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Abstract: Lipid-modified membrane-binding proteins are essential in signal transduction events of the cell,
a typical example being the GTPase ras. Recently, membrane binding of a doubly lipid-modified heptapeptide
from the C-terminus of the human N-ras protein was studied by spectroscopic techniques.14 It was found
that membrane binding is mainly due to lipid chain insertion, but it is also favored by interactions between
apolar side chains and the hydrophobic region of the membrane. Here, 10 explicit solvent molecular
dynamics simulations for a total time of about 150 ns are used to investigate the atomic details of the
peptide-membrane association. The 16:0 peptide lipid chains are more mobile than the 14:0 phospholipid
chains, which is in agreement with 2H NMR experiments. Peptide-lipid and peptide-solvent interactions,
backbone and side-chain distributions, as well as the effects of lipidated peptide insertion onto the structure,
and dynamics of a 1,2-dimyristoylglycero-3-phosphocholine bilayer are described. The simulation results
validate the structural model proposed by the analysis of spectroscopic data and highlight the main aspects
of the insertion mechanism. The peptide in the membrane is rather rigid over the simulation time scale of
about 10 ns, but different partially extended conformations devoid of backbone hydrogen bonds are observed
in different trajectories.

Introduction

The regulation of cellular functions is coordinated by signal
molecules. External signals transmitted across membranes and
received by cellular receptors are relayed to their target by
intracellular signal cascades. Posttranslational lipid-modified
proteins1,2 are commonly involved in regulation of the signal
transmission processes.3-5 Typical among fatty-acid-modified
proteins is the GTPase ras. The ras signal transduction cascade
is central in cell proliferation and differentiation events, in which
ras proteins, by activating downstream effectors,6,7 mediate the
signal flow from receptor tyrosine kinase to the cell nucleus.
Malfunction in the regulatory action (the switching function)
of ras proteins leads to uncontrolled cell growth, or cancer,
manifested by the fact that about one-third of all human cancers
carry a mutated form of ras proteins. Detailed characterization
of the molecular interactions playing a role in the ras signal
transmission pathways is therefore of great importance.

The specific attachment of lipids to proteins that contain the
C-terminal motif, CAAX, by cleavage and addition to the SH
group of Cys, is a common structural feature in membrane
proteins involved in signal transduction events. Lipidated

proteins (and their analogue peptides) achieve strong binding
by inserting their lipid chains into the hydrophobic core of the
membrane. Thus, the major membrane-binding energy contribu-
tion comes from the hydrophobic interaction between the
hydrocarbon tails of the protein and the membrane. For a
maximum binding potential, ras proteins can acquire two
different types of lipid modification, single or double lipid
modification. Typically, ras proteins with single lipid modifica-
tion also contain cluster(s) of basic amino acids and bind to
negatively charged plasma membranes. The interaction between
the phospholipid headgroups (of the negatively charged mem-
branes) and the positive peptide charges provides additional
attractive electrostatic energy for a stable membrane association
(e.g., the K-ras protein8). H- and N-ras proteins require double
modifications.9 Farnesylated, but nonpalmitoylated, H- and N-ras
proteins mislocate to the cytosol and break the signal cascade.10-12

The human N-ras protein, the focus of this paper, undergoes
farnesylation at the C-terminal recognition region (Cys186)
followed by palmitoylation at Cys181. Single lipid modification
of N-ras provides insufficient hydrophobic binding energy for
it to permanently anchor to plasma membranes. As a result, a
fast equilibrium between adsorbed and desorbed states is
observed.
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Unlike integral proteins that are permanently anchored to
membranes, the association of ras proteins to plasma membranes
is an equilibrium process.13 Because interactions with other
downstream effectors occur at the membrane surface, ras
proteins are functional only in the membrane-associated state
and are inactive desorbed into the cytosol. Experimental studies
on membrane interactions of lipid-modified proteins, mainly
using lipidated peptides and artificial membranes,9,13have shed
light on how their distribution is regulated between the active
(membrane-bound) and inactive (unbound) states, as well as
on the energetics and thermodynamics of the interaction.

Using a combination of Fourier transform infrared, solid-state
NMR, and neutron diffraction spectroscopy, Huster et al.
recently studied membrane insertion and localization of a
heptapeptide representing the carboxy terminus (residues 180-
186) of the human N-ras protein.14 The plasma membrane was
modeled by 1,2-dimyristoylglycero-3-phosphocholine (DMPC).
This study highlighted the key structural features that accompany
membrane insertion of ras proteins. The peptide inserts its two
lipid chains deep into the membrane interior, such that stabilizing
hydrophobic contacts between the DMPC and peptide lipid
chains are possible. Binding is further assisted by the insertion
of two hydrophobic amino acid side chains (Leu and Met) into
the hydrophobic section of the membrane. The backbone adopts
a disordered conformation and is preferentially localized in the
lipid-water interface. These observations led to a plausible
structural model for membrane binding of N-ras proteins.

It is worth noting that while the structure of the soluble part
of ras proteins (residues 1-166) has been solved by both X-ray
diffraction15-18 and solution NMR spectroscopy,19 there are no
structural data for the C-terminal membrane binding region
(residues 180-186). The biophysically derived structural model
of Huster et al. for a doubly lipid-modified synthetic heptapep-
tide bound to a DMPC bilayer mimics the binding mode of the
human N-ras protein. It is therefore of general significance.
However, not all of the details of association can be observed
spectroscopically; atomic level analysis of peptide-lipid and
peptide-solvent interactions, backbone and side-chain distribu-
tions, as well as the effect of lipidated-peptide insertion onto
the structure, and dynamics of a DMPC bilayer are required
for a molecular-level interpretation and full description of the
association process. A more-direct approach to investigate these
and related issues is provided by computational methods. Due
to the level of details that they can provide, molecular dynamics
(MD) simulations of the lipidated peptide and DMPC bilayer
are uniquely suited to address these questions at the atomic level.

