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The primary site of Ras signal transduction is the plasma membrane (PM). On the PM, the
ubiquitously expressedRas isoforms,H-,N-, andK-Ras, spatially segregate to nonoverlapping
nanometer-sized domains, called nanoclusters, with further lateral segregation into nonover-
lapping guanosine triphosphate (GTP)-bound and guanosine diphosphate (GDP)-bound
nanoclusters. Effector binding and activation is restricted to GTP nanoclusters, rendering
the underlying assemblymechanism essential to Ras signaling. Ras nanoclusters have distinct
lipid compositions as a result of lipid-sorting specificity encoded in each Ras carboxy-termi-
nal membrane anchor. The role of the G-domain in regulating anchor–membrane interac-
tions is becoming clearer. Ras G-domains undergo significant conformational orientation
changes on guanine nucleotide switch, leading to differential direct contacts between the G-
domain and reorganization of the membrane anchor. Ras G-domains also contain weak
dimer interfaces, resulting in homodimerization, which is an obligate step of nanoclustering.
Modulating the formation of Ras dimers, the lipid composition of the PM or lateral dynamics
of key PM phospholipids represent novel mechanisms whereby the extent of Ras nanoclus-
tering can be regulated to tune the gain in Ras signaling circuits.

In this review, we will discuss the spatiotempo-
ral organization of Ras proteins on the cell

plasma membrane (PM) and the emergent sig-
naling consequences of the attendant spatial
distribution of Ras signaling complexes. Specif-
ically, we will discuss how the posttranslation-
ally modified carboxy-terminal anchoring do-
mains of Ras isoforms selectively sort PM
lipids and drive isoform-specific nanocluster-
ing. We will then explore the latest findings
on G-domain-mediated Ras homodimerization
and how Ras dimers potentially contribute to
the formation of higher order oligomers. We

will conclude the review by discussing the po-
tential biological implications of Ras nanoclus-
ters and how altering lipid composition within
Ras nanoclusters influences signal transduction.

RAS ANCHORS AND PLASMA MEMBRANE
TARGETING

Ras superfamily proteins oscillate between inac-
tive guanosine diphosphate (GDP)-bound and
active guanosine triphosphate (GTP)-bound
states to control signaling cascades that regulate
multiple aspects of cell biology, including cell
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survival, migration, and proliferation. Prototyp-
ical examples are the three Ras isoforms that are
ubiquitously expressed in human cells: K-, H-,
and N-Ras, of which K-Ras and N-Ras are fre-
quently mutated in human cancers (Prior et al.
2012). Ras proteins contain nearly identical
G-domains that bind guanine nucleotides and
interact with a common set of activators and
effectors but show significant sequence varia-
tion in their carboxy-terminal hypervariable re-
gions (Prior andHancock 2001; Hancock 2003).
For biological activity, Ras proteins must local-
ize to the PM (Willumsen et al. 1984; Hancock
et al. 1989) using a carboxy-terminal membrane
anchor. This follows because Ras effectors must
be recruited to the PM for activation. A Ras PM
anchor consists of two components. The first
anchor component, common to all Ras iso-
forms, is a carboxy-terminal S-farnesyl cysteine
carboxylmethyl ester, which is generated by a
sequential set of irreversible posttranslational
modifications of a conserved carboxy-terminal

CAAX motif present in the nascent Ras protein
(Fig. 1). The modifications are carried out by
farnesyl protein transferase in the cytosol, and
two endoplasmic reticulum (ER)-localized en-
zymes, the Rce1 protease and isoprenyl-carbox-
ymethyl transferase (Reiss et al. 1990; Dai et al.
1998; Bergo et al. 2000, 2001, 2002). The second
anchor component comprisesmonopalmitoyla-
tion of N-Ras, duopalmitoylation of H-Ras, and
a polybasic domain (PBD) of six contiguous ly-
sines in K-Ras4B, the more prevalent splice
form of K-Ras, hereafter called just K-Ras
(Casey et al. 1989; Hancock et al. 1989, 1990).
Palmitoylation is accomplished by ER- and Gol-
gi-localized palmitoyltransferases. Of note, this
type of bipartite membrane anchor is found in
many other Ras superfamily proteins (Hancock
et al. 1990; Michaelson et al. 2001). After anchor
assembly is completed on the cytosolic surface
of the ER, H-Ras, and N-Ras access the PM via
the exocytic pathway through the Golgi (Choy
et al. 1999; Apolloni et al. 2000), whereas K-Ras
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Figure 1. Ras targeting and spatial organization on the plasma membrane (PM). (A) Ras minimal membrane
anchors. All Ras anchors have a farnesyl group, whereas H-Ras has two additional palmitoyl chains and N-Ras
has one additional palmitoyl chain. K-Ras has a contiguous hexalysine polybasic domain (PBD). (B) Ras isoforms
spatially segregate into nonoverlapping nanoclusters on cell PM. Guanine nucleotide binding states also drive
further spatial separation for each isoform. Each Ras nanocluster is ∼18 nm in diameter and contains about five
to six Ras molecules. ∼56% of Ras proteins are found as monomers, whereas the remaining 44% form higher-
order oligomers and nanoclusters.
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is delivered to the PM bypassing the Golgi via
the recycling endosome (RE) (Choy et al. 1999;
Apolloni et al. 2000; Schmick et al. 2014).

