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ABSTRACT
Understanding the energetic factors determining the positioning and orientation of
single-helical peptides in membranes is of fundamental interest in structural biology. Here, a simple
5-slab continuum dielectric model for the membrane is examined that distinguishes between the
solvent, headgroup, and core regions. An analytical
solution for the electrostatic solvation of a single
dipole and an all-atom model of N-methylacetamide
are used to demonstrate the effect of the dielectric
boundaries in the system on peptide dipole orientation. The dipole orientation energy is shown to
dominate the electrostatic solvation energy of a
polyalanine helix in the membrane. With an additional surface-area-dependent term to account for
the cavity formation in the aqueous region, the
continuum electrostatics description is used to examine several helical peptides, the atoms of which
are explicitly represented with a molecular mechanics force ﬁeld. The experimentally determined tilt
angles of a number of peptides of alternating alanine and leucine residues, and of glycophorin and
melittin, are accurately reproduced by the model.
The factors determining the tilt angles and their
ﬂuctuations are analyzed. The tilt angles of the
simpler peptides are found to increase approximately linearly with peptide length; this effect is
also rationalized. The analysis and model presented
here provide a step toward the prediction of helical membrane protein structure. Proteins 2005;
58:913–922. © 2005 Wiley-Liss, Inc.
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Single-helical peptides have been found to insert into
lipid membranes.2,5 Understanding the physical effects
determining the position and orientation of these singletransmembrane helices is of fundamental interest in the
elucidation of the driving forces behind membrane protein
structure. Added interest arises from evidence that during
membrane protein folding, helix packing may follow helix
folding.1,6,7
Structural information on membrane helices has been
determined experimentally using spectroscopy and X-ray
diffraction.8 –11 The orientations of membrane helices can
be roughly divided into 2 classes: transmembrane (e.g.,
glycophorin1) and surface aligned (e.g., melittin9), with, in
the latter case, the helix axis being more parallel to the
plane of membrane. One of the most studied transmembrane segments is glycophorin, in which the monomers
have been shown to tilt ⬃20° with respect to the membrane normal.12 In contrast, melittin monomers are surface aligned, with the helical axis at the depth of the
phospholipid glycerol groups.9 The orientations of a number of model synthetic peptides, such as polyalanine,13
polyleucine,14 and WALP15–18 and KALP18,19 peptides,
have also been determined (WALP and KALP are peptides
of alternating alanine and leucine residues with ﬂanking
tryptophan and lysine residues, respectively). A systematic increase of the tilt angle (i.e., the angle between the
helix axis and the bilayer normal) of WALP and KALP
peptides has been observed with increase in length,14,16
with peptides shorter than the bilayer thickness being
roughly parallel to the membrane normal and the longer
peptides being appreciably tilted.
The existence of the above experimental data paves the
way toward a theoretical understanding of how peptides
interact with the heterogeneous solvated membrane environment. Theoretical work on membrane proteins has
been performed treating the bilayer atoms and surrounding solvent explicitly or implicitly. Calculations with ex-

INTRODUCTION
Membrane proteins constitute about one-third of the
human genome and play diverse biological roles in processes such as transport of ions and polar compounds, pH
regulation, signal transduction, and vesicle fusion.1– 4
They also represent approximately 60% of drug targets.
Structures of several membrane-spanning proteins have
been obtained experimentally.2,3 These have revealed both
␣ helices and ␤ sheets, with the former being more
common.
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plicit lipid bilayer atoms using the molecular dynamics
(MD) technique have been performed on several peptides.20 –27 Although these have furnished a rich variety of
biophysical information, the use of an explicit-atom membrane environment is computationally expensive and limits the conﬁgurational space that can be explored.
Alternatively, the lipid and solvent molecules can be
represented implicitly using continuum models. In the
implicit models applied so far, the membrane has been
represented as a slab of low dielectric constant embedded
in a high dielectric aqueous solvent. Using the Poisson–
Boltzmann equation to calculate the electrostatic energy,
this three-slab model has been applied to estimate the free
energy of insertion of alamethicin28 and oligoalanine29
and the orientation of melittin,21 Src,30 and the FYVE
membrane domains.31 Recent developments using the
generalized Born (GB) approximation32 have made it
possible to use the GB approach to calculate solvation
energies in a biomembrane. A 3-slab model has been used
to calculate the orientation of various single peptides such
as melittin,33 inﬂuenza virus fusion peptide,34 and bacteriorhodopsin helical fragments.34
The above continuum studies capture certain features of
the membrane, such as the hydrophobic nature of the
membrane core and a hydrophobic– hydrophilic dielectric
boundary, and have successfully accounted for some experimental data. However, a drawback of representing the
membrane as a single slab of low dielectric constant is
that, in assuming that any location in the membrane is
described adequately as either bulk hydrocarbon or bulk
water, the headgroup energetics are not adequately modeled.35 One consequence of this inadequacy is that the
preference of certain residues such as tryptophan and
lysine for the headgroup region is absent.
Other models have also been proposed. A semi-implicit
model,35 in which the membrane–water system is modeled
as a lattice of dipoles with varying dipole moments, has
been able to reproduce the position of a 20-mer WALP
peptide and alamethicin in the membrane. In another
study, an implicit solvent description was used to calculate
the effective solvation free energy in a membrane environment and correctly distinguished between the transmembrane and surface-aligned orientations of glycophorin and
melittin, respectively.36 However, neither of these studies
attempted to decompose the different contributions to the
membrane–peptide interaction or to calculate the characteristic tilt angles of the helix axis.
Here we investigate the energetics of the orientation of
membrane-bound ␣ helices by calculating the solvation
energy of the peptide in a membrane system (i.e., the free
energy for transferring the helix from vacuum into a given
position and orientation in the membrane). The headgroup
region of the membrane is represented by a slab with a
dielectric constant intermediate between that of the bulk
solvent and the inner membrane, thus leading to the
membrane environment being represented by the 5-slab
model shown in Figure 1. The solvation energy is calculated using an all-atom model for the peptide, together
with the Poisson–Boltzmann equation for the electrostatic

