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Mechanisms of Allostery and Membrane Attachment in Ras GTPases:
Implications for Anti-Cancer Drug Discovery
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Abstract: Ras GTPases are membrane-anchored molecular switches that mediate signaling pathways controlling a variety
of cellular processes, including cell division and development. Despite their prominent role in many forms of cancer, little
is known about the structure of the membrane bound protein or the mechanism and thermodynamics of membrane inser-
tion. The modulation of membrane binding by the catalytic domain is another area of on-going scrutiny. Recent computa-
tional and experimental efforts that have begun to shed some light on these issues are the subject of this review. The bulk
of the available structural and thermodynamic information on membrane-bound Ras has been obtained by studying pep-
tides derived from the membrane-anchoring regions of N-ras and H-ras proteins. However, those results have been com-
plemented by data, though limited, on the membrane binding of the full-length Ras as well as by predictions about puta-
tive communication routes between the GTP-hydrolyzing catalytic domain and the membrane-interacting C-terminus. A
tentative mechanistic picture of Ras signaling that is emerging from these studies will be discussed in connection with al-
lostery and implication for the design of selective anti-cancer drugs.
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INTRODUCTION

Ras proteins are monomeric GTP-hydrolyzing enzymes
(GTPases or G-proteins). They are crucial molecular
switches in major signaling pathways, such as the mitogen-
activated protein kinase (MAPK) cascade that controls cell
proliferation and differentiation [1,2]. Numerous biological,
biochemical and biophysical studies over the last four dec-
ades have documented the involvement of Ras in tumori-
genesis and developmental disorders [1,3-5]. Indeed, mal-
function in the switching function of Ras is associated with
about a third of all human tumors.

Humans have three RAS genes that encode for three
ubiquitously expressed and highly homologous proteins: N-
ras, H-ras and K-ras4B (hereafter K-ras) [1,5-7]. These iso-
forms interact with overlapping downstream targets yet pro-
duce specific signal outputs [8]. They are also associated
with different diseases [9,10]: disease-causing mutations in
K-ras are associated with Noonan syndrome or pancreatic,
lung, and colorectal cancers; mutations in H-ras are associ-
ated with Costello syndrome and bladder cancer whereas
those of N-ras are implicated in a variety of leukemia. There-
fore, understanding the molecular basis of functional speci-
ficity in Ras signaling is a topic of much current research. A
longstanding challenge in this endeavor is the absence of
structural and thermodynamic data that would provide a
mechanistic picture of the signaling process; atomic-
resolution structure determination of fully functional, mem-
brane-bound, Ras proteins remains elusive.

Recent studies using computer simulations and biophysi-
cal experiments are beginning to play key roles in providing
the initial clues into the structural and thermodynamic fac-
tors underlying specificity in Ras signaling. Both the simula-
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tion and experimental studies thus far focused on model pep-
tides representing the membrane-interacting regions of Ras
[11-19]. However, full length N- and H-ras have also been
investigated, albeit to a limited extent [18-21]. Several recent
reviews extensively discussed results from these studies and
their implications for basic and applied research in Ras sig-
naling [20,22,23]. The current review covers results from the
most recent computational and experimental efforts that
more directly shed light on the issue of Ras isoform-specific
signal transduction. A major focus is on the structural and
thermodynamic aspects of Ras-membrane interactions and
their interpretation in terms of allostery. Allostery was origi-
nally defined as the regulation of function by a ligand-
induced change in protein quaternary structure [24], and an
allosteric effect [25-28] as a concerted action between two
coexisting discrete states (Monod- Wyman-Changeux model
[29]) or a sequential conformational change (Koshland-
Nemethy-Filmer model [30]). This definition does not ac-
count for communication within monomeric proteins, such
as the coupling between the catalytic and membrane binding
regions of Ras to be discussed here. However, the concept of
allostery was recently expanded to “a change in the tertiary
and quaternary structure, or both, induced by a small mole-
cule or another protein” [31] and “a re-distribution of protein
conformational ensembles” [25,32]. Despite their seemingly
contradictory premises, i.e., “induced” versus “re-
distribution” of conformations, these definitions imply that
allostery “could be a change in the flexibility of the protein
rather than simply a change in the structure” [31]. It follows
that allosteric transition can occur in single domain mono-
meric proteins. This is supported by the observed allosterism
in the monomeric nitrogen regulatory protein C (NtrC) [33]
and human p38 MAP kinase [34], and by the introduction of
allostery into nonallosteric proteins (reviewed in [32]). This
latest definition of allostery will be used throughout this re-
view to explain both computational and experimental obser-
vations.