After initial delivery to the PM, each Ras
protein must be actively maintained on the PM
to preserve the fidelity of PM targeting and pre-
vent entropic equilibration across all cellular
membranes. To this end, H- andN-Ras undergo
cycles of depalmitoylation, by as-yet poorly
characterized thioesterases after internalization
on the cytosolic surface of endosomes, followed
by repalmitoylation in the ER and Golgi for ve-
sicular transport back to the PM (Goodwin et al.
2005; Rocks et al. 2005). Several putative chap-
erones that bind nonpalmitoylated H- and N-
Ras have been identified, including VPS35 and
PDEδ, which facilitate cytosolic diffusion of pre-
nylated, nonpalmitoylatedRas and contribute to
engagement with membrane-bound palmitoyl
transferases (Schmick et al. 2014; Zhou et al.
2016). Similarly, K-Ras is released from endo-
somes immediately after internalization, caused
by the loss of anionic lipid asymmetry, and is
captured by the chaperone protein PDEδ. The
K-Ras PDEδ complex is, in turn, dissociated by
binding the small GTPase Arl2 in the spatial
vicinity of the RE, allowing K-Ras to bind to
the cytosolic surface of RE vesicles for forward
transport back to the PM (Chandra et al. 2012;
Zimmermann et al. 2013; Schmick et al. 2014).

SPATIAL ORGANIZATION ON THE PM:
DIMERS AND NANOCLUSTERS

The major Ras signaling platform, the PM, is a
complex, dynamic structure with heterogeneity
onmany length and time scales (Mayor and Rao
2004; Simons and Vaz 2004; Kusumi et al. 2005;
Hancock 2006; Lingwood et al. 2009; Prior and
Hancock 2012).Theorigins of this heterogeneity
include several thousand species of lipid, com-
partmentalization by a submembrane actin cy-
toskeleton, and the transient lateral assembly of
different subsets of lipids driven byprotein–lipid
and lipid–lipid interactions (Mayor and Rao
2004; Simons and Vaz 2004; Kusumi et al.
2005; Hancock 2006; Lingwood et al. 2009; Prior
and Hancock 2012). On the PM, Ras proteins
diffuse laterally as monomers and dimers and

assemble into higher-order oligomers that lead
to the formation of nanoclusters (Prior et al.
2003; Plowman et al. 2005; Nan et al. 2013; Lin
et al. 2014; Muratcioglu et al. 2015; Zhou and
Hancock 2015; Jang et al. 2016; Prakash et al.
2016). A nanocluster contains about six Ras pro-
teins, has a radius of∼9 nmand a lifetime of <1 s
(Prioret al. 2003;Murakoshi et al. 2004;Hancock
and Parton 2005; Plowman et al. 2005; Abankwa
et al. 2010; Zhou et al. 2014; Zhou and Hancock
2015). H-, N-, and K-Ras proteins assemble into
spatially nonoverlapping nanoclusters with fur-
ther lateral segregation between nanoclusters of
GTP-loaded and GDP-loaded Ras (Prior et al.
2003; Gorfe et al. 2007b; Abankwa et al. 2008,
2010;Weise et al. 2011; Zhou et al. 2014; Prakash
et al. 2016). Ras-GTP nanoclusters act as signal-
ing platforms for effector binding and signal
transmission and are therefore essential to Ras
signaling (Plowman et al. 2005, 2008; Tian et al.
2007; Nan et al. 2013; Zhou and Hancock 2015)
as will be discussed later.