Fig. 1. Five-slab continuum electrostatic model of a biological membrane environment. The membrane is represented as 3 slabs corresponding to the 2 headgroup regions and core region. The headgroup region is
modeled as an 8 Å slab ( ⫽ 10) on either side of the low dielectric core
region ( ⫽ 2). The 2 outer slabs correspond to bulk water, with  ⫽ 80.

solvation energy and a term representing the cost of cavity
formation in the aqueous solvent. The most probable
orientation is determined by the minimum of the solvation
free energy of the peptide in the membrane environment.
The 5-slab model is used to examine the factors determining the position and orientation of single-membrane helices. The energetics of the position and orientation of dipole
in a membrane are examined analytically and shown to be
a good approximation to the energetics of N-methylacetamide, which contains a single peptide group. The peptide
dipole energetics are found to tend to orient the axes of
single helices perpendicular to the membrane plane, and
the calculations indicate that this effect dominates the
positioning of polyalanine helices. The length dependence
of helix tilt angles and ﬂuctuations in the tilt angles are
examined. Cavity formation in the aqueous solvent is also
found to play an important role in determining tilt angles
of helices longer than the membrane width.
The model reproduces the experimentally determined
tilt angles of several membrane-spanning helices, including glycophorin, melittin, and the WALP peptides. Potential uses of the model in the analysis of peptide–membrane
interactions and membrane–protein structure prediction
are discussed.
THEORY
The most probable orientation of a membrane helix is
that with the lowest solvation free energy, ⌬Gsolv, deﬁned
as the free energy change for transferring the molecule
from vacuum to solvent37 (the solvent here is the membrane plus the aqueous environment). For a peptide, the
position and orientation of a membrane helix are described
by 2 parameters: the tilt angle, , and the membrane
insertion, v (Fig. 2).  is the angle between the helix axis
and the membrane normal. v is the distance of the center of
mass of the helix from the centre of the membrane. Details
of the model and the method of calculation of ⌬Gsolv are
now given.
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Fig. 3. Four-step thermodynamic cycle for calculating ⌬Gsolv for a
mem
vac
peptide in a membrane. ⌬Gelec
and ⌬Gelec
correspond to the energy of
charging the peptide in the membrane and in vacuum, respectively. The
nonpolar contribution, ⌬Gnp, is the cost of cavity formation in the
surrounding solvent.
Fig. 2. Parameters describing the orientation of a single helix in the
membrane: tilt angle, , and extent of membrane insertion, v.  is the
angle between the membrane normal and the helix axis, and v is the
distance between the center of the membrane and the center of mass of
the helix.

