
Effective Energy Function for Proteins in Lipid Membranes
Themis Lazaridis*
Department of Chemistry, City College of the City University of New York, New York, New York

ABSTRACT A simple extension of the EEF1
energy function to heterogeneous membrane-aque-
ous media is proposed. The extension consists of (a)
development of solvation parameters for a nonpolar
phase using experimental data for the transfer of
amino acid side-chains from water to cyclohexane,
(b) introduction of a heterogeneous membrane-
aqueous system by making the reference solvation
free energy of each atom dependent on the vertical
coordinate, (c) a modification of the distance-
dependent dielectric model to account for reduced
screening of electrostatic interactions in the mem-
brane, and (d) an adjustment of the EEF1 aqueous
model in light of recent calculations of the potential
of mean force between amino acid side-chains in
water. The electrostatic model is adjusted to match
experimental observations for polyalanine, poly-
leucine, and the glycophorin A dimer. The resulting
energy function (IMM1) reproduces the preference
of Trp and Tyr for the membrane interface, gives
reasonable energies of insertion into or adsorption
onto a membrane, and allows stable 1-ns MD simula-
tions of the glycophorin A dimer. We find that the
lowest-energy orientation of melittin in bilayers
varies, depending on the thickness of the hydrocar-
bon layer. Proteins 2003;52:176–192.
© 2003 Wiley-Liss, Inc.
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INTRODUCTION

Of all proteins in the cell, 20–30% are associated with
biological membranes, and most drug targets are mem-
brane-associated receptors. These proteins perform a mul-
titude of important biological functions. Elucidation of the
mechanism of their action requires knowledge of their
three-dimensional structure and the conformational
changes they undergo. X-ray crystallography and NMR
spectroscopy have been enormously successful in revealing
the structure of soluble proteins, but they face formidable
difficulties when applied to membrane proteins. As a
result, only a handful of membrane protein structures are
known at atomic resolution. Under these circumstances,
computer modeling could make a significant contribution.

The most detailed and accurate approach to modeling
membrane proteins involves explicit representation of the
lipid and water molecules. The first molecular dynamics
(MD) simulation of a lipid bilayer was published in 1988.1

Since then, many more simulations of systems of ever-
increasing size and complexity have been simulated.2–4 In
addition to pure lipid bilayers, simulations have been
carried out on proteins or peptides embedded in bilayers5

(e.g., gramicidin,6 bacteriorhodopsin,7 melittin,8,9 the
OmpF trimer,10 and cholesterol in a DPPC bilayer11). A
study of the glycophorin A dimer in an explicit membrane
gave insights into peptide-peptide and peptide-lipid inter-
actions.12

All-atom explicit simulations provide the most realism
but are computationally expensive. In addition, they do
not easily provide information on the thermodynamics of
the insertion or folding process because free energies are
obtained only with laborious procedures. An alternative
approach is continuum electrostatics, which provides the
electrostatic component of the free energy with modest
computational expense. Such calculations were used to
study the energetics of insertion into lipid bilayers of
polyalanine,13 alamethicin,14 the hemagglutinin fusion
peptide,15 and an anticonvulsant drug.16 Predictably, they
found the hydrophobic interaction to be the driving force.
However, they also identified a previously unrecognized
opposing force: the desolvation of the polar groups, even if
they are involved in hydrogen bonds. They also deter-
mined the free-energy profile for the insertion process. The
association of peripheral membrane proteins with mem-
branes8,17,18 and the permeation of ions through ion
channels19 have also been studied with the Poisson–
Boltzmann method.

Continuum electrostatics calculations lead to large sav-
ings in computer time but have their own limitations.
First, they provide only the electrostatic component of the
free energies. The remainder is usually approximated by a
term proportional to the solvent-accessible surface area.
Calculations of accessible surface areas can slow down a
simulation considerably. In addition, performing MD simu-
lations with solution of the Poisson–Boltzmann equation
every step or even every certain number of steps is
exceedingly slow. Therefore, more approximate, empirical
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models have been pursued where the membrane is treated
as a slab of a continuous medium with lipid-like properties
embedded in another medium with water-like proper-
ties.20–27 A gradual transition between the two is com-
monly used. Most models are based on experimental data
for the free energy of transfer of amino acids from water to
a nonpolar phase, usually octanol, parameterized in terms
of accessible surface area. Brasseur et al.21 performed
conformational analysis of an ionophore at an implicit
membrane interface across which the dielectric constant
varied from 3 to 30. Jahnig and Edholm23 performed
simulations of bacteriorhodopsin in the presence of a
hydrophobic potential applied to exposed atoms parameter-
ized based on octanol-water transfer free energies but
without adjusting the electrostatic interactions. Similar
terms were used as restraints in another modeling ap-
proach.20 Other groups conducted conformational analy-
ses of glycolipids at an implicit membrane interface with a
transfer free energy term and adjustment of the dielectric
constant.24,25 Milik and Skolnick performed Monte Carlo
simulations of peptide insertion into membranes on28 and
off26 a lattice. They used a simplified polypeptide chain
representation (C� atoms only) and a schematic energy
function. As a result, their model is applicable only to short
monomeric, helix-forming peptides. Extensions of this
type of work have been published more recently.29–31

Efremov and coworkers27,32,33 developed a surface area-
based implicit solvation model for a nonpolar phase and for
a heterogeneous membrane-water system34 and applied it
to Monte Carlo simulations of hemagglutinin fusion pep-
tide analogs35 and cardiotoxins.36 The “dipole potential” of
a membrane, due to the nonuniformity of charge distribu-
tion in the headgroup region of a zwitterionic lipid bilayer,
was also calculated and incorporated in implicit mem-
brane models.37 In a different type of model, the protein is
embedded in a lattice of Langevin dipoles.38 The mem-
brane is modeled by making the dipole moments of the
dipoles inside the membrane smaller than those of the
dipoles outside the membrane. These dipole moments and
an additional scaling parameter are adjusted to reproduce
the solvation free energies of small molecules in water and
nonpolar media. This model is not really an implicit model,
but rather a simplified explicit model, and, although
cheaper computationally than full atomic detail simula-
tions, it is not as efficient and convenient as implicit
models.

At the other end of the spectrum of computational
methods, membrane proteins are often simulated in
vacuum. For example, studies of G-protein-coupled recep-
tors were performed by using a constant dielectric39 or a
distance-dependent dielectric.40 Some studies focused on
prediction of side-chain packing in membrane proteins
using a vacuum force field.41,42 Brunger and cowork-
ers43,44 used simulated annealing together with mutagen-
esis data to predict the structure of the glycophorin dimer.
The second of these predictions44 was shown to be quite
close to the structure determined later by NMR.45 Similar
work was performed to predict a structure for the neu
receptor.46 Simulations in vacuum with experimental con-

straints were also successfully used to predict the struc-
ture of rhodopsin.47,48 Such models turned out to be quite
good when the crystal structure of this protein became
available.49 Because the membrane interior is nonpolar,
simulations in vacuum may actually give realistic behav-
ior for many applications. However, omission of the favor-
able interaction of the peptides with the lipids will lead to
overestimation of their attractive forces in the bilayer. In
addition, effects such as helix tilt due to hydrophobic
mismatch cannot be reproduced by vacuum simulations.