Several explicit water MD studies of membrane-protein
systems have been conducted (see, for example, review

articles20-22 and recent reports23-25). The majority of these
simulations targeted the stability, dynamics, and functional
aspects of integral proteins in a variety of membranes,26-32 pure
membranes and their environments,33-35 and peptide-bilayer
systems.36-40 So far, however, only few attempts have been
made to simulate membrane localization, and the accompanying
mechanisms of insertion of peptides/proteins whose initial
positions, with respect to the phospholipids, are not clearly
known a priori.41-43 Kaznessis et al. investigated the interaction
between the N-terminal region of the human surfactant protein-B
in dipalmitoylphosphatidylcholine (DPPC) and dipalmitoylphos-
phatidylglycerol (DPPG) monolayers.41 Their simulations re-
vealed that the peptide fragment of protein-B adopts different
modes and energetics of interactions with the different phos-
pholipid monolayers, with preferential affinity for anionic
phospholipids. Knecht and Grubmu¨ller used MD and annealing
simulations to study mechanical coupling by the membrane
fusion SNARE protein syntaxin 1A.42 Their simulation results
indicate that partially unstructured linkers provide significant
mechanical coupling. Sankararamakrishnan and Weinstein
simulated the helical region of dynorphin in a DMPC bilayer.43

They showed that in the complex, the tilt angle of the dynorphin
helix from the bilayer normal is stabilized at∼50° for different
initial orientations of the dynorphin.43 In a recent study on the
insertion of antimicrobial peptides into a zwitterionic lipid
bilayer in which the peptides were directed toward the interface
either on their hydrophobic or positively charged face, it was
found that the former bind to the interface and subsequently
penetrate the bilayer while the latter displayed only partial
surface binding.44

In the present study, MD simulations are used to investigate
the position, orientation, and flexibility of a lipidated ras peptide
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in a DMPC bilayer. The simulation results are first validated
by comparison with NMR, Fourier transform infrared, and
neutron diffraction spectroscopy experiments.14 The good agree-
ment between simulation and experimental results allows the
use of the former to extract a clear and detailed picture of
membrane insertion of the lipidated ras peptide.

Methods

It was shown experimentally that equilibrium membrane adsorption
of doubly lipid-modified ras peptides have average half-life times in
the order of hours to days.45,46 Although it would be interesting to
simulate the system long enough for the peptide to insert spontaneously,
this is impossible to achieve within the current accessible time scales
of MD simulations. A procedure to speed up the insertion is therefore
necessary. The initial position and orientation of the peptide with respect
to the bilayer were chosen such that insertion could be observed within
a reasonable simulation time. Furthermore, to maximize sampling, two
peptides (i.e., one peptide per leaflet) were simulated in each MD run.
This is partly justified by the fact that the lipid bilayers are symmetrical
in a simulation box and also because, in the in vitro experiments, the
two leaflets were both populated.

Peptide Structure. The peptide sequence used in the simulations
consisted of residues (X)Gly-Cys(R1)-Met-Gly-Leu-Pro-Cys(R2)-OMe,
where R1 and R2 represent the lipid modifications (i.e., palmitic and

hexadecyl thioether tail, respectively).14 The latter was preferred to the
natural occurring farnesyl to directly compare with the experimental
data.14 The X represents a hydrogen atom in the case of a charged
N-terminus and an acetyl (CH3OC-) in the neutral form of the peptide.
Since the peptide sequence corresponds to the C-terminal end of the
N-ras protein, the neutral form is closer to the natural protein, while
the charged form corresponds to the one used in the experiments.14

Parameters for the lipid modifications were derived from the
CHARMM27 force field.47,48 A model for the structure of the peptide
was then built manually and minimized by 1000 steps SD and 1000
steps conjugate gradient to remove bad atomic contacts, leading to the
structure shown in Figure 1A.

Initial Peptide Positions and Orientations.Figure 1B and Table
1 schematically show the strategy used to obtain starting structures.
First, the peptides were placed in the middle of each water slab and
relaxed for 0.25 ns. Then, one trajectory was continued without any
bias (A0), and another trajectory was continued with distance constraints.
In the latter, the distances along thez-axis between corresponding C16

atoms of peptide 1 (P1) and peptide 2 (P2), i.e., R1(P1)-R1(P2) and
R2(P1)-R2(P2), were slowly decreased by applying a harmonic force
constant (see legend of Figure 1B for details). By removing the
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Figure 1. (A) Sequence and starting structure of the acetylated form of the N-ras peptide used in the simulations. The structure is modeled as described in
the text. (B) Schematic picture of the approach used to determine initial peptide positions with respect to the bilayer. After construction of the bilayer-water
system (see text), one peptide was placed in the middle of the water slabs at each monolayer. The system was relaxed for 0.25 ns. Then, one simulation was
continued without any bias (A0), while in another simulation, the separation along the membrane normal between the methyl carbon atoms of the ras lipids
[C16, R1(P1) and C16, R1(P2); and C16, R2(P1) and C16, R2(P2)] was decremented by 0.5 Å every 5 ps using a harmonic potential with a force constant of 100
kcal mol-1 Å-2. The constraint was removed after 0.25 ns (starting structure for A1), 0.35 ns (A2), and 0.42 ns (A3). Since P2 and P1 in trajectories A1 and
C1 have completely dissociated to solvent (see Results and Discussion), the last snapshots of these were used to start trajectories A1a and C1a, respectively.
This was done by “pulling-back-in” one chain of the dissociated peptide into the bilayer. Vertical and horizontal time axes indicate the length of thesimulations
with and without a harmonic constraint, respectively. The five insets show the peptide positions and orientations used as starting structures for production
runs. Ras lipid chains are in blue; backbone and residue prolines are in red, while Leu and Met are in green. For clarity, only selected atoms of the DMPC
are shown: phosphorus and choline nitrogen atoms in dark yellow and blue, respectively, and the first methylene carbon of the lipid tails in cyan. A similar
approach was followed to obtain initial positions for simulations with a charged N-terminus.

Table 1. Performed Simulationsa

Acetylated
N-Terminus

Charged
N-Terminus

name A0 A1 A2 A3 A1a C0 C1 C2 C3 C1a

constrained dynamics (ns) 0.0 0.25 0.35 0.42 0.10b 0.0 0.35 0.40 0.45 0.10b

unconstrained dynamics (ns) 5.0 2.3 20.1 14.1 22.5 5.0 2.6 22.3 14.2 20.0

a See Figure 1B for details.b Simulations were continued from simulations A1 and C1, and the constraints were applied on a single lipid chain (see text).