This review is organized as follows. First, the biological
and biochemical knowledge pertinent to the issue of func-
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tional specificity is briefly discussed. Then, aspects of Ras-
membrane interaction that provide pointers to the determi-
nants of specificity, and open new possibilities for the design
of isoform-specific therapeutic agents, are discussed in some
detail. This is followed by a discussion on the possible link
between membrane orientation of H-ras and conformational
changes at the nucleotide binding site. Finally, a brief per-
spective into the future of Ras research is presented as a con-
cluding remark.

LIPID MODIFICATION AND MEMBRANE BINDING

Membrane binding is essential for the biological function
of Ras [35]. Membrane-targeting is achieved through lipid-
anchors, i.e., protein motifs formed by posttranslational
lipid-modification of C-terminal Cys residues. Lipid-
modification involves a series of enzymatic steps (Fig. 1).
The first is farnesyltransferase (FTase)-catalyzed attachment
of a farnesyl group to the Cys side chain of a CAAX signal (4
usually represents aliphatic and X any amino acid) [36]. The
second step is proteolysis of the 44X sequence by the Ras-
converting enzyme (RCE) [37]. The now terminal Cys is
carboxymethylated by isoprenylcysteine carboxymethltrans-
ferase (ICMT) [38]. This step completes the processing of K-
ras because K-ras contains an additional membrane-
interacting motif consisting of a stretch of positively charged
residues preceding the farnesylated Cys. At this stage, K-ras
is therefore transported to the plasma membrane via an un-
known mechanism. N- and H-ras undergo further modifica-
tion involving reversible palmitoylation of one (N-Ras) or
two (H-ras) Cys residue(s) by the enzyme palmitoyltrans-
ferase [39]. The fully processed and mature N- and H-ras are
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then transported to the plasma membrane via the exocytic
pathway [40,41]. It is important to note, however, that unlike
K-ras, N- and H-ras also signal from endomembranes and
cycle between the plasma membrane and Golgi depending
on whether or not they are palmitoylated [42]. Furthermore,
plasma membrane-bound Ras proteins are in dynamic equi-
librium between cholesterol-enriched and cholesterol-
deficient membrane subdomains [43-45]. These subdomains,
termed nanoclusters, are small with typical radii of 6-20 nm
containing ~7 Ras proteins per cluster [22,44,46-49]. Intrigu-
ingly, nanoclustering was found to be activation state de-
pendent so that GTP-H-Ras is populated in cholesterol-
insensitive nanodomains while GDP-H-ras segregates to
cholesterol-sensitive subdomains. Recent experimental and
computational studies demonstrated that nanoclusters play a
crucial role in cellular function: they maintain signaling fi-
delity by converting graded input signals to digital signals
[46-48]. This control mechanism of signal transmission,
namely, the analog-to-digital conversion of signal by nano-
clusters, has been the subject of an excellent recent review
[48].

RAS ISOFORMS ARE IDENTICAL IN THEIR
BIOCHEMICAL FUNCTION BUT DIVERGENT IN
THEIR BIOLOGICAL FUNCTION

The biological function of Ras GTPases as binary
switches in signaling transduction involves cycling between
a guanine diphosphate (GDP)- and guanine triphosphate
(GTP)-bound off and on states. In response to stimulation by
external signals, such as activation of a receptor tyrosine
kinase (RTK, Fig. 1) by a growth factor, a guanine nucleo-

