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Distribution of Amino Acids in a Lipid Bilayer from Computer Simulations

Justin L. MacCallum, W. F. Drew Bennett, and D. Peter Tieleman
Department of Biological Sciences, University of Calgary, Calgary AB T2N 1N4, Canada

ABSTRACT We have calculated the distribution in a lipid bilayer of small molecules mimicking 17 natural amino acids in
atomistic detail by molecular dynamics simulation. We considered both charged and uncharged forms for Lys, Arg, Glu, and
Asp. The results give detailed insight in the molecular basis of the preferred location and orientation of each side chain as well
the preferred charge state for ionizable residues. Partitioning of charged and polar side chains is accompanied by water defects
connecting the side chains to bulk water. These water defects dominate the energetic of partitioning, rather than simple
partitioning between water and a hydrophobic phase. Lys, Glu, and Asp become uncharged well before reaching the center of
the membrane, but Arg may be either charged or uncharged at the center of the membrane. Phe has a broad distribution in the
membrane but Trp and Tyr localize strongly to the interfacial region. The distributions are useful for the development of coarse-
grained and implicit membrane potentials for simulation and structure prediction. We discuss the relationship between the

distribution in membranes, bulk partitioning to cyclohexane, and several amino acid hydrophobicity scales.

INTRODUCTION

Integral membrane proteins are responsible for a range of
important cellular processes, including transport and signal-
ing, and are targeted by a substantial fraction of current drugs.
However, our current understanding of membrane protein
structure and membrane protein interactions with lipids is
still rather limited due to the difficulties in obtaining high-
resolution structures of membrane proteins and the disor-
dered nature of the lipid environment with its strong gradients
in density, chain order, and polarity.

The thermodynamics of lipid side chain interactions is a
major and general determinant of membrane protein structure
and behavior. The lipid-exposed outside of integral mem-
brane proteins is largely hydrophobic, matching the hydro-
phobic nature of the lipid tails that make up ~40% of the
thickness of the bilayer. However, for simple hydrophobic
side chains partitioning is likely nontrivial, because the struc-
ture of the lipid chains enhances the role that the shape of
hydrophobic side chains is expected to play.

The behavior of polar and charged residues when they are
moved into the hydrocarbon core is governed by large and
opposing tendencies, including hydrogen bonding, hydro-
phobic effects, and the energetic costs of membrane defor-
mation and transfer of charges and dipoles into a low dielectric
environment.

Two recent crystal structures of voltage gated potassium
channels present a particularly striking example of the diffi-
culty of predicting the behavior of lipid-exposed charged
residues (1,2). Both structures contain arginine residues that
appear to be lipid exposed, leading to at least one model in
which the arginine residues remain lipid exposed during
channel gating (3,4). This model has provoked considerable
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controversy for a number of reasons, including arguments
based on the energetics of having an arginine residue exposed
to the lipid core (5,6). Interestingly, the small conductance
mechanosensitive channel MscS, which although not volt-
age-gated is voltage-sensitive (7), also appeared to have lipid-
exposed arginine residues in the crystal structure. However,
the arginine residues reside at the interface in a more recent
structure (8).

Understanding the partitioning of amino acid side chains
into lipid bilayers is thus a critical step for understanding the
thermodynamics of membrane protein structure and stability
(9). Numerous experimental studies have addressed this
question with significant success (10-12). However, the re-
sults of most experiments have limited spatial resolution. In
particular, it is difficult to control the local environment of a
side chain in experiments due to the inhomogeneous nature
and the deformability of the bilayer. These factors also make
the behavior of side chains difficult to predict.

Atomistic computer simulations may overcome these
limitations and provide a level of detail that is not accessible
to experiment, whereas at the same time they can be validated
against experimental macroscopic measurements. Qualita-
tively, simulations of a systematic series of designed penta-
peptides (13,14) have provided a molecular interpretation of
the thermodynamic measurements that form the basis of the
widely used hydrophobicity scale of White et al. (15,16).
More quantitatively, the partitioning of side chain analogs
between water and hydrophobic solvents in particular has
been used to test and parameterize molecular dynamics force
fields (17-23). Several computational studies have also ad-
dressed the distribution of specific small molecules in lipid
bilayers (24-33). We combine the two approaches and cal-
culate the position dependent free energy of analogs of the
amino acid side chains with sub-angstrom resolution in a
dioleoylphosphatidylcholine (DOPC) bilayer, using umbrella
sampling. The side chains were truncated at the [-carbon,
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yielding small molecule analogs. For example, valine be-
comes propane, and serine becomes methanol. For simplicity,
the chemical analogs are referred to by the three-letter code of
the corresponding amino acid.

