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Abstract

H-, N- and K-ras4B are lipid-anchored, peripheral membrane guanine nucleotide binding proteins.
Recent work has shown that Ras proteins are laterally segregated into non-overlapping, dynamic
domains of the plasma membrane called nanoclusters. This lateral segregation is important to specify
Ras interactions with membrane-associated proteins, effectors and scaffolding proteins and is critical
for Ras signal transduction. Here we review biological, in vitro and structural data that provide insight
into the molecular basis of how palmitoylated Ras proteins are anchored to the plasma membrane.
We explore possible mechanisms for how the interactions of H-ras with a lipid bilayer may drive
nanocluster formation.
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Introduction

The plasma membrane is a complex dynamic structure that exhibits heterogeneity on multiple
length and time scales. The origins of this heterogeneity are diverse and include several
thousand species of lipid, compartmentalization by a sub-membrane actin cytoskeleton, and
the lateral assembly of sphingolipids and cholesterol into transient liquid-ordered domains.
Further mixing and heterogeneity may be contributed by endocytic and exocytic processes. An
important concept in modern cell biology is that this plasma membrane lateral heterogeneity
imposes a hon-random distribution of proteins across different nanoscale domains. The
selective concentration of signalling proteins by proteolipid-based sorting to discrete areas of
the cell membrane may increase the efficiency and specificity of signalling events and prevent
cross-talk between different pathways.

The Ras GTPases are small lipid-anchored proteins that are associated predominantly with the
inner leaflet of the plasma membrane, but exchange constantly with internal membranes,
including the Golgi, ER, endosomes and mitochondria. Work over the last few years has shown
that Ras proteins are organized in specific nanodomains on the plasma membrane. In fact,
analysis of Ras nanodomains and those populated by GPI-anchored proteins has provided some
of the clearest evidence that membrane-bound lipid-anchored proteins are non-randomly
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distributed on the nanoscale. In this review we will explore how new insights derived from
molecular dynamics simulations of Ras proteins on model membranes when combined with
recentadvances in cell biology suggest an intriguing model for how lipid-anchored Ras proteins
may actually drive nanodomain formation on the plasma membrane.

Ras proteins are spatially segregated on the plasma membrane

Three Ras isoforms H-, N-, and K-ras4B (hereafter referred to as K-ras) are ubiquitously
expressed in mammalian cells. These proteins share a highly conserved G-domain that binds
guanine nucleotides and interacts with a common set of effectors and exchange factors. The
major sequence differences between isoforms are confined to the C-terminal 24-25 amino
acids, called the hypervariable region. Ras proteins must be anchored to cell membranes for
biological activity. The lipidic membrane anchor is attached via a series of posttranslational
modifications. The first set of three modifications is directed by the C-terminal CAAX motif
and is common to all Ras isoforms. Ras is first farnesylated on the cysteine residue of the
CAAX motif by the cytosolic enzyme farnesyl protein transferase [1,2]. The AAX sequence
is removed by Rcel [3] and the now C-terminal farnesyl cysteine is caboxylmethylated by Icmt
[4] (Fig. 1). These two latter processing steps take place on the cytosolic surface of the ER
(reviewed in Ref. [5]). Processed thus far, Ras binds with low affinity to cellular membranes
and is able to autonomously exchange between them [6-8]. For plasma membrane targeting
an additional second signal is necessary. In the case of N- and H-ras this is provided by mono-
or dual-palmitoylation of cysteines adjacent to the prenylated cysteine, carried out by palmitoyl
transferases localized to the ER and Golgi [9]. In the case of K-ras the second signal is a stretch
of basic residues [10] (Fig. 1).