downstream
cascades

Fig. (1). A schematic showing the post-translational enzymatic processing and membrane targeting of Ras proteins, together with their bio-
chemical and cellular functions. F Tase represents farnesyl transferase; RCE1, Ras converting enzyme; M Tase, methyltransferase (also called
isoprenylcysteine carboxymethltransferase (ICMT)); PTase, palmitoyltransferase; GEF, guanine nucleotide exchange factor; GAP, guanine
nucleotide activating protein; RTK, receptor tyrosine kinase; and Pi, phosphate. [Inspiration for the figure is from ref. [77].
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tide exchange factor (GEF) interacts with inactive Ras to
catalyze the exchange of GDP for the more abundant GTP.
GTP loading induces a conformational change that leads to
transmission of signal to the nucleus via interaction with a
variety of effector kinases (Fig. 1). Signal flow is terminated
when negative regulators, called GTPase activating proteins
(GAP), bind to active Ras and accelerate the slow intrinsic
hydrolysis of GTP. A molecular defect in Ras that impairs
the ability of the Ras-GAP complex to hydrolyze GTP leads
to uncontrolled cell growth or cancer. All Ras isoforms
undertake these reactions both in vivo and in vitro. However,
unlike the case in vivo, the catalytic domain (or G-domain,
residues 1-166) is sufficient for in vitro function. Further-
more, the isoforms exhibit identical reactivity in vitro but not
in vivo.

The catalytic domain is highly conserved among the Ras
isoforms, with the first 80 amino acids being identical and
the next 85 differing only by 5% (Fig. 2A). Such a very high
degree of sequence similarity suggests structural similarity as
well. Indeed, comparison of N- and K-ras structural models
with crystallographic structures of H-ras did not find signifi-
cant differences [50]. Furthermore, inspection of the recently
determined x-ray structures of N- and K-ras (Protein Data
Bank (PDBP) [51,52] codes 3CON and 3GFT, respectively)
also suggests that the overall structure of these proteins is
similar to the over 50 crystallographic structures of H-ras.

The sequence and structural homologies, together with
the fact that the catalytic domain is sufficient for hydrolyzing
GTP in vitro, were taken to imply that functional specificity
is encoded in regions outside the catalytic domain. An obvi-
ous candidate is the hypervariable region (HVR) comprising
the C-terminal 23/24 residues where Ras isoforms share only
15% sequence similarity (Fig. 2B). It has therefore been a
focus of much scrutiny [7,8,53,54]. Indeed, both the unstruc-
tured linker region (residues 166-179 in N- and H-ras and
residues 166-174 in K-ras) and the membrane interacting
lipid-anchor (residues 180-189 in N- and H-ras and residues
175-188 in K-ras, underlined in Fig. 2B) of the HVR were
shown to be essential for biological activity [53,54]. An ex-
ample is the study that combined Fluorescence Recovery after
Photo-bleaching (FRAP) to measure membrane affinity on
live cells and Electron Microscopy (EM) of intact plasma
membrane sheets to spatially map microdomains of wild-
type and mutant H-ras [53]. Using numerous mutations on
the HVR, this work showed that the lipid anchor and the
adjacent linker provide high-affinity interactions with lipid
raft and nonraft plasma membrane microdomains, respec-
tively [53]. The critical elements required for membrane
binding by the lipid anchor include the farnesyl moiety at
position 186 in all three isoforms plus a palmitoyl group at
position 181of N-ras, two palmitoyls at positions 181 and
184 of H-ras, and a polylysine domain in K-ras (Figs. 1 and
2B) [35-39,55,56]. These differences in lipid modification
have direct relevance for the membrane binding behaviors of
the isoforms. For example, a study using FRAP and EM
techniques found that removal of the H-ras palmitoyl at posi-
tion 184 results in a variant that emulates the GTP-regulated
microdomain interactions of N-ras [57]. Understanding the
basis of functional specificity in Ras signaling thus requires a
detailed characterization of not only the catalytic domain in
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solution, but also of the full-length protein in a membrane
environment.
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Fig. (2). Comparison of N-, H- and K-ras proteins. The structures
for N- and K-ras were modeled based on that of H-ras. (A), Non-
conservative amino acid substitutions in the catalytic domain (resi-
dues 1-166) [50] are mapped onto the three-dimensional structures.
Multiple side chain-orientations indicate the mobility of these resi-
dues during a 10ns molecular dynamics simulation. Notice the ab-
sence of substitution in the N-terminal lobe (towards bottom) com-
prising the first 80 amino acids. The ~5% amino acid variations are
only at the C-terminal lobe in the upper portion of the structures,
especially on the three surface helices a3, a4 and a5. Structural
regions involved in function and nucleotide binding are colored in
light green (sl), orange (sII), pink (35-a4, which contains the con-
served NKXD motif), and yellow (f6-a5, which contains the con-
served Alal46). The two switch regions and the $2-f3 turn (or loop
3, L3) are labeled. (B), Sequences and lipid-modifications of the
hypervariable region (HVR) with the amino acids comprising the
lipid-anchors underlined. [The images in 4 are adopted from Fig.
(5B) of ref. [50].