Our calculated potentials of mean force (PMF) show large
gradients in free energy as the side chains move across the
membrane, with distinct behavior depending on hydropho-
bicity, shape, polar and charged character. We discuss the
different classes of amino acids and compare the results to
experimental partition coefficients for small molecules and a
number of existing hydrophobicity scales based on host-guest
peptides. We have compared the current results to several
experimental scales in detail in a previous publication (33).

Our results may also be useful for the development of
simpler potentials to describe membranes. We have used the
PMFs to parameterize a coarse-grained model for proteins
(67) that is consistent with the coarse-grained lipid force
field of Marrink et al. (34,35) in which ~4 nonhydrogen
atoms are combined and described by a single interaction
site. The PMFs could also be used as implicit potentials or as
part of implicit potentials, such as the statistical potential of
Ulmschneider et al. (36), the generalized Born-based poten-
tials of Im et al. (37) and Feig et al. (38,39), in combination
with Rosetta (40,41), and the free energy-based potential of
Lazarides (42).

METHODS

The partitioning of all amino acid side chains excluding His, Gly, and Pro,
but including both the charged and neutral forms of Glu, Asp, Lys, and Arg,
were calculated by molecular dynamics simulations. The side chains were
truncated at the B-carbon; the a-carbon was replaced by a proton and the
charge on the B-carbon was adjusted appropriately. Gly, Pro, and His were
not modeled as Gly and Pro do not have suitable small molecule equivalents
of their side chains, and His is difficult to treat accurately due to its multiple
possible protonation states.

Each simulation contained two copies of the same side chain, one in either
leaflet of the DOPC bilayer, to increase computational efficiency. The system
contained 2807 water molecules, 64 DOPC molecules, and 2 side chains.
Depending on the side chain there were ~11,900 atoms in total. All simu-
lations were run with the GROMACS 3.3.1 software package (43). The
Berger et al. force field was used for the DOPC molecules (44), the OPLS all-
atom force field for the side chains (45,46), and the Simple Point Charge
water model (47). This combination has been tested previously and found to
yield relatively accurate water-cyclohexane transfer free energies (21). The
system was maintained at a constant temperature of 298 K using the weak
coupling algorithm (48) to lipids and solvent separately, with a coupling
constant of 0.1 ps. The pressure was held constant at 1 bar using the semi-
isotropic weak coupling algorithm, with a coupling constant of 1 ps. The
SETTLE algorithm (49) was used to constrain water bond lengths and angles.
All other bond lengths were constrained with the LINCS algorithm (50),
allowing for a 2-fs time step. Electrostatic interactions were evaluated using
the smooth particle mesh Ewald method (51,52), with a real space cutoff of
1.0 nm, grid spacing of 0.12 nm, and a fourth-order spline interpretation.
Lennard-Jones interactions were truncated at 1.0 nm.

Umbrella sampling was used to calculate free energy profiles for parti-
tioning of the side chains. A harmonic restraint with a force constant of 3000
kJ mol~! nm 2 was applied to the distance between the side chain’s center of
mass and the center of mass of the bilayer, in the direction normal to the
bilayer, to ensure sampling of the entire system occurred. There was a 0.1 nm
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spacing between biasing potentials, with a total of 38 simulations for each
side chain. The two side chains were offset, so that when the first side chain
was in the center of the bilayer, the other side chain was in bulk water.
Carrying out the simulations in this way allows additional statistics to be
gathered at essentially no cost, whereas at the same time ensuring that the two
side chains are always at least 3.7 nm apart. Each simulation was run for at
least ~30 ns for a total of ~20 us of simulation time for all the side chains.
The charged and polar residues, as well as Trp, were run for up to 80 ns as
required to obtain acceptable error margins. The weighted histogram analysis
method (53) was used to calculate the PMFs for the side chains from the
biased distributions. As two side chains were simulated for each window, the
error could be estimated by the difference between the two PMFs, which
should be zero in the limit of infinite sampling. We treat the two halves of the
PMFs as independent samples and report the standard error. As the free
energy profiles are relative, they were shifted to be zero in bulk water in all
cases.