The different membrane anchors laterally segregate the Ras isoforms into spatially distinct
domains on the plasma membrane. This was first shown using electron microscopy (EM) of
intact apical plasma membrane sheets followed by statistical analysis of the immunogold point
patterns. H-ras and K-ras cluster in nanoscale domains with a characteristic radius of 6-12 nm.
Importantly, the nanodomains occupied by H-ras and K-ras do not show any significant overlap
[11,12]. Interestingly, not only are the different Ras isoforms laterally segregated, but inactive
GDP-loaded H-ras occupies nanodomains that are spatially distinct from those occupied by
GTP-loaded H-ras, thus H-ras exhibits GTP-dependent lateral segregation on the plasma
membrane [11,13,14]. More recent work now suggests that this same phenomenon is also
exhibited by N-ras [14], although the spatial relationship, between N- and H-ras nanodomains
remains unresolved (Fig. 2). The spatial segregation of a largely conserved G-domain with an
identical in vitro biochemistry to different nanodomains that differ in their protein and
lipidomic content offers an ingeniously simple way for the Ras isoforms to generate their
different effector activation profiles [15-17].

Ras proteins operate in nanoclusters

An important question to consider when evaluating the clustered distribution of Ras proteins
on the plasma membrane is how this non-random patterning arises. Do Ras proteins partition
into pre-existing nanodomains, or do Ras proteins actively participate in the formation of
nanodomains. In this context it is worth considering a recent analysis of the surface distribution
of GPI-anchored proteins on the outer leaflet of the plasma membrane. Through a combination
of computational simulation and homo- and hetero-FRET measurements, it was shown that
GPl-anchored proteins are organized in what have been termed nanoclusters, which have a
small diameter (~5 nm) and contain at most 4 proteins [18]. The formation of these nanoclusters
is cholesterol-dependent in that it is abolished if plasma membrane cholesterol is depleted.
Only 20-40% of GPIl-anchored proteins are in nanoclusters, the remainder are randomly
arrayed over the plasma membrane. Interestingly, the ratio of nanoclustered to random GPI-
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anchored proteins remains constant over a wide range of expression levels [18], strongly
suggesting that the distribution is in someway actively generated or maintained [18,19].

It has recently become clear that a similar nanoclustering process operates for Ras proteins on
the inner leaflet of the plasma membrane. Analysis of EM-data aided by Monte-Carlo
simulations of immunogold point patterns shows that approximately 30-40% of Ras proteins
form nanoclusters with diameters in the range of ~6-20 nm containing 6-8 proteins [12].
Specifically, there are ~7.7 Ras proteins in a K-ras-GTP nanocluster (exemplified by K-
rasG12V) compared with ~5.9 in H-ras-GTP nanoclusters (exemplified by H-rasG12V).
Importantly, the lipid-modified, minimal membrane anchoring sequences of H- or K-ras alone
are also sufficient to induce nanoclustering, as shown by EM [11,12] or inferred from FRET-
data [20]. The similarity in the distributions of lipidated proteins on the inner and outer leaflets
of the plasma membrane suggests that common biophysical principals may operate on
membrane anchors to drive nanoclustering [12,19,21,22].

Further insights into Ras surface organization have been revealed using single fluorophore
video tracking (SFVT) to analyze the diffusion and mobility of individual Ras proteins. In non-
stimulated cells the majority of individual YFP-H-ras or -K-ras proteins diffuse as fast as
phospholipids and in an apparently random, Brownian mode, while 16% of the proteins are
immobile [23]. After stimulation with EGF the immobile fraction increases to approximately
50% and the diffusion rate of the fast-diffusing population drops by a factor of 3—4. Tracking
of constitutively activated G12V mutants also shows periods of immobility, lastingupto 1 s,
alternating with mobile periods. An independent study found similar results, with slowed
diffusion upon activation of H-ras and an increase in the fraction of proteins diffusing in a
confined mode [24]. Interestingly, a correlation between GTP-dependent activation and lateral
mobility has also been observed with other lipid-anchored proteins. Heterotrimeric G proteins
dissociate into monomeric Ga and a dimeric GBy subunit after GTP loading. Again, SFVT
reveals that ~80% of the Gq heterotrimers are immobile compared with only ~40% of
monomeric Gaq [25].