The spatial distribution of Ras on the cell PM
has been extensively quantified using electron
microscopy (EM) combined with spatial analy-
sis. EM estimates of the relative distributions of
fractions, coupled with earlier single-fluoro-
phore video tracking (SFVT) experiments, sug-
gest that ∼50% of Ras proteins diffuse as mono-
mers, with the remainder present as mobile
dimers and immobile nanoclusters. This is a
nonequilibrium state in that the fraction of a
Ras protein population assembling into nano-
clusters is constant over a multilog range of ex-
pression levels; that is, the clustered fraction is
the same at endogenous levels of expression as
well as ectopic expression levels reaching 20×
over endogenous (Plowman et al. 2005). Inter-
estingly, glycophosphatidylinositol (GPI)-an-
chored proteins show an identical nonequilibri-
umdistribution (MayorandRao 2004;Goswami
et al. 2008; Gowrishankar et al. 2012; Raghupa-
thy et al. 2015). These and other considerations
suggest that an intrinsic property of lipid-an-
chored proteins on a lipid bilayer may be a pro-
pensity to form clusters. Indeed, the clustering
phenomenon is seen when multiple anchors are
simulated on a bilayer using molecular dynam-
ics (MD) and on supported bilayers (Weise et al.
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2011; Li and Gorfe 2013; Lin et al. 2015). Our
current understanding of the basic molecular
mechanism revolves around oligomerization of
the G-domain, the role of the anchor and its
interactions with the lipid bilayer, and how the
G-domain can modulate the behavior of the an-
chor (Fig. 2). These are interrelated but will be
initially considered here as individual determi-
nants. Other contributing factors that will not be
considered further are thermodynamic fluctua-
tions in lipid diffusion that result from actin
turnover and trundling in the submembrane ac-
tin cytoskeleton (Goswami et al. 2008; Gowrish-
ankar et al. 2012), which have been shown the-
oretically and experimentally to play a role in
maintaining the nonequilibrium clustered dis-
tribution of GPI-anchored proteins and which
may also therefore contribute tomaintaining the
similar nonequilibrium clustered distribution of
Ras proteins. Connectivity between the inner
and outer leafletsmediated by long-chain PtdSer

and actin interactions contributes to nanoclus-
tering of outer leaflet GPI-anchored proteins
(Raghupathy et al. 2015), although relevance
here to Ras is unclear.

Much recent work has focused on character-
izing K-Ras dimers and putative interaction sur-
faces that may be relevant to PM-bound K-Ras.
Dimers have been observed using super-resolu-
tion microscopy, dimers, and nanoclusters by
EM of intact PM, and the existence of diverse
higher-order oligomers inferred by SFVT (Mu-
rakoshi et al. 2004; Nan et al. 2015; Spencer-
Smith et al. 2017). Using a combination of com-
putational and experimental techniques, we and
others recently identified two G-domain sur-
faces involved in the assembly of K-Ras mono-
mers into multiple types of dimer (Muratcioglu
et al. 2015; Prakash et al. 2016). The surfaces are
low affinity and are stable only when the Ras
protein is attached to the membrane bilayer.
Both surfaces are stabilized by ionic interactions
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Figure 2. Ras G-domain conformational orientations drive spatial segregation on the plasma membrane. (A) H-
Ras-guanosine diphosphate (GDP) favors a G-domain orientation that is perpendicular to the membrane.
Guanosine triphosphate (GTP)-bound H-Ras favors a G-domain orientation that is rotated through 100°
such that the helix α4 now interacts with lipid head groups. (B) The K-Ras G-domain is more dynamic, but
samples more extensively orientate aligning parallel with the bilayer when GDP-bound and semiperpendicular
when GTP-bound, with different G-domain and hypervariable region (HVR) residue hydrogen bonding to the
bilayer in each case. (FromMazhab-Jafari et al. 2015; reprinted, with permission, from the National Academy of
Sciences © 2015.) (C) The GTP-bound K-Ras G-domain further samples two distinct conformations, OS1 and
OS2 as described in the text (Prakash et al. 2016). (D) Two partially overlapping dimer surfaces that have been
validated experimentally are located on helix α3/α4 and helix α4/α5.
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between two Ras molecules: the h3/h4 (h3 = α-
helix3/h4 = α-helix4) surface contains recipro-
cal K101-E107 and E107-K101 salt bridges
and the h4/h5 surface contains ion pairs E98-
K165 and D105-K172. The role of additional
K-Ras dimerization surfaces observed in MD
simulations remains uncertain (Muratcioglu
et al. 2015; Sayyed-Ahmad et al. 2016; Prakash
et al. 2017).