Model
The model consists of the atomic-detail peptide represented using the CHARMM molecular mechanics potential38 in the 5-slab membrane model shown in Figure 1.
The outermost slabs representing the aqueous phase are
assigned a dielectric constant of 80, corresponding to bulk
water. A membrane core consists of nonpolar long-chain
fatty acids.39,40 Correspondingly, the relative dielectric
constant of the nonpolar innermost slab is set to 2.39,41 The
headgroup region in biological membranes is heterogeneous with varying fractions of phosphatidylethanolamine, phosphatidylserine, phosphatidylcholine, sphingomyelin, glycolipids, and cholesterol. Estimates of the
dielectric constant of the headgroup region have yielded
varying results depending in part on the lipid moieties.39 – 44 The polarity of the headgroup region in phosphatidylcholine and phosphatidylserine bilayers has been
found to be between that of bulk water and the bilayer
core.43,44 In the present case, a value of 10 was used for the
dielectric constant in the headgroup region, as models with
this value have been found to reproduce the experimental
adsorption of small molecules in the head group region.42
Variation of this value within reason was found to not
signiﬁcantly affect the results.
Calculation of Solvation Free Energy
⌬Gsolv was considered to be the sum of 2 contributions:
⌬G solv ⫽ ⌬G elec ⫹ ⌬G np

(1)

where, ⌬Gelec is electrostatic and ⌬Gnp is nonpolar. ⌬Gsolv
was calculated according to the thermodynamic cycle

shown in Figure 3. ⌬Gelec is the electrostatic energy
required to transfer the peptide from vacuum to a given
position in the membrane. It is given by the difference of
the energy required to charge the peptide in the memmem
vac
brane, ⌬Gelec
and in vacuum, ⌬Gelec
, that is,
mem
vac
⫺ ⌬G elec
.
⌬G elec ⫽ ⌬G elec

(2)

⌬Gelec was calculated using the linearized Poisson–
Boltzmann equation, which relates the variation in the
potential  with the spatially dependent dielectric permittivity ε(r) and the charge distribution (r), and is written
as45:
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where e0 is the unit charge, Zi is the valency of the ions,
cibulk is the bulk concentration, K is the types of ions, T is
the temperature, k the Boltzmann constant, and NA is the
Avogadro constant. For complex systems such as peptides,
the above equation is solved numerically. The details of
the numerical calculation are given in the Methods section.
⌬Gnp is the cost of cavity formation in the aqueous phase
and is estimated as37:
⌬G np ⫽ ␥A ⫹ b

(4)

where A is the aqueous solvent-accessible surface area of
the peptide, ␥ ⫽ 0.0278 kcal/mol Å2, and b ⫽ ⫺1.71
kcal/mol. The values of ␥ and b were derived from the
partitioning of alkanes between liquid alkane and water.46
Thus, the nonpolar interactions between the lipid and the
solute molecule are considered implicitly. The values of ␥
and b have been used earlier for calculations on membrane
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proteins and compare favorably with experimental results.28 –30
METHODS
Model Construction
Polyalanine peptides
Polyalanine peptides with 20, 25, 28, 30, 35, and 40
alanine residues, were modeled as ideal ␣-helices, with  ⫽
⫺47° and  ⫽ ⫺57°.3 The N- and C-termini were blocked
with acetyl and N-methyl groups, respectively. In addition, helices with 20 and 30 residues were modeled with
charged ends.
WALP peptides
WALP peptides were modeled as ideal ␣-helices,3 with
 ⫽ ⫺47° and  ⫽ ⫺57° using CHARMM38 to assign the
molecular parameters. Peptides with 19, 20, 25, 30, 35,
and 40 residues were constructed with blocked ends.
Melittin
The melittin peptide structure, 2MLT,47 was taken from
the Protein Data Bank48 (PDB), and the N- and C- termini
were charged so as to represent the naturally occurring
peptide.
Glycophorin
The backbone structure of the transmembrane segment
of the glycophorin A monomer, code 1AFO,49 residues
73–100, was taken from the PDB. The N-terminus was
again blocked with an acetyl group and the C-terminus,
with an N-methyl group. The side-chains were constructed
using the software SCWRL50 (version 2.0), which determines the most probable rotameric conformations from a
backbone-dependent rotamer library.51 Steric clashes are
relieved systematically by a combinatorial search of rotamers in an order deﬁned by the rotamer library and interaction energy.
All the above peptides were energy-minimized in a
dielectric medium of ε ⫽ 2 using the CHARMM potential38
(version 29a2) with 1000 steps of Steepest Descent followed by 100 steps of Conjugate Gradient and 1000 steps
of Newton–Raphson minimization with 1 kcal/mol harmonic constraints.
Calculation of Solvation Energy
⌬Gsolv was calculated as a function of v and  for the
above-modeled peptides according to the thermodynamic
cycle shown in Figure 3.
Calculation of ⌬Gelec
⌬Gelec was evaluated numerically by solving the linear
Poisson–Boltzmann equation using a ﬁnite difference
method with the CHARMM software package (version
29a2).38 The salt concentration was set to 0.15 M. The
electrostatic potentials were calculated using the focusing
technique52 on a grid, with grid spacing 1.0 Å, 0.5 Å, and
0.25 Å. The distance between the grid boundaries and the
peptide surface was at least 15 Å. The atomic radii were
taken as the Born radii.53 A cardinal b-spline was used for