STRUCTURAL AND DYNAMIC ASPECTS OF THE
CATALYTIC DOMAIN

The hallmark of all G-proteins is the y-phosphate-
dependent conformational change at their catalytic domain,
as documented by three decades of structural and spectro-
scopic studies [58]. For H-ras alone, over 50 high-resolution
structures have been deposited in the PDB. These structures
typically comprise the first 166 residues (i.e, the catalytic
domain) of the 189 amino acid protein and were solved for
both the GDP- and GTP (or analogue)-bound forms and in
complex with GEF, GAP or effector proteins [58,59]. Fur-
thermore, efforts by the Structural Genomic Consortium en-
abled determination of the GDP-N-ras and GTP-K-ras cata-
lytic domain structures. In all cases, the catalytic domain is
comprised of a 6-stranded B -sheet surrounded by five a -
helices (Fig. 2). Some of the functionally critical regions
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include a conserved phosphate-binding loop (P-loop, resi-
dues 10-17) and two nucleotide-binding site switch regions
(sI, residues 25—40 and slI, residues 57-75). Oncogenic mu-
tations frequently occur in these three regions. Switches sl
and sII are highly dynamic and undergo major conforma-
tional changes upon GDP/GTP exchange, as demonstrated
by many crystallographic and spectroscopic studies on the
wild-type and mutant H-ras [60,61].

Bioinformatics-based principal component (PC) analysis
of the available H-ras crystal structures found two major
clusters of conformers representing the GDP- and GTP-
bound conformational states [SO]. A number of distinct clus-
ters that are intermediate between the major GDP and GTP
clusters were also discovered. These intermediate clusters
were populated by structures with point mutations at sl, sII
and the P-loop, the most interesting examples being Y32C at
sl and G12V at the P-loop. The structure of the oncogenic
G12V variant in its GDP-bound form (pdb code 2Q21) has
several unique features that resemble the corresponding fea-
tures in the GTP clusters, implying this mutation may lower
the energetic barrier between inactive and active conforma-
tional states. This unique feature of the G12V mutant was
exploited in an MD study aimed at exploring the reaction
path between the nucleotide states [50,62]. The simulations,
which were carried out in two different force fields and pro-
grams, found that when a y-phosphate is introduced into the
GDP-G12V x-ray structure, a spontaneous transition towards
the main GTP cluster occurs. The transition involves a mul-
tiphase process in which initial sII reorganization is followed
by that of sl. Furthermore, the relative arrangement of the
two switches was found to determine the nature of the nu-
cleotide states [50].

An initial MD-based analysis of N- and K-ras, based on
structural models built using H-ras as a template (Fig. 2A),
found very little difference in the overall structure of the
isoforms [50]. Furthermore, apart from the somewhat en-
hanced flexibility of K-ras at sI, and loops p4-B5 and 04-pB5,
the overall dynamics of the isoforms also appeared to be
similar. On the other hand, a closer analysis of the non-
conservative amino acid substitutions by mapping them on
the 3D structures identified an invariant N-terminal lobe that
contains the two canonical switches and the P-loop, and a C-
terminal lobe that contains all of the major sequence varia-
tions within the catalytic domain. These mutations are dis-
tributed on structural elements (such as a3, a4, and a5) that
have no known (direct) involvement in function. However,
when long-range side-chain contacts were analyzed in terms
of their role in inter-lobe engagement, two-to-three unique
putative routes of communications were found to link sites
directly in contact with the nucleotide with those distal from
it [50]. If verified by further studies using the now available
N- and K-ras x-ray structures, this information will provide
useful insights into how subtle variations in inter-lobe com-
munication may lead to functional diversity. Future studies
along these lines should help create opportunities for selec-
tive intervention of Ras-related carcinogenesis.

However, the abundant information on the catalytic do-
main of Ras proteins does not fully explain their functional
diversity. A comprehensive understanding of the molecular
basis of functional diversity requires detailed structural and
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thermodynamic information on the membrane binding prop-
erties of each protein. As discussed below, recent computa-
tional studies and innovative experiments have started to
provide interesting clues that helped generate plausible hy-
potheses that explain, at least in part, the origins of Ras di-
versity in cellular function [15-23,63].

