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Membrane protein structure and function are influenced by the interaction with the lipid bilayer
environment. The lipid bilayer structure and dynamics are in turn perturbed by the protein insertion. To
study this mechanism, a number of experimental studies have used a series of model peptides (WALP)
which consist of sequences of alternating alanine and leucine amino acids terminated by a pair of tryptophans
at both ends. It has been shown that, due to hydrophobic mismatch, these peptides can assume tilted
conformations with respect to the bilayer normal and also perturb the bilayer thickness. In an attempt
to rationalize experimental results we performed a series of all-atom molecular dynamics simulations
comprising five WALP lengths (16, 17, 19, 21, and 23 residues) and two lipid types (dimyristoyl- and
dipalmitoylphosphatidylcholine). The peptide:lipid ratio was in all cases 1:30. We find that the bilayer
boundary thickness increases monotonically with WALP length, as expected based on the WALP
hydrophobicity. Other structural properties, including peptide tilt, appear to also be modulated by the
tryptophan arrangement around the helical axis. These results suggest an important role for tryptophan-
environment interactions in both microscopic and mesoscopic properties of the lipid bilayer. We discuss
the role of the lipid bilayer density gradient on the dynamic structure of the peptide-lipid bilayer system
and show the dependence of peptide side chain interactions and side chain volumes on the location along
the bilayer normal. We find that WALP sequences with the tryptophan residues on opposite sides of the
helix have an overall looser packing with the surrounding lipids and larger peptide tilts than peptides with
the tryptophans on the same side.

Introduction

Membrane proteins function within a complex hetero-
geneous environment that differs markedly from the
aqueous medium of globular proteins. Significant progress
has been made toward understanding some of the key
characteristicsofboth lipidsandmembraneproteinswhich
determine the favorable energetics of this environment.1-3

A classical description of transmembrane protein-lipid
bilayer interactions is the “mattress model” proposed by
MouritsenandBloom.4 In thisdescription, thehydrophobic
span of the lipid bilayer and the protein are modeled as
springs with different force constants and equilibrium
lengths, and the coupling between the springs is expressed
as a function of length mismatch. The equilibrium
structure is achieved at spring deformations for which
the total free energy is minimal. In this framework, the
energetics of the protein-lipid bilayer system are de-

scribed as mechanical deformations of both protein and
lipid molecules, the relative magnitude of the deformations
depending on the material properties of the molecular
constituents. The mattress model treats the bilayer
thickness and the peptide length as the dominant degrees
of freedom that dictate the structural matching within
the membrane. Bilayer-protein models have since evolved
to include additional degrees of freedom, such as bilayer
curvature5-9 and recently lipid tilt.10 The common feature
of these models is the continuum, elastic description of
the lipid bilayer, which is represented as an elastic plate
(slab), characterized by compressibility and bending
moduli.11,12 Finding the most probable membrane state
(shape) then amounts to the minimization of the defor-
mation free energy functional subject to boundary condi-
tions at the peptide-lipid interface. It is important to
note that because it involves structural deformations, the
structural matching mechanism may be implicated in
conformational changes associated with protein func-
tion.13,14 As for all elastic materials, structural deforma-
tions can be viewed as a source of potential energy that
may be utilized by the membrane system to assist with
a biological process.15-17
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The body of current experimental data, while supporting
elastic models, still lacks direct information on the
peptide-lipid interface. The quantities measured by both
structural18,19 and energetic techniques20-23 are averages
over the whole system. As such, additional assumptions
and modeling are needed to interpret these averages in
terms of local deformations. On this level, many funda-
mental questions regarding hydrophobic matching still
require attention: (i) What is the precise molecular
packing at the peptide-lipid interface? (ii) What distin-
guishes boundary lipids from bulk lipids? (iii) What is the
deformation of the protein itself? Molecular dynamics
simulations in which molecules are represented in atomic
detail have the potential to address these issues.24-30

Despite limited sampling, computer simulations have
significantly contributed to our understanding of molec-
ular processes, even on biologically relevant scales, by
enabling the qualitative and often quantitative interpre-
tation of experimental results. The value of molecular
dynamics resides not only in the detailed description of
the average membrane structure but also in the calculated
fluctuationdata, the latterbeingrelated to thermodynamic
quantities such as entropy, heat capacities, and thermal
compressibilities.31-33

One family of peptides that has been extensively used
in experimental studies of the hydrophobic matching
mechanism are constructed as sequences of alternating
Leu and Ala residues of various lengths, terminated by
one pair of Trp residues at each end.18,34,35 These pep-
tides are denoted as WALPn, where n represents the
number of amino acids. For instance, WALP17 is formyl-
Ala-Trp-Trp-(Leu-Ala)5-Leu-Trp-Trp-Ala-ethanolamine.
The central Ala-Leu repeats are strongly hydrophobic and
force the peptides to partition into the lipid bilayer, where
they form stable R-helices.18,35 The Trp pairs are added to
the peptide ends due to the abundance of these residues
in the interfacial regions of membrane proteins.36 It has

been suggested that the bulky Trp residues act to stabilize
the transmembrane orientation of the peptide, by having
a strong preference for the lipid-water interfacial
region.37-40 The presence of tryptophan residues in the
WALP sequence is therefore expected to have a major
impact on structural deformations caused by hydrophobic
peptide-lipid matching.

The goal of this work is to investigate the hydrophobic
matching mechanism by an extensive series of explicit
(all-atom) molecular dynamics simulations of WALP-lipid
systems. One recognizes that, in principle, the structural
adaptations in peptide-lipid systems depend on many
physicochemical factors including peptide and lipid type
as well as peptide:lipid concentration, temperature, and
hydration level. As a rule, to establish the relative role of
all these various factors requires a systematic approach,
as shown by de Planque et al.,18,35,41 who investigated a
WALP series incorporated into various lipid bilayers.
Working under a similar paradigm, we performed mo-
lecular dynamics simulations of five different WALP
lengths (16, 17, 19, 21, and 23), each solvated by two
different lipid types: dimyristoylphosphatidylcholine
(DMPC, 14 carbons/acyl chain); dipalmitoylphosphati-
dylcholine (DPPC, 16 carbons/acyl chain). The peptide:
lipid concentration is in all cases 1:30, as in the experi-
mental work of de Planque et al.18,35,41 Given the inherent
limitations of molecular dynamics simulations (as will be
discussed in more detail later), we chose to simulate and
compare a series of similar systems, as we have previously
done for investigating helix-helix interactions within lipid
bilayers.30 As such, a contrast of the whole WALP series
within simulations as well as between simulation and
experiment is more meaningful than a point-by-point
comparison between individual systems.

In what follows we show the complexity of structural
deformations that occur even in the case of the relatively
simple WALP sequences. We first present results for the
peptide tilt angle together with the bilayer thickness
deformations. We then show more detailed bilayer struc-
tural properties, with regard to boundary conditions at
the peptide-lipid interface, including the bilayer slope
and asymmetry. The discussion of these results leads to
consideration of Trp arrangements around the helix axis,
and we show that the bulky Trp side chains have a
relatively long-range effect on the bilayer structure rather
than simply creating a local perturbation. By taking the
perspective of the density gradient along the bilayer
normal, we conclude that structural adaptations of the
protein insertion and the hosting lipid are strongly
influenced by the nature and position of peptide residues
within the bilayer.