Taken together with the known spatial orga-
nizationofK-Ras, thesedimerizationdata lead to
the hypothesis that the formation of K-Ras di-
mers on the PM is a prerequisite for the forma-
tion of higher-order oligomers that are, in turn, a
prelude to the assembly of a nanocluster. Several
lines of evidence are concordant with this hy-
pothesis: first is the identification of multiple
dimer surfaces that can be used to assemble a
series of higher-order oligomers, including a
pentamer (Sarkar-Banerjee et al. 2017). Of spe-
cial note, the computed diameter of this pen-
tameric structure matches exactly the lower
bound diameter of a K-Ras nanocluster visual-
ized previously by EM (Plowman et al. 2005;
Sarkar-Banerjee et al. 2017). Second, if dimeriza-
tion is indeed an obligate step in nanocluster
assembly then perturbing dimer formation
should in turn affect nanocluster formation.
This has been shown experimentally in two dif-
ferent studies. Two sets of ionic interactions that
stabilize the h3/h4 dimer or the h4/h5 dimer can
be abrogated by replacing one of the partners
with an amino acid of the opposite charge.
Suchmutations, K101E andE107K, significantly
reduceK-Ras nanoclustering, whereas nanoclus-
tering is unaffected in a double mutant K101E +
E107K, in which the opposed charges are simply
swapped (Prakash et al. 2017). Similarly, charge
reversal mutagenesis to perturb the h4/h5
surface (E98K/D105K) impairs nanoclustering,
whereas swapping the charges so that salt bridge
formation is still possible (E98K/D105K +
K165E/K127D) has no effect on nanoclustering
(Prakash et al. 2017). Concordantly, ectopic
expression of a novel monobody that targets
the h3/h4 interface profoundly inhibits K-Ras
dimerization, K-Ras nanoclustering, and onco-
genic K-Ras signal transmission (Spencer-Smith
et al. 2017). Conversely, enhancing dimerization

enhances nanoclustering, for example, introduc-
ing two cysteine mutations at K101 and E107
allows the opposed cysteine side chains to form
a disulfide bond, which stabilizes the h3/h4
dimer and increases K-Ras nanocluster forma-
tion (Prakash et al. 2017). Similarly, K-RasG12V

dimerization can be enhanced extrinsically by
treating cells with BRAFkinase inhibitors to gen-
erate stable BRAF–CRAF dimers (Heidorn et al.
2010; Poulikakos et al. 2010), or by ectopically
expressing a Ras-binding domain (RBD), RBD–
RBD dimer (Cho et al. 2012b). In both cases, the
bipartite RBDs enhance K-RasG12V dimerization
and concomitantly enhance K-Ras nanocluster-
ing (Cho et al. 2012b). Artificially induced di-
merization of mCherry-K-RasG12V also leads to
significant activation of the mitogen-activated
protein kinase (MAPK) signaling pathway, con-
cordant with enhanced dimerization driving
enhanced nanoclustering and, hence, increased
signal output (Nan et al. 2015).

Dimers of H-Ras and N-Ras have also been
observed in MD simulations and verified exper-
imentally (Guldenhaupt et al. 2012; Lin et al.
2014). The dimerization surfaces identified are
not exactly congruous with those of K-Ras. Ex-
periments using time-resolved fluorescence an-
isotropy, fluorescence correlation spectroscopy,
and single-particle tracking of lipidated H-Ras
on a supported lipid bilayer (Lin et al. 2014)
showed that alanine mutation of Tyr64 (Y64A)
significantly increases H-Ras lateral diffusion by
eliminating dimers (Lin et al. 2014). A dimeri-
zation interface has been identified comprising
helix α5 and loops β2/3 region of N-Ras (Gul-
denhaupt et al. 2012). Fluorescence lifetime
measurements show that N-Ras forms extensive
dimers when attached to a supported bilayer but
not in solution (Guldenhaupt et al. 2012). MD
simulations further propose that a dimer inter-
face exists in the region of helices α4, α5 and β4,
α5 (Guldenhaupt et al. 2012). Key residues in-
clude intermolecular salt bridges between R161
and D154 of helix α5 on one N-Ras molecule
with K135 in helix α4 and E49 in loop β2/β3 on
the adjacent N-Ras molecule. Intermolecular
salt bridges between D47 (loops β2/β3) and
R161/R164 of helix α5 on the adjacent N-Ras
molecule are also prominent. There is a general

Ras and the Plasma Membrane

Cite this article as Cold Spring Harb Perspect Med 2018;8:a031831 5

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



consensus among these and other studies that
dimerization is restricted to membrane-bound
Ras molecules because the binding affinities are
too low to be detectable in solution (Dementiev
2012; Guldenhaupt et al. 2012; Lin et al. 2014;
Muratcioglu et al. 2015; Nan et al. 2015; Prakash
et al. 2016). Taken together, these studies also
suggest that heterodimerization between differ-
ent Ras isoforms would be unlikely and that
homodimerization is strongly favored. A recent
study examined this directly and verified that, at
least for K-Ras and H-Ras, the respective dimers
are isoform specific (Jang et al. 2016). This is an
important result because if dimers are the build-
ing blocks of higher-order oligomers and nano-
clusters, then fidelity of dimer assembly will, in
turn, lead to fidelity of nanocluster assembly and
provide a molecular basis for isoform-specific
lateral segregation that is observed experimen-
tally.