distributing charges over the grid points. The calculations
were done at 300 K and no membrane potential was
applied. The electrostatic potentials in the membrane
environment and in vacuum (ε ⫽ 1) were calculated. The
corresponding solvation free energies of the system in the
mem
vac
membrane, ⌬Gelec
, and in vacuum, ⌬Gelec
, were computed
from the above potentials.
Calculation of ⌬Gnp
⌬Gnp was calculated using Eq. (4). The solvent-accessible surface area, A, was calculated using the CHARMM
software38 package, with a probe sphere radius of 1.4 Å.
Computational requirements
Each system setup took about 1 h on four 800 MHz
processors in a Linux cluster. Each ⌬Gsolv calculation took
about 1 h on a single processor (2400 MHz, 2048 MB
RAM). The total CPU time required for the calculations in
the paper was ⬃3000 h.
RESULTS AND DISCUSSION
To understand the energetics of helical peptide orientations in membranes, the solvation free energies of various
peptide models are examined in the 5-slab dielectric
system described in the Methods section. The results are
presented in an order that allow the contributions to the
membrane solvation energy to be easily understood. First,
we examine the factors determining the location and
orientation of a single peptide dipole. Next, we extend the
analysis to a simple peptide dipole-containing molecule,
N-methylacetamide, and to polyalanine helices. In the
ﬁnal sections, comparisons with experiment are made in
applications to more complex peptides such as WALPs,
glycophorin, and melittin.
Peptide Dipoles
We begin our analysis by calculating the electrostatic
energy of peptide dipoles in membranes. Consider ﬁrst a
simple dipole, consisting of charges q ⫽ ⫾1.0e placed 0.5 Å
apart, crossing the 5-slab membrane depicted in Figure 1.
The Poisson equation can be solved analytically for this
system (see Appendix). We compare 2 orientations of the
dipole:  ⫽ 0° and  ⫽ 90°, where  is the angle between the
dipole axis and the membrane normal. The difference in
⌬Gelec between the 0° and 90° orientations is the barrier to
ﬂipping, Eﬂip, and gives the preference of one orientation
over the other.
Plots of ⌬Gelec versus the membrane insertion distance,
v, for the 2 orientations of the simple dipole are shown in
Figure 4(A). ⌬Gelec decreases when traversing from the
membrane core to the headgroup region to the aqueous
medium, since ⌬Gelec is inversely proportional to ε, which
increases in this direction. Further, the difference in ⌬Gelec
between the membrane core and headgroup region is
approximately 4 times the difference in ⌬Gelec between the
headgroup region and water. This difference in ⌬Gelec
arises due to the variation of ε (and hence the potential) in
1
1 1
1 ⫺1
the 3 media and equals
⫺
⫺
, where ε1, ε2,
ε1
ε2 ε2
ε3
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completely immersed in the more polar medium and is
hence more favorable.
The analysis is now extended to a molecule containing a
single peptide bond: N-methylacetamide. For this molecule, ⌬Gelec was calculated numerically, as described in the
Methods section. Figure 4(B) shows the plot of ⌬Gelec
versus v at  ⫽ 0° and  ⫽ 90°. The results are qualitatively
similar to the simple dipole model in Figure 4(A). Thus, the
energetics of the orientational dependence of N-methylacetamide is well described by that of a simple dipole.
Polyalanine Peptides
The investigation is now extended from a single-peptide
group model to polyalanine peptides of varying lengths.
Polyalanine peptides have been shown to adopt predominantly helical conformations in lipid bilayers.13 Here we
present the results of a decomposition of the various
factors governing the orientation in a membrane of these
simple helices.
Effect of different classes of charged groups on
⌬Gelec

Fig. 4. ⌬Gelec versus membrane insertion, v, for (A) dipole (dipole
moment ⫽ 2.4D) calculated by the analytical solution of the Poisson
equation, and (B) N-methylacetamide calculated using the model described in the Methods section. Two orientations,  ⫽ 0° (●) and  ⫽ 90°
(‚) are considered. The energy of ﬂipping in the membrane, Eﬂip is given
by the difference of ⌬Gelec of the 2 orientations at a given value of v. The
two dotted lines depict the boundaries of the headgroup region. Eﬂip is
nonzero only near the boundary between 2 media, giving rise to a
preference of one conformation over the other.

