptosis [99]. This is in line with the demonstration that the anesthetic dibucaine,
which induces flipping of phosphatidylserine and is positively charged, can displace polybasic
peptide probes resembling the positively charged C-terminus of K-Ras from the plasma
membrane [100]. The important role of the HVR electrostatic interactions is further
demonstrated by the partial translocation of K-Ras from the plasma membrane to internal
membranes following phosphorylation of Ser181 [101]. Recent studies employing EM spatial
mapping and FRET have shown that phosphorylation of Ser181 reduces K-Ras-GTP
nanoclustering and modulates its signaling, suggesting that electrostatic interactions of the
HVR region are involved in K-Ras clustering [70]. Interactions of K-Ras-GTP with the scaffold
protein galectin-3 [102], which enhance K-Ras-GTP localization to nanoclusters [103], were
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insensitive to Ser181 phosphorylation, suggesting that they are induced by an independent
mechanism [70] and raising the possibility that K-Ras-GTP may interact with more than one
type of clusters. It is tempting to suggest that in essence both K-Ras-GTP and H-Ras-GTP can
participate in a spectrum of nonidentical nanoclusters, which differ from each other in lipid
composition and/or in the participating scaffold proteins, such as galectins, Sur-8 and perhaps
others [88,103,104]. This, in turn, would enable preferential activation of specific signaling
patterns depending on the nanoclusters subtype.

Cumulative evidence from biochemical, EM and biophysical studies (FRAP and SFVT) shows
that the interactions of Ras proteins with nanoclusters are dynamic [22,32,33,37]. The transient,
dynamic nature of the interactions was shown to be crucial for effective H-Ras signaling [21,
22,32,76]. Biochemical and EM studies suggested that although H-Ras-GDP is preferentially
localized to cholesterol-dependent nanodomains, activated H-Ras-GTP has to exit these
domains to effectively signal via Raf [21,22]. Combining antibody-mediated clustering of a
GPI-AP with FRAP studies on the lateral diffusion of wild type H-Ras and H-RasG12V, it was
shown that GPI-AP clustering stabilizes the association of H-Ras-GDP with raft-like clusters,
enhancing the step of GDP/GTP exchange but retarding the exit of H-Ras-GTP from the GPI-
AP clusters and the ensuing activation of Raf [76]. Thus, the requirement for dynamic
interactions of H-Ras with cluster sites flows from the need to shift from association with one
type of clusters (cholesterol-dependent, preferred by H-Ras-GDP) to a different set of signaling
clusters (non-raft, preferred by H-Ras-GTP).

Compartmentalized signaling
Cell surface nanoclusters: coupling analog and digital signaling

The contribution of nanoclusters to transmembrane signal transduction has recently been
evaluated in the context of Ras-dependent activation of the Raf/MEK/ERK cascade. K-Ras-
GTP nanoclusters operate as highly sensitive digital switches, that is a nanocluster dumps a
fixed output of ERKpp into the cytosol for a wide range of Raf kinase inputs [71,105]. Thus
even low levels of Raf kinase activity when scaffolded in a Ras nanocluster together with KSR/
MEK and ERK generate the same ERKpp output as high levels of Raf activity. The number
of K-Ras-GTP nanoclusters generated in response to non-saturating doses of EGF is a linear
function of agonist concentration [71]. In combination these two characteristics allow the
plasma membrane/nanocluster system to operate as a high fidelity analog-digital-analog relay
that accurately reproduces an ERKpp output in the cytosol that precisely matches the EGF
input signal that was delivered to the outer plasma membrane (Figure 4; [71]).

High fidelity signaling is achieved by the Ras nanocluster analog-digital-analog relay because
of the high sampling rate and large number of quantization levels available to the system (Figure
4C; [71,106,107]). The high sampling rate is reflected in the short lifetime of a nanocluster
(~0.4 s) that effectively samples the signal input ~150 × per min. The number of quantization
levels reflects the total number of nanoclusters that can be assembled from the available Ras-
GTP monomers (tens of thousands; [106,107]). The unique spatio-temporal properties of Ras
organization on the plasma membrane therefore deliver critically important emergent signaling
characteristics.

The original studies on signal output from Ras nanoclusters focused on plasma membrane
localized K-Ras-GTP [71,105]; very recent work has now shown that N-Ras-GTP and H-Ras-
GTP nanoclusters also operate digitally with respect to the Raf/MEK/ERK cascade [108].
Interestingly, however activation of the Raf/MEK/ERK cascade from Golgi Ras platforms is
analog and not digital, leading to a delayed low fidelity signal response to EGF stimulation
(see also below; [108]). H- and N-Ras nanoclusters occupied by GDP-loaded Ras do not
support Raf activation and therefore do not signal, prompting the question as to whether these
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clusters serve any specific function. One possible role flows from a recent analysis of Sos
activation on model membranes showing that allosteric activation of Sos exchange activity is
regulated by cell surface Ras proteins [109]. The minimum surface density of Ras required to
activate Sos is delivered on the nanoscale in Ras nanoclusters, but would not be achieved if
Ras proteins were randomly distributed as monomers over the cell surface [109].

Ras signaling from intracellular organelles
As a result of differences in trafficking, internalization and localization within cell surface
subdomains, the Ras isoforms have partially overlapping but distinct subcellular distributions
[110]. Most noticeable is the different degree of association (N ≥H > K-Ras in most cell lines)
with endomembranes (ER, Golgi, endosomes, mitochondria). Combined with differences in
the relative abundance of each isoform across a wide range of cell lines (K ≥N ≫H-Ras;
[111]), a simple conclusion would be that K(B)-Ras represents the pre-eminent cell surface
Ras, whilst N-Ras dominates endomembranous Ras signaling. In addition to differential Ras
distributions, Ras pathway scaffolds, activators and effectors have been localized to a variety
of subcellular platforms [110]. For example, the MAP kinase scaffolds Sef, p14-MP1 and KSR
are located on the Golgi, late endosome and plasma membrane respectively [112-116], whilst
the Akt scaffold Appl1 localizes to a sub-population of early endosomes [117,118].