STRUCTURE AND DYNAMICS OF MEMBRANE-
BOUND RAS

The similarity in the catalytic domains of the isoforms
led to the notion that their functional diversity is coded in the
HVR [7,8]. This notion found support from experiments that
demonstrated the functional role of HVR, as discussed
above. It is therefore vital that the structure and dynamics of
Ras is characterized in its membrane-bound form. Because
structure determination of membrane—bound full-length Ras
is still not possible, biophysical experiments and computer
simulations have been used as the principal techniques for
predicting  Ras-membrane complex structures [11-
14,17,21,23,63,64]. One of the important findings of such
studies is that the membrane-anchor alone stably binds to the
plasma membrane and therefore can serve as a suitable
model system to study Ras-membrane interactions. Spectro-
scopic investigations of the N-ras anchor in lipid bilayers
enabled characterization of many features of Ras-membrane
binding, including the role of flexibility, localization and
distribution of the anchor backbone and side-chains in mem-
branes (reviewed in ref. [23]). These studies were extended
to the full-length N-ras protein, enabling deduction of the
overall structural features of the monolayer-bound protein
[19,65]: the anchor adopts a “horse-shoe” like shape [17] and
the catalytic domain undergoes some reorientation upon
binding to a lipid monolayer [19].

Much of the currently available atomistic information on
the structural and dynamical features of Ras-membrane
interactions has been derived from MD-based techniques and
using heptapeptides representing the Ras lipid-anchors
[11,14,16,21]. In the case of H-ras, membrane binding prop-
erties of the HVR and the full-length protein were also inves-
tigated [13,21]. In all simulations, once a barrier is crossed
through the formation of 5-7 carbon-carbon contacts between
Ras and DMPC lipid tails, the anchor quickly inserts and
stabilizes in the bilayer. Typical final configurations look
like the one displayed in Fig. (3), which is a snapshot from a
simulation of the farnesylated and dually palmitoylated H-ras
in a DMPC bilayer. The distribution of the lipid-anchor at-
oms is such that the hydrophobic side chains (which include
the lipid-modified moieties plus Leu in N-ras and Met in H-
ras) insert deep into the hydrophobic core of the bilayer and
the polar side chains point towards solvent and interact with
the head group. The backbone localizes either in the hydro-
phobic-hydrophilic interface near the glycerol oxygens or at
the lipid-water interface near the phosphate oxygens. Note
that all the previous simulations discussed in this review
used a hexadecyl group to model farnesyl. Ongoing research
with farnesyl suggests that the hexadecyl group has no major
effect on the overall structure of Ras-membrane complexes,
although variations are found in the details of the atomic
interactions (Gorfe AA, unpublished data).
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Fig. (3). A snapshot from an MD simulation of an H-ras lipid-
anchor in a DMPC bilayer. The DMPC lipids are shown in silver
stick models with the non-carbon heavy atoms at the glycerol and
head group regions colored in yellow. The H-ras anchor is shown in
a space-filling model with carbon in light green, oxygen in red,
nitrogen in blue and sulfur in orange. Lipid molecules that were on
top of the anchor and prevented visualization were removed for
clarity, as were water molecules and hydrogen atoms.