Methods

Simulations of small bilayer patches were performed using
CHARMM version 26.42 Each system consists of one peptide plus
15 lipids/monolayer (30 lipids in total) and a corresponding
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number of waters, as given in Table 1. Periodic boundary
conditions were used with constant number of atoms (N),
temperature (T), lateral area (A), and normal pressure (PN) to
generate NAPNT ensembles. Due to the presence of a surface
tension at the lipid water interface, the choice of the simulated
ensemble for lipid bilayers is a delicate issue, as discussed by
Jähnig.43 In particular, it has been argued that a significant
surface tension (on the order of 10-50 dyn/cm) develops in a
lipid bilayer patch that consists of a small number of lipid
molecules.44,45 The natural simulation ensemble will then be
NγPNT, where γ stands for constant surface tension. The
complication, however, arises from the lack of a priori knowledge
of the value of γ, which in principle depends on the bilayer type
and system size. For the WALP-lipid systems, we have found
that a misassignment of the surface tension readily leads to
unstable membrane structures. As we aim for a straightforward
comparison across the WALP series, we choose constant area
simulations, thereby providing a consistent baseline for the
comparison. As further justification, having generated constant-
area ensembles, the surface tensions can be calculated and used
for subsequent constant surface tension simulations. Another
noticeable advantage of constant area simulations is faster
equilibration, which facilitates our approach of multiple simula-
tions. We have therefore employed the relatively more rigid
NAPNT ensemble for a starting point in a systematic, comparative
analysis of the WALP series. The area of each simulation box
(Abox) has been chosen as explained below. Note that even if the
lateral area is fixed during the simulation, the volume of the
simulation cell in a NAPNT run is not; the vertical dimension of
the cell is free to fluctuate under the constant normal pressure
constraint, and consequently, the densities of the different
molecular components are free to adjust. In addition, the lateral
area can redistribute among the peptide and the lipid molecules,
even under the constraint Abox ) AP + NL AL ) constant, where
NL represents the number of lipids in one monolayer. We can
therefore compare the dynamics of the area/peptide, AP, and of
the area/lipid, AL, across the various simulations.

Two different lipid types were considered: DMPC (dimyris-
toylphosphatidylcholine); DPPC (dipalmitoylphosphatidylcho-
line). Simulation temperatures were 30 °C for DMPC and 50 °C
for DPPC systems, as at these temperatures the lipids are in the
fluid state. The normal pressure PN was set to 1 atm for all
systems, while the lateral area was set to different values for the
two lipids, as given in Table 1. The number of water molecules
in each case was determined starting from experimental mea-
surements on fully hydrated multilamellar vesicles of pure lipid
bilayers. Specifically, using the number of waters/lipid and the
lipid cross-sectional area in each lipid bilayer, the number of
waters/unit area was calculated and then scaled to the total area
of the simulation box (see ref 30 for an extended discussion on
hydration level). The total area of the simulation box should
include the lateral area occupied by the peptide molecule. It is
important to realize that peptide area is not an intrinsic property
of the peptide but depends on the specific packing within the
lipid bilayer. However, we have estimated the peptide area as
follows. First, the peptide volumes were estimated by calculating
the excluded volume for a spherical probe the size of a water
molecule. These volumes were then divided by effective helix
lengths to obtain “bare” cross-sectional areas. Tilt averaged areas
were estimated by considering a uniform population of peptide
tilt angles between 0 and 25˚.46 These results were combined
with the “collapsed” area obtained by translating all atoms along

the helix axis in the z ) 0 plane. Finally, an average value of
∼216 Å2 was calculated and used for all WALP simulations, both
in DMPC and DPPC. To these results we added the area/lipid
measured experimentally at full hydration, to obtain the total
area of each simulation box. This choice was based on the principle
of minimizing the total number of free parameters, so that the
simulation box area (Abox) was the same for a given lipid.

Initial membrane structures were constructed using the
methodology developed by Woolf and Roux,24,25 as explained
below. The starting WALP structures were generated by mo-
lecular modeling as described previously,47 while lipid molecules
were randomly chosen from a library of preequilibrated lipids in
the fluid state. The DPPC library was provided by R. W. Pastor48

and also used to generate DMPC molecules by deletion of two
terminal carbon segments from each acyl chain. The lipid
placement around the peptide was first determined by a 100 ps
simulation of large van der Waals (vdW) spheres constrained in
the vicinity of two parallel planes at the average location of the
lipid headgroups. Next, lipid molecules were randomly chosen
from the libraries and placed at the location of the vdW spheres.
The lipidswere thensystematically rotatedandtranslatedaround
the initial positions, to reduce the number of steric collisions,
followed by a gradual increase of the vdW atom radii and
minimization. During this minimization stage, the peptide atoms
were kept fixed to their initial locations (zero backbone tilt), and
the lipid glycerol C2 atoms were restrained to their initial plane
using a harmonic potential of 10 kcal mol-1 Å-2 and a cutoff of
1 Å. At least 12 configurations were generated for each system
by reselecting from the lipid library and repeating the equilibra-
tion steps. The resulting configurations were screened for
characteristic properties of lipid bilayers in the fluid state (such
as acyl chain and headgroup order), and the best structure was
selected in each case. Such a rational approach to building a
bilayer in the fluid state significantly minimizes the equilibration
time. Next, a TIP3 water overlay was performed from the glycerol
regions on both sides of the membrane, and periodic boundary
conditions were set in all three spatial directions. Water-lipid
packing was first relaxed by a series of minimization and
Langevin dynamics simulations with a friction coefficient of 5
ps-1, followed by velocity scaling simulations with electrostatics
shifted and van der Waals switched at 12 Å. Next, the constraints
on the lipid glycerols were removed, and equilibration continued
with 25 ps of leapfrog constant pressure and constant-temper-
ature dynamics. In the next stage of equilibration, the peptide
restraints were removed and 25 ps of dynamics was performed
using the particle mesh Ewald method for electrostatic inter-
actions.49 A cutoff of 12 Å was used for van der Waals
interactions.33 The time step was 2 fs, and all bonds involving
hydrogens were fixed using the SHAKE algorithm, with a
tolerance (relative deviation) of 10-6. The frequency of regen-
erating the nonbonded list was set with a heuristic testing
algorithm that updates on the basis of the distance each atom
moved since the last list update. Production dynamics simulations
for each system were performed for 1.5 ns. The results reported
in this paper use the conformations generated after a 250 ps
equilibration window for each trajectory.

Results

Initial Aspects of WALP-Lipid Systems. Biological
systems, and in particular lipid bilayers, are soft materials.
In consequence, the expectation is that peptide-mem-
brane interactions lead to structural deformations of both
lipid and protein. As mentioned in the Introduction, two
major structural parameters are commonly believed to
dominate the matching mechanism: unperturbed bilayer
thickness; unperturbed peptide length. Within the current
theoretical framework, the case of perfect matching occurs
when the two lengths are equal, i.e. the incorporation of
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Table 1. Simulation Setup

lipida T/°C area/lipidb waters/lipid tot. areab tot. waters

DMPCc 30 59.7 25.7 1112 957
DPPCd 50 62.9 29.1 1160 1070

a Each simulation contains 30 lipids and 1 WALP sequence. b The
units for the area are Å2. c Reference 50. d Reference 51.
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the peptide requires minimal deformation of both peptide
and lipid bilayer. With a difference of roughly 2-3 Å
between the fluid state bilayer thicknesses of DMPC50

and DPPC,51 the WALP lengths that best match the two
lipids would be predicted to differ by about 2 residues, if
differences in lateral packing (cross-sectional area) are to
be ignored. In addition, for each given lipid bilayer, one
expects the peptide tilt to increase with increasing peptide
length. While some of these expectations are indeed
validated by our all-atom molecular dynamics simulations,
we will show that structural adaptations of peptide and
lipid molecules are rather complex.