Lipidated Ras Protein Studied by MD Simulations A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 46, 2004 15279



constraint at 0.25 ns, 0.35 ns, and 0.42 ns, we obtained three starting
configurations for simulations A1, A2, and A3. A similar procedure was
used to generate starting structures for another four trajectories
calculated with a charged N-terminus (C0-C3). Furthermore, two
trajectories, A1a and C1a, were started from the final conformation of
simulations A1 and C1, respectively (see legend of Figure 1B). In total,
10 simulations were run to investigate the insertion process (Table 1).

SimulationProtocol.TheCHARMMprogram49andtheCHARMM2747,48

parameters were used in all of the simulations and for part of the
analysis. The construction and setup of the simulation system were
based on the protocol of Woolf and Roux,50,51 adjusted to the
specificities of the present system. The liquid-crystalline phase of the
DMPC (at a temperature of 310 K, the temperature at which most of
the experiments were done14) was simulated at a constant number of
particles (N), normal pressure (PN), cross sectional area (A), and
temperature (T), theNPNAT ensemble.

To avoid strain of the bilayer due to the insertion of the two “foreign”
lipid chains of the ras peptide, the cross sectional area of each monolayer
was made slightly larger than that in a pure DMPC bilayer. Thus, the
total lateral area per leaflet was calculated for 27 lipids with an area
per lipid of 59.8 Å2 (ref 52) to be used for 26 lipids per leaflet in all
of the simulations involving peptide insertion. The peptide:DMPC ratio

was therefore 1:26 in the simulations, in contrast with the experimental
ratio of 1:10. Note that a more-dilute solution is preferable to make
sure that multimer formation is avoided, as was also mentioned by
Huster et al.. In the control simulation of a DMPC bilayer without the
peptides, 27 lipids per leaflet were used within the same cross-sectional
area.

The DMPC bilayer was constructed by randomly choosing structures
from the pre-equilibrated phospholipid structural libraries.53,54To model
the bulk solvent, a water slab was constructed from a pre-equilibrated
TIP3 model and overlayed on the glycerol region of each leaflet. One
peptide was then inserted into each of the water slabs, and water
molecules closer than 2.6 Å to any peptide atom were deleted. The
size of the water box was chosen such that any atom of a peptide is at
least 10 Å away from the edge of the box, including the side parallel
to the lipid lateral surface. The dimension of the system was 43.6×
37.2 × 120.0 Å3, resulting in a total of∼4350 water molecules, 2
peptides, and 52 DMPC lipids. In the case of the simulations with a
charged N-terminus, the system was neutralized by adding a chloride
ion in each water box. The simulation systems for the neutral and
charged peptides contained a total of 19 560 and 19 575 atoms,
respectively. Figure 2 (left and middle) shows representative snapshots
of the simulation setup.

(49) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. T.; Swaminathan,
S.; Karplus, M.J. Comput. Chem.1983, 4, 187-217.

(50) Woolf, T. B.; Roux, B.Proc. Natl. Acad. Sci. U.S.A.1994, 91, 11631-
11635.

(51) Woolf, T. B.; Roux, B.Proteins1996, 24, 92-114.

(52) Petrache, H. I.; Dodd, S. W.; Brown, M. F.Biophys. J.2000, 79, 3172-
3192.

(53) Venable, R. M.; Zhang, Y.; Hardy, B. J.; Pastor, R. W.Science1993, 262,
223-226.

(54) de Loof, H. D.; Harvey, S. C.; Segrest, J. P.; Pastor, R. W.Biochemistry
1991, 30, 2099-2113.

Figure 2. Snapshots after 0.25 ns of relaxation (A0, left), after partial insertion promoted by a 0.35 ns constrained dynamics (A2, middle), and the final
snapshot (A2, right). Backbone and Pro are in red, ras lipid chains in blue, Leu and Met side chains in green, DMPC hydrocarbon tails in gray, headgroup
atoms in yellow, and water molecules in sticks (or ball-and-sticks). Part of the water molecules have been removed after partial insertion of the peptide.
Hydrogen atoms of the peptide and the DMPCs are omitted for clarity.
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Subsequent minimizations and a 200 ps equilibration with progres-
sively decreasing harmonic constraints on the peptide backbone, side
chains, lipid headgroups, and water oxygen atoms were similar to those
of previous reports.55 After equilibration, production simulations were
run in theNPNAT ensemble. Periodic boundary conditions in all three
spatial directions were used, with constant normal pressure (PN ) 1
atm) and constantA andT. Constant temperature was maintained using
the Hoover temperature control56 with a thermal piston mass of 3000
kcal mol-1 ps2. Truncation of electrostatic interactions has been shown
to have major effects on the bilayer properties.57 In this work, long-
range electrostatic interactions were treated by the particle mesh Ewald
(PME) method58 with a 12 Å cutoff for direct and reciprocal space
summations. A shift function at 10 Å for the Lennard-Jones interactions
and a heuristic update of the nonbonded list, with a cutoff at 12 Å,
were used. The integration time step was 2 fs, and all bonds involving
hydrogens were fixed using the SHAKE algorithm. Structures were
saved every 1 ps for analysis.

To speed up sampling, part of the water layer was removed after a
portion of the peptides had inserted into the bilayer, while keeping
sufficient waters to solvate both the peptides and the bilayer. This
resulted in a reduction of 40% in the total number of atoms (Figure 2,
right). In the early stages of the simulations, drift of the peptide along
the lateral spatial directions (i.e., perpendicular to the membrane normal)
was prevented by applying a cylindrical potential.50 This constraint was
removed after partial insertion to allow a spontaneous lateral reorga-
nization of the peptide in the bilayer.