Most of the above models were designed to yield the
energy as a function of position and orientation with
respect to a bilayer for a given peptide or protein conforma-
tion and not the effective energy of different conforma-
tions. For example, far from the membrane most of the
models revert to a vacuum force field, which is clearly not
appropriate for aqueous solution. Here we propose an
energy function that is designed to do both. Far from the
membrane the function is equivalent to EEF1, a well-
tested model for aqueous solution. Like EEF1, the new
function provides atomistic detail for the protein, is compu-
tationally efficient, and provides analytical energy deriva-
tives important for energy minimization and dynamics.
Therefore, it can be used to study the folding process of
membrane proteins. With some further fine-tuning, this
function could provide a means to obtain quantitative
estimates of the free energy of binding of peptides to
membranes.

ENERGY FUNCTION
EEF1

Our starting point is an effective energy function for
soluble proteins, EEF1.50,51 This function is based on the
CHARMM polar hydrogen force field52 and differs from it
mainly in two ways: (a) an implicit solvation term that
describes the “self-energy” of all atoms (the interaction of
each atom with the solvent) is added and (b) the ionic
side-chains are neutralized and a distance-dependent di-
electric constant (� � r) is used for the electrostatic
interactions. The implicit solvation term has the form50,51:

�Gslv � �
i

�Gi
slv � �

i

�Gi
ref � �

i

�
j�i

fi(rij)Vj (1)

where �Gi
slv is the solvation free energy of atom i, and rij is

the distance between i and j. Eq. 1 says that the solvation
free energy of atom i is that in a small model system where
the atom is fully exposed to solvent (�Gi

ref) minus the
solvation free energy it loses due to the presence of
surrounding atoms. The solvation free energy density is
modeled as a Gaussian function

fi(r)4�r2 � �iexp(�xi
2), xi �

r � Ri

�i
(2)

where Ri is the van der Waals radius of i (one half the
distance to the energy minimum in the Lennard–Jones
potential), �i is a correlation length (3.5 Å for most atoms),
and �i is a proportionality coefficient given by

�i � 2�Gi
free/���i (3)

EFFECTIVE ENERGY FUNCTION FOR PROTEINS 177



where �Gi
free is the solvation free energy of the free

(isolated) atom i; �Gi
free is close but not identical to �Gi

ref

and is determined by requiring that the solvation free
energy of deeply buried atoms be zero. The above solvation
model (Eq. 1) was added to the CHARMM force field to
obtain an approximation for the effective energy of the
protein,

WEEF1 � E 	 �Gslv (4)

EEF1 has been tested extensively.51 It gives modest
deviations from crystal structures upon molecular dynam-
ics simulations at room temperature, unfolding pathways
in agreement with explicit solvent simulations, and it
discriminates native conformations from misfolded de-
coys.53 It has been used to determine the folding free
energy landscape of a 
-hairpin,54 exploration of partially
unfolded states of �-lactalbumin,55 studies of protein
unfolding,50,56–58 identification of stable building blocks in
proteins,59 and analysis of the energy landscape of polyala-
nine.60

Recent calculations of the potential of mean force be-
tween ionizable side-chains in water61 showed, however,
that EEF1 overestimates the attraction between unlike
charged and hydrogen bonding groups. In addition, as was
originally reported,51 certain interactions involving argi-
nine were not correct. This work is based on a modified set
of partial charges for the ionizable and polar side-chains
designed to optimize the agreement with the calculated
potentials of mean force (see Appendix). This new version
of the energy function is referred to as EEF1.1, and its
extension to membranes presented below is referred to as
IMM1 (Implicit Membrane Model 1).

Solvation Parameters for the Nonpolar Core of
Lipid Bilayers

For molecules immersed in a membrane, the values
�Gi

ref must correspond to a nonaqueous phase. Because
data for the solvation free energy of molecules in the
hydrocarbon core of membrane are not available, we had to
use data for a model nonpolar solvent. A common choice for
this purpose is octanol.62 However, octanol has hydrogen-
bonding potential and dissolves significant amounts of
water.63 Therefore, we chose to use data for the distribu-
tion of amino acid side-chain analogs between cyclohexane
and the gas phase.63 The data used (in Ben-Naim’s stan-
dard state64) are shown in Table I.

To extract atomic contributions to the solvation free
energy (the �Gi

ref values), we used the following procedure.
First, the data for Leu, Ile, and Val were used to derive
parameters for CH3E, CH2E, and CH1E. The resulting
group contributions (Table II) are similar to those that can
be derived from data for the solvation of alkanes or alkenes
in their neat liquids.64 These data also show that the
presence of a double bond makes a very small difference in
the solvation free energy. Then, the data for Cys and Met
were used to derive the values for S and SH1E, and Lys
was used to extract a value for NH3/NH2 (the experimen-
tal data are for the neutral form of the ionizable residues).
Then, the Gln and Asn data were used to extract an
average value of 1.27 kcal/mol for CO. The remaining data
show significant nonadditivity, which is surprising in a
nonpolar solvent. For example, the OH1 in Tyr seems to
make a much larger contribution than in Ser and Thr, and
the solvation free energy of the acids is smaller than one
would expect from their composition. Blind fitting of the

TABLE I. Transfer Free Energies From Vapor Phase to Cyclohexane (kcal/mol)