By synthesizing dynamic and nanoclustering data, we can now generate a partial picture of
Ras protein dynamics and organization on the membrane: a fixed fraction of Ras protein is
organized into nanoclusters, the lifetime of these nanoclusters varies, and appears longer for
Ras-GTP nanoclusters (0.5-1 s) than inactive Ras-GDP clusters (<0.1 s) [26]. There is
accumulating evidence from EM and SFVT experiments that the immobile Ras-GTP
nanoclusters are the sites of effector recruitment and activation, and that the mobile monomeric
Ras proteins do not recruit cytosolic effectors [23,26,27]. It is tempting to speculate that Ras-
GDP nanoclusters are the immediate targets of activated growth factor receptors (GFR) that
have recruited Ras exchange factors such as Sos1. The engagement of a Sos1-loaded-GFR with
a Ras-GDP nanocluster would be an efficient mechanism to ensure the activation of multiple
Ras molecules through a single collision event. Moreover, different Ras-GDP nanoclusters
may have differential access to an activated GFR depending on the ability of that GFR to
partition into, or associate with, a Ras nanocluster. Indeed, a recent FRET analysis of Ras
activation is consistent with this hypothesis [28]. Taken together these data strongly suggest
that Ras nanoclusters should be thought of as dynamic, transient signalling platforms [26]. The
imminent signalling characteristics of such signalling nanoclusters were recently elucidated
for the MAPK-pathway [27]. By combining computational modelling and experimental data
it could be shown that K-ras nanoclusters operate as sensitive analogue-digital switches, which
transduce graded ligand input into a fixed ERK-signalling output.

Finally, it is important to stress that the nanoclustering concept implies that Ras proteins are
critically involved in actually generating the nanodomains in which they operate. In the next
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sections we will consider what aspects of Ras protein structure may contribute to the biological
and perhaps biophysical mechanisms of nanoclustering.

The biology of Ras nanoclustering

The formation of different Ras nanoclusters is a complex interplay between multiple
determinants on Ras and the plasma membrane. Cell biological experiments initially identified
some of the critical determinants that drive Ras nanoclustering and GTP-dependent lateral
segregation. For example, different Ras nanoclusters exhibit differential requirements for
plasma membrane cholesterol. H-ras-GDP, N-ras-GTP and GFP-tH (GFP fused to the minimal
membrane anchor of H-ras) nanoclusters are cholesterol-dependent, whereas H-ras-GTP, N-
ras-GDP, K-ras-GTP and GFP-tK (GFP fused to the minimal membrane anchor of K-ras)
nanoclusters are cholesterol-independent (Fig. 2). In addition, latrunculin treatment of cells
reveals that H-ras-GDP and GFP-tH nanoclusters are also actin dependent, whereas H-ras-GTP
nanoclusters are actin independent [12].

The correlation between cholesterol and actin dependence of GFP-tH and H-ras-GDP
nanoclustering also extends to GPl-anchored protein nanoclustering on the outer plasma
membrane. It is worth considering this association in more detail. At a fundamental level the
formation of nanoclusters represents a collision, or series of collisions in 2D, between a set of
lipid-anchored proteins and will therefore be influenced by the diffusive behaviour of the
proteins. The plasma membrane is not a well-mixed, homogeneous medium for diffusion, and
obstacles such as transmembrane proteins anchored to the cytoskeleton [29], cholesterol-
dependent nanoclusters and other types of microdomains result in varying degrees of
anomalous diffusion [30,31]. For example the compartmentalized hop-diffusion of proteins
visualized by high-speed single particle tracking is attributed to the effects of a submembrane
actin-meshwork [32]. Interestingly, the size of these diffusion-compartments is cell-type
specific [33] and recent ultrastructural analysis has confirmed that they indeed match the
compartment-size imposed by the submembrane cytoskeletal meshwork [34]. It is possible that
small Lo domains (which may be transient lateral assemblies of cholesterol and sphingolipid
[22,29]) require compartmentalization by a picket fence in order to promote cholesterol-
dependent nanoclustering, a hypothesis that could be explored mathematically as in Nicolau
et al. (2007) [31]. Alternatively there may be a direct interaction between cholesterol-
dependent domains and the cytoskeleton perhaps mediated via PIP,-binding proteins. In this
context, it is worth noting that cholesterol depletion leads to a redistribution and loss of plasma
membrane binding of PIP,-binding proteins with concomitant reorganization of the
cytoskeleton [35]. However, the requirement for an intact actin cytoskeleton to maintain
nanoclustering does not always overlap with the requirement for cholesterol [12], suggesting
that the link between actin and membrane cholesterol is indirect. For example, nanoclustering
of K-ras-GTP is independent of cholesterol, but is still partially abrogated by disrupting the
actin cytoskeleton [12].