and ε3 are the dielectric constants of the membrane core,
headgroup, and water, respectively.
In a homogeneous medium, such as the membrane
interior, the center of the headgroup region, or the aqueous
region, there is no orientational preference of ⌬Gelec and
hence no tendency of the dipole to orient itself in a
particular direction. In contrast, a difference in ⌬Gelec of
the 2 orientations is seen near the dielectric boundaries
(i.e., when the dipole traverses from the membrane core to
the headgroup region or from the headgroup region to the
aqueous layer). Near a dielectric boundary, if the dipole
axis is parallel to the membrane normal, then a reaction
ﬁeld countering the charge closest to the boundary builds
in the medium with higher polarity, lowering ⌬Gelec. In
contrast, if the dipole axis is perpendicular to the membrane normal, the reaction ﬁelds due to the 2 charges
cancel each other, and there is no net lowering of ⌬Gelec.
Thus, near a boundary between the dipole-containing
medium and a higher polarity medium, the orientation
with the dipole axis parallel to the membrane normal is
favored over the perpendicular orientation. However, this
picture reverses once the midpoint of the boundary is
reached. On crossing this point, the dipole with  ⫽ 90° is

The chemical groups in a helix can be divided into the
peptide backbone, the side-chains, and the N- and Cterminal end groups. The contributions of each of these 3
classes to ⌬Gelec in a 30-mer polyalanine peptide are shown
in Figure 5(A and B). Two types of end groups, charged
(NH3⫹ and CO2⫺) and blocked (acylated N-terminus and
N-methylated C-terminus), were also examined.
To calculate the contribution of the above classes to the
total ⌬Gelec for the blocked endgroup 30-mer peptide, the
partial charges of all other atoms except those constituting
the selected groups were set to zero [Fig. 5(A)]. The ﬁgure
shows that the side-chains contribute very little to the
total ⌬Gelec barrier. The blocked peptide end groups make
the second lowest contribution. The peptide backbone
contributes the most, about 3 times more than the
endgroups. Thus, it is indeed the peptide group dipoles
that play the major role in orienting the polyalanine helix
axis perpendicular to the membrane surface.
The presence of charged termini increases the energy
difference between the orientation with  ⫽ 0° and 90°.
This increase arises from the fact that it is energetically
less favorable to bury the charged endgroups than the
blocked ones. In contrast, there is little difference in the
minimum-energy tilt angle between the blocked and
charged peptides [Fig. 5(B)].
Peptide length
We now further develop the analysis by calculating the
solvation energy, ⌬Gsolv (i.e., by adding in the nonpolar
term, ⌬Gnp, and by examining the dependence of the
minimum-energy tilt angle on peptide length). The minimum-energy tilt angles for polyalanine peptides with 20,
25, 28, 30, 35, and 40 residues are plotted in Figure 6(A).
The membrane thickness is 41 Å, corresponding approximately to a helix of 27 residues. The length of the 20-mer
polyalanine peptide is thus shorter than the bilayer thickness. Consequently, the lowest energy orientation is paral-
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Fig. 5. (A) ⌬Gelec versus tilt angle, , for a 30-mer polyalanine peptide
with blocked ends, with partial charges only on the atoms constituting the
side-chains (●), N- and C- termini (‚), or backbone (E). The contribution
of the backbone atoms to the energy of ﬂipping in a membrane, Eﬂip, is the
largest. The total energy cannot be expressed as a sum of the different
contributions due to the interaction terms. (B) ⌬Gsolv versus  at v ⫽ 0 for a
30-mer polyalanine peptides with charged ends (‚) and blocked ends (E).
The energies in both (A) and (B) are relative to the lowest energy
conformer.

lel to the membrane normal (i.e.,  ⫽ 0°), so as to optimize
the above-characterized electrostatic energy of the peptide
dipoles.
For the peptides longer than the bilayer width, the cost
of cavity formation in the aqueous layer (⌬Gnp) is large
enough to cause tilting of the helices so as to decrease the
surface area exposed to the aqueous medium. Thus, for the
28-mer polyalanine peptide, which is longer than the
membrane thickness, a nonzero tilt is observed. A further
increase in tilt angle is observed with increasing number of
residues. The minimum-energy tilt angle increases roughly
linearly with the peptide length, as is evident in Figure
6(A). Approximating the ␣-helix as a cylinder of length, l
and radius r, the exposed surface area at  ⫽ 0° is given by
A ⫽ 2r(l ⫺ d), where d is the width of the bilayer. Since
⌬Gnp is proportional to the exposed surface area, the
contribution of ⌬Gnp to the total ⌬Gsolv increases approximately linearly.
To estimate the dynamic ﬂuctuation of the tilt angle, a
harmonic function was ﬁtted to the solvation free energy
proﬁles in the low-energy region. The resulting thermal
ﬂuctuations of the tilt angles, calculated from the ﬁtted
harmonic potentials, are also shown in Figure 6(A) as bars.
The ﬂuctuations of the peptides decrease with increasing