Before presentation of the results on peptide tilt and
bilayer deformation, let us discuss the peptide helical
structure. The backbone structure for one of the simulated
peptides (WALP21) is shown in Figure 1 in terms of the
dihedral angle averages and mean-square fluctuations
during the simulation. All the other peptides have similar
behavior (data not shown). The averages and fluctuations
are typical for all-atom simulations of helical peptides as
obtained by Woolf26 and Petrache et al.30 for similar
systems and simulation setup. In particular, the amplitude
of backbone fluctuations, shown by the mean-square
deviation bars in Figure 1, indicate that a significant
amount of motion occurs in the nanosecond time scale.
The mean-square fluctuations of backbone dihedrals are
of about 8-9˚ with larger values for the end residues.
Because of these dihedral fluctuations, the backbone
length also fluctuates. Simulation results for the helix
lengths between the first and the last Trp residues are
given in Table 2 in terms of trajectory averages, LWW, and
root mean-square fluctuations, σWW, and show that
thermal fluctuations of helix length are between 1 and
2%. Table 2 also shows that the length/residue is in all

cases close to 1.5 Å, the expected value for R-helical
structures. Also of note in Table 2 is that the temperature
variation of LWW is minimalscompare the results for
DMPC and DPPC systems, which are simulated at 30
and 50 °C. Estimated errors are on the order of (0.01
Å/residue. Using the thermal fluctuation σWW from Table
2, we can calculate effective “spring constants” for the
simulated peptides. The results are on the order of 3-8
kcal mol-1 Å-2 (see Table 2), indicating relatively rigid
backbone structures. Indeed, the peptide backbone is
typically more rigid than the lipid bilayer as discussed by
Harroun et al.19 The fact that the backbone length/residue
is roughly the same for all peptides in Table 2 (within
simulation uncertainty) implies that structural matching
between the lipid bilayer and the inserted peptide occurs
primarily through variation of other structural param-
eters, such as peptide tilt and bilayer thickness.

Also shown in Figure 1 are structural snapshots from
simulations indicating that the peptide can tilt relative
to the bilayer normal while maintaining helical structure.
In addition, the snapshots in Figure 1 emphasize the size
of the Trp side chains and their location at the lipid-
water interface. For peptides situated symmetrically about
the mid-bilayer plane, the lengths LWW reported in Table
2 correspond to a distance between 10 and 15 Å toward
the lipid-water interface in each monolayer. For unper-
turbed DPPC, this location corresponds to the inner half
of the carbonyl distributions.51 In consequence, if the
peptide is centered in the bilayer and the bilayer thickness
is not perturbed, the Trp residues would be buried inside
the hydrocarbon core and have minimal exposure to water.
However, the bilayer is perturbed next to the peptide, as
we will show below. In addition, because the water-lipid
interface is very broad and highly heterogeneous,52 the
Trp interactionwith theenvironment isexpected todepend
on the exact location along the bilayer normal.53

Figure 2 shows the peptide location within the lipid
bilayer for the case of WALP21. The time series shown
represent the location of three consecutive CR carbons
along the peptide backbone, starting with the outermost
Trp residue at each end. The time series are plotted in
reference to the average position of lipid phosphorus atoms
in each monolayer in each time frame, where the z ) 0
level (bilayer center) is set by the center of mass of the
lipid molecules. The figure emphasizes the stability of the
membrane system, after an equilibration period of 250

(50) Petrache, H. I.; Tristram-Nagle, S.; Nagle, J. F. Chem. Phys.
Lipids 1998, 95, 83-94.
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(52) Wiener, M. C.; White, S. H. Biophys. J. 1992, 61, 434-447.
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Figure 1. Average peptide backbone dihedral angles Φ (open
squares) and Ψ (solid circles) for WALP21 in DMPC (A) and
DPPC (B) and root mean-square deviations during the trajectory
(shown as fluctuation bars). Panels C and D show snapshots
corresponding to (A) and (B), respectively. Highlighted are the
Trp residues and the lipid phosphorus atoms. Backbone helical
structure is not significantly affected by peptide tilt.

Table 2. Average Helix Length, LWW, and
Root-Mean-Square Fluctuations σWW

lipid WALP LWW
a σWW %b

LWW/
mc

σWW/
xm KL

d

DMPC 16 19.3 0.30 1.5 1.49 0.08 6.8
(30 °C) 17 20.6 0.33 1.6 1.47 0.09 5.6

19 23.7 0.28 1.2 1.48 0.07 7.6
21 27.0 0.45 1.7 1.50 0.11 3.0
23 29.7 0.34 1.1 1.48 0.08 5.3

DPPC 16 19.5 0.32 1.6 1.50 0.09 6.2
(50 °C) 17 20.8 0.33 1.6 1.49 0.09 5.9

19 23.8 0.32 1.3 1.49 0.08 6.4
21 26.8 0.40 1.5 1.49 0.09 4.0
23 29.5 0.37 1.2 1.48 0.08 4.8

a Represents the distance between the CR carbons of first and
last Trp residues, projected on the helix axis. b Percent ratio of σWW
to LWW. c m represents the number of residues between the first
and the last Trp (e.g. m ) 14 for WALP17). d Effective backbone
elastic modulus (spring constant) calculated as ΚL ) κΒΤ/σWW

2 in
units of kcal mol-1 Å-2. All lengths are in Å units.
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ps, when the average bilayer thickness (DPP) becomes
practically constant. Individual lipid molecules still
undergo significant vertical motion and generate a
phosphorus distribution with a width of 3-5 Å, which is
typical for lipid bilayers in the fluid phase54 (data not
shown). The time series of backbone CR locations indicate
a rigid-body motion of the peptide along the bilayer normal,
with an amplitude of 2-3 Å within the simulation time
scale. Faster local fluctuations are observed about this
slow rigid-body motion. We should mention that, in
addition to the dynamics along the z axis, there is a
significant degree of peptide motion in the membrane
plane that is not evident from Figure 2.

Peptide Tilt Does Not Vary Monotonically with
Peptide Length. Peptide tilt relative to the bilayer
normal is an important degree of freedom for the relaxation
of peptide-lipid bilayer mismatch.35,55-58 The averages
and mean-square fluctuations of helix tilt from our
nanosecond simulations are shown in Figure 3A. It is
immediately clear that WALP tilt does not vary mono-
tonically with peptide length or degree of mismatch. This
is contrary to expectations on the basis of a simple slab
model assuming a structureless peptide and lipid bilayer.
The largest tilt angles, on the order of 20°, are found for
WALP17 in DPPC and WALP21 in DMPC, while the other
simulations give smaller angles of about 10°. Figure 3B
compares the simulation results with recent experimental
measurements of WALP tilt in DMPC bilayers.35 The
experimental results involve a set of assumptions for the

interpretation of FTIR data35,59 but clearly indicate that
the tilt depends on more parameters than just the peptide
length. Considering the whole span of experimental data
(WALP17-31), there is a global increase of the tilt as the
peptide sequence increases, but the variation is quite
complex, with two apparent local minima.