Expera Groups Calc by group additivity

Leu �2.64 3 CH3E 	 1 CH1E �2.64
Ile �2.77 2 CH3E 	 2 CH2E �2.77
Val �2.05 2 CH3E 	 1 CH2E �2.05
Met �3.83 2 CH3E 	 CH2E 	 S �3.83
Cys �2.52 CH3E 	 SH1E �2.52
Phe �3.74 CH3E 	 CR 	 5 CR1E �4.06
Trp �8.21 CH3E 	 3 CR 	 5 CR1E 	 NH1 �7.91
Tyr �5.97 CH3E 	 2 CR 	 4 CR1E 	 OH1 �5.97
Thr �2.31 CH3E 	 CH2E 	 OH1 �2.34
Ser �1.66 CH3E 	 OH1 �1.63
His �5.61 CH3E 	 CR 	 2 CR1E 	 NR 	 NH1 �5.61
Gln �3.84 CH3E 	 CH2E 	CO 	 NH2 �3.80
Asn �3.04 CH3E 	 CO 	 NH2 �3.08
Lys �3.97 CH3E 	 3 CH2E 	 NH3 �3.97
Glu �3.43 CH3E 	 CH2E 	 2 OC �3.18
Asp �2.23 CH3E 	 2 OC �2.46
Arg �5.00 CH3E 	 2 CH2E 	 CR 	 NH1 	 2 NC2 �5.00
aRef. 63. Ala (CH4) and Gly (H2) were omitted. For the titratable molecules, the data refer to the
neutral form. The atom types are as follows: CR: carbon with no hydrogens; CR1E: extended
aromatic carbon with 1 H; CH1E: extended aliphatic carbon with 1 H; CH2E: extended aliphatic
carbon with 2 H; CH3E: extended aliphatic carbon with 3 H; NH1: amide nitrogen; NR: aromatic
nitrogen with no hydrogens; NH2: nitrogen bound to two hydrogens; NH3: nitrogen bound to three
hydrogens; NC2: guanidinium nitrogen; N: proline nitrogen; OH1: hydroxyl oxygen; O: carbonyl
oxygen; OC: carboxyl oxygen; S: sulfur; SH1E: extended sulfur with one hydrogen.
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remaining data using singular value decomposition65 gives
zero contribution to NC2 and a large difference between
CR and CR1E. As a compromise, we set the value for
NC2 � �0.2 and the value for NH1 the same as NH2 and
obtained the atomic contributions shown in Table II
together with those in water. The transfer free energies
calculated by using these group contributions are shown in
the last column of Table I. Because the number of un-
known parameters is almost as large as the number of
data points, the data are fit well. The large difference
between CR and CR1E or the very small value for NC2 is a
bit unsettling. Nevertheless, the most important parame-
ters, those for the nonpolar groups and the peptide back-
bone, seem reasonable.

The solvation free energy of nonpolar groups is small
positive in water and small negative in cyclohexane. Polar
groups have negative solvation free energies in both
solvents but of larger magnitude in water. Therefore, as
expected, transfer of nonpolar groups to the lipids is
favorable, whereas transfer of polar groups is unfavorable.
The �Gi

free values in cyclohexane are obtained by using the
same ratio of �Gi

free/�Gi
ref as in water.

Monovalent charged groups have a solvation free energy
in water of about �80 kcal/mol. Burial of a charged group
in a membrane in the absence of favorable interactions
does not cost �80 kcal/mol because neutralization of the
group and burial of the neutral group cost much less
energy. Neutralization costs

�2.3 RT(pK � pH) (5)

which is 1–8 kcal/mol, depending on the pK and the pH.
Burial of the neutral group costs up to 10 kcal/mol.
Therefore, the total cost is 10–20 kcal/mol. The charged
groups in EEF1 do not carry a net charge and have a lower
solvation free energy (�Gi

ref values of EEF1 in Table II).
Thus, conveniently, the burial of charged groups in this
model gives free energy costs of the right order of magni-
tude, although explicit use of Eq. 5 is required for more
accurate results.

Modeling the Membrane

Next we introduce the following model for the mem-
brane, considered to be parallel to the xy plane with its
center at z � 0. The solvation parameters of all atoms
(�Gi

ref and �Gi
free) now depend on the vertical direction, z,

or z� � �z�/(T/2), where T is the thickness of the nonpolar

core of the membrane (usually 20–30 Å, depending on the
lipid66; see also http://aqueous.labs.brocku.ca/lipid):

�Gi
ref(z�) � f(z�)�Gi

ref,wat 	 (1 � f(z�))�Gi
ref,chex (6)

The function f(z�) describes the transition from one phase
to the other. Most previous studies used an exp or an
arctan function, but the following function is just as good:

f(z�) �
z�n

1 � z�n (7)

where n controls the steepness of the transition. The
exponent n � 10 gives a region of 6 Å over which the
environment goes from 90% nonpolar to 90% polar. This
corresponds roughly to X-ray and neutron diffraction data
for the structure of the lipid bilayers.67 The midpoint of the
transition (f � 0.5) corresponds to the hydrocarbon-polar
headgroup interface. Hence, as in most other hydrophobic
slab models, the headgroup region is assumed to have the
same properties as aqueous solution. The validity of this
assumption is questionable, but there is little else we can
do at this point because no data are available for the
solvation free energy of different types of molecules in the
headgroup region of membranes (see Discussion). When
such data become available, they could be easily incorpo-
rated in the model by proper modification of the f(z�)
profile.

This model was applied to a number of model systems,
including a polyalanine helix, bacteriorhodopsin, and gly-
cophorin (see Tests below). In all cases it was found that
the change in effective energy upon membrane insertion
(�W) was unfavorable. This results from the contribution
of the polar groups, which, even when they are hydrogen
bonded to other groups, have a residual solvation free
energy, most of which is lost when they move into the lipid
environment. This is in agreement with Poisson–Boltz-
mann calculations.13 The error lies in the fact that �Gi

ref

values deal only with the self energy of the atoms. A second
effect is the effect of environment on electrostatic interac-
tions. This issue is addressed in the following section.

Electrostatic Interactions

To account for the strengthening of electrostatic interac-
tions in the membrane in a way that is compatible with the
distance-dependent dielectric used in EEF1, we introduce
a modified dielectric screening function

ε � rfij (8)

where fij depends on the position of the interacting atoms
with respect to the membrane. Far from the membrane, fij
is equal to 1 so that we recover the RDIE model. The model

fij � �fifj (9)

with fi, fj given by Eq. 7, which gives � � 1 in the center of
the membrane, seemed initially reasonable but was found
to strengthen electrostatic interactions too much. There-
fore, we used the empirical model

fij � a 	 (1 � a)�fifj (10)

TABLE II. Atomic Contribution to the Solvation Free
Energy in Water and Cyclohexane

Water Chex Water Chex

CR �0.890 �1.350 NH3 �20.000 �1.145
CH1E �0.187 �0.645 NC2 �10.000 �0.200
CH2E 0.372 �0.720 N �1.000 �1.145
CH3E 1.089 �0.665 OH1 �5.920 �0.960
CR1E 0.057 �0.410 O �5.330 �1.270
NH1 �5.950 �1.145 OC �10.000 �0.900
NR �3.820 �1.630 S �3.240 �1.780
NH2 �5.450 �1.145 SH1E �2.050 �1.855

EFFECTIVE ENERGY FUNCTION FOR PROTEINS 179



with a an adjustable parameter. The value a � 0.85 was
found to give reasonable results (see below).

TESTS

In the following tests we usually report the effective
energy of the final structure after MD simulation followed
by 300 energy minimization steps. This protocol is rather
arbitrary and, therefore, the values given would differ if
one did the simulation with different initial random veloci-
ties or a different number of minimization steps. Only
differences in energy between different conformations are
meaningful, and these are much less affected by the
protocol. In principle, what one is interested in is the free
energy of a state, which is equal to the average effective
energy (which includes the solvation free energy) plus the
conformational entropy. Similarly, comparison with experi-
ment should not be performed with a single structure but
an ensemble of structures, especially in the case of pep-
tides, which may not have a well-defined conformation and
position. However, here we are not attempting to provide
accurate free energy estimates but to make and initial
assessment of the validity of the model. In some cases, we
also report average effective energies over the last 5 ps of
simulation.