Which components of the Ras protein are necessary for nanoclustering? In the case of H-ras
the membrane interactions of the minimal membrane anchor are extensively modified by the
adjacent linker region of the HVR and by the G-domain. Analysis of a large set of HVR deletion
and alanine substitution mutants of H-ras in the GTP- and GDP-bound states using a
combination of EM and fluorescence recovery after photobleaching (FRAP) has allowed the
mapping of the critical determinants of H-ras membrane affinity and lateral segregation. The
minimal membrane anchor of H-ras provides a high affinity interaction with cholesterol-
dependent nanoclusters [11,12]. The addition of the G-domain to the minimal membrane
anchor results in a much lower membrane affinity, effectively equivalent to the G-domain
providing a repulsive force that operates against the minimal anchor [36]. Interestingly this
force is greater when the G-domain is GTP-loaded than GDP-loaded [36]. The linker region
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provides an additional source of membrane affinity but for cholesterol-independent
nanoclusters. Analysis of this linker region in turn shows that the C-terminal half of the HVR
(residues 173-179, HVR2) simply functions as a spacer, because it can be substituted by alanine
residues, whereas there is an absolute requirement for some or all of the amino acid residues
between 166-172 (HVR1) [36,37]. Taken together these results led to a cell biological vector
model that can account for H-ras GTP-dependent lateral segregation [36].

Subsequent work has shown that the palmitates in the minimal membrane anchor of H-ras also
serve distinct roles. Both contribute to the overall membrane affinity of H-ras; but palmitate
on Cys181 is required for efficient Golgi exit and forward trafficking to the plasma membrane
whereas palmitate on 184 is essential for cholesterol-independent nanoclustering of GTP-
loaded H-ras (Fig. 3) [14]. Interestingly, an H-rasG12V mutant that is mono-palmitoylated on
Cys181, and thus has a minimal membrane anchor that closely mimics N-ras, exhibits
cholesterol-dependent nanoclustering when GTP-loaded as does N-ras [14]. Simple vectorial
models such as those in Rotblat et al. (2004) [36] and the summary model shown in Fig. 3 are
useful because they explain H-ras membrane anchorage and lateral segregation by three
separable forces, provided by structural elements. What such models do not provide, however,
is a biophysical basis for the different vectors or forces that seemingly modulate H-ras
membrane interactions. In the next sections we will consider this issue in the light of some
very recent studies using model membrane systems.

Ras membrane interactions from MD simulations and in vitro studies

What are the structural mechanisms that drive clustering of the diverse Ras membrane anchors?
A solution to this question would flow directly from 3D structures of Ras in different activation
states on an intact membrane. However, despite substantial efforts in recent years, there are
only few 3D structures of membrane-bound protein domains. This is because these domains
are difficult to approach by X-ray crystallography or by solution NMR [38]. Nevertheless,
membrane-binding mechanisms have been elucidated by combining X-ray crystallographic or
NMR structures of soluble domains of membrane-bound proteins, with biophysical and cell-
biological experiments on the intact, full length membrane-bound protein [39-42]. Other
methods, such as electron paramagnetic resonance (EPR), a combination of solid state NMR
and related spectroscopic approaches (such as electron-nuclear double resonance) also provide
useful structural insights into peptide-membrane interactions [43-47]. The emerging picture
of proteins bound onto the surface of membranes is that membrane binding domains: (i) contain
apocket for the specific recognition of a unique lipid ligand (e.g. the C1, PH and FYVVE domains
[48,49]), (ii) rely on the electrostatic fields generated by multiple acidic phospholipid groups
(e.g. PKC-a C2 and BAR domains [50]) or (iii) use multiple covalent lipid modifications (e.g.
N- and H-ras) or a combination of lipid modification and a polybasic domains (e.g. K-ras).

