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ABSTRACT: Ras protein colocalization at the plasma
membrane is implicated in the activation of signaling cascades
that promote cell growth, survival, and motility. However, the
mechanisms that underpin Ras self-association remain unclear.
We use molecular dynamics simulations to show how basic
and hydrophobic components of the disordered C-terminal
membrane tether of K-Ras4B combine to regulate its
membrane interactions. Specifically, anionic lipids attract
lysine residues to the membrane surface, thereby splitting the
peptide population into two states that exchange on the
microsecond time scale. These states differ in the membrane
insertion of a methionine residue, which is influenced by local
membrane composition. As a result, these states may impose
context-dependent biases on the disposition of Ras’ signaling domain, with possible implications for the accessibility of its
effector binding surfaces. We investigate Ras’ ability to nanocluster by fly-casting for patches of anionic lipids and find that while
anionic lipids promote the intermolecular association of K-Ras4B membrane tethers, at short range this appears to be a passive
process in which anionic lipids electrostatically screen these cationic peptides to mitigate their natural repulsion. Together with
the sub-microsecond stability of interpeptide contacts, this result suggests that experimentally observed K-Ras4B nanoclustering
is not driven by direct intermolecular contact of its membrane tethers.

■ INTRODUCTION

Ras proteins are membrane-bound signal transducers1 that
cycle between active, guanosine triphosphate (GTP)-bound
and inactive, guanosine diphosphate (GDP)-bound states.2

They play important roles in cell survival,3,4 growth,5 and
differentiation.6−8 Mutations that dysregulate Ras signaling are
implicated in cancer progression9−12 and a variety of other
diseases,13−15 for instance by disabling Ras’ GTPase activity
and thereby trapping active states.16

Ras proteins have a globular, folded G domain that
conserves sequence and structure,17 houses the regulatory
nucleotide binding site,18 and interacts with both upstream16,19

and downstream20−22 effectors. C-terminal to this G domain is
a relatively short segment that drives membrane local-
ization23,24 and cellular trafficking.25−29 This membrane tether
is called the hypervariable region (HVR) because its sequence
varies dramatically between Ras subfamily members N-Ras, H-
Ras, and K-Ras splice variants 4A and 4B.29 Nevertheless,
isoform-specific HVR sequences are conserved across many
species.30

The efficacy with which Ras proteins bind and assist the
activation of downstream signaling partners, such as Raf kinase,
is determined by the functional state of Ras in relation to its
bound nucleotide.31,32 Signaling capacity is also influenced by
the compartmentalization of Ras proteins, possibly including

their arrangement at the plasma membrane.28,33,34 These
spatial preferences include lateral subdivisions of different Ras
isoforms35 and an apparent preference for nanoclustering, in
which Ras proteins statistically cluster with ∼20 nm
separation.33,36−39 The proclivity of Ras to form direct-contact
dimers is less clear. Nan et al. used photoactivated localization
microscopy to show dimerization of K-Ras splice variant 4B
(K-Ras4B),40 though covalent cross-linking via photo-
oxidation cannot be ruled out.41 Similarly, expanding on the
ideas of Bremner and Balmain,42 Ambrogio et al. showed that
protein products of the wild-type K-Ras gene inhibit cellular
growth driven by oncogenic K-Ras and that this inhibition is
abolished by a D154Q mutation at the presumptive
dimerization interface, with consistent results in Förster
resonance energy transfer experiments.43 Conversely, Chung
et al. showed that K-Ras4B does not form dimers in supported
lipid bilayers.44

In the absence of a membrane, in vitro, Ras binds but does
not activate Raf.45 Moreover, fusing the membrane tether of K-
Ras4B to the C-terminus of Raf is sufficient to drive
constitutive activation of Raf that is not inhibited by
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dominant-negative46 N17 Ras.47 These results indicate that a
major role of active Ras is to localize Raf to the plasma
membrane. Because activation of Raf also involves its
dimerization,48−54 Ras multimerization or nanoclustering
may enhance downstream Raf activation by further increasing
the colocalization of bound Raf proteins.54

This connection between Ras colocalization and activation
of Raf motivates the biophysical characterization of Ras’
interactions with the cell membrane in search of the
mechanisms that drive its self-association. Ras nanoclustering
depends on the presence of anionic lipids, with complex lipid-
type dependences that are not yet understood.38,39,55

Incredibly, tagged 11- and 21-residue peptides from the
membrane tether of K-Ras4B also colocalize in excised plasma
membranes37 and intact cells.40

Whereas N- and H-Ras are dispensable for normal mouse
development,56 K-Ras knockout mice are not viable.57,58