Fig. 6. Calculated orientations of polyalanine peptides in a membrane
environment. (A) Minimum-energy tilt angles versus number of residues
for polyalanine peptides at v ⫽ 0 Å. The thermal ﬂuctuations given by the
bars were calculated by ﬁtting a harmonic potential to the energy proﬁle of
each peptide. (B) ⌬Gsolv versus  for a 40-mer with blocked ends at v ⫽ 0
Å. The electrostatic, ⌬Gelec (E), and nonpolar, ⌬Gnp (‚), components of
the total ⌬Gsolv (●) are also plotted. (C) The minimum-energy  (●) and
that predicted by a geometric model (—) in which the tilt angle adopted is
the smallest such that the peptide just spans the bilayer (see text).

helix length. Large ﬂuctuations are possible in shorter
peptides such as the 20-mer, since for v ⫽ 0 Å, ⌬Gelec is
relatively broad and the peptides are never exposed to the
aqueous layer for any value of . In contrast, ﬂuctuation of
the helix axis for the longer peptides leads to stronger
variations in ⌬Gnp and ⌬Gelec. Thus, the longer peptides
are locked in steeper potentials. The above aspects of the
free energy proﬁles are evident in Figure 6(B), in which
⌬Gsolv, ⌬Gelec, and ⌬Gnp are plotted versus  for the 40-mer
polyalanine peptide. This decomposition also illustrates
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Fig. 7. Minimum-energy tilt angle as a function of residue length for
WALP peptides at v ⫽ 0 Å. The theoretically determined tilt angles (●) are
represented, and the bars correspond to the thermal ﬂuctuations, calculated by ﬁtting a harmonic potential to the energy proﬁle. The experimentally determined tilt angles16,18 are represented by (〫). The main
contribution to the nonzero tilt angles arises from ⌬Gnp. Since ⌬Gnp
increases linearly with the exposed surface area, the graph is approximately linear.