RESULTS

A snapshot and partial density profile of the simulated bilayer
system are shown in Fig. 1. To aid in the description of the
PMFs below we have adopted a four-region model of the
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FIGURE 1 Snapshot and partial density profiles of the simulated system.

The lines and roman numerals divide the system into four regions as
described in the text. (A) Snapshot of the simulated system. The lipid nitro-
gen and phosphate atoms are shown as blue and orange spheres respec-
tively. Water is shown as red (oxygen) and white (hydrogen) cylinders. The
lipid tails are shown as thin gray lines. Two valine side chains are shown
as cyan (carbon) and white (hydrogen) spheres. (B) Partial density profile
for the system.
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bilayer based on the density profile, similar to that of Marrink
et al. (34). Starting from the center of the bilayer, Region I
contains only the hydrophobic lipid tails, and has the lowest
density of the entire system. Region II contains both hydro-
phobic tails and the initial portion of the polar headgroup
density and begins at the minimum depth of the carbonyls,
where the lipid tail density falls drastically. Region II ends
where the lipid tail density intersects the choline density.
Throughout this region, the total system density increases
dramatically. It is chemically the most diverse region, con-
taining both hydrophobic and hydrophilic components as
well as limited water penetration. The total system density
peaks at the start of Region III, and then falls to the density of
bulk water. Region III contains most of the charged phos-
phate and choline density. Region IV is comprised primarily
of bulk water with a small portion of the DOPC headgroup
density.

Distribution of Ala, Val, lle, Leu

The PMFs for the aliphatic side chains (Ala, Val, Ile, Leu) are
shown in Fig. 2 A. The energetic minimum for all four ali-
phatic residues is at the center of the bilayer. Ile has the
lowest free energy (—22 kJ/mol) at the center of the bilayer

i
w

Free Energy (k) mol )
o B

o3
o

)
=}

N
o

o

0.0 1.0 2.0 3.0
Distance from Center of Bilayer (nm)

FIGURE 2 PMFs for uncharged amino acids: (A) aliphatic, (B) Cys and
Met, (C) aromatic, (D) polar. All PMFs are set to zero in the water phase.
The system is divided into the same four regions as in Fig. 1. Error bars
indicate the SE based on the asymmetry between the two leaflets of the
bilayer.
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and Ala has the highest (—8 kJ/mol). The profile is generally
smooth with a barrier of up to 5 kJ/mol between bulk water
and the beginning of the lipid chains.

Distribution of Cys, Met

Fig. 2 B shows the PMFs for Cys and Met. Transfer to the
center of the membrane is slightly favorable for both resi-
dues, in agreement with measurements of the transfer of these
compounds from water into cyclohexane (54). The minima
for both PMFs are near the center of Region II, consistent
with the slightly amphipathic nature of these molecules.

Distribution and orientation of Trp, Tyr, Phe

The PMFs for the aromatic side chains (Trp, Tyr, Phe) are
shown in Fig. 2 C. Tyrosine has a positive free energy in
Region I (7 kJ/mol), whereas phenylalanine and tryptophan
both have negative free energies of —5 kJ/mol and —13 kJ/
mol, respectively. Trp and Tyr have deep global minima in
the center of Region II, which seems due to their amphi-
pathic nature. Trp has the deepest interfacial minimum of
any residue at —22 kJ/mol, whereas Tyr has the next deepest
at —14 kJ/mol.

The orientation of the aromatic rings as a function of lo-
cation in the bilayer is of interest in the context of membrane
protein structure and the use of fluorescence probes, which
often contain aromatic ring systems. We calculated the ori-
entation of the rings by defining two vectors. The first vector
60, is normal to the plane of the aromatic ring. The second
vector, 6,, is between C; and C; of the benzene ring of both
Tyr and Phe, whereas for Trp the vector was between Cp; and
Cip. The distribution of angles between these vectors and the
bilayer normal are shown in Fig. 3 for three locations in the
bilayer.