Transmembrane Helices: Polyalanine, Polyleucine,
and Glycophorin A

The ideal (Ala)25 and (Leu)25 helices and the dimeric
transmembrane (TM) domain from Glycophorin A (GpA)
were used for initial evaluation and calibration of the
model. Poisson–Boltzmann (PB/SA) calculations were also
performed for comparison by using a membrane dielectric
constant of either 1 or 2 and a nonpolar contribution
proportional to the surface area buried in the membrane.
The results are shown in Table III. The ε � 1 model
predicts favorable energies of insertion for polyalanine and
polyleucine but unfavorable energy for GpA. Because it is
well established that the GpA TM does indeed insert, this
model can be rejected. The ε � 2 model predicts favorable
insertion energies for all three model systems.

The “self-energy” part of the present model (Eq. 1) gives
a favorable energy only in polyleucine, where the favorable
aliphatic solvation change dominates the unfavorable po-
lar solvation change. For the other two systems, the polar
contribution dominates. This finding shows that to repro-
duce the experiment, it is necessary to include the strength-
ening of electrostatic interactions in the membrane. Going
from ε � r in water to ε � 1 in the center of the membrane
gives a change in electrostatic energy that is clearly too
large. This led to us to adopt Eq. 10 with a as an adjustable
parameter. A value for a in the range 0.8 to 0.9 gives
reasonable results. We tentatively adopted the value 0.85.
Data on the insertion free energy could be used in the
future to make finer adjustments to this factor. With this
value we obtain an unfavorable insertion energy for poly-
alanine and large favorable energies for polyleucine and
GpA (Table III), quite different from the PB/SA results.
The difference may be related to the way the hydrophobic
contribution is calculated.

Experimental data for the interaction of polyalanine
with bilayers are somewhat conflicting.68 Moll and Thomp-
son69 reported that an (Ala)20 peptide fused to BPTI bound
to vesicles, in unknown orientation, with a free energy of
about �5 kcal/mol. Chung and Thompson70 found that a
different Ala-based peptide bound poorly to lipid vesicles,
although replacement of just three residues by Leu led to
binding in a TM orientation. More recently, an Ala-based
peptide was found to have insufficient hydrophobicity to be
inserted into lipid bilayers in a transbilayer orientation,
whereas a Leu-based peptide did.71 The tentative conclu-
sion from these studies is that polyalanine is at best a
marginal TM helix former, whereas polyleucine is defi-
nitely a good TM helix former.68,72 Therefore, a positive
�W for polyalanine is acceptable. The fact that PB/SA (ε �
2) predicts for polyalanine an energy of insertion almost as
favorable as that of GpA seems problematic for this model,
given the above experimental observations.

A 200-ps MD simulation of (Ala)25 starting from the TM
position shows little change from the initial, TM helix.
Although the TM state is higher in energy than the
aqueous helix, there is a significant barrier for the transi-
tion due to the need for one terminus to cross the mem-
brane. The interfacial position of (Ala)25 (with the helical
axis on the midplane and the termini oriented toward the
aqueous phase) is 7 kcal/mol higher than the TM position.
A 300-step energy minimization further reduces this differ-
ence to 1 kcal/mol. This is in agreement with solid-state
NMR results showing that the TM position for polyalanine
is only slightly more favorable than the interfacial posi-
tion.68 A 100-ps simulation starting from an adsorbed
position leads to the peptide moving away from the
membrane, showing that the interfacial local minimum is
shallow. A 200-ps simulation of (Leu)25 shows the helix
adopting a 39° tilt with respect to the bilayer normal (Fig.
1). The tilting is caused by the need to immerse in the
membrane core more hydrophobic Leu side-chains and is
dependent on the thickness of the slab. A simulation with
T � 34 Å produces a smaller tilt (14°).

TABLE III. Insertion Energies (kcal/mol) by PB/SA
and Present Model

(Ala)25 (Leu)25 GpA

PB/SA
PB (ε � 1) 	32 	25 	92
PB (ε � 2) 	23 	18 	66
SA (nonpolar) �38 �56 �84
PB/SA (ε � 1) �6 �31 	8
PB/SA (ε � 2) �15 �38 �18

Present model (IMM1)
��Gsolv 	47 �20 	44

Aliphatic �23 �63 �68
Aromatic �7
Polar 	69 	43 	119

�Eelec

(a � 0.85) �36 �36 �76
(a � 0) �376 �378 �784

�W (a � 0.85) 	11 �56 �41
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In a more stringent test, MD simulations of the GpA
dimer starting from the solid-state NMR structure73,74

were performed. The structure provides coordinates for
residues 73–95. The flanking polar residues of the peptides
used in the experiments (70–72, 96–98) were built as an
ideal �-helix. A 1-ns simulation gives a 1.8 Å backbone
root-mean-square deviation (bRMSD) for the TM portion.
The final structure from this simulation is shown in Figure
2(b). The major change is a break of one helix near the
C-terminus, caused by either the interaction between the
polar residues or the preference of an Ile residue to be
buried in the hydrocarbon core. The same simulation with
T � 30 Å gives 1.4 Å bRMSD. This time one turn near the
C-terminus of one helix unfolds [Fig. 2(c)]. Table IV shows
the results of geometric analysis for the three structures.

The smaller tilt and crossing angles in the thicker mem-
brane are as expected from the concept of “hydrophobic
matching.” The solid-state NMR experiments74 were car-
ried out in DMPC or POPC bilayers, with hydrocarbon core
thickness 2366 and 27 Å,68 respectively. Therefore, the T �
26 Å model is closer to these experiments. It should be
noted that the experiments have so far provided informa-
tion on the structure near the helix crossing point. The
structure outside the membrane is unknown.

The heterogeneous membrane system is necessary for
maintenance of the dimer structure. A 200-ps simulation
in pure implicit cyclohexane (with ε � 1) gives an 11 Å
bRMSD, with the helices adopting an antiparallel orienta-
tion. A 200-ps simulation in implicit water gives 4.3 Å
bRMSD with a shift of the two helices and partial loss of

Fig. 1. Polyleucine TM helix after dynamics at different nonpolar core thicknesses. In all figures, the horizontal lines denote the hydrocarbon
core-polar headgroup boundary (f � 0.5).

Fig. 2. Glycophorin A dimer structure from experiment and after 1-ns MD simulation at nonpolar core thickness 26 and 30 Å.
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�-helical structure and formation of � bulges. A 200-ps
simulation in vacuum gives 2.7 Å bRMSD with reduction
of the crossing angle [simulations in vacuum do not
produce large shifts for kinetic reasons (i.e., larger energy
barriers between local minima)].