Nevertheless, embryonic development appears normal in
mice whose K-Ras gene coding region is replaced with H-
Ras,59 indicating that the expression patterns of Ras family
proteins are as functionally relevant as their sequence variation.
K-Ras is mutated in most pancreatic cancers and is the
predominantly mutated isoform in lung and colorectal
adenocarcinomas.60 K-Ras has two splice variants, which differ
in the sequence and post-translational processing of their
HVRs.61 We focus on K-Ras4B because it is more highly
expressed than K-Ras4A,62,63 which is developmentally
dispensable64 despite being a potent oncogene65,66 with
substantial expression in human cancers.61

The HVR of K-Ras4B attaches to the inner leaflet of plasma
membranes via C-terminal farnesylation and a stretch of lysine
residues that adheres to anionic lipids.67−70 Here, we use
standard and temperature replica exchange (T-REMD)
molecular dynamics (MD) simulations to define HVR-specific
features of the K-Ras4B−membrane interaction. Specifically,
we evaluate the anionic lipid dependence of the K-Ras4B HVR
structure in the absence of the G domain and probe its
membrane interactions using simplified bilayer mimetics. We
also assess the electrostatic underpinnings of K-Ras4B’s spatial
distribution, which can be modulated by regulatory phosphor-
ylation of HVR residue S181.36

■ METHODS
Simulation systems consist of a hydrated lipid bilayer with one
or more peptides from the C-terminal membrane tether of K-
Ras4B in each membrane leaflet. This 19-residue peptide,
K167EKMSKDGKKKKKKSKTKC185 (hereafter the HVR
peptide), is backbone-acetylated at its N-terminus and both
backbone-methylated and side chain-farnesylated at its C-
terminus, except as noted. Lipid bilayers are composed of
either pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) or a 7:3 ratio of POPC and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (POPS). Simulation systems have
50 (or 200) lipids and 1 (or 4) HVR peptide per bilayer leaflet,
150 mM excess KCl, and ≥85 water molecules per lipid.
Simulation Parameters. Standard simulations are con-

ducted with mixed-precision (SPFP71) AMBER 16 software.72

Peptides and lipids are modeled by the CHARMM36 force
field,73,74 except as noted. The water model is TIP3P75 with
CHARMM modifications.76 Parameters for backbone N-
terminal acetylation and C-terminal methylation are from
CHARMM ACE and CT1 patches, respectively. The 11-
residue peptide, K175KKKKKKSKTKC185, has a neutral NH2

N-terminus. Parameters for the C-terminal farnesyl moiety are
derived in this work (see Appendix A in the Supporting
Information). Parameters for dianionic phosphorylated serine
are from the CHARMM SP2 patch. AMBER formatted
topologies are obtained with the gromber tool of ParmEd
from AmberTools 16 after initial topology construction with
GROMACS 5.1.2.77 Water molecules are rigidified with
SETTLE,78 and other covalent bond lengths involving
hydrogen are constrained with SHAKE79 (tolerance = 10−6

nm). Lennard-Jones (LJ) interactions are evaluated using an
atom-based cutoff with forces switched smoothly to zero
between 1.0 and 1.2 nm. This is the recommended LJ cutoff
for the Charmm36 protein force field.73,80 Note that the
Charmm36 lipid force field was parameterized with LJ
switching between 0.8 and 1.2 nm.74 Coulomb interactions
are calculated using the smooth particle-mesh Ewald (PME)
method81,82 with Fourier grid spacing of 0.08−0.10 nm and
fourth-order interpolation. Simulation in the NpT ensemble is
achieved by semi-isotropic coupling to Monte Carlo
barostats72 at 1.01325 bar with compressibilities of 4.5 ×
10−5 bar−1; temperature coupling is achieved using velocity
Langevin dynamics83 at 310 K with a coupling constant of 1 ps.
The integration time step is 4 fs, which is enabled by hydrogen
mass repartitioning.84 Nonbonded neighbor lists are built to
1.4 nm and updated heuristically.72

T-REMD simulations are conducted with mixed-precision
GROMACS 5.1.2 software77 and the GROMACS implemen-
tation of the CHARMM36 lipid force field.85,86 Bond lengths
in protein and lipid are constrained with P-LINCS87 using
sixth-order coupling and a single iteration. Pressure is
controlled with semi-isotropic Parrinello−Rahman barostats88

applied every 50 fs with coupling constants of 4 ps. The PME
Fourier grid spacing is 0.12 nm. A 2 fs time step is used
without hydrogen mass repartitioning. Nonbonded neighbor
lists are built to 1.3 nm every 50 fs. T-REMD simulations
employ 60 replicas with temperatures from 298.15 to 439.06
K. The temperature ladder (Table S1) is chosen based on the
method of Garciá et al.89 using potential energies from
preliminary 10 ns constant-temperature simulations at 300−
440 K in 10 K increments. Replica exchanges are attempted
every 2 ps.