All residues display a uniform distribution in Region IV,
which is expected as there should be no preferential align-
ment of the molecule in bulk water. At the center of the bi-
layer, all of the molecules have a slight tendency to align the
plane of the ring with the bilayer normal, an effect most
apparent for Trp. At 0.8 nm from the center of the bilayer, in
the dense, ordered portion of the lipid tails, all three mole-
cules display a strong tendency to align their ring structures
with the lipid tails. For Trp and Tyr there is a clear trend for
the polar portion of the molecule to face out of the bilayer
toward the water phase.

Distribution of Thr, Ser, Gin, Asn

The PMFs for the four polar residues (Asn, Gln, Ser, Thr) are
all similar (Fig. 2 D). They have large positive free energies at
the bilayer center, with Asn the highest (24 kJ/mol) and Thr
the lowest (13 kJ/mol). There is an interfacial minimum for
all four residues in the center of Region II, consistent with the
amphipathic nature of these molecules. The free energy in-
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FIGURE 3 Orientation of aromatic residues as a
function of depth in the membrane. The panels
show the orientations when the aromatic residue is
at the center of the membrane (top), at 0.8 nm from
the center (middle), and in bulk water (bottom). The
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thick lines represent the distribution of 6, which is
the angle between the normal of the aromatic ring
and the bilayer normal. Thin lines represent the
distribution of 6,, which represents the angle be-
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creases rapidly as the side chain moves closer to the center of
the membrane. Near the center of Region I, the free energy
plateaus and remains essentially constant through the center
of the bilayer.

The plateau in the center of Region II correlates strongly
with local defects in bilayer structure (see Water Defects
below). At distances between the interfacial minimum and
the plateau, large water defects in the bilayer are observed,
which hydrate the polar side chains (Fig. 4 A). At the edge of
the plateau the water defects suddenly dissipate, leaving an
isolated side chain (Fig. 4 B).

Distribution of Arg, Lys, Glu, Asp

The PMFs for the charged and neutral forms of Lys, Arg,
Asp, and Glu are shown in Fig. 5. The neutral PMFs have
been shifted by the free energy of neutralizing the residues in
bulk water at pH 7. The partitioning of the neutral forms is
comparable to the polar residues, with similar PMFs and a
consistent pattern of water defect formation and dissipation.
For the ionized forms, there is a large difference between the
PMFs for positively and negatively charged side chains. For
Arg and Lys, there is a decrease in free energy from bulk
water to the center of Region II, after which the PMFs rise
steeply to the bilayer center. In contrast, for Glu and Asp
there is a steady increase in energy from bulk water to the
center of the bilayer without a local minimum in Region II.
The PMFs for all of the charged forms continue to increase
until the center of the bilayer, which correlates with the
presence of a large water defect that penetrates all the way to
the center of the bilayer (Fig. 4 C).

The distribution of Arg, Lys, Glu, and Asp is complicated
by the fact that the free energy for changing their ionization
state may outweigh the free energy cost of burying a charge
in the membrane. Although we cannot directly simulate the
protonation/deprotonation reactions, we can calculate the
free energy difference between the charged and uncharged
state of each amino acid as a function of the depth inside the
membrane. We use a thermodynamic cycle (Fig. 6) that in-
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cludes protonation/deprotonation in bulk water (not calcu-
lated from the simulation but taken from the pK, of each side
chain) and calculating the PMFs for each charged or neutral
side chain in the membrane. These three calculations form
three sides of the square in Fig. 6 and are sufficient to calculate
the fourth: the free energy of protonation/deprotonation as
function of depth in the membrane. This way, we do not have
to assume a charge state, and in fact we can calculate for each
depth and each side chain what the preferred charge state is.

The calculated depth-dependent pK, values are shown in
Fig. 7. The pK, is calculated from the free energy difference
between the charged and neutral forms at a given depth using
DKy = 2.303RTAG ycid — base membrane T~ PH , where R is the gas
constant, T is the temperature, and the pH is 7.0. For Asp and
Glu, large positive shifts of up to ~11 units are observed,
consistent with the molecules becoming overwhelmingly
likely to be protonated and thus neutral. The pK, reaches a
value of 7 at ~2.2 nm from the center of the bilayer, indi-
cating that this is the crossover point between the ionized and
neutral forms. For Lys, there is a large negative pK, shift,
with the pK, reaching the crossover value of 7 at ~0.4 nm
from the center of the bilayer. There is also a large negative
shift in pK, for Arg, however, it only reaches a pK, of 7 at the
very center of the bilayer, indicating that the charged and
neutral forms are nearly equal in free energy, and thus equal
in population at this point.