Complementary MD simulations and fluo-
rescence lifetime imaging–fluorescence reso-
nance energy transfer (FLIM–FRET) experi-
ments have revealed that the likely basis of
guanine nucleotide-dependent lateral segrega-
tion, whereby the GTP-bound and GDP-bound
formsof eachRas isoformassemble into spatially
nonoverlapping nanoclusters, involves confor-
mational orientations of the G-domain with re-
spect to the PM. For example, the H-Ras G-do-
main operates like a balance. In the GDP-bound
state, most helices of the G-domain orient par-
allel to the membrane, with only the hypervari-
able region (HVR) and carboxy-terminal anchor
engaging the membrane (Abankwa et al. 2008,
2010). This conformation allows extensive inter-
action of R169 and K170 with charged lipids in
the membrane and the dual palmitoyl chains
fully extended into the bilayer. This anchor
structure can readily account for the segregation
of H-Ras-GDP to ordered cholesterol-enriched
domains (Prior et al. 2003; Abankwa et al. 2008,
2010). GTP binding leads to conformational re-
orientation and new salt bridges between D47/
E49 in the β2-β3 loops and R161/R164 in helix
α5 (Abankwa et al. 2008). The G-domain,
in turn, swings ∼100°, resulting in extensive
interaction of R128 and R135 in helix α4 with
polar lipids in themembrane andwith R169 and

K170 being disengaged from the membrane
(Abankwa et al. 2008, 2010). The dual palmitoyl
chains also become disordered again, account-
ing for the segregation of H-Ras-GTP away from
cholesterol-rich domains (Gorfe et al. 2007a,b;
Abankwa et al. 2008, 2010).

The behavior of the K-Ras G-domain differs
from that of H-Ras. Liquid nuclear magnetic
resonance (NMR) analyses of K-Ras anchored
to lipid nanodiscs (Mazhab-Jafari et al. 2015)
and infrared spectroscopy of K-Ras on synthetic
model membranes (Weise et al. 2011; Kapoor
et al. 2012) show that the G-domain helices of
GDP-bound K-Ras align parallel to the mem-
brane, with the surface of β1 and β6, helices α4
and α5, as well as β2-β3 loops contacting acidic
lipids in the bilayer. GTP loading leads to a
semiperpendicular alignment of the G-domain
with the membrane, with β1–3 and helices α2
and α3 now in contact. The same alignment was
predicted in all-atom MD simulations. The
computational study, however, showed that K-
Ras-GTP actually samples several distinct orien-
tation states (OSs). A combination of MD sim-
ulations, EM-univariate spatial mapping, and
FLIM–FRET revealed that K-Ras-GTP shifts be-
tween two predominant OSs (Prakash et al.
2016): OS1 presents helices α3/α4 to the mem-
brane while OS2 uses β1–3 and helix α2. OS1
and OS2 are mutually exclusive in terms of in-
teracting with the membrane and use R102,
which is persistently attached to the membrane,
as a hinge during switching. Detailed structures
of the K-Ras minimal anchor under each nucle-
otide-bound state have not been reported, but
the different lipid-sorting capacities discussed in
the following section would suggest that they are
indeed different

LIPID SORTING AND LIPID COMPOSITION
OF RAS NANOCLUSTERS

Early studies showed that the cholesterol con-
tent of the PM was differentially important for
H-Ras but not K-Ras signaling and subse-
quently that the integrity of H-Ras-GDP and
N-Ras-GTP clusters, but not K-Ras-GTP or K-
Ras-GDP clusters, was cholesterol dependent
(Roy et al. 1999, 2005; Prior et al. 2001, 2003;
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Ariotti et al. 2014). Such results suggested that
each Ras nanocluster may have a different lipid
composition, likely reflecting different lipid-
binding preferences of the individual anchors
that when, aggregated in a cluster, would in
turn sort or assemble different cohorts of PM
lipids. In turn, different lipid compositions of
H-, N-, and K-Ras nanoclusters could account
for signaling differences among the three iso-
forms. Subsequent work has validated each of
these basic concepts.