System Setup. A 7:3 POPC/POPS lipid bilayer with 50
lipids per leaflet is obtained from the CHARMM-GUI90

membrane builder,91 hydrated, energy minimized, and
simulated for 50 ns. An all-trans conformation of the HVR
peptide is built with the VMD92 Molefacture plugin. This
peptide has S181 phosphorylation, backbone acetylation at the
N-terminus, and both backbone methylation and C185 side-
chain farnesylation at the C-terminus. Both isomeric farnesyl
group double bonds are modeled as trans because sulfonium
cleavage of endogenous Ras and transfected K-Ras4B purified
from NIH 3T3 cells yields a product that nearly comigrates
with trans,trans-farnesol in a high-performance liquid chroma-
tography assay,93 and crystal structures of processed K-Ras4B
bound to PDEδ model the farnesyl moiety as trans,trans.25

This HVR peptide is simulated at 310 K in a neutral aqueous
solution of 150 mM KCl for 20 ns. A snapshot of the HVR
peptide at 10 ns is oriented with its principal axis along the
bilayer plane and placed just above the lipid head groups in the
upper bilayer leaflet. Additionally, a snapshot of the HVR
peptide at 20 ns is oriented with its principal axis along the
bilayer normal with the farnesyl group just below the lipid head
groups in the lower leaflet. This composite system is
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reneutralized and simulated for 25 ns while gradually pulling
the terminal tertiary carbon of each farnesyl group to the
center of the bilayer along its normal (pull rate of 0.1 nm/ns),
followed by 15 ns of unrestrained simulation. Systems without
pS181 are generated by atomic removal, and pure POPC
bilayers are created by alchemically converting all POPS lipids
to POPC, both steps being followed by reneutralization
(maintaining 150 mM excess KCl). Simulation systems with
one HVR peptide per bilayer leaflet are outlined in Table 1.
Additional simulations with four HVR peptides per leaflet

are used to assess peptide−peptide interactions. These systems
are constructed by randomly selecting a snapshot from a
simulation with one HVR and tiling it 2 × 2 in the bilayer
plane. There are twenty such 5 μs simulations for each of the
PC:PS, pS181, and purePC systems. Each simulation has a
different initial conformation, which is selected from T-REMD
and standard simulations with one peptide per leaflet for
systems with and without anionic lipids, respectively.
Simulation systems with four HVR peptides per bilayer leaflet
are outlined in Table 2.

Analysis. Time-averaged data are computed from all data in
standard simulations and from 0.1 to 0.5 μs/replica in T-
REMD simulations.
To describe the variance of the sampling, standard

d e v i a t i o n s o f t h e s amp l e a r e c ompu t e d a s

x N( ) /( 1)i
N

i1
2σ μ= ∑ − −= , for N samples of value x,

whose mean value is μ. To estimate the precision of our results,
the standard deviation of the mean is obtained from

N( ) /( 1)i
N

iM 1
2σ μ μ= ∑ − −= , for N independent esti-

mates of the mean. In many cases, N = 2 and μ1 and μ2 are
the mean values computed for peptides in the upper
and lower bilayer leaflets, respectively. In this case,

( ) ( )M upper
2

lower
2σ μ μ μ μ= − + − , for the mean value of

all peptides in the upper and lower membrane leaflets, μupper
and μlower, respectively, and overall mean value μ. For standard
simulations of systems with four peptides per bilayer leaflet, we
compute values of μupper and μlower based on averages over all
four peptides per leaflet in all twenty repeat simulations.

Secondary structures are computed with DSSP version
2.0.4.95 Values of the radius of gyration are computed based on
all atoms. Survival probabilities are fit with Gnuplot version
5.0.96 Contacts are defined to exist when the distance between
a pair of nonhydrogen atoms is <0.6 nm. Peptide−lipid
contacts are restricted to those involving lipids in the same
leaflet as the peptide. Lipid or HVR flip-flop is not observed.
To reduce noise in the quantification of peptide−lipid contact
time scales, these contact events exclude the farnesyl group and
last from the point of first contact until the lipid−peptide
distance exceeds 1.0 nm.
To quantify the rate of conformational change in standard

simulations, we use root-mean-squared deviation (RMSD)
values after least-squares fitting. Because the relevant
conformation includes the location of the bilayer plane, this
HVR peptide fitting involves three-dimensional translation but
only allows rotation about the bilayer normal.
To quantify relaxation of peptide−membrane distances for

each residue in standard simulations, we estimate exponential
autocorrelation times, τac, for values of the distance between
HVR peptide Cα atoms and the center of mass of the lipid
bilayer along its normal, dz,Cα

. To obtain τac values, we first
compute the normalized autocorrelation function for a single

peptide according to C t( )
d t d t t

t

( ) ( )z z,C ,C
2Δ =

μ μ

σ

[ − ] × [ + Δ − ]α α .