Analysis. The bilayer thickness (DPP) is defined as the distance
between the geometric center of the phosphorus atoms at each
monolayer. The average chain length (LC) is defined as the average
distance along the bilayer normal between the first methylene carbon
and the terminal methyl carbon atoms of the lipid chains,59 calculated
from trajectories as

wherex is 14 for the DMPC chains and 16 for the ras chains, and the
〈〉 denote time averages. Note thatLC, defined here, is equivalent to
L*C in the literature,59 which does not include the distance from the
first methylene to the carbonyl carbon (∼0.55 Å) and the extra length
of the terminal methyl group (∼0.98 Å).59

The deuterium order parameter,SCD, was calculated as

where θn is the instantaneous angle between a vector along the
methylene/methyl hydrogens of the acyl carbon atoms and the bilayer
normal.

Graphical analysis of the simulations was made using the VMD
program.60

Results and Discussion

Control Simulations. To check the behavior and stability
of the DMPC bilayer and the peptide alone in water, simulations
with the same setup as that in the multicomponent simulations
were performed for each isolated component. Furthermore, the
effect on the insertion mechanism of the lipid tails was assessed
by simulating the peptide without lipid tails under the same
conditions as those for the lipid-modified peptide.

Peptide in Water. One factor that may affect the rate of
peptide insertion is its structural properties in water. To assess
the behavior of the peptide in water, a short simulation of 2 ns
was performed in a cubic box of TIP3 waters. As may be
expected for a system with no charged or polar side chains, the
peptide quickly adopted a collapsed conformation. It buried a
large part of its hydrophobic surface by “sequestering” the apolar
amino acids, Met and Leu, with the lipid hydrocarbon chains
(data not shown). The short simulation does not allow one to
describe the accessible conformational space.

DMPC in Water. A 6 ns trajectory of the DMPC bilayer
was run to investigate the bilayer behavior in the absence of
the peptides and to facilitate structural comparison with simula-
tions in the presence of the ras peptide. The trajectory was stable,
and the bilayer structural properties were generally the same as
in previous reports.55 The bilayer thickness (DPP) is a useful
parameter for estimating bilayer structural changes upon protein
insertion. The averageDPPvalue calculated from the simulation
without peptides (37.0 Å, see Table 4) is in good agreement
with previous calculations using the same protocol (35.9 Å)55

and is close to the experimental thickness (i.e., the average
distance between lipid headgroups at each monolayer measured
by electron density profile method) of 36.0 Å.61 The deuterium
order parameters (SCD, eq 2), calculated from the simulation
(Figure 3), are typical of other DMPC simulations62 and in very
good agreement with experimentally measured values at 30°C.52

Possible structural alterations after peptide insertions can
therefore be safely attributed to changes arising from the
insertion of the peptide.

Peptide without Lipid Tails. Three trajectories with the same
starting conditions as those in trajectories A2, A3, and A1a, but
lacking the palmitoyl and hexadecyl groups, were run for 2.5
ns each. Four of the six peptides fully dissociated into water.
For the remaining two peptides, most of the backbone and side
chains moved toward bulk water within 2.5 ns, with only the
N-terminus maintaining contact with the headgroup region of
the bilayer. This suggests that lipid modifications are essential
for membrane insertion.

Peptide Insertion. The location of the geometric center of
the peptides and the initial number of peptide-DMPC contacts
were used to monitor the insertion process and peptide-bilayer
interactions. Table 2 summarizes the initial and final peptide
locations, as well as the initial number of ras acyl carbon atoms
in contact with those of DMPC. Initial peptide positions varied
between 41 (completely in water) and 16 Å (partly inserted).

(55) Petrache, H. I.; Grossfield, A.; MacKenzie, K. R.; Engelman, D. M.; Woolf,
T. B. J. Mol. Biol. 2000, 302, 727-746.

(56) Hoover, W. G.Phys. ReV. A 1985, 31, 1695-1697.
(57) Patra, M.; Karttunen, M.; Hyvonen, M. T.; Falck, E.; Lindqvist, P.;

Vattulainen, I.Biophys. J.2003, 84, 3636-3645.
(58) Darden, T.; York, D.; Pedersen, L.J. Chem. Phys.1993, 98, 10089-10092.
(59) Petrache, H. I.; Tu, K.; Na¨gle, J. F.Biophys. J.1999, 76, 2479-2487.
(60) Humphrey, W.; Dalke, A.; Schulten, K.J. Mol. Graphics1996, 14, 33-

38.

(61) Nagle, J. F.; Tristram-Nagle, S.Biochim. Biophys. Acta2000, 1469, 159-
195.

(62) Moore, P. B.; Lopez, C. F.; Klein, M. L.Biophys. J.2001, 81, 2484-
2494.

〈LC〉 t 〈z2〉 - 〈zx〉 (1)

SCD ) 1
2

〈3 cos2 θn - 1〉 (2)

Figure 3. Deuterium order parameters of hydrocarbon tails from the 6 ns
DMPC trajectory without peptides. The error bars are calculated by dividing
the last 4 ns of the trajectory in segments of 1 ns.
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Whenever the peptide was placed near the interface with an
average distance from the bilayer center of<25 Å (∼7 Å from
the average phosphorus atoms location), a subsequent insertion
was observed (shown in bold, Table 2).

Figure 4 shows the progress of peptide insertion during the
longest trajectory (A1a). The peptides slowly approach the bilayer
(at times even immersing in the hydrophobic region; heavy black
lines) and eventually stabilize, with the backbone occupying
the interfacial region. In agreement with Fourier transform
infrared experiments,14 the acyl chain lengths of the ras peptides
equilibrate at lengths equivalent to those of the DMPC lipids
tails, but the length fluctuations are much larger in the former.
As can be seen from the insets of Figure 4, the peptide-DMPC
hydrophobic contacts progressively increase along the trajec-
tories. The two peptides move independently of each other;
initially, they occupied similar locations in the middle of each
monolayer but then translated to opposite corners of the
monolayers’ cross sectional area (inset).