Membrane interactions of N-ras

Spectroscopic studies of N-ras [46,51,52] have significantly advanced our understanding of
how Ras proteins are anchored to the plasma membrane. Analysis of a heptapeptide
representing the minimal N-ras C-terminal membrane anchor (Fig. 1) incorporated into a
DMPC bilayer shows that interactions between the Ras lipids and hydrophobic DMPC acyl
chains provide the major force for a stable membrane anchorage [51]. A computational study
carried out on the same system in turn provids some atomic details of the N-ras peptide-DMPC
interactions [53]. The peptide atoms are distributed such that the amino acid backbone and a
proline residue reside among the phospholipid head groups, whereas the hydrophobic side
chains of Met182 and Leu184 (Fig. 1) insert into the upper acyl chain region of the hydrophobic
membrane core. This observation illustrates how membrane binding of the Ras anchor can
benefit from both van der Waals interactions and hydrogen bonds from the peptide backbone
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[53]. Furthermore, while the effect of Ras peptide insertion on the overall structure of the host
lipid is minimal [51,53], some effect on the DMPC lipids close to those of Ras is evident
[53]. The acyl chains of the Ras peptide exhibit increased dynamics and reduced order, which
allow them to adapt to the DMPC hydrophobic chain length [54], or POPC chain length [46].
Recently, the N-ras membrane anchor synthetically joined to the G-domain has been studied
[46,52]. The overall pattern of the anchor peptide-membrane interaction and the structure of
the anchor is consistent with earlier MD predictions [53]. The anchor has a “horse-shoe” shape
[52] with substantial flexibility at its termini [46]. Interestingly, AFM imaging of full length
N-ras on three component lipid bilayers identifies a significant fraction of the protein at the
interface of Lo and Ld regions of the membrane [55]. This observation suggests that the
presence of the G-domain may, in complex model membranes, provide additional determinants
for N-ras membrane interactions.

Membrane interactions of H-ras

Compared with the extensive data on N-ras, very little structural data are available on H-ras
except for a solution NMR study showing that the HVR influences the structure and dynamics
of the G-domain [56]. Recently, however, a MD simulation study has provided a detailed
description of the structure and dynamics of full-length H-ras in a DMPC bilayer [57]. The
membrane association of H-ras is mainly due to the van der Waals interactions between the
lipids attached to the Ras anchor and DMPC lipids in the bilayer (Fig. 4). There are additional
contributions from the Met182 side chain interacting with DMPC acyl chains, similar to the
N-ras anchor peptide, and hydrogen bonding between the anchor backbone and DMPC
phosphate and carbonyl-oxygen atoms. Furthermore, Ser183 and Lys185 side chains hydrogen
bond with DMPC phosphate and help maintain the anchor backbone at the lipid-water interface.

The rest of the H-ras protein variously interacts with the surface of the membrane, but most
interestingly the MD simulations suggest two modes of Ras binding to the DMPC bilayer. The
two modes, referred to as model 1 and model 2 (Fig. 4) differ in the orientation of the G-domain
relative to the membrane plane and in the interactions of positively charged residues with
membrane phosphates. In model 1, which is the preferred conformation of GDP-bound H-ras,
basic amino acids in the HVR including Arg169 and Lys170 interact with DMPC phosphates.
In model 2, which is the preferred conformation of GTP-bound H-ras, basic amino acids in a-
helix 4 of the G-domain (Arg128 and Arg135) interact with DMPC phosphates. Differences
between model 1 and 2 also involve the membrane core penetration of the Ras lipids. The Ras
acyl chains populate the entire hydrophobic core in model 1, in an extended conformation, but
only the lower leaflet in model 2 (Fig. 4) [57]. FRET experiments (D. Abankwa and J. F.
Hancock, unpublished data) and biological assays of mutant H-ras proteins with alanine
substitutions in a-helix 4 and HVR1 [57] validate the importance of these regions in Ras-
membrane interactions. It is possible that these observations may also be relevant to N-ras,
which appears to undergo substantial, but as yet poorly defined, structural changes when
tethered to a lipid monolayer [58].