Simulations of full-length H-ras and of the HVR found
that the insertion depth of the anchor lipids and the localiza-
tion of the backbone are modulated by the linker and the
catalytic domain [13,21]. Most intriguing, however, was that
the GTP-loaded H-ras underwent a major conformational
change upon membrane binding so that the catalytic domain
makes direct contact with the bilayer. This result, therefore,
predicted that H-ras has two modes of membrane binding
[21]. In one of these, a pair of positively charged residues at
helix a4 of the catalytic domain (Argl128 and Argl35) inter-
acts with the bilayer head group to stabilize a GTP-H-ras
conformation. In the other mode, another pair of positively
charged residues from the HVR (Argl69 and Lys170) stabi-
lizes a GDP-bound conformation (Fig. 4). To test the validity
of these predictions, a series of experiments were carried out.
The experiments were designed to probe H-ras membrane
orientation, effector/modulator interaction, and signaling.
The major techniques that were used include medium-
throughput Fluorescence Resonance Energy Transfer
(FRET) and Fluorescence Lifetime Imaging (FLIM), coupled
with functional assays on live cells (ERK activation in BHK
cells and PC12 cell differentiation) [21,63]. FRET occurs
when a donor and an acceptor are close to each other (within
10nm). Maximal FRE T-efficiencies at high acceptor concen-
trations are characteristic for different H-ras mutant/ nano-
domain marker FRET pairs [20, 63]. A set of FRET values,
termed FRET vectors [66,63], were used to describe the lat-
eral segregation and orientation of wild-type and mutant H-
ras with respect to a large set of nanodomain markers. These
experimental results fully validated the predictions. For in-
stance, mutation of the basic residues Argl28/Argl35 in
helix a4 or Argl69/Lys170 of the HVR to alanine selec-
tively altered the FRET behavior of GTP- or GDP-loaded H-
ras, confirming a critical role of these residues in stabilizing
GTP- or GDP-H-ras interactions with the plasma membrane.
The corollary to this result is that the plasma membrane
serves a regulatory function by helping align active Ras into
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a signaling competent orientation. FLIM-FRET was used to
study the interaction of the Ras-binding domain (RBD) of
effector C-Raf (residues 51-131) with GTP-H-ras in which
the basic residues in a4 (Argl28/Argl35) and those in the
HVR (Argl69/Lys169) were replaced by alanine [63]. The
mutations in the HVR significantly increased the interaction
of Ras with C-Raf RBD compared with the control G12V-
GTP-H-ras; the mutations in a4 weakened the RBD interac-
tion. As a result, ERK activation was reduced in BHK cells
expressing the o4 mutant while the ppERK levels were more
than two-fold greater in BHK cells expressing the HVR mu-
tant than in cells expressing G12V-GTP-H-ras [63]. The
results from the ERK activation assays were corroborated by
previous PC12 differentiation assays [21]. Interestingly, mu-
tation of all four basic residues restored the RDB interaction
and ERK phosphorylation levels to the G12V-GTP-H-ras
levels, suggesting that the balance of the GTP-H-ras orienta-
tion [63] is similarly restored.

In an attempt to explore how the re-orientation occurs,
salt bridge interactions involving Asp47/Glu48 of the 2/B3
loop and Argl61/Argl64 of helix a5 (both at the catalytic
domain) were eliminated through alanine substitution
[20,63]. This perturbation (i.e., of the $2/f3—a5 interaction)
affected the FRET-vector in a manner indicative of the resi-
dues’ involvement in the membrane re-orientation of H-ras
[20,63]. The perturbation also affected effector (C-Raf RBD)
binding and ERK activation in BHK cells [63]. For instance,
alanine-substitution of Asp47/Glu49 resulted in a variant that
more effectively binds to C-Raf RBD and is hyper-active in
phosphorylating ERK [63]. Further analysis of the FRET
data suggested that these structural elements together serve
as a novel conformational switch (sIII) that operates through
helix a4 and the HVR to reorient the H-ras catalytic domain
with respect to the membrane plane [63]. By combining
these experimental data with results from the MD simula-
tions, a “balance” model was proposed to describe the regu-
lation of Ras function though modulation of its membrane
orientation. Using the $2/B3—a5 salt bridge as a fulcrum, the
tilt of the balance can be shifted between the signaling com-
petent H-ras conformation (where a4 contacts membrane)
and the signaling incompetent conformation (where the HVR
interacts with membrane) [63]. The implication of this model
to a wide range of issues in Ras signaling has been discussed
elsewhere [20].

GTP-dependent conformational change at membrane in-
teracting regions has been observed in other GTPases as
well. In Arf, GTP binding involves detachment and mem-
brane insertion of an N-terminal helix [67,68]. In Ran, a
large conformational change in sl is accompanied by a major
reorganization of a C-terminal region [69-71]. Conversely, in
Rap1 phosphorylation of a C-terminal Ser affects the struc-
ture of the canonical switches [72]. Coupling of conforma-
tional change and membrane binding is also observed in non-
G-proteins. An interesting example is the matrix domain of
the HIV-1 Gag precursor protein. In this protein, trimeriza-
tion flips out a hidden myristic acid for membrane insertion,
and clusters basic residues for a high specificity binding of
PI(4,5)P2 [73].