Furthermore, the calculated center of mass of the peptides
and the monolayers in the unconstrained simulations indicate
that while the motion of the two monolayers relative to each
other is negligible, there is a substantial lateral movement of
each peptide independently of the other (data not shown). All

of the simulations where insertions have been achieved show
similar behavior. These observations indicate that once the
peptides are inserted, the previous history (including the starting
position and orientation) is forgotten. The mobility of the peptide
at the membrane surface is qualitatively similar to that seen in
a recent MD study of a membrane-anchored single-lipidated
peptide.63,64 Furthermore, the values of the two-dimensional
diffusion constant on the membrane plane computed from the
trajectories,35 ∼10-30× 10-8 cm2 s-1 for the DMPC and∼6-
15 × 10-8 cm2 s-1 for the peptide, suggest that the peptide
moves slightly slower than individual lipids. The diffusion of
the DMPC lipids is within the range of excimer experiments.65

Comparison of the trajectories, based on the contact criteria,
may give a more-detailed picture of the insertion process.
Although insertion was not observed in the simulations where
no initial peptide-DMPC contacts were present (A0 and C0), a
minimum of roughly 5-7 inserted carbon atoms per acyl chain
is sufficient to spontaneously lead to full insertion. A smaller
number of ras acyl carbons contacting DMPC acyl carbons did
not result in insertion within the time scale of the simulations.
For example, while seven carbon-carbon contacts between ras
and the DMPC lipids resulted in insertion (e.g., P2 in A1a and
in C1a), three or four contacts could not stabilize the ras peptide
in the bilayer and led to desorption to water (P2 in A1 and P1 in
C1). Interestingly, even a chain with no or few initial contacts
subsequently inserts if the other chain is involved in a sufficient
number of initial contacts with the bilayer (e.g., P2 in A2 and in
C1). As an example in trajectory A2, the palmitic chain (R1) of
P2 was in water at the start and early stages of the simulation;
its insertion began at about 9.3 ns, and after fluctuating for about
2 ns, it made a stable association from 11 ns onwards (Figure
5). In total, five cases of single chain preinsertion were used to
investigate the behavior of the complex where only a single
chain of a peptide was initially in contact with the bilayer [A1a,
R1(P2) and R2(P1); A2, R1(P2); C1, R1(P2); C1a, R2(P1)]. It was
anticipated that the palmitoyl chain R1 (in trajectories A1a, A2,
and C1) and the hexadecyl chain R2 (in trajectories A1a and C1a)
would insert spontaneously. A total of three and one spontaneous
insertions of the palmitoyl and hexadecyl chains were observed,
respectively, whereas the hexadecyl group did not insert in the
20 ns simulation of C1a (Table 3). Despite the limited statistics,
it appears that there is no significant difference in the times

(63) Nagle, J. F.Biophys. J.1993, 64, 1476-1481.
(64) Jensen, M. O.; Mouritsen, O. G.; Peters, G. H.Biophys. J.2004, 86, 3556-

3575.
(65) Blume, A. Dynamic Properties. InPhospholipid Handbook; Cevc, G., Ed.;

Marcel Dekker: New York, 1993; pp 455-552.

Table 2. Initial and Final Peptide Positionsa

A0 A1 A2 A3 A1a C0 C1 C2 C3 C1a

Number of Ras Acyl Carbon Atoms in Contact with DMPC Acyl Carbons at the Startb

P1 R1 0 7 15 15 15 0 1 4 8 7
R2 0 3 10 12 0 0 2 7 11 0

P2 R1 0 0 0 6 0 0 1 8 11 15
R2 0 4 11 15 7 0 11 11 16 16

Distances between Peptide Geometric Centers and the Center of Bilayer (initialf final) (Å)c

P1 39 f 39 26f 22 19 f 10 17f 10 22f 13 41 f 44 30f 38 24 f 9 21f 9 24 f 23
P2 34 f 34 28f 33 23 f 8 19f 12 23f 9 41 f 52 22 f 15 19f 10 16f 7 15f 11

a P1 and P2 represent peptides 1 and 2, respectively, whereas R1 and R2 represent the palmitoyl and hexadecyl lipid tails of the ras peptide, respectively.
b Contact is present if the ras acyl carbon is within 5 Å of at least one DMPC acyl carbon. The maximum possible number is 16 (i.e., the lengths of the
palmitoyl and hexadecyl chains).c Initial and final peptide positions are defined by the location of the peptide geometric center in the first and last snapshots
of the simulations [absolute values, as measured from the bilayer center (z ) 0), are indicated]. The initial contacts that led to insertion (i.e., to the maximum
possible number) and the corresponding locations are in bold.

Figure 4. Time series and snapshots show the movement of the peptide
toward the bilayer-water interface followed by insertion in trajectory A1a.
The cylindrical potential to prevent lateral motion of the peptide (see
Methods) was removed at 6.5 ns. The large apparent displacement of P1

between the snapshots at 13 and 17 ns is an effect of the periodic boundary
conditions. Lines above and belowz) 0 (the bilayer center) are for peptides
1 and 2, respectively. Thick lines: red, backbone geometric center; black,
all atom geometric center; green, peptide acyl chain length. Thin lines: blue,
DMPC acyl chain length; black, average phosphorus atom locations. The
insets show the peptide insertion levels at selected time points during the
simulations. Color codes are as in Figure 1B.
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needed for the Cys181 palmitoyl or Cys186 hexadecyl groups’
spontaneous insertion. Moreover, as mentioned above, a limited
preinsertion of one or both of the chains is sufficient to trigger
insertion and stabilization of the whole peptide.

Lipid Bilayer Structure. Lower order parameters were
observed for the 16:0 ras chains compared with the 14:0 DMPC
chains.14 The order parameters from the last 10 ns of some of
the simulations that resulted in peptide insertion are shown in
Figure 6. It is clear from the figure that the peptide lipid chains
are significantly less ordered compared with the DMPC chains,
which is in very good agreement with experiments.14 The
difference in the calculated average order parameters between
the DMPC chains and the ras chains is 0.060, compared with
the experimental value of 0.057. The effective length of saturated
hydrocarbon chains is proportional to the average order param-
eters.63 The results show that the longer 16:0 ras chains decrease
their order upon membrane insertion to match the length of the

shorter 14:0 DMPC lipids. In fact, the lengths of the ras and
DMPC chains become close to each other after the stabilization
of the peptide in the host lipids (Figure 4).