The lipid composition of Ras nanoclusters
in intact cell PM was recently determined using
EM to quantify the extent of colocalization of
different Ras isoformswith a set of lipid-binding
probes (Figs. 3 and 4) (Zhou et al. 2014, 2015,
2017). For example, H-Ras-GDP nanoclusters
were highly enriched with PIP2, whereas those
ofK-Ras-GTPhadahighphosphatidic acid (PA)
content but minimal PIP2. All Ras nanoclusters

contain PtdSer, but respond to changing PtdSer
levels in distinct manners. Although enhancing
or decreasing PM PtdSer content increases or
decreases, respectively, K-RasG12V PM localiza-
tion and clustering, such changes in PM PtdSer
content have no effect onH-RasG12V (Zhou et al.
2014, 2015), leading to the conclusion that
PtdSer is a critical structural component of K-
Ras-GTP nanoclusters, but not H-Ras-GTP
nanoclusters. The K-Ras PBD is a key structural
element for associating with anionic lipids in the
PM (Hancock et al. 1990; McLaughlin et al.
2002). Traditionally, PBDs have been thought
to operate largely as charge sensors with the
number of basic residues within a PBD, deter-
mining the strength of electrostatic interaction
with acidic lipids and similarly interacting more
stronglywith acidic lipids that have a high charge
density. However, K-Ras nanoclusters are en-
riched with monovalent PtdSer but largely de-
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Figure 3. The K-Ras membrane anchor encodes a highly specific capacity for lipid binding. The precise amino
acid sequence of the polybasic domain (PBD) and prenyl group encodes lipid-binding specificity that is realized
as a defined anchor structure. Aggregation of a set of like anchors leads to assembly of nanoclusters with defined
lipid compositions (shown as a heat map). The lipid composition of the resulting nanocluster shapes signal
output (shown as a heat map of signaling pathway activity) (Zhou et al. 2017). LBI, Lipopolysaccharide-binding
index.
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pleted of multivalent PIP2 (Zhou et al. 2014,
2017), suggesting that the K-Ras PBD is sensing
more than just charges. Indeed, the K-Ras bipar-
titePBD–farnesyl anchorhasnowbeen shown to
have exquisite specificity for PtdSer over anionic
lipids, including PIP2, and also to selectively in-
teract with PtdSer species that have asymmetric
lipid chains comprising one fully saturated and
one unsaturated acyl chain (Zhou et al. 2017). In
lipid add-back experiments in PtdSer-depleted
cells, K-Ras PM binding can be recovered by any
PtdSer species, except PtdSer with two fully sat-
urated chains. Strikingly, however, only asym-
metricPtdSercan rescuebothK-RasPMbinding
and K-Ras nanoclustering, and in turn restore
the capacity of K-RasG12V to recruit CRAF to
the PM (Zhou et al. 2017), implying that only
asymmetric PtdSer can be assembled into K-
Ras-GTP nanoclusters.

EM bivariate colocalization analysis was
then used to map lipid composition of K-Ras
PBD mutants, each of which contains a single
alanine point mutation at each of six different
positions in the PBD. Each K-Ras PBD mutant

still retains five lysines, thus equivalent to the
amount of charges among all PBD mutants.
Yet, each K-Ras PBD mutant possesses distinct
lipid composition (Zhou et al. 2017). Of partic-
ular interest, K-RasK177Q andK-RasK178Q are
depleted of PtdSer and enriched with PIP2
(Zhou et al. 2017); remarkably then, these sin-
gle-point mutations are sufficient to change the
lipid-binding specificity of the K-Ras anchor.
Concordant with their different lipid composi-
tions, each different PBD sequence anchor gen-
erated a different cellular signal output. Lysine
and arginine each contains only one positive
charge and are thus electrostatically equivalent
to each other. However, replacing the lysines of
the PBD with arginines fundamentally changed
the lipid-binding specificity of a K-Ras anchor
as does changing the farnesyl group to a gera-
nylgeranyl group (Zhou et al. 2017). These re-
sults show that the precise amino acid sequence
of the K-Ras PBD together with the prenyl
group define a combinatorial code for lipid
binding that extends beyond simple electrostat-
ics. Within the code, lysine and arginine resi-

Monomers MonomersHomodimers

Protein–protein
interactions

Nanoclusters

Lipid sorting by aggregated anchors

Lipid composition is anchor
dependent

Nanoclusters are lipid dependent

Dimerization is an obligate step for nanocluster formation

Lipid sorting defines nanocluster composition  (⇒   isoform-specific lateral segregation)