In recent years a series of studies have established that Ras signaling from intracellular
organelles occurs and has specific phenotypic consequences. This appears to be an
evolutionarily ancient phenomenon, because in yeast endomembranous Ras signaling controls
morphology, whereas plasma membrane Ras regulates mating [119]. In mammalian cells,
ectopically expressed Golgi-Ras promotes cell proliferation [120,121], and Ras activation in
this organelle is delayed but prolonged (onset within 10 minutes, duration of 60 minutes;
[122]). In a more physiological context, positive thymocyte selection requires endogenous
Golgi Ras signaling whereas acute activation of cell surface Ras supports negative selection
[123]. Interestingly, whilst both cell surface and Golgi Ras can be stimulated by the Ras
activator RasGRP1 in T cells, the location of RasGRP1 stimulation can be precisely regulated
by different extracellular ligands and second messengers. T cell receptor (TCR) induces Golgi
RasGRP1 stimulation of Ras activation whilst co-stimulation of the TCR and the integrin
LFA-1 generates plasma membrane localized diacylglycerol (DAG) and phosphatidic acid
pools that recruit RasGRP1 to the cell surface for Ras activation [124].

An alternative location for Ras signaling is the mitochondria. N-Ras is required for normal
mitochondrial morphology and from this location generates retrograde signaling to the nucleus
[125]. As discussed earlier, K-Ras can translocate to the mitochondria when Ser181 is
phosphorylated by protein kinase C (PKC), resulting in the initiation of apoptotic cascades
[101]. The endosome is also a site for Ras signaling following endocytosis of growth factor
receptors and Ras proteins [126]. Thus, inhibition of endocytosis selectively impairs H- and
N-Ras signaling [111], and endosomes support sustained MAP kinase activation [127,128].
Interestingly, signaling divergence also occurs here: a subset of endosomes selectively supports
Akt signaling via the scaffold Appl1 [117]. This is critical for zebra fish development by
promoting cell survival in tissues where Appl1 is expressed.

Whilst the majority of Ras signaling emanates from the cell surface, the functionality of the
alternative intracellular Ras pools, particularly at later time points following stimulation,
indicates that they make a meaningful contribution to cell signaling.

Conclusions
Ras HVR motifs play a critical role in the correct positioning of Ras isoforms within the cell.
Ras localization is dynamic and influenced by the Ras activation status and interacting proteins,
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allowing contact with different pools of regulators and effectors. This mechanism is likely to
underlie isoform-specific Ras signaling. Further work is needed to identify the mechanisms of
Ras regulation on each organelle and the precise signaling complement engaged in these
locations. Most work to date has been performed with ectopically expressed Ras; however a
variety of pioneering studies have been able to examine endogenous compartmentalized Ras
outputs. Although challenging, this represents the optimal model for future studies, because of
the potentially perturbing effects of over-expressing a protein within a signaling network.
Insights from the studies reviewed here have widespread implications because compartment-
and isoform-specific signaling is likely to occur in every signaling system.
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Figure 1.
The Ras Hypervariable Region (HVR). (A) Ras isoform C-terminal HVRs have different
combinations of post-translational lipid modifications and membrane interacting polybasic
motifs that specify differential trafficking and localization. (B) Ras isoform localization is
dynamic; changes in H- and N-Ras activation state or palmitoylation alter the association with
cell surface subdomains/clusters and endomembranous compartments.

HENIS et al. Page 16

Mol Membr Biol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Plasma membrane Ras nanocluster parameters. EM imaging of immunogold-labeled H-Ras
molecules on 2-D plasma membrane sheets (A); bar =50 nm. Ras isoforms dynamically localize
to distinct signaling nanoclusters with differential cholesterol dependence (B). Other
characteristics of Ras nanoclusters obtained from EM and advanced light microscopy studies
are summarized in (C). This Figure is reproduced in color in Molecular Membrane Biology
online.
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Figure 3.
Molecular Dynamics simulations of H-Ras HVR interactions with the plasma membrane. The
H-Ras G-domain and HVR lipid moieties adopt different orientations with respect to the plane
of the membrane when GTP-bound (A) and GDP-bound (B). The GTP-bound conformation
is stabilized by membrane contacts with basic residues (R128 and R135) on helix α4. These
contacts are lost in GDP-H-Ras, which is stabilized by an alternative set of basic residues within
the HVR. Note also that the palmitoyl groups exhibit a more extended conformation when H-
Ras is GDP-bound. Phosphorous atoms of lipid head groups of the inner membrane leaflet are
shown in grey and H-Ras lipid anchors are in light blue. Important basic residues in H-Ras are
shown in dark blue and acidic residues in red. Reproduced with permission from [72].
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Figure 4.
Analog-digital coupling involving Ras signaling nanoclusters. (A) Analog signals allow graded
responses proportional to input whereas digital or high gain switch-like signaling results in
maximal output from a wide range of inputs – amplifying weak inputs into maximum outputs.
(B) Ras nanoclusters operate as digital amplifiers. (C) Digital quantal sampling of analog inputs
can generate high fidelity analog-like outputs if sampling time (Ras activation/de-activation
and nanocluster lifetime) is very fast and sample precision (number of nanoclusters) is high.
(D) High fidelity digital Ras nanocluster signaling ensures that the analog extracellular signal
is converted into a graded cytosolic signaling response. This Figure is reproduced in color in
Molecular Membrane Biology online.
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