The complete association/insertion cycle for GpA based
on minimized structures is shown in Figure 3(a). The
effective energy of association is favorable in both water
and membrane. The lowest energy state is the dimer in the
membrane. The interaction energy between the two heli-
ces (Winte) in the dimer is larger than the association
energy. This is because the dimer structure forces the
helices to adopt a tilt with respect to the bilayer, and this
tilting causes a solvation free energy loss for some polar
residues near the boundary. Because minimization alone
may not be sufficient to find the optimal location of the

side-chains in the monomer and dimer, the same cycle
based on structures after 200 ps of dynamics is shown in
Figure 3(b). Again, the dimer in the membrane is the
lowest energy state. Now that the various states have been
allowed to relax, the observed energies of insertion and
association are larger, and the energies of association
differ only slightly from the effective interaction energies
between the two helices (the reorganization energy is
small). The magnitude of the interaction energies is exag-
gerated because of the use of energy-minimized structures.
The average interaction energy from the dynamics of GpA
in the membrane is �39 kcal/mol, compared to �51 using
energy-minimized structures.

Tyr and Trp at the Interface

In integral membrane protein structures, Trp and Tyr
are very often observed near the hydrocarbon/headgroup
interface.75,76 The origin of this behavior is not entirely
clear. A simple idea is that because Tyr and Trp, although
predominantly hydrophobic, have polar groups that inter-
act favorably with water, they are optimally located near
the interface so that they can favorably solvate both their
polar and nonpolar groups.77 However, this view is in
conflict with the observation that analogs of Trp that lack
hydrogen-bonding capacity also prefer the interface and do
not immerse more deeply in the membrane.78

The present model predicts the lowest energy position of
Trp and Tyr side-chains to be at the interface (Table V)
with the NH or OH group pointing toward water. In the
model, this is a result of the amphipathicity mentioned
above (i.e., a compromise between nonpolar solvation
being optimal in the core and polar solvation being optimal
in water). For Phe, the optimal position is in the hydropho-
bic core, consistent with observations that Phe behaves
like an aliphatic residue.75 The transfer free energies from
water to the interface are �1.7, �1.8 , and �1.7 kcal/mol
for Trp, Tyr, and Phe, respectively. For comparison, the
values extracted from experiments on the partitioning of

Fig. 3. Thermodynamic cycle for glycophorin A dimer insertion and
association based on (a) minimized structures (b) minimized structures
after 200 ps of dynamics. All values are in kcal/mol. The numbers in
parentheses are the van der Waals, electrostatic, and solvation contribu-
tions, respectively. The gray region symbolizes the membrane. The
numbers over/next to arrows are the changes in effective energy for that
reaction. Winte is the interaction energy between the helices.

TABLE IV. Geometric Properties of the
Two Helices in GpA†

NMR MD T � 26 Å MD T � 30 Å

Helix 1 tilt (21)a 24 23
Helix 2 tilt (21) 23 17
Crossing angle 43 46 40
Distance 6.4 Å 7.1 Å 5.9 Å
bRMSD — 1.8 Å 1.4 Å
†Only the TM residues (73–95) are used in the analysis.
aThe tilt is not known from the experiment. This value results from
placing the dimer with its principal axis along the bilayer normal.

TABLE V. Energies of Trp, Tyr, and Phe Side-Chains in
Different Environments (kcal/mol)

Core Interface Water

Trp
Total W 	4.8 	3.1 	4.8
�Gsolv �7.7 �9.4 �7.7

Aliphatic �0.62 �0.42 	0.32
Aromatic �5.97 �4.75 �2.34
Polar �1.09 �4.20 �5.67

Tyr
Total W �6.35 �9.04 �7.27
�Gsolv �5.76 �8.45 �6.67

Aliphatic �0.65 �0.62 	0.34
Aromatic �4.21 �3.23 �1.51
Polar �0.89 �4.61 �5.50

Phe
Total W �4.16 �2.46 �0.44
�Gsolv �4.00 �2.3 �0.28

Aliphatic �0.65 �0.28 	0.33
Aromatic �3.35 �2.03 �0.61

182 T. LAZARIDIS



small, unstructured peptides are �1.86, �0.95, and �1.14
kcal/mol, respectively.79 These values are obtained by
subtracting the contribution of Gly from the whole-residue
transfer free energy.

To examine the preferred location of Trp in the context of
a peptide, we simulated the tripeptide Ala-Trp-Ala-O-tert-
butyl, whose binding thermodynamics and location in
DOPC bilayers have been determined by Jacobs and
White.80 A 200-ps MD simulation of this peptide starting
from an extended conformation produced a conformation
with the tert-butyl group and the six-member Trp ring
inserted into the membrane (Fig. 4). This conformation is
about 3 kcal/mol lower than in water. This value is a bit
low, considering that the experimental free energy of
binding is �3 kcal/mol (molar concentration scale) and
includes an unfavorable translational/rotational entropy
contribution. This position of the Trp side-chain is in
agreement with the minor population seen by neutron
diffraction80 (a Gaussian centered at 12.8 Å; the center of
mass of the Trp side-chain is 14.5 Å). The major (83%)
population in the experiment, a broad Gaussian centered
at the midplane between bilayers, is not seen in our model.
This is possibly due to lack of explicit treatment of the
headgroup region.

C-Helix of Bacteriorhodopsin

The C-helix of bacteriorhodopsin is one of the few
systems in which quantitative information on the thermo-
dynamics of binding and insertion into membranes is
available.81 This helix is soluble in both aqueous solution
and vesicles. In water it is unstructured, although the
possibility of aggregation could not be excluded. At neutral
pH, the peptide associates with membranes in a nonheli-
cal, probably peripheral conformation. At pH 6.0, it under-
goes a transition to a transbilayer helix, coupled with the
protonation of one Asp residue (either Asp85 or Asp96). At
pH 7, the free energy of binding at the peripheral location
was measured to be �7.5 kcal/mol and to the transbilayer
location �6.1 kcal/mol.81

This peptide was built as an ideal �-helix and simulated
in two locations: transbilayer and parallel to the surface

with the two Asp residues pointing toward water. A 50-ps
simulation of the transbilayer location led to a configura-
tion where Asp 96 was buried in the hydrocarbon core,
Asp85 was at the hydrocarbon boundary, and Arg 81 was
in the headgroup region [Fig. 5(a)]. Asp102 and Asp104 are
at the other boundary. We can conclude that, as found by
experiment, insertion is coupled to the protonation of only
one Asp and can further propose that it is Asp96. A 400-ps
simulation starting from the interfacial position led to a
broken helix shown in Figure 5(b), with parts of a Leu, Pro,
and Phe side-chains inserted.