Changes in plasma membrane lipid composition will perturb nanocluster formation

Figure 4. Putativemolecularmechanism for nanocluster formation. Ras homodimer formation is an obligate step
of Ras nanoclustering. Homodimers form between Rasmonomers, mediated by their weak G-domain interfaces.
Ras homodimers further oligomerize into nanoclusters composed of five to six proteins. Lipid sorting by the
higher-order Ras oligomers generates a lipid-based nanocluster concordantly weakening G-domain interactions.
The purely lipid-stabilized nanocluster then disintegrates, releasing Ras monomers.
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dues are nonequivalent and prenyl chain length
modifies nascent PBD lipid preferences (Zhou
et al. 2017). All-atomMD simulations show that
this newly discovered PBD-prenyl code embed-
ded within the K-Ras anchor is realized by dis-
tinct dynamic tertiary structures of the anchor
on the PM that govern amino acid side-chain–
lipid interactions (Zhou et al. 2017).

POSSIBLE MOLECULAR MODEL FOR
NANOCLUSTERING

Collecting together the data and ideas described
above, we can generate a working model for
nanocluster assembly. We propose that G-do-
main-mediated Ras homodimerization is an ob-
ligate step for Ras nanocluster formation. Freely
diffusingRas homodimers assemble as a result of
molecular collisions into higher-order oligomers
up to and including pentamers. A key conse-
quence of the assembly of these higher-order
structures is an aggregation of a set of identical
carboxy-terminal anchors with defined lipid-
binding specificity that can sort or retain specific
cohorts of PM lipids. Each nanocluster therefore
acquires a defined, nonrandom assembly of lip-
ids.We speculate that as lipid composition of the
nanocluster is established, protein–protein inter-
actions are destabilized, leaving the nanocluster
as a lipid-based assembly of Rasmonomers. This
is an intrinsically unstable entity with a finite
lifetime that disassembles as lipids diffuse away,
releasing a set of freely diffusing Ras monomers.

SIGNAL PROCESSING AND EMERGENT
SYSTEM PROPERTIES OF THE RAS
NANOCLUSTER SYSTEM

RAF,MEK, and ERK are recruited and activated
in Ras nanoclusters not by freely diffusing
Ras monomers (Tian et al. 2007; Plowman
et al. 2008). This spatiotemporal restriction of
MAPK cascade activation results in key emer-
gent properties, including high-fidelity and
low-noise signal transmission within the Ras-
MAPK signaling circuit (Tian et al. 2007; Har-
ding and Hancock 2008b; Kholodenko et al.
2010). In brief, the fixed nanoclustered fraction
(φ) at all Ras expression levels results in a linear

relationship between the amount of Ras-GTPon
the PM, generated, for example, in response to
epidermal growth factor receptor (EGFR) acti-
vation and the numberof Ras-GTP nanoclusters
assembled (Fig. 5). Each nanocluster then oper-
ates as a transient digital switch in activating
MAPK, generating a fixed quantal output of
ERKpp before the nanocluster disassembles
and terminates MAPK activation (Harding
et al. 2005; Tian et al. 2007, 2010; Harding and
Hancock 2008a,b; Inder and Hancock 2008;
Inder et al. 2008; Kholodenko et al. 2010). The
whole system operates as an analog–digital–
analog converter, in which the assembly of
nanoclusters digitizes the incoming analog sig-
nal (acting as an analog-to-digital converter
[ADC]). The cytosolic summed output of all
the ERKpp generated by the nanoclusters then
regenerates the analog input signal (acting as a
digital-to-analog converter [DAC]). These fea-
tures of K-Ras nanoclusters allow cells to use
digital biochemistry to build high-fidelity analog
signaling circuits (Tian et al. 2007; Harding and
Hancock 2008b; Kholodenko et al. 2010). The
dynamics of nanocluster assembly and turnover
are thus critical for Ras function (Plowman et al.
2005; Tian et al. 2007; Kholodenko et al. 2010)
such that the nanoclustered fraction (φ) becomes
a critical system parameter that can set signal
gain. Increasing φ results in increases in signal
gain, whereby there is increased MAPK activa-
tion per unit of Ras-GTP, whereas reducing φ has
the opposite effect; at the limit, completely block-
ing nanocluster formation abrogates Ras signal-
ing even if Ras is GTP loaded and PM localized.