We emphasize that the present simulation results on
the helix tilt should be interpreted qualitatively rather
than quantitatively. While the amount of tilt fluctuation
is significant during nanosecond time scales (as shown by
the mean-square fluctuation bars in Figure 3A), much
longer trajectories are needed to fully sample this degree
of freedom. In other words, the probability distribution
for the tilt angle is in principle a broad distribution. Indeed,
in the case of WALP19 and WALP23 in DMPC, for which
we have partially analyzed longer trajectories (10 and 5
ns, respectively), we observe large variations of the
instantaneous tilt angle. The average tilt however stays
within the standard deviation computed from the short
(1.25 ns) trajectories. Specifically, for WALP23/DMPC the
5 ns average and standard deviation is 9° ( 4°, compared
to 7° ( 3° obtained from the first 1.25 ns, while for
WALP19/DMPC we see no significant change going from
1 to 10 ns samplingsat both time scales we obtain 6° (
3°.

Bilayer Boundary Thickness Increases with Pep-
tide Length. Given the complex tilt behavior, the natural
question is how is the bilayer responding to the perturba-
tion imposed by the peptide. Figure 4 shows simulation
results for the bilayer thickness. The quantity plotted is
the average distance between lipid phosphorus atoms in
the two monolayers along the bilayer normal, denoted
DPP. From each simulation we have calculated both the
overall average, DPP, and the average over boundary lipids

(54) Nagle, J. F.; Tristram-Nagle, S. Biochim. Biophys. Acta 2000,
1469, 159-195.

(55) Shen, L.; Bassolino, D.; Stouch, T. Biophys. J. 1997, 73, 3-20.
(56) Killian, J. A. Biochim. Biophys. Acta 1998, 1376, 401-416.
(57) Forrest, L. R.; Tieleman, D. P.; Sansom, M. S. P. Biophys. J.

1999, 76, 1886-1896.
(58) Fisher, W. B.; Forrest, L. R.; Smith, G. R.; Sansom, M. S. P.

Biopolymers 2000, 53, 529-538.
(59) Bechinger, B.; Ruysschaert, J.-M.; Goormaghtigh, E. Biophy. J.

1999, 76, 552-563.

Figure 2. Time series of atom positions along the bilayer
normal, corresponding to (bottom to top) lipid P, W2, W3, L4,
L18, W19, W20, and lipid P. Lipid phosphorus (P) position
represents the average in each monolayer. Peptide residues
are represented by the CR carbons. The times series shown
include 250 ps of equilibration not used in the simulation
analysis.

Figure 3. Peptide tilt is not directly correlated with WALP
sequence length (n). Part A shows trajectory averaged peptide
tilt and root-mean-square fluctuations from simulations. Part
B compares simulations (open squares) with experimental data
(solid squares) on WALP/DMPC systems. Experimental values
give maximum tilt angles (upper limits) with an estimated error
of (5˚ (from ref 35).
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only, denoted by DPP
b . As expected, the boundary thick-

ness, DPP
b increases with WALP sequence length n. This

corresponds to the case of tight hydrophobic coupling (no
slip) between the inclusion (peptide) and the lipid bi-
layer.8,19 The overall averageDPP, however, shows a weaker
dependence with peptide length because it also includes
the lipids away from the peptide and, therefore, depends
on the exact bilayer shape.19 For WALP lengths of 17, 19,
and 21, DPP increases monotonically, but we do find
deviations at the lowest and highest peptide lengths (16
and 23, respectively). While the behavior of DPP

b can be
predicted on the basis of the peptide length, the behavior
of the overall average bilayer thickness is more complex
anddependsonthepeptide:lipidconcentration.Theresults
in Figure 4, obtained at a concentration of 1:30, suggest
an interesting picture of the lipid bilayer elasticity.
Namely, as the boundary thickness, DPP

b , is modified by
the peptide, the thickness away from the lipid-peptide
interface changes in the opposite way and keeps the overall
change inDPP small.This compensatorymechanism,which
may be enhanced by the constant-area constraint, can be
regarded as a seesaw behavior sustained by the mesoscopic
viscosity of the lipid bilayer.60 Recall that the present
calculations are carried out at high peptide concentration
and therefore the distance from one peptide to the next
is small, on the order of 30 Å. More dilute systems might
allow lipids far away from the peptide to relax to the
unperturbed (pure lipid) bilayer thickness, DPP

∞ . In gen-
eral, even for dilute systems, one might expect the bilayer
perturbation profile to go through an inflection point before
reaching the unperturbed thickness.7-9,19,61 This is opposed
to a smooth, monotonic decay from DPP

b to DPP
∞ . As a rule,

the exact profile is ultimately determined by the particular
elasticity constants and inclusion dimensions in each case,
as discussed by Nielsen et al.8

Another interesting observation can be made by com-
paring these results on DPP

b with the results on the helix
tilt from the previous figure. As can be seen in Figure 3A,
the average tilt angles for WALP16 and WALP23 are
comparable in magnitude. In contrast, DPP

b for these two
peptides varies by a significant amount: 2.95 Å (DMPC);
2.06 Å (DPPC). Apparently, it is easier to deform the

bilayer locally than to tilt the peptide. The variation of
DPP

b with peptide length that we obtain is comparable
with previous estimates based on experimental measure-
ments.18,41

It is worth keeping in mind that all-atom computer
simulations are typically limited in both length and time
scale. One should, therefore, be cautious when making
quantitative comparison between the results presented
above and experiment. Even at this stage, however, there
is a qualitative agreement between our simulations and
experiment. We observe that the WALP helices assume
tilted conformations and that lipid bilayers deform and
change shape due to the interaction with the peptide. In
accord with the hydrophobic matching hypothesis, we
observe a monotonic variation of lipid boundary thickness
as a function of peptide length. Helix tilt, however, as
well as the average bilayer thickness show a more complex
behavior.

Bilayer Structure Is Perturbed Differently by
Different WALP Lengths. The lipid bilayer is not just
a slab of hydrocarbon but consists of broad, overlapping
distributions of various molecular components: head-
group, glycerol, and acyl chain segments which include
methylene and terminal methyl groups.52,62 We have
therefore calculated a number of additional structural
properties besides DPP, to describe the molecular packing
along the bilayer normal. In Figure 5, going from the
headgroup regions toward the bilayer center, we have
plotted the separations between lipid phosphorus atoms
(DPP), lipid glycerol C2 carbons (DGG), lipid monolayer
centers of mass (DCM), and acyl chain terminal methyls

(60) Brown, M. F.; Thurmond, R. L.; Dodd, S. W.; Otten, D.; Beyer,
K. Biophys. J. 2000, 78, 409A.

(61) Lundbæk, J. A.; Andersen, O. S. Biophys. J. 1999, 76, 889-895.
(62) Huster, D.; Gawrisch, K. J. Am. Chem. Soc. 1999, 121, 1992-

1993.

Figure 4. Bilayer thickness adjacent to the peptide (DPP
b ) and

averaged over the whole simulation box (DPP), as a function of
WALP sequence length, n. DMPC is shown with open squares,
and DPPC is shown with solid circles. The boundary thickness,
DPP

b (solid lines), increases monotonically with the peptide
length, while the overall average DPP (dashed gray) shows
deviations at the shortest and the longest peptide length.