Table 4 compares theDPP values calculated for the free
DMPC simulation with those of the “insertion” simulations. In
all of the insertion simulations, the global thickness of the bilayer
has increased by about 1 Å: an average of 38.1 Å in the
presence of the peptide, compared with 37 Å for a pure DMPC
simulation. This is consistent with several2H NMR and ESR
experiments which showed that hydrophobic peptides increase
bilayer thickness due to hydrophobic mismatch.66 Observed
globally, therefore, the structure of the bilayer is slightly
perturbed by the insertion of the peptide. However, the average
chain lengths (LC, eq 1) in simulations with and without peptides
are similar (Table 4).

Besides the average thickness, the local effect of the peptide
on the lipid bilayer is of special interest. The average distance,
DP, of the P atoms from the bilayer center (atz ) 0) was
calculated for those P atoms that are close to the peptide (a
cutoff of 8 Å) and compared with the average distance for the
rest of the P atoms. In all of the simulations with insertions,
the DP in the vicinity of the peptide is decreased with respect
to the average value (Table 4). In contrast, the rest of the bilayer
responds by increasing itsDP. Petrache et al. observed that the
bilayer thickness around the monomeric form of glycophorine
A decreases, as in the ras peptide (Table 4), while an increase
was observed in the dimer.55 The change of the bilayer structure
due to the insertion of peptides is a complex process involving
both the length and the tilt of the peptide and the lipid.67 The
above observation therefore requires a further investigation
beyond the scope of this paper.

Peptide Structure. Structural analysis of the peptide back-
bone, in terms of its fluctuations, presence of hydrogen bonds,
and other observables, revealed that the peptide does not assume
a regular secondary structure before or after membrane insertion.
No backbone hydrogen bonds were observed in the simulations.
The root-mean-square fluctuations (RMSF) of the CR atoms after
complete insertion (0.5-1 Å for the last 2 ns of the simulations)
suggest that the peptide is rather rigid (see the thickness of the
tubes in Figure 7). The peptide backbone is extended, and
several conformations are observed. Furthermore, while the
overall backbone and side chain membrane localization of the
peptide is similar among the trajectories, cluster and principal
component analyses indicate that each trajectory samples a rather
different region of conformational space with few overlaps (data
not shown). Comparison of the peptide structures averaged over
the last 2 ns in terms of root-mean-square deviations (RMSD)
also shows the same behavior (Table 5). Although the simulation
times may be insufficient to allow conformational interconver-
sion, these results indicate that a unique peptide structure may
not be required for bilayer adsorption. The lack of a well-defined
three-dimensional structure may be biologically relevant since
it increases the likelihood of productive encounters between the
peptide/protein and plasma membrane.69,70 However, the ori-
entation of each side chain is important for the binding, and
the backbone conformation should accommodate this require-
ment. Figure 7 (bottom left) shows the conformational change

(66) de Planque, M. R.; Greathouse, D. V.; Koeppe, R. E., II.; Schafer, H.;
Marsh, D.; Killian, J. A.Biochemistry1998, 37, 9333-9345.

(67) Petrache, H. I.; Killian, J. A.; Koeppe, R. E.; Woolf, T. B.Biophys. J.
2000, 78, 324A.

Figure 5. Peptide-DMPC hydrophobic interactions along trajectory A2.
Interactions are defined as the number of ras methylene/methyl carbons
and Leu and Met side chain heavy atoms, within 5 Å of DMPC methylene/
methyl carbons. For clarity, the data shown are only for peptide 2. The
insets represent the system before (left, at 2 ns) and after (right, at 20 ns)
complete insertion of peptide 2 (shown in the lower leaflet of the insets).
The hydrophobic groups of ras interacting with the DMPC hydrophobic
core are colored in blue and green; the DMPC lipid tails are in yellow, and
the headgroups are in “standard” atom colors.

Table 3. Approximate Insertion Times (in nanoseconds) of
Palmitoyl and Hexadecyl Groups of the Peptidea

chain (peptide) time trajectory

R1(P2) 2.4 (0.0) C1

R1(P2) 11.3 (9.3) A2

R1(P2) 7.0 (1.5) A1a

R2(P1) 12.3 (11.9) A1a

a Insertion times are measured for the insertion (distance of<5 Å from
any DMPC acyl carbon) of at least 8 of the 16 ras acyl carbons. Time
points where initial fluctuating contacts were made are shown in parentheses.

Figure 6. Deuterium order parameters of hydrocarbon tails for DMPC (solid
lines) and peptide lipids (dotted lines) after insertion of the ras peptide.
Circles, boxes, and triangles are for simulations C2, A2, and A3, respectively.
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of the backbone accompanying the rotation of the Leu side chain
from water-exposed to the interior of the bilayer. Similar
structural transitions are observed during the rotation and
insertion of the Met side chain (data not shown). Experimentally,
the amide bands in a Fourier transform infrared spectrum of
the peptides at two polarizations were different, which indicates
that the peptides in the sample adopt a nonrandom orientation.14

Peptide Environment Interactions. Differences in the
neutron scattering length density profiles between DMPC, with
and without the ras peptide, were used to determine the insertion
depth and distribution of the ras lipid chains as well as the
distribution of backbone and side chains.14 The ras lipid chains
were found to be located in the middle of the membrane,
approximately distributed within 10 Å of the bilayer center. The
backbone and side chains reside in the headgroup/glycerol/upper
chain region. The average number densities of the peptide lipid
chains, side chains, backbone, and water, calculated from our
simulations (Figure 8), strongly support these experimental
findings. While the peptide lipid chains populate the interior of
the bilayer and the side chains populate the upper chain region
(peak at 11 Å), the backbone resides in the membrane-water
interface (with a maximum at∼13 Å) close to the DMPC
carbonyl oxygens. The side chains show large variations
populating the region beneath the DMPC carbonyl oxygens and
the upper hydrophobic region of the bilayer. The distribution
of the side chains populating the hydrocarbon region is similar
to that obtained by Tieleman and colleagues for a Trp residue
in their MD study of Arg/Lys containing interfacial pentapep-
tides partitioned in a solvated DOPC bilayer.37 In contrast, they
found that the charged Arg/Lys (as well as a Leu side chain)
populates the interfacial region.