In this equation, the mean and standard deviation of the
sample of dz,Cα

are represented by μ and σ, respectively, Δt is
the time interval, and angular brackets indicate averaging over
all possible initial times t (i.e., t ≤ tmax − Δt for a simulation of
duration tmax). The autocorrelation function, C(Δt), is then fit
to an exponential decay of the form exp(−Δt/τac) to obtain τac,
which represents approximately half the time required to
obtain a statistically independent sample.97 Estimates of σM for
τac are obtained by separately computing and fitting C(Δt) for
the HVR peptides in the upper and lower bilayer leaflets.

■ RESULTS AND DISCUSSION

We use both standard and T-REMD simulations to character-
ize K-Ras4B HVR peptides tethered to lipid bilayers by their
C-terminal farnesyl group. Simulation systems are outlined in
Tables 1 and 2. The PC:PS system is named for its 7:3 mixture
of POPC and POPS lipids, and all other systems are named for
their compositional variance from the PC:PS system. Briefly,
pS181 is phosphorylated serine 181; purePC contains only
POPC lipids; 11res is a shorter HVR peptide; C36m uses the
CHARMM36m protein force field94 in place of
CHARMM36;73 and M170A is a point mutation. Simulation
systems have HVR peptides tethered to both bilayer leaflets,
which enhances computational efficiency without introducing

Table 1. Simulations with One HVR Peptide per Leaflet

simulation duration

system pS181a bilayer composition peptide length force fieldb Res. 170 standard (μs) T-REMD (μs/rep)

PC:PS no PC:PS 19 C36 Met 25 0.5
pS181 yes PC:PS 19 C36 Met 25 0.5
purePC no PC 19 C36 Met 5.2 0.5
11res no PC:PS 11 C36 n/a n/a 0.5
C36m no PC:PS 19 C36m Met n/a 0.5
M170A no PC:PS 19 C36 Ala n/a 0.5

aPhosphorylated S181 (−2 phosphate charge). bProtein force field: C36 is CHARMM36;73 C36m is CHARMM36m.94

Table 2. Simulations with Four HVR Peptides per Leaflet

simulation duration (μs)

system N sim. each total

PC:PS 20 5 100
pS181 20 5 100
purePC 20 5 100
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spatial peptide−peptide correlations across the bilayer (Figure
S1).
The HVR Is Conformationally Dynamic and Asso-

ciates with Anionic Lipids. To evaluate the influence of the
local membrane environment on the HVR’s conformational
ensemble, we studied this peptide in the presence and absence
of anionic lipids. In standard simulations with a zwitterionic
POPC bilayer, diverse configurations of the HVR peptide
exchange on the low nanosecond time scale (Figure 1A).

These dynamics slow by 2−3 orders of magnitude upon the
inclusion of 30% anionic POPS lipids (Figure 1A). T-REMD
simulations indicate that HVR peptide residues engage in
regular secondary structure less than 4% of the time,
irrespective of the presence of anionic residues or phosphor-
ylation of serine 181 (Figure 1B).
Despite the overwhelming structural disorder of the HVR

peptide, it has strong residue-specific preferences for regional
localization along the bilayer normal. Specifically, the farnesyl
functional group covalently attached to the side chain of C-
terminal residue C185 draws the peptidic backbone of T183,
K184, and C185 into the bilayer’s glycerol belt and
hydrophobic core, with adjoining residue K182 left to partition
among lipid head groups (Figure 2A). The remainder of the
HVR backbone (K167-S181) tends to extend into the cytosol
or fluctuate between extension and adhesion to the water−
bilayer interface of zwitterionic POPC and mixed zwitterionic/
anionic POPC/POPS (7:3) bilayers, respectively (Figures
2A,B and S5, S6). In both environments, flexibility increases
toward the peptide’s N-terminal G domain attachment point
(Figure 2A).
The +6 charge of the HVR peptide’s poly-lysine stretch

(K175KKKKK180) likely plays a dominant role in drawing it 0.5
± 0.1 nm closer to the bilayer upon addition of anionic lipids
(Figure 2A). Here, increased peptide−lipid interactions
(Figure 2B) coincide with a 2.1 ± 0.1-fold local enrichment
of PS lipids (Figure 2C), consistent with a previous study
showing 2.3-fold enrichment of PS lipids around an 11-residue
HVR peptide.39 The average lifetime of HVR−PS contacts is
short (64 ± 4 ns; Table 3) in comparison to the time scale on

which the HVR’s N-terminus exchanges between membrane
adhesion and extension (order of 1 μs; Figure 2D), and
therefore these are highly dynamic interactions in which the
HVR peptide recruits new anionic lipids as existing contacts
dissociate. However, approximately 1% of all HVR−PS
contacts endure uninterrupted for >1 μs (Table 3), suggesting
that specific arrangements of anionic lipids may assist in