Figure 5. Average separation distances along the bilayer
normal for lipid phosphorus atoms (DPP), glycerol C2 carbons
(DGG), lipid centers of mass (DCM), and acyl chain terminal
methyls (DMM), as illustrated by the cartoon on the right. There
is a nonlocal helical effect as a function of WALP sequence
length n, extending across the entire bilayer depth.
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(DMM). The most striking result in Figure 5 is the periodic
variation of the structural parameters with the length of
the peptide sequence. This zigzag shape propagates across
the entire bilayer thickness from the bilayer center to the
lipid headgroup. A closer inspection reveals that this
periodic feature modulates a global, systematic increase
with the peptide length, most clearly seen on the behavior
of the center of mass separation DCM. The periodicity effect
is attenuated at the lipid-water interface as compared to
the monolayer-monolayer interface at the bilayer center.
This complex behavior is the result of a combined
dependence on both peptide length and helical periodicity,
as we show below. Also of note is that the difference
between the two lipids, DMPC vs DPPC is minimal at the
bilayer center and increases toward the headgroup region,
a typical feature of saturated phosphatidylcholines.63

A more detailed description of the bilayer structure is
provided by the acyl chain carbon average positions, 〈zi〉,
as a function of carbon index i. These 〈zi〉 profiles carry
information on both acyl chain tilt and segmental con-
formations. In particular, a deviation from a straight line
(i.e. nonzero curvature) indicates a variation of segmental
disorder along the acyl chain, as discussed in detail
elsewhere.63,64 Part A of Figure 6 compares the 〈zi〉 curves
for DMPC and DPPC in the presence of WALP16. The

reference z ) 0 value was set at the bilayer center in each
case. In both cases, the acyl chain disorder increases
toward the bilayer center, as indicated by the curved
profiles. For easy comparison, the results for WALP17 to
23, shown in in parts B and C of Figure 6, are given relative
to the WALP16 curves from part A. Specifically, the
differences ∆〈zi〉 ≡ 〈zi〉 - 〈zi〉WALP16 are plotted. The
nonmonotonic deviations along the acyl chains indicate
differences in acyl chain conformations between the
various WALP systems. For reference, a flat difference
profile would indicate a global shift of the lipid molecules
along the bilayer normal, while a straight line would in
general indicate a change of acyl chain tilt. The results
in parts B and C of Figure 6 show that the lipid acyl chains
are more disordered in the case of WALP17 and WALP21
and less disordered in the case of WALP19 and WALP23
when compared to WALP16 systems. Note that the data
points for the last acyl carbons (ω-carbons) on these curves
correspond to the DMM data points shown before in Figure
5. Figure 6 now gives the entire chain profile. The results
reveal strong similarities between WALP17 and WALP21
systems, and (to a lesser extent) between WALP19 and
WALP23, pointing to a periodic helical effect on the lipid
bilayer structure.

An energetic measure of the structural modulation in
Figures 5 and 6 is provided by the interaction strength
between the two opposed lipid monolayers. Part A of Figure
7 shows the trajectory averaged inter-monolayer interac-
tions, denoted as Hmm. The peptide insertion perturbs the
inter-monolayer coupling at the bilayer center in accord
with the structural results presented in Figure 5. Stronger
inter-monolayer interactions are seen for WALP19 and
WALP23 than for WALP17 or WALP21. As we will discuss
next, we attribute this helical effect mainly to the presence
of Trp residues. On the basis of the extensive experimental
evidence, the Trp residues are expected to strongly
influence peptide interactions with lipid bilayers.3,40,41,65

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

(64) Petrache, H. I.; Tu, K.; Nagle, J. F. Biophys. J. 1999, 76, 2479-
2487.

Figure 6. (A) Average acyl chain carbon positions, 〈zi〉, as a
function of carbon index i (averaged over both sn-1 and sn-2
chains) for WALP16/DMPC (open squares) and WALP16/DPPC
(solid circles) relative to the bilayer center (z ) 0). For easy
comparison, the results from the other WALPn simulations in
DMPC and DPPC are given relative to WALP16/DMPC (B)
and WALP16/DPPC (C), respectively. Due to the peptide helical
effect, there are similarities between WALP17 and WALP19
and WALP21 and WALP23 curves.

Figure 7. (A) Inter-monolayer interaction (Hmm) as a function
of sequence length. Root-mean-square fluctuations are indicated
with vertical bars. (B) Wheel diagrams based on ideal R-helices.
The relative arrangement of Trp residues is indicated by the
two solid line vectors in each panel (e.g. W3-W4 and W15-
W16 for WALP17). The angle between these vectors (δTrp)
changes with the number of intermediate residues. (C) Same
data as in part A plotted versus the average 〈cos δTrp〉. Root
mean-square fluctuations of cos δTrp are indicated with hori-
zontal bars. Stronger inter-monolayer interaction is seen for
the WALP19 and WALP23 systems, as opposed to WALP17
and WALP21. Bilayers are more rigid for WALP19 and WALP23
for which all four Trp residues are roughly on the same side
of the helix (cos δTrp g 0).
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WALP sequences with different lengths would place the
Trp residues at various locations along the bilayer normal.
At the same time, by construction, different peptides will
have different Trp arrangement around the helix axis.
This variable Trp arrangement is indicated in part B of
Figure 7 for two contrasting cases, WALP17 and WALP19.
On the basis of the ideal R-helices (3.6 residues/turn), the
two vectors defined by the Trp pairs at the N-terminus
and the C-terminus, respectively are, roughly, antiparallel
in the case of WALP17 and parallel for WALP19. From
a structural point of view, WALP17 has the Trp pairs on
opposite sides of the helix axis, while WALP19 has them
on the same side. To show correlations between Trp
arrangements and the structure of the surrounding lipid
bilayer, we have defined a Trp “arrangement angle”,
denoted by δTrp, as the angle between the two Trp vectors
in Figure 7B. In part C of Figure 7 we then replot the
inter-monolayer interactions Hmm from part A, this time
as a function of 〈cos δTrp〉. The average is calculated over
the actual δTrp values in each of the simulations. This
correlation plot places the data points at negative
〈cos δTrp〉 for WALP17 and WALP21, positive 〈cos δTrp〉 for
WALP19 and WALP23, and roughly zero for WALP16.
Note that DMPC and DPPC data show similar 〈cos δTrp〉
values, except for WALP21 and WALP16, for which some
possible backbone distortion has occurred. The inter-
monolayer interaction is strongly correlated with the Trp
angle, δTrp, and shows that stronger coupling exists in the
case of WALP19 and WALP23 (tryptophans on the same
side) than for WALP17 or WALP21 (tryptophans on
opposite sides).