The energies of these structures are shown in Table VI.
To compare with the experimental free energy data, we
need to account for the following three contributions. First,
the loss of translational/rotational entropy of the peptide
upon binding to the bilayer. A detailed analysis of the
entropic terms is beyond the scope of this article. Previous
work proposed values between 3.7 kcal/mol82 and 5 kcal/
mol13 for the translational and orientational entropy.
These authors also included a lipid perturbation free
energy (about 2 kcal/mol), but one might argue that this is
included in the solvation free energy. Second, the fact that
the aqueous state of the peptide is not a helix. The free
energy difference between coil and helix in solution for this
peptide is not known. Assuming a value of 2 kcal/mol leads
to 97% coil, a reasonable value. Third, a more accurate
calculation of protonation/deprotonation energetics. The
treatment of Asp96 as deprotonated in our model gives a
desolvation energy cost of about 14 kcal/mol upon mem-
brane insertion. The desolvation cost for a protonated Asp
in our model is about 6.5 kcal/mol. Adding to that the free
energy of protonation at neutral pH (4.3 kcal/mol) gives
about 11 kcal/mol. Therefore, our treatment of Asp96 as
deprotonated overestimates the desolvation cost by about
3 kcal/mol. Given the above estimates, for rough agree-
ment with experiment we should obtain a �W between
helix in water and TM helix of about �10 kcal/mol.
Instead, we obtain a �W of 	1 kcal/mol. However, remem-
bering that DMPC bilayers are a little thinner than other
bilayers and using a value T � 23 Å66 instead of 26 Å, we
obtain the second set of values that gives �W � �7
kcal/mol. This more favorable value is largely due to the
better solvation of Asp 85 in the thinner bilayer. Although
still smaller than the �10 required, this value is satisfacto-
rily close to experiment. More quantitative fine-tuning of
the model will be performed in the future by considering a
wider range of experimental data and using a more
rigorous protocol in the calculations. On the basis of the
above results, one might venture the prediction that the
insertion free energy of BR-C would be less favorable in
POPC bilayers.

The energy of the broken interfacial helix is more
favorable than the TM configuration by �5 kcal/mol (�2
with the protonation correction). Although this value is
close to the experimental free energy estimate, this is
probably fortuitous. We cannot claim that the conforma-
tion shown in Figure 5(b) is realistic (actually, the experi-
ment suggests an entirely nonhelical structure) and that
entropic effects make no contributions. Nevertheless, the

Fig. 4. Configuration of the Ala-Trp-Ala-O-tert butyl peptide in the
membrane.
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simulation at the very least shows that a single helix is
unstable, in contrast to the other amphipathic interfacial
helices discussed below, and that the peptide interacts
favorably with the membrane (it does not dissociate and
has an energy lower than in water). Longer simulations
could presumably lead to lower free energy states.

One final issue that needs to be considered when compar-
ing with experimental data is temperature. The experi-
ments on the C-helix were performed at 35°C, whereas the
solvation parameters in our model correspond to 25°C. It is
possible to use solvation enthalpy data to derive solvation
parameters at other temperatures. This is accommodated
for aqueous solvation in EEF1.51 For solvation in cyclohex-
ane, there are no solvation enthalpy data for amino acid

TABLE VI. Effective Energies (kcal/mol) of
Different Conformations of BR-C†

W (vdw, elec, solv)
�W from

water

TM (T � 26Å) �1011 (�208, �610, �282) 	1
Same conformation

in water
�1012 (�208, �573, �320)

TM (T � 23Å) �1019 (�206, �607, �294) �7
Interfacial �1024 (�215, �572, �326) �12
†Asp96 is treated as deprotonated. The values in parentheses are the
van der Waals, electrostatic, and solvation free energy contributions.

Fig. 5. The final position after MD of the C-helix of bacteriorhodopsin. a: TM position. Asp and Arg residues are shown in thick lines. b: Interfacial
position.

184 T. LAZARIDIS



side-chains from gas to cyclohexane. We have used solva-
tion enthalpies of hydrocarbons64 to derive an enthalpy
contribution of �1.16 kcal/mol for a methylene group.
Assuming then the same ratio of �Href/�Gref for all atom
types, we derived a tentative set of solvation enthalpy
parameters for cyclohexane. Using these parameters, we
calculated that at 35°C insertion will be favored by an
extra kcal/mol, a rather small effect. One has to keep in
mind, however, that solvation enthalpies for insertion into
bilayers sometimes differ substantially from those for
transfer from water to a bulk hydrocarbon.83

18A

18A is an amphipathic peptide that adsorbs on the
bilayer surface.84,85 The peptide was built as an ideal helix
and placed parallel to the bilayer with the hydrophobic
side inward. A 400-ps simulation resulted in a similar,
surface adsorbed structure shown in Figure 6. A 400-ps
simulation starting from a TM position was also per-
formed. The peptide remained a TM helix. The energies of
these structures are reported in Table VII. The surface-
adsorbed structure has the lowest energy, lower by 7
kcal/mol than in water. The TM orientation has much
higher energy due to the burial of several Lys and Glu
side-chains on the polar face of the helix. The average z

coordinate of all backbone carbonyl carbons is 15.7 Å,
compared to a position of the helix axis of 17.1 Å found in a
recent X-ray diffraction study85 (the thickness of the
DOPC bilayer used in this experiment is approximately
equal to the 26 Å used in the calculations).

Melittin

Melittin is one of the most extensively studied mem-
brane-binding peptides. It is the major component of bee
venom that induces lysis of cell and model membranes. In
aqueous solution at high ionic strength it forms tetram-
ers,86 whose structure has been determined.87 In this
structure, each peptide forms a bent amphipathic helix
with the hydrophobic residues buried in the interior of the
tetramer core. Its position and orientation in membranes
seems to depend on experimental conditions. Although
some studies found a transbilayer orientation,88–90 other
studies found a location at the interface with orientation
parallel to the bilayer,91–93 and other studies found both,
depending on the conditions.94,95 Recent all-explicit molecu-
lar dynamics simulations were based on different initial
conformations, on the surface with inserted N-terminus,8

transbilayer,9 or a pore-forming tetramer.96

We first simulated this peptide as a transbilayer helix.
One monomer from the crystal structure was placed in a
TM orientation with its principal axis perpendicular to the
bilayer plane. A 100-ps MD simulation led to the structure
shown in Figure 7, which is very similar to the crystal
structure (bRMSD 1.6 Å, all atom RMSD 2.9 Å). Lys 7
“snorkels” to the same side as the N-terminus, whereas the
remaining charged residues are on the other side. In the
final structure, the kink angle between the two helical
portions is 131° versus 131 and 128° in the two chains in
the crystal (the original article reports an angle of about
120°.87 The exact value depends on the way the calculation
is performed). The tilt angle of the N-terminal helix is 36°
and of the C-terminal helix 15°. A simulation with T � 23

TABLE VII. Energy of 18A in Different
Configurations (kcal/mol)†

W (vdw, elec, solv)
�W from

water

Interface �575 (�119, �250, �240) �7
Same conformation

in water
�568 (�119, �244, �239)

Transmembrane �505 (�132, �290, �119) 	63
†The values in parentheses are the van der Waals, electrostatic, and
solvation free energy contributions.