The distributions are governed by specific atomic interactions
of the peptide with its environment. The carbon atoms of the
ras lipid chains are in contact with carbons of the DMPC host
matrix (Figures 4 and 5), contributing to stable association. In
addition to the ras lipid chains, the apolar residues, Met and
Leu, are involved in van der Waals interactions with the DMPC
lipid chains (Figure 5). From the radial distribution functions
(data not shown), polar interactions involving the amide and

(68) Koradi, R.; Billeter, M.; Wuthrich, K.J. Mol. Graphics1996, 14, 29-32,
51-55.

(69) Wright, P.; Dyson, H.J. Mol. Biol. 1999, 293, 321-331.
(70) Caflisch, A.Trends Biotechnol.2003, 21, 423-425.

Table 4. Structural Properties of the DMPC Bilayera

without peptides A2 A3 C2 C3

DPP 37.0( 0.4 38.0( 0.4 38.1( 0.3 38.1( 0.3 38.3( 0.3
LC 11.3( 0.2 11.4( 0.2 11.2( 0.2 11.5( 0.2 11.6( 0.2
DP (bound, leaflet 1) 18.2( 0.8 18.5( 0.7 17.6( 1.1 17.8( 0.8
DP (rest, leaflet 1) 19.3( 0.3 19.8( 0.3 19.6( 0.2 19.4( 0.3
DP (bound, leaflet 2) 17.5( 0.8 18.3( 1.0 17.9( 0.8 16.7( 0.7
DP (rest, leaflet 2) 19.4( 0.3 18.6( 0.3 18.9( 0.3 19.8( 0.3

a Data are averages over the last 4 ns of each trajectory ((, standard deviations). The bilayer thickness (DPP) is the distance of the average P atom
locations at each monolayer.DP is the distance of the average P atom location of a monolayer from the bilayer center, calculated for all of the P atoms, closer
by at least 8 Å to anypeptide heavy atom (bound), and for the remaining P atoms (rest). TheDP values are given for leaflets 1 and 2 since the level of
peptide insertion at each leaflet may differ. All values are given in angstroms.

Figure 7. Average backbone structures of the peptides during the last 10
ns of trajectories A1a (top), A2 (middle), and A3 (bottom); peptide 1 is shown
in the left-hand-side and peptide 2 in the right-hand-side. The thickness of
the tubes represents the root-mean-square fluctuations of the backbone. Also
shown are the side chains: from left to right, Met182, Leu184, and Pro185.
The bottom left structure shows the average structures before (gray) and
after (red for the backbone and black for side chains) the conformational
transition (see text for details). Figure made with MOLMOL.68

Table 5. CR RMSD Values of the Peptide Structures in Different
Insertion Simulations (angstroms)a

A2:P1 A2:P2 A3:P1 A3:P2 A1a:P1 A1a:P2

A2:P1 2.6 1.9 3.4 2.3 3.3
A2:P2 3.2 2.3 1.4 2.4
A3:P1 4.0 2.9 4.4
A3:P2 2.7 1.7
A1a:P1 2.5

a Data for the simulations with an acetylated N-terminus are shown. The
CR RMSD values were calculated for structures averaged over the last 2 ns
after complete peptide insertion.

Figure 8. Number density averaged over the last 2 ns of all of the
simulations that resulted in peptide insertion. Because of the different levels
of peptide insertion in the earlier stages of the simulations, the average
was taken in the trajectories with complete insertion and only for the last
2 ns.
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carbonyl groups of the peptide backbone and the phosphate and
choline groups of DMPC, respectively, anchor the peptide at
the lipid-water interface. Hydrogen-bond interactions, particu-
larly by the N-terminal side of the peptide (Figure 9), play a
significant role. The plots in Figure 10 indicate the interactions
of the different parts of the peptide with water in the last 10 ns
of the trajectories. As expected, the Met and Leu side chains
lose significant contact with water as they progressively
penetrate the lipid membrane. The backbone and Pro side chain,
however, remain in constant interaction with solvent. The
interactions of the ras peptide with the DMPC bilayer and water
are finely balanced. However, it is clear from the number of
ras and DMPC acyl carbon contacts that nonpolar interactions
provide the major driving force for association. The backbone
and the Pro ring help maintain the location of the peptide in
the interfacial region.

Peptide Stabilization in the Bilayer. Insertion of singly
myristoylated or palmitoylated peptides containing positive
charge clusters into bilayers with negatively charged interfaces

is assisted by attractive electrostatic interactions. However,
complete insertion of their lipid tails into the hydrophobic region
is prevented by unfavorable electrostatic desolvation penalty.71,72

In contrast, the completely hydrophobic polypeptide from the
C-terminus of the N-ras protein was shown previously,14 and
here, to insert deep into the DMPC bilayer. This leads to a larger
gain in hydrophobic stabilization compared with charged
peptides. Although the insertion of the ras lipid chain is driven
by hydrophobic interactions (the polar backbone-headgroup
interactions playing a passive role in the initial contact forma-
tion; see the section on peptide insertion), once inserted, the
backbone of the peptide contributes to the stability of the
complex by interacting with the DMPC headgroups (Figure 9).
Hydrogen-bonding interactions between the backbone amides
(mainly involving the N-terminal segment, particularly the
palmitoylated Cys181) and the phosphate oxygen atoms are
frequent. The hydrogen-bonding potential appears to be slightly
enhanced in the charged form of the peptide. In general,
however, there was no significant difference between the
charged and acetylated forms of the peptide in their interaction
with the bilayer, suggesting that the hydrophobic interactions
are the most crucial. This is further supported by the observed
interactions between the lipid tails of the ras peptide and the
DMPC. Note that the transfer from aqueous solution into a
nonpolar environment of each CH2 group of lipid-modified
proteins contributes about 0.8 kcal mol-1 of hydrophobic
stabilization,45,73suggesting a large energetic contribution from
the lipid tail interactions. Further hydrophobic stabilizations due
to interactions between the apolar side chains and the DMPC
hydrocarbon tails ensure a strong association.