It is interesting to note that the G-domain switch 1 region is more accessible to cytosolic
effectors in model 2 than model 1. This is also true for other residues implicated in specific
effector interactions, such as Tyr64 with phosphoinositide 3-kinase v. It has been noticed
previously that Ras-effector complexes exhibit different angles of interaction on the plasma
membrane [59]. The observed change in orientation of the G-domain relative to the plane of
the membrane on GTP-binding may therefore be important for optimal effector recruitment by
membrane-bound H-ras. Another difference between model 1 and 2 is that the anchor peptide
is more deeply buried in the DMPC bilayer in model 1 than model 2. This observation predicts
that membrane-bound Ras thioesterases would have easier access to the thioester linkages of
palmitate 181 and 184 in model 2 than model 1. This different accessibility may account for

Semin Cell Dev Biol. Author manuscript; available in PMC 2009 October 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 7

the faster turnover rates of palmitate on GTP-loaded H-ras compared to GDP-loaded H-ras that
is observed in vivo [7,8,60].

A model for H-ras nanodomain formation

The limited structural and thermodynamic data currently available do not yet allow for a
complete deduction of how H-ras proteins drive the formation of signalling nanodomains.
However, some insights can be gained by considering recent structural data in conjunction with
physics-based theoretical studies of membrane mechanical properties. In this context the
induction of membrane curvature is especially relevant since curvature is associated with lipid
sorting and the attendant probability of forming lipid domains [61]. In brief, surface-bound
membrane proteins, depending on the depth of membrane penetration, can induce membrane-
curvature by three related mechanisms (for an excellent review see [62]). Scaffold mechanisms
rely on the intrinsic curvature of a protein, or network of proteins, with a rigid tertiary structure
and a curved surface to mechanically bend the lipid bilayer, e.g. the BAR domain proteins and
clathrin-adaptor protein complexes. Local spontaneous curvature mechanisms involve
monolayer deformation caused by proteins with amphipathic helices that become embedded
in the lipid bilayer, e.g. epsin and the GTPase Sarl. Bilayer couple mechanisms operate when
protein domains penetrate only one leaflet of a bilayer causing an area difference between the
inner and outer leaflets and a subsequent compensatory curvature. The latter two mechanisms
often operate together. The direct involvement of these mechanisms for protein nanocluster
formation is suggested by a recent coarse grain simulation, which showed that curvature
imposed by proteins results in a net attractive force, which results in the aggregation of these
proteins [63].

In both model 1 and model 2 the insertion of Ras into the inner leaflet will produce an area
difference between the two leaflets. According to the bilayer-couple mechanism the membrane
will develop a curvature to compensate. In addition, the interfacial localization of the anchor
backbone may perturb the bilayer via a local spontaneous curvature mechanism. This is
consistent with the local effect of H-ras on the DMPC lipid structure observed during the MD
simulations [57]. Moreover, the area of the inner leaflet occupied by Ras appears to be greater
in model 2 (GTP) than model 1 (GDP) suggesting that the two conformations may have
different propensities to induce curvature. These effects whilst small for single Ras proteins
will be enhanced as Ras nanoclusters form. The depth of insertion and the ordering of the acyl
chains also differ between the two H-ras conformations. The extended, ordered acyl chains of
GDP-bound model 1 are well placed to interact with and perhaps capture and stabilize transient
Lo domains in the plasma membrane. In accordance with current views of the ‘raft
hypothesis’ [22] H-Ras-GDP/Lo complexes would be the basic building block for a
cholesterol-dependent nanocluster.