A helical effect is also seen on the bilayer shape. Figure
8 shows the slope and the asymmetry of the perturbation
profile induced by the peptide insertion. The slope shown
in part A is calculated as the variation of DPP with the

in-plane distance r from the peptide and is, therefore, a
dimensionlessquantity.Apositive/negativeslope indicates
a thinning/thickening of the bilayer next to the peptide.
The asymmetry parameter in part B is calculated as the
difference between monolayer thicknesses at the peptide-
lipid interface. More precisely, if we denote the average
position of phosphorus atoms of boundary lipids in the
two monolayers (upper and lower) by zP

upper and zP
lower,

then the boundary bilayer thickness is given by DPP
b )

zP
upper + |zP

lower|, and the asymmetry is zP
upper - |zP

lower|.
From Figure 8, we note the periodic helical effect on both
the slope and asymmetry results. Part A shows that the
slope changes sign from positive to negative as the peptide
becomes longer; i.e., above some peptide length threshold,
the bilayer starts getting thicker instead of thinner next
to the peptide. This length threshold is between WALP16
and WALP17 for DMPC and between WALP21 and
WALP23 for DPPC, in accordance with the results for DPP

and DPP
b shown before in Figure 4. In addition, the

asymmetry parameter shown in part B of Figure 8 shows
that the symmetry about the bilayer midplane present in
a pure lipid bilayer is disrupted by the peptide. This can
be due to the peptide backbone helicity or be enhanced by
the inherent asymmetric arrangement of the Trp residues
relative to helix axis (see below). It is clear that peptide-
lipid bilayer interactions make the two monolayers
inequivalent.

In-Plane Packing: Area/Peptide Increases with
Peptide Length. Having discussed the structural prop-
erties along the bilayer normal, we now turn to in-plane
molecular packing. Lipid bilayers are fluid systems, and
consequently, longitudinal deformations are counterbal-
anced by lateral molecular arrangements. Due to the total
area of the membrane system being fixed during the
simulation, the relevant quantity to consider is the area
redistribution between the peptide and the lipids in each
simulation box. There is however a technical complication
in defining molecular areas within heterogeneous systems,
as for the calculation of molecular components volumes.66

As mentioned earlier (see Methods), the peptide area is
not an intrinsic property but depends on the interaction
with the environment. Therefore, it should be calculated
as the change in the total membrane area upon addition
of extra peptide. This procedure, however, would require
a major computational effort. As a more suitable alterna-
tive for our present simulations, we have followed an
approach used for the analysis of bilayer electron density
profiles obtained from X-ray scattering (Luzzati method;
see review by Nagle and Tristram-Nagle54). In this
approach, we first calculate the volumetric membrane
thickness,

where the difference Vbox - Vwater represents the membrane
volume (peptide plus lipids, no water). Then using DB and
the molecular volumes for the peptide (VP) and lipid (one
molecule, VL), we define the average molecular areas as

and

(65) Andersen, O. S.; Greathouse, D. V.; Providence, L. L.; Becker,
M. D.; Koeppe, R. E. J. Am. Chem. Soc. 1998, 120, 5142-5146.

(66) Petrache, H. I.; Feller, S. E.; Nagle, J. F. Biophys. J. 1997, 72,
2237-2242.

Figure 8. Lipid bilayer deformation next to the peptide (i.e.
boundary conditions for the bilayer shape) as a function of WALP
sequence length, n: (A) bilayer thickness slope ∆DPP/∆r; (B)
bilayer asymmetry (difference between zP

upper and |zP
lower|), as

explained in the text. The center of the bilayer (z ) 0 plane) is
defined by the location of the center of mass of the lipid
molecules. DMPC results are shown with open squares, and
DPPC results, with solid circles. Note the helical effect on bilayer
deformation due to the peptide.

DB )
Vbox - Vwater

Abox
, (1)

〈AP〉 )
VP

DB
(2)
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where 〈AP〉 and 〈AL〉 are the average lateral areas of the
peptide and lipid molecule, respectively. This procedure
has the advantage that the molecular areas so calculated
can be consistently compared across different simulations.
Also note that this procedure preserves the conservation
relationship 〈AP〉 + NL〈AL〉 ) Abox, where NL represents
the number of lipids in one monolayer.

We first present the volumetric results needed for the
area calculations. We have calculated peptide volumes
(VP) using a 3D Voronoi algorithm developed by Gerstein
et al.,67 previously used for other similar peptide-lipid
systems.30 The lipid volumes (VL) are calculated by
subtracting VP and the water volume (Vwater) from the total
cell volume (Vbox) and dividing by the number of lipids in
the unit cell. The water density for the simulated systems
is 0.0334 Å-3 (30 °C) and 0.0329 Å-3 (50 °C) and was
extracted from the water region plateau.66 The results
are given in Table 3. First, we note that lipid volumes
agree very well (0.5% deviation) with the experimental
measurements of 1101 Å3 for DMPC at 30 °C50 and 1232
Å3 for DPPC at 50 °C.51 Second, the peptide volume
increases monotonically with the sequence length, as
expected, due to the additional Ala and Leu residues.
Compared to the lipid molecules, the peptide volumes are
2-3 times as large. Further comparison in terms of the
material properties can be made on the basis of mass
densities calculated as a ratio between molecular mass
and volume. We find that the peptide material, with a
mass density of 1.14 g/mL, is much denser than water
(0.99 g/mL at 30 °C) as well as lipid (1.03 g/mL for DMPC
at 30 °C). The WALP molecules are 14% heavier than
water, compared to 3% for DMPC.

If we return to the area results, the computed molecular
cross-sectional areas 〈AP〉 and 〈AL〉 are given in Table 3
and show that 〈AP〉 increases with peptide length at the
expense of the area/lipid 〈AL〉. The lipids surrounding
longer peptides are more stretched longitudinally (as seen
in Figure 4) making the area/lipid 〈AL〉 smaller. Clearly,
due to the total area being fixed, the area redistribution
among peptide and lipids is such that the sum AP +
NL AL is conserved (see Methods). That 〈AP〉 increases with
increasing WALP length can be immediately seen from
its defining relationship in eq 2. While the peptide volume
VP increases steadily with increasing number of residues,
the volumetric membrane thickness DB increases less
dramatically, as seen in Table 3. At present, there is no
experimental measurement on either 〈AP〉 or 〈AL〉 for mixed
WALP-lipid systems. There is however data on the lipid
area in pure lipid bilayers, which we have used to construct
the simulation box (cf. Methods). The values used were
ADMPC

0 ) 59.7 Å2 50 and ADPPC
0 ) 62.9 Å2,51 where the

superscript indicates pure (unperturbed) lipid bilayers.
In addition, we used a value for the peptide area (see
Methods), which now, in retrospect, appears to be an
overestimate. During the simulation, an area redistribu-
tion between the peptide and the lipids occurred such that
〈AP〉 decreased and the area/lipid 〈AL〉 increased. In
reference to pure lipid bilayers, the areas/lipid 〈AL〉 that
we obtain for the WALP-lipid systems are larger by 14.0-
10.8% for DMPC (WALP16-23) and by 14.3-11.4% for
DPPC. While these might be an overestimate for WALP-
lipid systems, we note that lipid areas on the order of 70