Figure 1. K-ras4B HVR is conformationally dynamic and rarely
adopts a regular secondary structure. (A) Average Cα root-mean-
squared deviation (RMSD) after least-squares fitting between
configurations from the same standard simulation at times t and t +
Δt. (B) Percent secondary structure per residue adopted at 310 K in
T-REMD simulations. Vertical bars show standard deviation of the
mean computed from two independent peptides. Additional
secondary structure data provided in Figures S2−S4.

Figure 2. Residue-specific profiles of peptide−membrane interactions.
(A) Distances between HVR peptide Cα atoms and the center of mass
of the lipid bilayer along its normal, dz,Cα

, at 310 K in T-REMD
simulations. Curves connect average values. Thin and thick vertical
bars show standard deviation of the sample and the mean,
respectively. Data slightly offset horizontally for clarity. Horizontal
dot-dash gray line denotes overall average dz value for lipid head
group phosphorus atoms in PC:PS bilayers, dz,P̅ = 1.96 nm, and the
associated shaded region encloses one standard deviation of the per-
molecule variance, σ = 0.22 nm. Probability density maps of dz,Cα

from
standard and T-REMD simulations shown in Figures S5 and S6. (B)
Number of proximal-leaflet lipids within 0.6 nm of any peptide heavy
atom, Nlip. (C) Percent of Nlip with PS head groups. (D) Exponential
autocorrelation times, τac, for dz,Cα

values from standard simulation.

Inset: time-series of dz,Cα
for M170 from one HVR peptide in a

standard PC:PS simulation. Parts (B)−(D) do not show standard
deviation of the sample.

Table 3. HVR Peptide−PS Lipid Contacts

N contacts

system leaflet avg. contact duration (ns) total >1 μs

PC:PS upper 59 3784 20
PC:PS lower 68 3357 34
pS181 upper 69 3403 36
pS181 lower 62 3579 27
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maintaining adhesion of the HVR peptide to the membrane
surface.
The preferential association of the HVR peptide with

anionic lipids and the resulting peptide disposition along the
bilayer normal are insensitive to peptide phosphorylation at
S181 (Figure 2). Simulation time scales are too short to
observe complete release of HVR peptides from the
membrane, and we are therefore unable to assess the
experimentally observed acceleration of membrane release
upon phosphorylation of S181.98 Nevertheless, metastable
intrapeptide lysine-phosphate salt-bridges compact the HVR
(Figure S7) and make its energy landscape more rugged
(Figure S8), slowing conformational reorganization (Figure
1A). Similar salt-bridges have been observed in other
simulations of the K-Ras4B HVR.68

We do not observe significant helical configurations, such as
those adopted by the HVR of full-length K-Ras4B in complex
with PDEσ25 and in crystal structures from Maurer et al.99 that
resolve K-Ras4B’s N-terminal HVR residues K167EKMSKD173
as an extension of G domain helix 5 (Figures S2 and S3).
Neither do we observe the subpopulation of ordered
configurations reported by Zhou et al.39 based on simulations
of an 11-residue peptide from the K-Ras4B HVR. For
comparison, the population of right-handed α helices remains
<1% per residue when we shorten the HVR peptide to 11
residues or employ the CHARMM36m force field to mitigate
overpopulation of left-handed α helices100 (Figure 1B).
Circular dichroism spectra of fully processed K-Ras4B HVR
peptides in solution with either neutral or anionic liposomes
indicate that the peptide is disordered (Frantz L. Jean-
Francois, manuscript in submission). The G domain’s potential
to influence HVR structure is not addressed here.
M170 is a Membrane Anchor Activated by Anionic

Lipids. K-Ras4B membrane binding has been proposed to be
driven by both the cationic character of its HVR and its C-
terminal post-translational modifications.67−70 Here, we show
that M170 acts as a third membrane anchor in the presence of
anionic lipids.
The backbone of the N-terminal HVR segment