The orientation of the G-domain, which is regulated by GTP to GDP exchange [57] controls
the insertion depth of the anchor and acyl chains and determines whether GTP- or GDP
clustering is favoured. Consideration of the energetics of Ras-membrane interaction illustrates
how this switching may occur. The insertion level of the anchor into model membranes
depends, at least in part, on whether the backbone amides preferentially interact with the
phosphate- or the lipid glycerol-oxygen atoms. Hydrogen bonding between an amide and a
glycerol carbonyl will be stronger given the more apolar nature of its micro-environment. Thus,
deeper insertion of the lipid tails is possible because the anchor has the potential to gain in free
energy through enhanced hydrogen bonding from the backbone, as well as increased van der
Waals interactions from complete insertion of the lipid tails and hydrophobic side chains. This
scenario implies that GDP-H-ras will always insert deeper, and consequently segregate to or
capture Lo domains, aided by the extended acyl-chains.
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How is it then that the HVR and GTP-loaded H-ras direct localization to cholesterol-
independent nanoclusters? Because the linker carries several charges and three prolines, it is
to be expected that it prefers to remain solvated. When considering the G-domain, it appears
that it plays two contrasting roles. On the one hand, because the G-domain rigidifies the linker
[57], it reduces the entropic advantage of a solvated linker. This implies that the G-domain
enhances the preference for deeper membrane penetration. On the other hand, the linker may
need to be solvent-accessible to functionally interact with other molecules, possibly galectin-1
as will be discussed in the next section, which requires interfacial localization. This can be
achieved by the ability of the G-domain to force the linker to adopt a solvent-accessible
conformation. As the two calculated structures (Fig. 4) suggest, these two roles can be balanced
by shifting the orientation of the G-domain relative to the membrane plane. Therefore, the
linker and the G-domain regulate the insertion level of the anchor, which may support, from
an energetic perspective, alternative mechanisms of nanoclustering.

Role of scaffold proteins in intact cells

In intact cells additional proteins influence Ras nanodomain organization. One such protein is
galectin-1, a prenyl-binding protein that is recruited to, or stabilized on, the plasma membrane
by interacting with GTP-loaded H-ras. The determinants on H-ras required for galectin-1
interaction overlap with those required for GTP-dependent lateral segregation. In order to bind
to galectin-1 in intact cells H-ras-GTP must be prenylated and have an HVR of the correct
length with an intact HVR1. However, neither of the two anchor palmitates is required for H-
ras-GTP to bind galectin-1 (Y. Kloog and J. F. Hancock, unpublished data). These and other
results suggest that galectin-1 may sequester the prenyl group and leave H-ras-GTP anchored
to the membrane by palmitates alone. Interpreting these data in the context of the MD
modelling, it seems probable that galectin-1 preferentially interacts with and stabilizes the
model 2 conformation of H-ras. In this conformation the anchor peptide is buried less deeply
in the bilayer (Fig. 4) such that the prenyl group may be more available for sequestration by
galectin-1. In model 2 the HVR1 is also more solvent accessible. The consequence of this mode
of galectin-1-H-ras interaction, which leaves all other determinants of Ras membrane binding
unaffected, would be to facilitate the cholesterol-independent nanodomain formation driven
by H-ras-GTP (Fig. 5).

In support of these concepts, ectopic expression of galectin-1 increases the extent of H-ras-
GTP nanoclustering and also the radius of the nanoclusters [11,26], whereas knockdown of
galectin-1 expression significantly abrogates H-ras-GTP nanoclustering [11]. Modulation of
H-ras nanoclustering by galectin-1 levels also correlates closely with changes in H-ras signal
output [64—-66]. Interestingly, another galectin family member, galectin-3, predominantly
interacts with activated K-ras and increases Raf-1 and phosphoinositide 3-kinase activation
[67]. 1t will be interesting to see whether these signalling effects are also due to modified
nanoclustering of K-ras, and in turn whether MD simulations of K-ras yield new insight into
domain formation by this Ras isoform.