Å2 for DMPC and DPPC (as in Table 3) have been
experimentally measured in some circumstances, such as
increased temperature.63 Thus, the observed increment
on the area/lipid is safely within the expansion limits of
phosphatidylcholine membranes. We also find that DPPC
molecules are laterally stretched more than DMPC,
making the effective area/peptide smaller in the DPPC
systems. This implies that, for similar lateral packing,
the starting area for WALP should have been about 5%
smaller in DMPC (or, alternatively, 5% larger in DPPC),
to account for differences in the temperature and lipid
lateral density. This problem can in principle be avoided
by using constant lateral pressure (surface tension)
boundary conditions and letting the lateral area relax to
an equilibrium value (see Methods). This approach,
however, can be computationally demanding, especially
if the starting area is far from equilibrium or if the applied
lateral pressure is not appropriate for the simulated
system size, as discussed by Feller and Pastor.44 It is
therefore advantageous to start with a set of constant
area simulations for faster equilibration to gain initial
insights into peptide-lipid packing. Surface tension
values, calculated as overall trajectory averages, are given
in the last column of Table 3. We also note that, due to
the small system size, fluctuations in the surface tension
are relatively large. Block averaging on 50 ps time windows
gives root mean-square deviations on the order of 10-20
dyn/cm, while instantaneous values deviate by roughly
200 dyn/cm in average. The values given in Table 3 are
typical for simulations of small bilayer patches which, by
construction, are constrained to remain flat.44

Discussion

General Aspects of Hydrophobic Matching. There
is increasing evidence that membrane protein conforma-
tions are modulated by the interaction with the lipid
environment.15 Inparticular, theorientationand flexibility
of the transmembrane domain conferred by the sur-
rounding lipid bilayer are expected to play a role in protein
function. The protein insertion, in turn, affects the lipid
bilayer and modifies its physical properties. How can one
investigate such a complex mechanism to understand its
implications for protein function? Molecular dynamics
simulations are well suited for modeling interactions in
multicomponent systems to help with the interpretation
of experimental measurements such as X-ray, NMR, and
infrared spectroscopy. A more practical description of the
hydrophobic matching mechanism, however, requires a
reduction from a many-body problem to a tractable
(phenomenological) representation involving a reduced
number of degrees of freedom. Current models treat the

(67) Gerstein, M.; Tsai, J.; Levitt, M. J. Mol. Biol. 1995, 249, 955-
966.

Table 3. Volumetric Results and Surface Tension Values

lipid WALP VP
a VL

b DB
c 〈AP〉d 〈AL〉e γf

DMPC 16 2732 1095 31.99 85.4 68.4 25
(30 °C) 17 2906 1089 32.00 90.8 68.1 21

19 3212 1087 32.21 99.7 67.5 32
21 3475 1104 32.92 105.6 67.1 48
23 3756 1097 32.98 113.9 66.5 26

DPPC 16 2751 1221 33.95 81.0 71.9 22
(50 °C) 17 2948 1221 34.12 86.4 71.6 32

19 3229 1222 34.39 93.9 71.1 30
21 3501 1228 34.78 100.7 70.6 38
23 3788 1229 35.05 108.1 70.1 48

a Average peptide volume. b Average lipid volume. c Volumetric
membrane thickness (eq 1). d Average cross-sectional area/peptide
(eq 2). e Average cross-sectional area/lipid (eq 3). Length units are
Å. f Surface tension values (in units of dyn/cm) calculated from the
trajectories.

〈AL〉 )
2VL

DB
(3)
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lipid bilayer as elastic plates that can sustain bending
and compression deformations. The peptide molecule
(typically a helical structure) is in turn modeled as a linear
spring described by a characteristic spring constant and
equilibrium (undeformed) length and cross section.

In the present simulations we have systematically
varied the equilibrium (unperturbed) dimensions of both
peptide and lipid bilayer and monitored the effects on
helix tilt and bilayer deformations. In doing so, we have
identified an additional relevant degree of freedom, in
the case of WALP systems, namely the relative arrange-
ment of Trp residues along the helical axis. Due to the
helical structure of the peptide, Trp placement (quantified
by the angle δTrp) varies as the number of intervening
residues is modified. This leads to an observable helical
(periodic) effect on the structure and dynamics of the
peptide-lipid bilayer system. Experimental results35 have
indicated that, indeed, peptide tilt has a complex behavior
as a function of peptide length, and a comparison between
experiment and simulation was provided in Figure 3.
Although we are cautious in interpreting the quantitative
results, both simulation and experiment agree on the
qualitative aspect of the data indicative of a helical effect.
It is also worth noting that experimental studies of these
peptides in model membranes of phosphatidylethanol-
amine suggest that a similar helical effect might occur on
the lamellar-to-isotropic phase transition at intermediate
peptide concentration.68

Interpretation of Simulation Results. In general,
simulation results, as well as experimental results for
that matter, require theoretical interpretation. In par-
ticular, simulated membrane systems are inherently
limited in both time and length scale, while real mem-
branes exhibit a wide dynamic range. The characteristic
time domain of the lipid membrane motions extend from
isomerization transitions (picoseconds) to lipid diffusion
(microseconds), to lipid flip-flop across the bilayer (possibly
seconds).69 Sizewise, lipid molecules show uncorrelated
local motions (e.g. protrusion into the water space) leading
to the characteristic bilayer roughness, as well as collective
(correlated) motions that lead to bilayer undulations at
lengthscales up to fraction of a micrometer.70-74 Why
should we then consider nanosecond molecular dynamics
simulations of small bilayer patches? As demonstrated
by Berendsen and co-workers at the onset of molecular
dynamics studies,31,75,76 many features of the lipid bilayers
have been elucidated even from minimal membrane sizes
(nanometers) and short time scales (tens of picoseconds).
One typical example is the understanding of the origin of
the acyl chain order profile measured by 2H NMR
spectroscopy in terms of chain conformations and packing.
It has been generally shown that valid qualitative, if not
quantitative, results can emerge from careful investigation
of simulation results. Clearly, many of the dynamic
features of the real membrane are currently not within

computational reach. The simulation field, however, is
continuously evolving and making progress toward longer
time and length scales.74,77-79

As a rule, the problem addressed and the computing
power available determine the length of the simulation.
Therefore, for a project involving multiple simulations,
as for the WALP series in this work, one needs to find the
optimum compromise between the number of trajectories
and their length. In this study we have considered
structural deformations imposed on the lipid bilayer upon
insertion of hydrophobic peptides. The relevant molecular
motions involved, namely peptide tilt and lipid rear-
rangement, are minimally sampled within nanosecond
time scales, meaning that random (sampling) errors are
large. However, a detailed comparison across multiple
WALP systems enables us to extract meaningful conclu-
sions more so than from individual longer trajectories.
This is because systematic errors (e.g. due to choice of
boundary conditions and finite size effects) have a reduced
influence on the trends observed. In addition, we have
found that longer trajectories (10 ns for WALP19/DMPC
and 5 ns for WALP23/DMPC) give average structural
parameters as well as fluctuation ranges that do not differ
significantly from the initial 1.25 ns windows. We should
emphasize that careful preparation of the initial state as
well as constrained-equilibration stages (cf. Methods) is
a prerequisite for fast overall equilibration and adequate
sampling during production dynamics. Although simula-
tions of lipid bilayers have often been successful in
reproducing experimental results, the comparison with
experiment is not always straightforward. Our present
simulations, for instance, are carried out at constant
lateral area, while the experimental measurements most
likely correspond to a constant lateral pressure situation.
This means that, in reality, peptide tilt relaxation can be
coupled with large scale area fluctuations and lateral
stretching, as opposed to just local fluctuations occurring
under constant total area restraint. In addition, bilayer
undulations are absent in the simulation but could
influence the experimental result.44,74 With the possibility
of bilayer undulations being coupled with lateral fluctua-
tions, one might expect an influence on peptide tilt and
cross-sectional area of both peptide and lipid molecules.
Obviously, further analysis on longer trajectories and
larger systems is required for better comparison with
experiment. In this regard, one notes that while the
simulated peptide:lipid concentration is the same as for
the experiments,18,35,41 the simulated systems do not
account for possible effects of peptide-peptide inter-
actions, which could lead to peptide aggregation and
domain formation and more complex dynamics in general.
Unfortunately, the addition of more peptide molecules at
constant peptide:lipid concentration quickly generates
prohibitive system sizes. Simulation results, therefore,
almost always require theoretical interpretation. Let us
note that most experimental measurements also require
theoretical interpretation, as is presently the case for the
conversion of FTIR data into peptide tilt values shown in
Figure 3. The assumptions involved introduce inherent
approximations as discussed by Bechinger et al.59 and de
Planque et al.35 These assumptions, however, could be
tested by simulations, further emphasizing the interplay
between experiment and simulations.