how the tilting of the longer polyalanine peptides is due
mainly to the contribution of ⌬Gnp.
It has been proposed that, for short peptides, bilayer
thinning occurs to compensate for the hydrophobic mismatch between the membrane thickness and peptide
length.15 Reducing the membrane core thickness from 25
Å to 20 Å did not lead to a change in the tilt angle for the
20-mer polyalanine peptide. Further, to test whether the
dielectric constant of the nonpolar membrane core affects
the results, a control calculation, increasing the dielectric
constant of the core region to ε ⫽ 4, was carried out for the
40-mer. Again, the tilt angle did not change, remaining at
40°.
The results in Figure 6(A) suggest a simple geometric
model in which the tilt angle adopted by a helix is the
smallest possible, while ensuring that the length of the
helix can be fully incorporated within the bilayer. According to this model, d ⫽ lcos, where d is the width of the
bilayer and l is the length of the helix. However, as shown
in Figure 6(C), this model overestimates the tilt angles.
Thus the balance between ⌬Gelec and ⌬Gnp is not well
represented by the simple geometric model.
WALP Peptides
The WALP peptides are of particular interest, as experimental NMR16 and spectroscopic18 data exist on their tilt
angles. Therefore, calculations similar to those discussed
above for the polyalanines were performed for WALP
peptides with varying numbers of amino-acid residues.
The resulting tilt angles and corresponding ﬂuctuations
are plotted in Figure 7.
As for the polyalanine helices, the tilt angle for the
19-mer and 20-mer WALP peptide is 0°, with the peptides
orienting perpendicular to the membrane plane. The tilt
angle for the longer peptides again deviates from zero,
increasing with the number of residues. The tilt angles are
found to be in good agreement with experiment.
A further point of interest is that in the experimental
determination of the tilt angle of the 19-mer WALP
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peptide, it was suggested that this peptide has a nonzero
tilt angle but is nevertheless oriented roughly perpendicularly to the membrane plane.16 The present analysis
suggests that the relatively large ﬂuctuations of the 19mer WALP peptide tilt angle may have led to this observation.
To test whether the bilayer headgroup region contributes signiﬁcantly to the ﬁnal tilt angle and corresponding
ﬂuctuations of a peptide, a control calculation of the
orientation of a 20-mer WALP peptide was carried out
with a 3-slab membrane model as used in previous studies.28 Due to the absence of a headgroup region in the
bilayer, the tryptophan residues are unable to anchor the
peptide to the headgroup region, and the peptide was seen
to tilt appreciably: The tilt angle calculated was 21°, with
ﬂuctuation of ⬃4°. These results are in contrast to the
calculations with the 5-slab model and also with the
corresponding experimental results. Hence, including headgroup energetics is necessary for calculating membrane–
peptide orientations.
Melittin
In the ﬁnal Results section, the model is applied to 2
extensively studied heteropolymeric membrane helices:
melittin and glycophorin. The membrane orientation of
melittin has been a topic of much debate, especially as the
various mechanisms proposed for melittin-mediated cell
lysis depend on its membrane orientation.9,21 Previous
studies have indicated both transmembrane and surfacealigned orientations depending on the experimental conditions.9,54,55 At low concentrations in phosphatidylcholine
bilayers, the predominant orientation of monomeric melittin determined by X-ray scattering was found to be surface
aligned with the helical axis at the depth of the glycerol
groups. The amphipathic nature of melittin makes it
favorable for it to interact with both the dielectric boundary of the polar aqueous layer and the nonpolar membrane
core.
⌬Gsolv was calculated for melittin orientations corresponding to ⫺180° ⱕ  ⱕ 180° and 0 Å ⱕ v ⱕ 25 Å. In a
contour plot of ⌬Gsolv versus  and v (Fig. 8), the lowest
energy orientation is labeled as Region I (lying between
14 Å ⱕ v ⱕ 19 Å and 70° ⱕ  ⱕ 90°). This region
corresponds to a surface-aligned orientation with the helix
axis perpendicular to the membrane normal, consistent
with previous theoretical studies.21
In the crystal structure of melittin, a kink is formed in
the helix backbone due to a proline residue, giving rise to a
short C-terminal hydrophobic tail.47 Due to this kink, the
orientation corresponding to Region I allows the Cterminal tail to interact with the core region of the
membrane and is energetically favorable. In contrast, in
Region II (i.e., ⫺90° ⱕ  ⱕ ⫺70°), the nonpolar tail
interacts with the aqueous layer, increasing ⌬Gsolv substantially and making it highly unfavorable.
Glycophorin Monomer
In Figure 9, the solvation energy, ⌬Gsolv, of glycophorin
is plotted as a function of  at v ⫽ 0 Å. The orientation with
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Fig. 9. Solvation energy, ⌬Gsolv, versus tilt angle, , for the glycophorin monomer in a membrane. ⌬Gsolv was calculated by the thermodynamic cycle shown in Figure 3. The lowest energy orientation is at  ⫽ 15°
and v ⫽ 0 Å. The energies are relative to the lowest energy conformer. A
harmonic potential (dotted curve) is ﬁtted on the energy proﬁle between
 ⫽ 25° and  ⫽ 5°. The resulting tilt angle is 14°, with thermal ﬂuctuations
of ⬃5°. The experimentally determined tilt angle is 20°.26

Fig. 8. Solvation energy, ⌬Gsolv, as a function of tilt angle, , and
membrane insertion, v, for melittin monomers in a membrane environment. The most favorable orientation of melittin is region I, corresponding
to a surface-aligned orientation, with the C-terminal tail interacting with the
membrane core (top). Region II also corresponds to a surface-aligned
orientation but with the C-terminal tail interacting with the water (bottom)
and is energetically highly unfavorable. The lowest energy conformers
cluster around 80° ⱕ  ⱕ 90° and 18 Å ⱕ vⱕ 19 Å, and all energies are
relative to the lowest energy conformer. The headgroup region extends
between 12.5 Å and 20.5 Å.

the lowest energy is at  ⫽ 15°, with thermal ﬂuctuations
of ⬃5°. The value is consistent with the experimental tilt
angle of ⬃20° determined by solution NMR49 and Fourier
transform infrared (FTIR) spectroscopy12 of glycophorin
monomers. The nonzero tilt angle stems in this case
mainly from the ⌬Gelec contribution. The transmembrane
segment of glycophorin consists of several long-chain and
aromatic side-chains and is thus more nonpolar than
peptides containing many alanine residues. Tilting of the
helix incorporates more of these side-chains into the
nonpolar membrane core region, while allowing the ﬂanking polar residues to interact with the headgroup region.
This gives rise to a nonzero tilt angle in glycophorin, in
contrast to the zero tilt angle in WALP peptides of similar
length.
CONCLUSIONS
In the work presented here, the membrane orientations
of single ␣-helices have been quantitatively examined
using all-atom models of the helices embedded in a 5-slab