K167EKMSK172, which contains M170, tends to extend away
from the membrane or lie flat along it, but is sometimes
embedded in the bilayer more deeply than lipid head group
phosphorus atoms (Figures S5 and S6). This membrane-
inserted state is anchored by the side chain of M170 (Figure
3A), which extends into the bilayer’s hydrophobic core (Figure
3B). Adhesion to anionic membranes is presumably assisted by
nearby residues K167, K169, S171, and K172 (Figure S9),
though mutation of M170 to alanine is sufficient to essentially
abolish this state in simulation (Figure 3C). The reduced
enrichment of anionic lipids around M170 and S171 in
comparison to neighboring regions K167EK169 and K172DG174
(Figure 2C) suggests the existence of a unique driving force for
M170−lipid interactions (i.e., methionine and lysine favor
different membrane binding modes).
The ensemble of orientations adopted by Ras with respect to

the membrane surface, and its impact on signaling competency,
has been extensively studied.101−108 In this context, the
disposition of the N-terminal region of the HVR peptide is
of particular interest because it represents the G domain
attachment point. In our simulations, the M170A mutation
drives the backbone of K167 0.2 ± 0.05 nm farther from the
membrane surface (Figure S10). This result suggests that
M170−lipid interactions may influence the location and

orientation of K-Ras4B’s signaling domain, possibly biasing
the accessibility of its binding interfaces for upstream
regulators and downstream effectors. The other human
isoforms, H-Ras, N-Ras, and K-Ras4A, each have two
hydrophobic residues (I, L, or M) similarly positioned near
the G domain-HVR junction.109 Nevertheless, the Ras G
domain, which is not present in our simulations, likely
disallows K167 backbone insertion into the membrane (Figure
S10B) and may make direct M170−membrane interactions
less common.
Our T-REMD simulations not only accelerate convergence

(Figures S2−S6), but also provide access to the temperature
dependence of the HVR’s configurational ensemble. We find
that peptide interactions with PC:PS bilayers are enhanced at
elevated temperature. This effect is subtle for residues C-
terminal to G174, which have unimodal distributions along the
PC:PS bilayer normal. For example, the backbone of K175
approaches the bilayer−water interface 0.13 ± 0.01 nm more
closely at 370 K than at 310 K (Figure 4A). There is no
concurrent change in the average number of lipid contacts for
this residue (Figure S11A−C), whose membrane association is
driven by the presence of anionic lipids (Figure 2). Conversely,
increasing temperature considerably redistributes sampling
between distinct hydrated and membrane-bound states of
M170. Here, the average number of lipid contacts increases

Figure 3. M170 controls membrane association of the HVR peptide’s
N-terminus. (A) Representative structure with M170 insertion. Lipids
shown as gray surface. Bilayer normal is vertical. (B) Side-chain
orientation vs backbone distance to the membrane at 310 K in T-
REMD simulation. Data show correlation of the distance between
M170’s Cα atom and either its Cε atom, dz,Cε

− dz,Cα
, or the bilayer’s

center of mass, dz,Cα
, both along the bilayer normal. Analogous

correlations for other residues are shown in Figure S9. (C) Probability
histogram of dz,Cα

for residue 170 in PC:PS and M170A T-REMD
simulations. Vertical bars show standard deviation of the mean. In
parts (B) and (C), vertical dot-dash gray line and shaded region show
the bilayer head group region (see Figure 2).
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with temperature (Figure S11A), as does the proportion of Cα

atoms in the membrane-embedded population (inward from
0.3 nm beyond the phosphate plane; Figure 3B), which
increases from 26 ± 3% at 310 K to 60 ± 6% at 370 K (Figure
4B). The bimodal nature of this distribution and its strong
temperature dependence are both lost in the M170A mutant
(Figure 4C).
Simulation results at 370 K are not directly relevant to HVR

behavior in living cells. However, the lipid rarefication that
accompanies increasing temperature (Figure S12) suggests that
membrane adhesion of M170 may correlate with the
availability of lipid packing defects in the host membrane, as
has been suggested for proteins with amphipathic lipid packing
sensor motifs such as ArfGAP1.110,111 These defects are
promoted by noncylindrical lipids,112 positive membrane
curvature,113 and acyl chain unsaturation.114,115 This relation-
ship opens up novel mechanisms by which signaling from K-
Ras4B may be regulated by its local environment. If the
membrane insertion of M170 affects the ability of the K-Ras4B
G domain to bind an effector such as Raf, then this should be
detectable via experimental assessment of K-Ras4B activity as a
function of the changing membrane curvature in anionic
liposomes of different sizes.
Although M170 can bind the bilayer in the absence of

anionic lipids (Figures S5 and S6), it is a rare event that
becomes more likely when anionic lipids are present to attract
HVR lysine residues (Figure 2A). This fluctuation between
complete hydration and membrane adhesion of M170 is a
source of long depth-autocorrelation times for the N-terminal
region of the HVR peptide in the presence of anionic lipids
(Figures 2D and S5). The lipid dependence of these on- and
off-states of membrane adhesion suggests that the HVR
peptide may be able to fly-cast for transient membrane patches
with specific properties (Figure 5), providing a mechanistic
hypothesis to explain the experimentally observed nano-
clustering of K-Ras4B in simplified membrane mimetics with
anionic lipids.33,36−39 Specifically, the poly-lysine stretch is
under near-complete control of anionic lipids and is released
from the membrane in their absence (Figures 2A and S6).
Membrane adhesion of the poly-lysine stretch brings the N-
terminal HVR segment K167EKMSK172 closer to the membrane