MD simulations also indicated localized structure pertur-
bations of lipid bilayers upon insertion of Ras [13,22]. These
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Fig. (4). Nucleotide-dependent membrane orientation of H-ras derived from molecular dynamics simulations [21] and validated by experi-
ments [20,63]. The approximate relative positions of the DMPC head group at the lower leaflet of the model bilayer are indicated by gray
lines. The Ras lipids are shown in cyan-colored stick model. The model at the left is highly populated in H-ras MD simulations with bound
GTP while the one to the right is more populated in simulations with GDP. In contrast to the dramatic difference in membrane orientation,
the two models are characterized by a similar overall structure with small variations at the HVR and its interaction with the $2/B3 turn
[21,22]. Note the proximity to the bilayer of a pair of positively charged residues (blue sticks) at helix a4 (Argl28 and Argl35) and the HVR
(Argl69 and Lys170); these residues interact with the lipid head group and stabilize the GTP-H-ras and GDP-H-ras conformations, respec-
tively. The salt bridge interactions involving Asp47/Glu49 (red) of the f2—33 turn (purple) and Argl61/Argl64 in o5 are also highlighted.

perturbations were shown to be modulated by the membrane-
insertion depth of the Ras lipids and interfacial localization
of the backbone either near the hydrophobic-hydrophilic or
bilayer-water interfaces. Moreover, membrane-insertion
depth and backbone localization were modulated by the
linker and the catalytic domain, providing clues that help
rationalize the biochemical and biophysical observations on
the role of the catalytic domain and the HVR on membrane
binding and lateral segregation [13].

THERMODYNAMICS OF RAS-MEMBRANE INTER-
ACTION

Insight into the thermodynamic basis of Ras-membrane
association has been obtained from free energy profile (or
potential of mean force, PMF) calculations for the insertion
of H-ras anchor into a DMPC bilayer [12,64]. In the absence
of lipid-modification, the PMF sharply rises when the pep-
tide backbone contacts the DMPC head group [64]. This
shows, as expected, that lipid-modification is absolutely re-
quired for membrane binding. For the triply lipid-modified
peptide, however, insertion of a few of the terminal methyl
and/or ethyl carbons of Ras lipids into the upper chain region
of DMPC triggers a rapid decline of the PMF. A deep mini-
mum is reached when the distribution of side chain and
backbone atoms of the anchor is optimal; optimal membrane
binding is achieved when the backbone is roughly 12-16 A
away from the bilayer center (see Fig. 3). One can conclude
from the slope and depth of the profile, or the large free en-
ergy gain of ~ —30 kcal/mol, that spontaneous dissociation is
unlikely [12]. The driving force for the insertion was investi-
gated by parsing the free energy of insertion into enthal-
pic/entropic and solute/solvent contributions [14]. Despite a
significant entropic barrier arising from conformational reor-
ganization of the anchor, membrane insertion was found to
be predominately enthalpic in nature [14].

The contribution of individual lipid modifications to
membrane affinity was investigated by eliminating the lipid

modifications one after another and computing the PMFs for
the membrane insertion of the mutant peptides [64]. The
estimated free energy changes for dually lipidated H-ras
were large (ranging between ~ —20 and —30 kcal/mol) and
close to that of the triply lipidated wild-type anchor. Indeed,
the palmitoyl at Cys181 and the farnesyl at Cys186 were
found to be sufficient for tight membrane binding, with the
palmitoyl at Cys184 providing little extra affinity. Thus, the
contributions of the individual lipid-modifications to mem-
brane affinity are location dependent and non-additive. Fur-
thermore, the location of the free energy minimum varies
depending on whether the plamitoylation is at Cys181 or
Cys184. Because the computed PMFs are likely to be modu-
lated by the linker and the activation state of the catalytic
domain [12], one can imagine a corresponding effect on lat-
eral segregation due to a shift in the location of the free en-
ergy minimum or the insertion depth of the anchor. Based on
the predicted differences in the level of membrane penetra-
tion by GTP- and GDP-H-ras [21], one may speculate that
the palmitoyl moiety at position 184 modulates insertion in
an activation state dependent manner, which is consistent
with a previous finding that the palmitate at Cys184 supports
correct GTP-regulated lateral segregation [57].