Role of Trp on Peptide-Lipid Bilayer Structural
Matching. Structural parameters, as well as interaction
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terms such as the inter-monolayer interaction, suggest
that WALP helices with the Trp pairs on the same side
(WALP19 and 23) behave differently than peptides with
Trp pairs on opposite sides (WALP17 and 21). In par-
ticular, the latter have a tendency for larger peptide tilt
angles. The tilt angles, however (and other structural
parameters), have a complex behavior determined by both
peptide length and δTrp. This shows the complexity of
structural deformations occurring within the WALP-lipid
system. Since different peptides might place the Trp
residues at different locations along the bilayer normal,
we have looked at the interaction between Trp side chains
and the environment (lipid and water). These are shown
in Figure 9. There is clearly a strong dependence of Trp
interaction with the environment (lipid + water) as a
function of average position along the bilayer normal.
Similar results have been obtained for Trp analogues,
indole and N-methylindole, inserted in POPC bilayers.53

Figure 9 also shows a clear asymmetry between the two
monolayers. When one is looking at these results, it helps
to recall the molecular heterogeneity along the bilayer
normal. This heterogeneity gives rise to both a hydrophobic
gradient as well as a mass density gradient. The two
physicochemical properties are obviously interconnected,
but it is useful to make a distinction between chemical
and molecular packing heterogeneity. The Trp residues
have bulky side chains, and therefore, the packing density
in their vicinity is relevant to our understanding of the
peptide-lipid bilayer matching. For this reason, a con-
venient quantity to consider is the side chain volume,30

as we discuss next.
Part A of Figure 10 shows trajectory averaged side chain

volumes as a function of average position along the bilayer
normal. The volumes are calculated using a Voronoi
procedure67 and include all residue atoms except the
peptide bond. Figure 10A highlights the magnitude of Trp
volumes compared with the smaller Leu and Ala side

chains. The Trp volumes, on the order of 210 Å3, are almost
comparable with the lipid headgroups, which are of about
320 Å3.66,80 For this reason, the Trp residues have a
significant effect on the molecular crowding at the lipid-
water interface. The figure shows all volumetric data
superimposed, although the DMPC and DPPC simulations
are performed at different temperatures. The main aspect
to notice is that the side chain volumes show a positional
dependence corresponding to the bilayer density gradi-
ent: chemically equivalent side chains have larger
volumes at the bilayer center. The superposition of all
data allows an easy comparison between the z- and
T-dependence. Incidentally, the data in this range can be
fit with simple harmonic functions, as shown by the solid
(DMPC) and dashed (DPPC) curves in part A of Figure
10. As the headgroup region is approached (|z| > 10 Å),
there are noticeable deviations from the fitted lines,
especially for the Trp residues, reflecting the interactions
with the lipid headgroups. Upon close inspection, the
behavior of Trp volumes as a function of z-position
resembles the interaction with the environment shown
previously in Figure 9. This is better seen by directly
plotting the side chain interaction with the environment
(enthalpy, Hres) vs side chain volume, Vres, as shown in
part B of Figure 10. For comparison, the results for Leu
and Ala residues are also presented in parts C and D,
respectively. The location and curvature of the Hres vs Vres
curves changes, with a shift toward smaller Vres and |Hres|
from Trp to Leu to Ala side chains. Bare volumes (steric
limits, V0) are indicated by the vertical lines in each panel,
and the data points are fit using an empirical function H
- H0 ) a(V - V0)b with b ) -1/2. A more detailed analysis

(80) Armen, R. S.; Uitto, O. D.; Feller, S. E. Biophys. J. 1998, 75,
734-744.

Figure 9. Trp interaction (includes the CR carbon) with the
environment (HTrp) vs average center of mass location along
the bilayer normal in DMPC (A) and DPPC (B). Trp-
environment interactions are stronger at the lipid-water
interface. Systematically stronger interactions are seen for Trp
residues at the N-terminus (negative z). The vertical and
horizontal bars indicate mean-square fluctuations during 1.25
ns of simulated trajectories (shown only for WALP23 for clarity).
The bottom horizontal lines show the range of boundary bilayer
thickness (DPP

b ) from WALP16 to WALP23.

Figure 10. (A) Peptide side chain volumes (Vres) as a function
of average location along the bilayer normal (z ) 0 set at the
bilayer center). Chemically equivalent side chains have larger
volumes at the bilayer center, corresponding to the bilayer
density gradient along the bilayer normal. The solid and dashed
lines are harmonic fits to the data points for DMPC and DPPC,
respectively. (B-D) Trajectory-averaged side chain-environ-
ment interactions (Hres) vs Vres for Trp (B), Leu (C), and Ala (D)
side chains. The data are fit with empirical Hres vs Vres curves,
and the vertical lines indicate bare volumes (steric limits) as
explained in the text.
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of these Hres vs Vres curves, in relation with the lipid bilayer
density gradient, might help further refinement of hy-
drophobic matching models.

Conclusions
Molecular dynamics simulations of the WALPn series

(with n ) 16, 17, 19, 21, and 23) incorporated in two lipid
bilayer types (14 and 16 acyl chain carbons, respectively)
has revealed intriguing aspects of the hydrophobic match-
ing mechanism and the critical role of the tryptophan
side chains. As expected, the Trp side chains have a
significant effect on the dynamic structure of both peptide
and lipid bilayer. On the basis of a detailed volumetric
analysis, we have demonstrated the role played by the
density gradient along the bilayer normal on the peptide-
lipid structural matching. Due to their large size, the Trp
side chains at the ends of the peptide perturb the molecular
packing at the lipid-water interfaces. Interestingly, their
effect is not only local but is transmitted across the bilayer
and affects the inter-monolayer coupling at the bilayer
center. We have found that the peptide-lipid packing,
and in particular the peptide tilt, depend not only on
peptide length but also on the relative positions of Trp
residues around the helix axis, measured by the Trp
arrangement angle, δTrp. This represents an additional

structural property that modulates the hydrophobic
matching in the case of WALP systems, showing that
details of the peptide structure influence peptide tilt and
bilayer deformations. We find that WALP structures with
all four Trp residues on the same side of the helix couple
more strongly with the surrounding lipid bilayer than do
peptides with Trp residues on opposite sides. These
observations may guide further analysis on membrane
proteins and their interaction with the lipid environment.

Abbreviations

DMPC dimyristoylphosphatidylcholine
DPPC dipalmitoylphosphatidylcholine
WALP tryptophan-alanine-leucine peptide
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