(Figures 2A and S6) such that it too may engage in functional
fly-casting based on interactions with anionic lipids and/or the
promotion of M170−membrane interactions by local mem-
brane disorder. Because these transitions are slow on the 25 μs
simulation time scale (Figures 2D and S5), we conduct
additional simulations with multiple HVR peptides per bilayer
leaflet to directly evaluate whether HVR peptide association
involves fly-casting for anionic lipids.

HVR Self-Association. To evaluate the effects of lipid-
dependent HVR behavior on the ability of HVR peptides to
self-associate via direct contact, we enlarge the simulation
system and tether four peptides to each bilayer leaflet. These
simulations probe one possible mechanism of Ras nano-
clustering and do not address mechanisms of colocalization
that depend on the G domain or involve substantially larger
intermolecular separations.
In the presence of anionic lipids, HVR−HVR interactions

become increasingly common over time, with intermolecular
peptide contacts reaching 40−50% after 5 μs/simulation
(Figure 6A). This behavior is distinct from that of HVR
peptides in the absence of anionic lipids, where HVR−HVR
contacts plateau at 13 ± 2% after 0.5 μs (Figure 6A).
Phosphorylation of S181 does not significantly affect the
likelihood of direct HVR−HVR contact (Figure 6A) despite
the fact that nonphosphorylatable S181A and phosphomimetic
S181D mutations experimentally perturb K-Ras4B nanocluster
formation.36

Figure 4. Temperature dependence of peptide−bilayer interactions.
Histograms of the distance between the noted Cα atom and the center
of mass of lipid head group phosphorus atoms in the proximal leaflet
along the bilayer normal, dz,Cα

− dz,P̅, at (solid gray line) 310 K and
(dashed red line) 370 K in T-REMD simulations. (A) K175 in the
PC:PS system. (B) M170 in the PC:PS system. (C) A170 in the
M170A system. Vertical bars show standard deviation of the mean.

Figure 5. Schematic of the proposed fly-casting mechanism. (A) Post-
translational backbone methylation and side-chain farnesylation at the
HVR peptide’s C-terminus comprise the first membrane anchor. The
HVR peptide’s poly-lysine stretch is a second membrane anchor that
responds to membrane charge. (B) M170 acts as a third membrane
anchor whose transient membrane interactions become more relevant
when the poly-lysine stretch adheres to anionic lipids.
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To better understand the source of the lipid dependence of
intermolecular HVR contact, and to evaluate whether it results
from an active process of HVR peptide fly-casting for anionic
lipids, we randomize the positions of HVR peptides on a
membrane surface of similar size and evaluate their propensity
to be in contact. To this end, we construct “randomized”
system configurations by randomly selecting four peptide
configurations from the actual simulation trajectories and
randomly translating them in the bilayer plane. Neglecting the
fact that these peptides can sterically clash with one another,
ensembles of such randomized system configurations mimic
the probability of peptide−peptide contacts that are driven by
simple volumetric considerations rather than specific binding
events.
From this analysis, intermolecular peptide contact proba-

bilities in the presence of 30% anionic PS lipids and the
absence of phosphorylation at S181 are predicted to be 49 ±
1% (Figure 6B). Phosphorylation of S181 reduces this value to
44 ± 1% (Figure 6B) presumably due to the compaction and
decreased cross section induced by intramolecular phosphate-
lysine salt-bridges (Figure S7). Both of these randomized
contact probabilities are similar to the respective proportion of
contacts observed in actual simulation, arguing against
functional peptide fly-casting for anionic lipids if nano-
clustering relies on direct HVR−HVR contact. In contrast,
when anionic lipids are excluded, the association of HVR

peptides differs dramatically between actual simulations and
randomized system configurations. The randomized contact
prediction for the purePC system (38 ± 1%; Figure 6B) is 3
times larger than the sampled contact probability (13 ± 2%;
Figure 6A). Because our randomized system construction
draws peptide configurations from simulation trajectories, it
accounts for the greater extension of HVR peptides away from
the membrane surface in the absence of anionic lipids (Figure
2A). Therefore, HVR peptides appear to experience a repulsive
intermolecular force in simulations without anionic lipids,
which we suspect is an electrostatic repulsion between the +9
charge on each HVR peptide.
In the absence of phosphorylation at S181, intermolecular