COMMUNICATION BETWEEN THE CATALYTIC
AND MEMBRANE BINDING REGIONS

A number of cell biological and biophysical experiments
documented the modulation of Ras membrane binding and
lateral segregation by the bound nucleotide [53,74]. Fur-
thermore, residues at disparate locations (at the HVR, sIII
and o4) are found to be involved in (re)orienting H-ras with
respect to the membrane plane [20,63]. All of these suggest
some kind of dynamic communication between the canonical
switches sl and slI, and the HVR. They also suggest that this
communication involves sIII and a4. The question is how do
these regions communicate?

The putative inter-lobe communication pathways de-
scribed in an earlier section may provide initial clues into
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how the nucleotide binding region and the C-terminal part of
the catalytic domain communicate [50]. Additional clues
came from MD simulations of the oncogenic G12V H-ras,
where it was noted that the 2/83 turn and the end of a5
become flexible during the nucleotide-dependent conforma-
tional change [62]. A better picture of the structural changes
occurring at these sites emerged form accelerated MD
(aMD) simulations of wild type H-ras [62]. aMD is a tech-
nique in which simulations are performed in a smoother en-
ergy surface so that crossing of barriers is possible, thus al-
lowing sampling of conformational space inaccessible to
conventional simulations [75,76]. The aMD simulations,
which enabled an almost complete inter-conversion between
the GDP and GTP states of wild-type H-ras, revealed that the
B2/B3 turn and the C-terminus of a5 move in concert and
adopt a unique conformation during the transition (i.e., when
sI and slI undergo maximal conformational change, see Fig.
(2) of ref. [62]). Such a dynamic linkage between the switch-
ing apparatus and the membrane interacting C-terminus may
be the key to nucleotide-dependent modulation of membrane
binding. Interfering with this allosteric communication, as
well as with the inter-lobe communication discussed earlier,
may have useful implications for the design of isoform-
selective anti-cancer drugs.

PERSPECTIVE AND CONCLUDING REMARKS

In order to visualize the signaling function of Ras in a
living cell, a simple analogy may be helpful. Perhaps the
most obvious is the electrical wiring in a typical building
with the accompanying switches and fuses. The isolated
catalytic domain can be viewed as a switch on a shelf, wait-
ing to be connected. The HVR links-up the switch to the
wiring, which in the cell is a cascade of interacting proteins.
The proteins need to be properly organized in a (deformable)
wall, or the plasma membrane. With this analogy, one can
imagine that the catalytic domain remains switchable irre-
spective of its location (i.e., on a shelf or a wall) as long as
sufficient energy is supplied to turn it on and off. This en-
ergy comes from GTP hydrolysis (which derives the con-
formational change of sl and slII). In the case of the electrical
switch, the energy to break or make contact comes from the
force expended in pressing a button. A switch (catalytic do-
main) does not transmit or break a signal until wired into the
electrical system; in our example the wiring runs through the
wall or the plasma membrane. For a biological switch to be
operational, therefore, it should be integrated into the plasma
membrane and precisely connected to the signaling cascade
it regulates.

There can be multiple switches within a single system of
wiring, controlling the same or different outlets, such as, for
instance, a lamp in a hallway. A defective switch will not
work, nor will a normal switch that is not properly con-
nected. Analogously, if we wish to design a drug that selec-
tively targets a defective switch, we first need to identify the
defective switch from among many practically identical
switches. The data discussed in this review suggest that the
three Ras switches are connected to the wiring slightly dif-
ferently. However, we still have to find the “blue-print” of
the connectivity and the means by which to test defective
connections; knowledge of how the switch breaks, i.e., how
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the catalytic domain changes conformation is necessary but
not sufficient. The studies discussed in the current and sev-
eral other reviews laid down some of the initial stepping
stones towards the blue-print of Ras wiring.

It should be emphasized that the analogy described above
is useful but simplistic because the plasma membrane is far
from a passive wall. It plays an active role in modulating Ras
signaling through, for example, its role in nanoclustering.
Little is known about exactly how membrane structure and
dynamics affects and is modulated by Ras-membrane inter-
action. Future studies aimed at a comprehensive understand-
ing of Ras signaling from a structural perspective should
adopt an approach that would allow study of Ras in the con-
text of membrane and its interaction partners. Rational de-
sign of effective and selective anti-cancer drugs further re-
quires that special emphasis be placed on the role of allostery
and the communication between the canonical switch regions
and the membrane-interacting C-terminus.
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