continuum dielectric environment representing the membrane and associated aqueous phase.
The model has allowed the energetic factors determining
the helix orientations to be quantitatively assessed. The
approach taken was to start from considerations of a
simple dipole in a membrane and then to build in additional effects as modeled by an all-atom peptide force ﬁeld
and burial of accessible surface area. The peptide dipoles
are shown to favor the orientation perpendicular to the
membrane plane via a solvent reaction ﬁeld effect that is
signiﬁcant only for groups that approach the dielectric
boundaries of the system. This reaction ﬁeld is shown to be
responsible for determining the membrane orientation of
blocked polyalanine helices. Another important effect is
solvent cavity formation that tends to minimize the surface area accessible to water. According to the model, the
cavity term plays an important role in inﬂuencing the
steepness of the tilt angle potential, such that the longer
peptides undergo smaller tilt angle ﬂuctuations than the
shorter ones. The combination of solvation terms also
allows the rationalization of the length dependence of the
peptide tilt angle on length. Furthermore, the presence of
a separate dielectric zone for the headgroup region is found
to be important in determining the helix orientational
properties.
Importantly, the model is found to correctly reproduce
the helix tilt angles of peptides for which the tilt angles
have been determined experimentally. These comprise the
length-dependent helix tilt angles of the WALP peptides,
together with the membrane orientations of melittin and
glycophorin. The comparison with experiment provides
evidence that the model quantitatively captures the main
elements of the orientation-dependent membrane– helix
solvation energy. The present model is potentially useful
in 2 domains. First, the model can provide starting geometries for detailed MD simulations of helices in membranes, in which all helix, membrane, and water atoms are
explicitly represented.20 –27 These simulations, although
time-consuming, can provide a detailed picture of the
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helix–membrane system and include effects such as internal peptide ﬂexibility and explicit peptide–lipid interactions.
Second, the model may provide a stepping stone toward
obtaining a theoretical framework for determining the
structures of the many important proteins that contain
helical transmembrane domains and that are difﬁcult to
crystallize. To do this, it will be necessary to search
relative helix translational and rotational angles in helix
oligomers and to include backbone and side-chain ﬂexibility. As a ﬁrst step in this direction, calculations are in
progress on the membrane association of helices into
dimers.
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APPENDIX
Analytical Solution of Poisson Equation for a
Dipole in a Membrane
To obtain the results in Figure 4(A), the Poisson equation was solved analytically for a dipole in the 5-slab
continuum model. The Poisson equation is
ⵜ 䡠 关ε共r兲ⵜ共r兲兴 ⫽ ⫺4共r兲

冉

q
1
q⬘
⫹
4ε 1 R 1 R 2
1 q⬙
⫽
4ε 2 R 1

⫽

冊

z⬎0
(7)
z ⬍ 0,

where R1 ⫽ 冑2 ⫹ 共d ⫺ z兲2 and R2 ⫽ 冑2 ⫹ 共d ⫹ z兲2. The
image charges q⬘ and q⬙ are chosen to satisfy the boundary
conditions for the electric ﬁeld E, that is,

再 冎

再 冎
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Using E ⫽ ⵜq and Eq. (7) yields

(5)

where,  is the potential within a medium of uniform
dielectric constant ε, and the charge distribution is . We
consider the distance between the 2 dielectric boundaries
to be large enough for the dipole charges to experience only
1 dielectric boundary at a time. This approximation was
validated by a numerical solution in which a dipole of the
same dipole strength traversed the 5-slab membrane
model. The numerical solution showed that toward the
center of the headgroup region, ⌬Gelec was constant,
indicating a homogeneous ﬁeld, and that at either dielectric boundary the change of ⌬Gelec was independent of the
other dielectric boundary.
The total electrostatic potential ⌽ can be written as
 ⫽  qa ⫹  qb

Fig. 10. A single charge, q, and its mirror charge, q⬘, each a distance,
d, away from the boundary between media with dielectric constants 1 and
2. The potential  is calculated at point P, which is at distance R1 from q.

q⬘ ⫽

ε1 ⫺ ε2
q
ε2 ⫹ ε1
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2ε 2
q.
ε2 ⫹ ε1

(9)

The electrostatic ﬁeld energy of the dipole is then given
by
W⫽

⫽
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dV,
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(11)

where qa and qb are the potentials due to charge qa and
qb, respectively. For a dipole, qa ⫽ ⫺qb. The potential, q at
point P, in cylindrical coordinates (, , z), due to a single
charge q placed a distance d away from a dielectric
boundary between media with dielectric constants ε1 and
ε2 is (see Fig. 10)45

where a and b are obtained from Eq. (7). Problems arise
from the divergent self-energy terms when integrating Eq.
(11). These difﬁculties were avoided by integrating on a
plane parallel to the dipole axis, thus excluding the
charges. This procedure corresponds to a remapping of the
energy density of the electric ﬁeld from 3 to 2 dimensions.