peptide contacts (nonhydrogen distance <0.6 nm) tend to
invo lve the HVR pept ide ’ s N- te rmina l reg ion ,
K167EKMSKD173. These contacts most commonly involve the
N-terminal regions from two peptides, with less frequent
interaction between the N-terminal region from one peptide
and the poly-lysine stretch from another peptide (Figure
6C,E). In contrast, pS181 favors the later intermolecular
contacts (Figure 6D), which are reminiscent of the intra-
molecular β-hairpin that sometimes forms in single-peptide
simulations (Figures S2 and S3). In all systems, intermolecular
contacts also form between farnesylated C185 residues (Figure
6C−E).
To further characterize peptide association, we construct

contact maps that only include points of first contact between
two peptides, that is, the first trajectory frame establishing
contact after the minimum interpeptide distance exceeds 3 nm.
On average, each peptide makes 4 or more such initial contacts
per simulation (Table S2), which generally involve the
peptide’s N- or C-termini (Figure 6F−H). The lower number
of residue−residue interactions at first contact compared to
overall indicates that the peptide−peptide interface tends to
enlarge as the interaction ages (Figure 6C−H). Whereas the
contact pattern is generally preserved between initial and total
contacts for purePC simulations (Figure 6E,H), the patterns of
initial and total contacts differ substantially in the presence of
PS lipids (Figure 6C,D,F,G). Here, initial contacts favoring
two N-termini tend to resolve into the more complex
patterning described above for these systems. Nevertheless,
intermolecular HVR peptide interactions are only metastable,
with estimated half-lives of 30 ± 30, 300 ± 30, and 600 ± 300
ns for purePC, PC:PS, and pS181 systems, respectively (Figure
S14 and Table S3). The existence of contact dissolution
indicates reversible sampling of interpeptide contacts, lending
credence to the accuracy of contact probabilities provided in
Figure 6. Furthermore, separate sets of peptide−peptide
interactions obtained from peptides in either the upper or
lower membrane leaflets yield similar contact maps (Figure
6C−H).
To ensure that the anionic lipid dependence of HVR peptide

self-association is not merely a result of kinetic trapping and a
lack of simulation convergence, we extract frames from
simulations with metastable HVR−HVR interactions and
alchemically change all anionic POPS lipids to zwitterionic
POPC lipids. As expected, the removal of anionic lipids
accelerates dissociation of peptide−peptide interactions
(Figure 7).

■ CONCLUSIONS
We have conducted extensive simulations of membrane-
tethered HVR peptides from K-Ras4B. We find that the

Figure 6. Interpeptide contacts. (A) Time-series of the per-peptide
probability of HVR−HVR contact, Pcontact. Vertical bars show
standard deviation of the mean. Data slightly offset horizontally for
clarity. (B) Values of Pcontact from randomized configurations.
Intermolecular peptide contacts are depicted by oligomeric state in
Figure S13. (C−H) Intermolecular HVR−HVR contact maps from
(C−E) all data and (F−H) initial contact events. In parts (C)−(H),
data above and below the diagonal are from peptide contacts in the
upper and lower membrane leaflets, respectively. Values of Pcontact in
parts (A) and (B) are actual contact probabilities, whereas contact
map values of Pcontact

res in parts (C)−(H) are computed only for
interacting peptide pairs.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b07919
J. Phys. Chem. B XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07919/suppl_file/jp8b07919_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07919/suppl_file/jp8b07919_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07919/suppl_file/jp8b07919_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07919/suppl_file/jp8b07919_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07919/suppl_file/jp8b07919_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07919/suppl_file/jp8b07919_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.8b07919


HVR is overwhelmingly disordered and adopts membrane
interactions that are strongly affected by lipid composition.
Membrane adhesion of the HVR peptide’s 11 C-terminal
residues increases in the presence of anionic lipids, which
transiently contact and are enriched around the HVR.
Phosphorylation of S181 compacts the HVR and slows its
conformational reorganization but does not affect peptide−
lipid interactions in these simplified systems. In the presence of
anionic lipids, M170 acts as a reversible membrane anchor with
microsecond-scale dynamics that influence the disposition of
the G domain attachment point at K167 and may be regulated
by lipid packing defects. Systematic differences in peptide−
membrane contacts in the presence and absence of anionic
lipids suggest that its poly-lysine stretch can undergo similar
exchange between extension and membrane adhesion on
longer time scales or in more heterogeneous or larger lipid
mixtures that support more dramatic compositional fluctua-
tions. These two regions of environmentally dependent HVR−
membrane proximity appear to provide the necessary
ingredients to enable HVR fly-casting for membrane patches
enriched in anionic lipids and surface defects. However, at
short range, our simulations with multiple HVR peptides
instead support a simpler model in which electrostatic
repulsion disfavors interpeptide contacts and anionic lipids
act to screen this repulsion.
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