As seen in the previous section, Met and Leu side chains
orient toward the hydrocarbon core, while Pro and the backbone
preferentially populate the membrane-water interface. This
orientational scenario is in agreement with the experiment-based
hydrophobicity scales of Wimley and White (WW scales)
obtained from the partitioning of small peptides into lipid
vesicles74 and octanol.75 The former can be interpreted as the
free energy of transfer of whole peptides from water to
membrane interfaces (∆Gwfif ) and the latter from water to the
hydrocarbon (HC) core (∆Gwfoct). The difference gives the
relative free energy of transfer from interface to HC (∆Giffoct).
When the lipid modifications are excluded, the total∆Gwfif is
-0.8 kcal mol-1; so, the peptide would slightly favor binding
to the interface. The value of∆Gwfoct is 0.48 kcal mol-1, and
consequently, the free energy of interface-to-HC transfer
(∆Giffoct) is 1.28 kcal mol-1, such that the insertion of the
nonlipid-modified peptide into the HC region would be unfavor-
able. The backbone is the major source of the unfavorable
peptide-HC interaction as its contribution (∆Giffoct

backbone) is 5.6
kcal mol-1 (note that∆Gwfif

backboneand∆Gwfoct
backboneare 1.2 and 2.0

kcal mol-1 per residue, respectively76). However, insertion into
the HC can be facilitated by side chain reorientations. When
∆Giffoct of the side chains is derived from the WW scales, Met
and Leu, with-1.24 and-1.49 kcal mol-1, respectively, favor

(71) Buser, C. A.; Sigal, C. T.; Resh, M. D.; McLaughlin, S.Biochemistry1994,
33, 13093-13101.

(72) Pool, C. T.; Thompson, T. E.Biochemistry1998, 37, 10246-10255.
(73) Peitzsch, R. M.; McLaughlin, S.Biochemistry1993, 32, 10436-10443.
(74) Wimley, W.; White, S.Nat. Struct. Biol.1996, 3, 842-848.
(75) Wimley, W. C.; Creamer, T. P.; White, S. H.Biochemistry1996, 35, 5109-

5124.
(76) White, S. H.FEBS Lett.2003, 555, 116-121.

Figure 9. Probability of the occurrence of backbone amide nitrogen-
phosphate oxygen hydrogen bonds in the last 10 ns of the simulations. A
distance cutoff of 3.5 Å between N and O atoms was used. Left panel
represents simulations with the acetylated N-terminus (A2 in red, A3 in black,
and A1a in blue). The right panel is for simulations with the charged
N-terminus (C2 in red, C3 in black, and C1a in blue). Circles are for peptide
1 and squares for peptide 2. The dotted lines are drawn only for clarity.

Figure 10. Number of ras atoms in contact with water during peptide
insertion normalized over the number of contacts in a fully solvated extended
conformation. A contact is defined as the number of ras heavy atoms within
5 Å of water oxygen atoms. The last 10 ns of A3, C3, A2, and C2 are shown
in black, red, green, and blue, respectively.
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the HC region, while the two glycines, with a∆Giffoct value of
0.68 kcal mol-1, favorably interact with the interface. A Pro
side chain, with-1.11 kcal mol-1, would be expected to transfer
to the HC, but it remains in the interface due to the rigidity of
its backbone. The two Cys side chains are expected to point
into the HC with a free energy gain of-1.16 kcal mol-1. Any
lipid modification obviously increases this value. On the basis
of the WW scales, therefore, the insertion into the HC region
of the apolar amino acids, as well as the interfacial localization
of the backbone (as observed from the simulations), is thermo-
dynamically favored, as is the insertion of the ras lipid tails
into the HC core.

Furthermore, the insertion and stabilization of the peptide in
the phospholipid required only a limited number of ras acyl
carbon atoms in contact with those of DMPC (between five
and seven), and insertion of one chain leads to a fast spontaneous
insertion of the other. While the former confirms the hydro-
phobic origin of the driving force of the association, the latter
may relate to the fact that singly lipid-modified peptides
associate with plasma membranes with shorter half-life times.73,77

Conclusions

The C-terminal Cys181-palmitoyl and Cys186-farnesyl
chains play a fundamental role as membrane anchors of the
human N-ras protein. Recently, a battery of spectroscopic
techniques was used to investigate the membrane localization
of a heptapeptide with the amino acid sequence of residues 180-
186 containing the two lipid modifications.14 Here, MD simula-
tions were used for a detailed characterization of the late stages
of the insertion mechanism. The position and orientation of the
ras peptide and its components (backbone, side chains, and lipid
chains) during the MD runs are consistent with the spectroscopic
data.14 The agreement between simulations and experiments
allows the use of the former for an atomic level description of
the peptide-membrane association. The simulation results
highlight four aspects that go beyond the model obtained from
experiments. First, a partial insertion of both, or even only one
chain, is sufficient to trigger complete insertion and stabilization
of the peptide in the membrane within the time scale of the
MD simulations (10-20 ns). Second, the monolayer thickness
is slightly smaller for phospholipids in contact with the inserted

peptide and slightly larger far away from it. Because of the
simplified system used in the simulations, it is not possible to
speculate if this membrane deformation is relevant for signal
transduction. Third, over the 10 ns time scale of the MD
simulations, the peptide backbone is rather rigid and extended,
but backbone conformations differing by up to 4.0 Å are
observed in different MD trajectories. It is likely that multiple
peptide conformations are energetically accessible for rapid
binding of the human N-ras protein to the membrane. Finally,
although it is difficult to speculate on the details of the insertion
mechanism (because of the constrained MD used for the initial
peptide positioning), a coarse-grained sequence of events
consists of an initial contact between ras lipid tails and the
DMPC acyl chains, followed by complete lipid insertion, and
almost concomitant side chain reorientation and backbone
reorganization.

After our paper was submitted, an MD study of a synthetic,
cationic C14-N-acylated peptide (myristoyl-HWAHPGGHHA-
amide) inserted into a dipalmitoylphosphatidylcholine (DPPC)
lipid bilayer was published.64 The force field and simulated time
scale are the same as in the present work, whereas the simulation
protocol (constant surface tension and only one peptide per
bilayer) and phospholipids (DPPC vs DMPC) are slightly
different. Interestingly, the peptide mobility at the membrane
surface, as well as the multiple backbone conformations and
small structural fluctuations around them, is similar in the two
studies, despite the differences in peptide sequence, length, and
number of lipid tails.
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