Fig. 6. The final conformation of 18A after MD simulation.
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Å gave kink angle 135°, N-terminal tilt 40°, and C-
terminal tilt 10°). A solid-state NMR study of melittin in
DMPC bilayers gave kink angle 
140 or 
160°, N-
terminal tilt of 30°, and C-terminal tilt of 10°.88

Another simulation started from the “wedge” configura-
tion proposed by Eisenberg and coworkers97 and used as
initial conformation by Bernéche et al.8 This structure was
first simulated for 30 ps with harmonic restraints on the
backbone to allow the side-chains to relax. Subsequently,
the restraints were released, and the simulation was
continued for another 200 ps. Figure 8 shows characteris-
tic snapshots from this simulation. The N-terminus rap-
idly moves out of the hydrocarbon core. Large fluctuations
in the position and the orientation of the helix are observed
during the simulation. In the final structure, the entire
peptide remains helical except for the C-terminal turn,

where the �-helical hydrogen bonds are replaced by side-
chain-backbone hydrogen bonds. This is consistent with
experiments that showed that the five C-terminal residues
are not helical.93,98 The kink angle as a function of time is
shown in Figure 9. The average kink angle is calculated to
be 145°, larger than in the crystal or the TM orientation.
This tends to agree with the X-ray diffraction data92 but
not the NOE analysis.98 Because a straight helix has been
proposed as the best fit to the diffraction data, a third
simulation started from a straight, ideal �-helix at the
interface with the hydrophobic side inward. This simula-
tion gave an average kink angle within statistical uncer-
tainty from that of the previous simulation (the kink
developed within 10 ps). Thus, the simulations support a
less kinked conformation at the interface, but not an
entirely straight helix. A more thorough comparison of the

Fig. 7. Final transbilayer conformation of melittin.

Fig. 8. Snapshots from the MD simulation of melittin at the interfacial position.
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conformational ensemble observed here and the scattering
densities from X-ray diffraction is needed to resolve this
discrepancy. The larger kink angle may be caused by the
tendency of the termini to move into water and the
tendency of the hydrophobic side-chains in the middle of
the helix to move deeper into the membrane.

A spin labeling study91 reported that the order of solvent
accessibility of the Lysines and N-terminus is Lys23 �
N-term � Lys21 � Lys7. In our final structure, Lys 7 is
clearly the most accessible, followed by the N-terminus.
Lys 21 and 23 seem equally accessible. As mentioned
above, ideally one should examine a large ensemble of
conformations, instead of just one. Again, these more
thorough comparisons are left for future publications.

The energies of the various conformations of melittin
(with protonated N-terminus) are shown in Table VIII.
Here average energies from the last 5 ps of the simulation
are also reported in parentheses and show the variations
in calculated energy differences with protocol. Lowest in
energy is the TM position for a bilayer of T � 23 Å, about
11 kcal/mol lower than a helix in water, based on average
energies. Second in energy is the interfacial position, and
next the TM position in the T � 26 Å bilayer, which is
slightly favored over a helix in water. The lower energy in
the T � 23 Å bilayer is due to smaller desolvation cost of
the polar and charged residues near the C-terminus. These
results suggest that some of the experimental discrepan-
cies regarding melittin’s orientation may be due to differ-
ences in bilayer thickness. Indeed, some experiments that
find melittin at the interface seem to use longer lipids,91,92

and some experiments that find TM orientations use
shorter lipids.88–90 Lower levels of bilayer hydration94

may also affect the optimal orientation by reducing the
desolvation cost for the polar and charged residues at the
C-terminus. Another factor that should be kept in mind is
that some experiments use high enough concentrations of
melittin that interactions between monomers in the mem-
brane could be present, affecting the preferred orientation.

Such interactions have been neglected in the above calcula-
tions.

Experiments give an estimate of �7 to �8 kcal/mol for
partitioning of melittin to the membrane interface (�5 to
�6 at 1 M standard state).99 Our average energies give �5
kcal/mol, which seems a bit low given that we do not
include the entropy of adsorption and the difference in free
energy between helix and coil in water. We could note at
this point that the affinity of melittin for anionic mem-
branes is two orders of magnitude larger than for zwitteri-
onic membranes. The current model neglects any electro-
static effects with the headgroups; the above results
pertain to zwitterionic membranes.

Bacteriorhodopsin

Bacteriorhodopsin was simulated without the retinal.
The residues Asp96 and Asp212 were treated as proton-
ated.101 A 200-ps MD simulation gave a bRMSD of 2.96 Å
for all residues and 2.06 Å for the TM portion. Most of the
movement occurred in the loops on both sides of the
membrane (Fig. 10). For comparison, a simulation in
vacuum of the same duration gave bRMSD of 3.7 Å (2.5 Å
for the TM portion) and a simulation in implicit water gave
3.1 Å (2.6 Å for the TM portion) . A simulation with T � 30
Å gave 3.1 Å bRMSD (2.24 Å for the TM portion). Table IX
shows the tilt angles of the seven helices before and after
the simulations.

Table 10 shows the effective energies of BR in the
membrane and in water. For the crystal structure, the
energy of insertion is just �11 kcal/mol. Energy minimiza-
tion and dynamics optimize the conformation for the model
membrane and enhance this difference. The difference in
average energy between a simulation in membrane and a
simulation in water is �88 kcal/mol.

DISCUSSION

The tests reported above show that a useful model for
peptides and proteins in membranes has been obtained
with bulk solvation free energy data and a simple adjust-
ment of the electrostatic interactions in the membrane.
The main difference of the present function from previous
efforts is that it is coupled to an effective energy function in
water, rather than a vacuum force field, and that it is
capable of providing the difference in energy between
different conformations, as well as between different posi-
tions. That is, it can provide information not only on the
vertical steps of the thermodynamic cycle of Figure 3 but
also on the horizontal steps. The function that is closest in
spirit to IMM1 is the recent extension of the Generalized
Born model to membranes.102 Far from the membrane,
this model reduces to the standard Generalized Born
model for aqueous proteins. The published results are not
sufficient to assess the quantitative performance of this
model. IMM1 is also similar to the model of Efremov and
coworkers based on atomic solvation parameters.27,32,33

The main differences are the use of solvent-accessible
surface areas by that model, rather than pairwise con-
tacts, and the lack of adjustment of the electrostatic
interactions in the membrane. Again, not enough thermo-

Fig. 9. The kink angle as a function of time from the MD simulation of
melittin at the interfacial position.
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dynamic data have been reported to make a more detailed
comparison of performance.