In intact cells, φ can be regulated by multiple
mechanisms. Extensive early studies implicated
galectin-1 and galectin-3 as H-Ras-GTP and
K-Ras-GTP nanocluster scaffolds, respectively
(Belanis et al. 2008; Shalom-Feuerstein et al.
2008). Increasing the cytosolic concentration
of these galectins enhanced H-Ras and K-Ras
nanoclustering and MAPK signaling concor-
dantly. Intriguingly, cytosolic levels of nucleo-
phosmin and nucleolin also enhance K-Ras
clustering (Inder et al. 2009). Caveolae remotely
control Ras nanoclustering in part by sequester-
ing PtdSer (Ariotti et al. 2014; Zhou et al.
2014). Disruption of caveolae by expressing
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dominant-negative caveolin mutants, or knock-
down of caveolin or cavin, alters PM PtdSer and
cholesterol content and distribution to enhance
K-Ras-GTP clustering, but abolish GTP-depen-
dent lateral segregation of H-Ras (Ariotti et al.
2014; Zhou et al. 2014). PM depolarization also
induces nanoscale reorganization PtdSer and
PIP2 but not other anionic phospholipids
(Zhou et al. 2015). The reorganization of PtdSer,
in turn, enhances K-Ras nanoclustering, which
robustly amplifies K-Ras-dependent MAPK sig-
naling. Conversely, PM repolarization disrupts
K-Ras nanoclustering and inhibits MAPK sig-
naling. Therefore, by responding to voltage-in-
duced changes in PtdSer spatiotemporal dy-
namics, K-Ras nanoclusters set up the PM as a
biological field-effect transistor, allowing mem-
brane potential to control the gain in mitogenic
signaling circuits. Together, these results show
that φ is an important parameter, subject tomul-
tiple levels of control that directly control the
strength of Ras signal transduction.

The important role ofPtdSer in regulatingK-
Ras spatiotemporal organization on cell PM and

signaling is further shown by the pharmacology
of two K-Ras inhibitors: fendiline and stauro-
sporine (STS). Both of these compounds perturb
sphingomyelin metabolism, fendiline, by inhib-
iting acid sphingomyelinase, and STS by inhib-
iting the ORMDL complex that inhibits the first
step in sphingomyelin biosynthesis (Cho et al.
2012a, 2015; van der Hoeven et al. 2013; Mae-
kawa et al. 2016). Both compounds cause sphin-
gomyelin loading of the endolysomal system,
leading to aberrant lipid trafficking and loss of
PtdSer and cholesterol from the PM. Both com-
pounds in consequence therefore potently sup-
press K-Ras signaling, arguing that pharmaco-
logical targeting of PM lipid content may have
some merit as an approach to block oncogenic
K-Ras function.

CONCLUDING REMARKS

Ras proteins spatially segregate into distinct
nanoclusters on the PM in an isoform- and
guanine nucleotide-dependent manner. Nano-
cluster formation is essential to Ras-dependent

Actin state
Nanocluster scaffolds

Dimerization factors

Analog

output signal

ADC = analog-to-digital converter (formation of K-Ras-GTP nanoclusters)

DAC = digital-to-analog converter (sum of nanocluster ERKpp outputs)

      φ = K-Ras clustered fraction

Analog

input signal

DAC

ADC

Vm

Lipid dynamics Lipid composition

PS/cholesterol

Variable

gain (φ)
Plasma

membrane

Caveolin/cavins

Figure 5. Multiple plasma membrane (PM) mechanisms regulate the gain in Ras signaling circuits. Ras nano-
clusters set up the PM as an analog–digital–analog converter for high-fidelity mitogen-activated protein kinase
(MAPK) signal transmission. The Ras clustered fraction (φ) is a key system parameter that sets the gain in the
signaling circuit and that can, in turn, be controlled by multiple mechanisms as indicated on the diagram. Of
particular interest are mechanisms that use PM lipid dynamics or effective lipid composition to regulate φ,
including Vm (transmembrane potential). In this context, the PM can operate as a high-level controller of signal
transmission. PS, Phosphatidylserine.
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signal transmission because these transient lip-
id-dependent assemblies operate as platforms
for effector binding and activation. The molec-
ular mechanisms that lead to nanocluster for-
mation are becoming clearer and involve con-
tributions from protein–protein interactions,
largely confined to the G-domain, and pro-
tein–lipid interactions involving both the G-do-
main and the carboxy-terminal lipid anchor.
Other small GTPases also share similar G-do-
main structures and analogous bipartite lipid
anchors, and we speculate that these proteins,
includingRho, Rac, andCDC42,will all undergo
lateral segregation into distinct nanoclusters
with specific lipid compositions, using the
same basic molecular and biophysical mecha-
nisms as Ras. These mechanisms can, on the
one hand, be used by the cell to tune Ras signal
transmission, and on the other hand may offer
novel therapeutic approaches to block oncoge-
nic Ras function.
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