Conclusion

The MD simulated structure of membrane bound H-ras, when combined with experimental
results from molecular cell biological, EM and SFVT studies, leads to an intriguing model for
how the H-ras protein may drive the formation of nanoclusters on the plasma membrane.
However, much more work needs to be done in order to gain a thorough understanding of the
molecular and dynamic aspects of nanoclustering. This will involve using diverse approaches
to explore the mechanisms and consequences of nanoclustering of lipid-anchored proteins on
the inner and outer plasma membrane. Computational simulation of nanocluster formation may
be possible, using a combination of atomistic and more coarse grained modelling. Such
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simulations could shed some light on the cooperativity of the nanoclustering process. The
dynamics of formation and disassembly of nanoclusters remain poorly characterized, as does
the mechanism whereby the cluster-to-monomer ratio is maintained at relatively constant levels
as protein expression levels vary. Current biophysical data suggest that nanoclusters are short-
lived and highly dynamic. In the near future, high-end imaging, fluorescence correlation
spectroscopy (FCS), simultaneous FRAP and anisotropy imaging and further exploitation of
FRET techniques should provide more detailed quantitative kinetic data. Important questions
to answer include: what is the exchange rate of nanocluster constituents, does nanocluster
assembly and disassembly occur stochastically, and can it be regulated by the cell? More
generally, it will be interesting to explore what emergent signalling properties flow from
organizing Ras proteins into dynamic, transient signalling platforms [27]. These and other
questions will continue to focus attention and interest on the membrane interactions of Ras and
other lipid-anchored proteins as we strive to understand the complexities of the plasma
membrane and the full extent to which it acts as a master regulator for signalling networks that
are assembled thereon.
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Figure 1.

The processed hypervariable regions of H-, N- and K-ras. In the case of H-ras, the division of
the linker region of the HVR into HVR1 and 2 (blue hues) is shown. The minimal plasma
membrane targeting sequences are outlined in orange and include C-terminal farnesylation and
carboxylmethylation, and the palmitoyl modifications or the stretch of basic residues. The
minimal plasma membrane targeting sequence of H-ras is abbreviated tH.
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Figure 2.

Nanodomains of the classical Ras isoforms characterized by EM and statistical analysis of the
point patterns of immunogold-labelled plasma membrane sheets. Thus, both the sensitivity of
nanoclustering towards cholesterol depletion or the co-clustering of two proteins can be
examined. Both H-ras and N-ras show GTP-dependent lateral segregation into nanoclusters
with different sensitivities to cholesterol depletion. It is unclear whether K-ras exhibits a similar
GTP-dependent lateral segregation. Note that only proteins in nanoclusters are shown;
randomly distributed proteins are omitted.
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Figure 3.

Vectorial model of GTP-dependent H-ras lateral segregation as defined by EM and FRAP
analysis. This model complements a previous vectorial model in Rotblat et al. (2004) [36], by
adding the contributions from the individual palmitoyls and HVR1.
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GDP-H-ras GTP-H-ras

Figure 4.

The two models of membrane bound H-ras obtained from MD simulations. Model 1(left) is
the predominant conformation found for H-ras-GDP, while model 2 (right) is the predominant
conformation for H-ras-GTP. The blowup of the interaction sites (bottom) shows lipids (cyan)
and interacting residues of H-ras in sticks. Note that model 1 is predominantly anchored via
the HVR, while model 2 shows extensive contact of a-helix 4 with the membrane. Membrane
lipids (cyan) with specific contacts to H-ras residues or its lipids (orange) are shown in sticks.
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Membrane curvature stabilizes proteo-lipid-domain formation and lateral segregation.
1. Different insertion levels may stabilize domains of different thicknesses.

2. Area differences lead to curvature, by a bilayer couple mechanism.

3. Backbone insertion and specific protein-lipid contacts may lead to spotaneous local curvature.

GDP-H-ras model GTP-H-ras model

Figure 5.

Summary of mechanisms by which membrane insertion of Ras could drive nanoclustering.
Differences in membrane insertion of GDP- and GTP-loaded H-ras provide some intriguing
insights in the biophysical principals that may drive activation-dependent lateral segregation.
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