The most empirical aspect of the energy function is the
model adopted for the change in dielectric constant in the
membrane. Physically, the strengthening of electrostatic
interactions in a nonpolar environment is undoubtedly
correct, but the form adopted is not theoretically justified.
Here we tried to make a model that is compatible with the
linear distance-dependent dielectric in water. Efforts for a
better dielectric screening function should be coordinated
with implementation of a more realistic screening function

in aqueous proteins. One approach toward that end is to
generate a large amount of effective dielectric constant
data in the membrane by using continuum electrostatics
and fit the data to an approximate analytical function, as
was done for globular proteins.103

Another questionable aspect is the treatment of the
headgroup area (the interface) as having the same proper-
ties as water. It would be a simple extension to treat the
interface as a separate “phase.” The true difficulty is the
lack of data on the solvent properties of the interface.
Although experimental data for the binding of peptides
exist,79,104 their use for our purposes is hampered by the
lack of knowledge as to the exact location of their side-
chains. Nevertheless, they could be used to create a
tentative model for the interface. An alternative, theoreti-
cal approach to obtaining such data is through free energy
simulations. Some studies of that nature have already
been reported,105,106 but many more studies are needed.
These data can be incorporated in the model in a straight-
forward way. For example, the f(z) profile does not have to
be the same for all groups and does not have to be
monotonic. One advantage of the present approach over
Poisson–Boltzmann (other than computational speed) is
the decoupling of the calculation of self-energies from the
calculation of interaction energies, which provides more

TABLE IX. Tilt Angles of the Bacteriorhodopsin Helices
Before and After Simulations

Helix Crystala T � 26 Å simulation T � 30Å simulation

A 24 17 20
B 14 17 15
C 13 15 10
D 13 19 12
E 7 9 9
F 3 16 21
G 6 18 13

aThe tilt is not known from the experiment. This value results from
placing the protein with its principal axis along the bilayer normal.

TABLE VIII. Energy of Melittin in Different Configurations (Protonated N-Terminus)

Wmin (vdw, elec, solv) �W� (vdw, elec, solv) ��W� from water

Water �711 (�143, �384, �243) �498 (�132, �357, �249)
Interface �723 (�135, �396, �255) �503 (�120, �372, �259) �5
TM T � 26 Å �715 (�128, �440, �208) �500 (�115, �406, �216) �2
TM T � 23 Å �735 (�129, �447, �221) �509 (�115, �414, �226) �11

�W� is the average effective energy over the last 5 ps of dynamics. All values are in kcal/mol.

Fig. 10. Initial and final (after MD simulation) conformation of bacteriorhodopsin.
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flexibility in the direct incorporation of experimental data.
Moreover, the optimal values of ε for self-energies and for
interaction energies may not be the same.107

The quantitative performance of this initial parameter-
ization of IMM1 is quite good, although in a few cases we
obtained insertion energies that are a bit too low. The
model will be further calibrated against available thermo-
dynamic data. For quantitative comparison with experi-
mental free energies of membrane binding, we need good
estimates of the translational/rotational/conformational
entropy of binding, which are not included in �W. Such
estimates have been made for TM helices,13,82 and these
can be extended to interfacial binding. The model parame-
ters that can be easily adjusted to improve quantitative
performance are mainly a in Eq. 10 and n in Eq. 7.

The present function cannot be yet applied to proteins
containing aqueous channels, such as ion channels, be-
cause any empty space within the slab is supposed to be
occupied by lipid and the insertion of such a protein into
the membrane would be unfavorable because of the desol-
vation of the polar and charged residues lining the pore. A
straightforward extension of the model would be to embed
an implicit aqueous cylinder into the membrane, as was
done for Poisson–Boltzmann calculations.19 The model, in
its present form, also does not apply to lipids that carry a
net charge but can easily be extended to incorporate the
electrostatic effects of such headgroups. For zwitterionic
lipids, the “dipole potential” was calculated by La Rocca et
al.37 A similar calculation using continuum electrostatics
could be performed for anionic lipids, or one could use the
Gouy–Chapman theory.108 One of the limitations of all
hydrophobic slab models is that they do not allow for
deformation of the membrane by the proteins. Membrane
deformation occurs when it lowers the free energy of the
system. Therefore, its neglect will underestimate the
tendency of peptides to partition into the membrane.

This energy function could find use in structure predic-
tion efforts for membrane proteins, especially in simple
cases such as the structure of associated TM helices. So
far, most efforts in this area have relied on a vacuum force
field. In their simulated annealing studies, Brunger and
coworkers identified several low-energy configurations
and selected among them based on experimental
data.43,44,109 An energy function that takes into account
solvation by lipids and the heterogeneity of the membrane
environment should in principle perform better and could
perhaps be able to distinguish among those low-energy
configurations. For that purpose, we would need to estab-
lish that the experimental structure of such helix dimers

corresponds to the global minimum of our energy function.
Stable MD simulations only show that it is a local mini-
mum.

A second important application could be the exploration
of possible positions, orientations, and conformations of
membrane active peptides, such as antimicrobial peptides,
Alzheimer’s disease-related peptides, or viral fusion pep-
tides. As shown by the BR-C and melittin test cases, this
type of modeling can be useful in interpreting experimen-
tal data. The optimal arrangements found by this function
could be used as initial configurations for all-atom simula-
tions.
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APPENDIX: COMPUTATIONAL DETAILS

All computations were performed with the program
CHARMM,110 version c30a1, modified to incorporate the
membrane-modeling functionalities. All energy minimiza-
tions involved 300 steps of ABNR. All MD simulations
were preceded by energy minimization and were per-
formed at 300 K (with rescaling of velocities if necessary)
with SHAKE for the bonds involving hydrogen, the Verlet
algorithm, and a 2-fs timestep. HBUILD was used to build
coordinates for the hydrogen atoms in PDB files. The
membrane parameters were T � 26 Å (unless otherwise
noted) and n � 10 (Eq. 7). The following modifications to
the EEF1 function were used: the partial charges of Asp,
Glu, Arg, and Lys were reduced to better match potential
of mean force results in explicit solvent.61 Corresponding
changes were made to the C- and N-terminus. The partial
charges of hydroxyl in Ser, Thr, Tyr, and the amide in Gln
and Asn were also slightly reduced because they resulted
in too strong interactions in water. The modified function
is referred to as EEF1.1 (to be published). Helix tilt and
crossing angles were determined by using the COOR
HELIX command in CHARMM.

Poisson–Boltzmann calculations were performed with
the PBEQ module of CHARMM using the extended atom
parameters (param19), zero ionic strength, 0.5 Å grid size,
ε � 1 for the solute, 80 for water, and either 1 or 2 for the
membrane. The nonpolar contribution (SA) was calculated
as 0.033 kcal/mol Å2 X accessible surface area of the
peptide that is within �T/2.8 The latter was calculated by
using the Lee and Richards algorithm and probe radius
1.4 Å.

The coordinates of melittin were obtained from the
crystal structure, pdb code 2mlt. The initial transbilayer
position was obtained by aligning the principal axis with
the bilayer normal. The initial position at the interface
was obtained from the Roux lab web page (http://thallium.
med. cornell.edu/RouxLab). The C-helix of bacteriorhodop-
sin was built as an ideal helix and placed either perpendicu-
lar or parallel to the bilayer with the Asp residues pointing
outward. The bacteriorhodopsin simulations started from
the crystal structure, pdb code 1ap9.111 The protein was
placed with its principal axis parallel to the bilayer normal
and its center of mass at the origin, energy minimized in
the membrane, and MD simulated for 200 ps.
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