Water defects

Large water defects accompany the partitioning of polar and
charged residues into the hydrocarbon core (Fig. 4). The
defects are very broad at the base on the surface of the bilayer,
becoming narrow with only a few molecules surrounding the
polar portion of the side chain. Lipid headgroups partially
line the water defect, as seen in Fig. 4, A and C.

These water defects are extremely stable and repeatable.
For example, for Asn at 0.4 nm from the center of the bilayer,
once a defect has formed it is present for the remainder of the
simulation (Fig. 4 A). In contrast, when Asn is 0.3 nm from
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Distance from Bilayer Center (nm)

FIGURE 4 Snapshots of polar and charged residues near the center of the
bilayer. The system is presented using the same colors and representations as
Fig. 1. (A) Asn at 0.4 nm from the center of the bilayer. A large, partially
lipid-lined water defect is present. (B) Asn at 0.3 nm from the center of the
bilayer. Moving the Asn 0.1 nm further from the center of the bilayer has led
to the dissipation of the water defect. (C) A positively charged Arg at the
center of the bilayer, with associated water defect.

the center of the bilayer, a water defect does not form on the
80 ns time scale of our simulations (Fig. 4 B). When a
charged Arg molecule is placed at the center of the mem-
brane, initially with no water defect, a water defect rapidly
forms in the first few nanoseconds and is stable for the entire
simulation (Fig. 4 C).
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FIGURE 5 PMFs for the ionizable residues: (A) Arg, (B) Lys, (C) Glu,
(D) Asp. The PMFs for the ionized forms have been set to zero in the water
phase. The neutral PMFs have been offset by the free energy to neutralize the
residue in bulk water at pH 7.0. Error bars indicate the SE based on the
asymmetry between the two leaflets of the bilayer.

DISCUSSION

The primary results of our calculations are simply the dis-
tributions of the different amino acid analogs in a model bi-
layer. However, these distributions are nontrivial, and have
significant biological implications because the thermody-
namics of lipid—protein interactions is a fundamental driving
force for processes involving membrane proteins and pep-
tides. We will discuss the properties of the different classes of
amino acids and specifically address the importance of water
defects, the ionization behavior of ionizable residues, the
relevance of our side chain results for hydrophobicity scales,
and limitations of the classical simulations.

Most of the side chains have small energetic barriers at the
middle of Region III. In addition, all of the side chains, except
the totally hydrophobic aliphatic residues and phenylalanine,
have local minima at the middle of Region II. One might
expect that the energetic barriers in Region III are due to the
disruption of favorable interactions between the zwitterionic
headgroups. However, in a recent study of the partitioning of
hexane where the PMFs were resolved into entropic and
enthalpic components, we showed that partitioning to Region
III is entropically very unfavorable, and enthalpically fa-
vorable (27). The local minimum at the center of Region II
can be explained by the chemical diversity of this region.
Most of the side chain analogs are at least somewhat am-
phipathic, and this region of the bilayer provides an optimum
environment for an amphipathic molecule as it contains the
interface between the hydrophobic lipid tails, and the polar
carbonyl and phosphate groups, as well as significant water
penetration.
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FIGURE 6 Thermodynamic cycle for calculation the pK, as function of
depth in the membrane. The two AGrryanster Values are calculated by umbrella
sampling and AGacid—» Base water 1S calculated based on the pK, as described
in the text. Calculation of these three terms allows the fourth term,
AG acid - Base. Membrane 0 be determined.

Hydrophobic residues

The hydrophobic residues have distributions similar to that of
hexane, but modulated by changes in size and, interestingly,
shape. Surprisingly, the free energy for Ile is much more
favorable than Ile. This can be explained by the fact that the
side chains were truncated at the B-carbon. Thus Leu is a
branched molecule (isobutane), whereas Ile is linear (butane),
allowing it to pack into the lipid tails more effectively. The
partitioning of Ile is slightly less favorable (—22 kJ/mol vs.
—25 kJ/mol) than for hexane (27) as expected for a shorter
linear alkane, however a different force field was used to
model hexane in that study, making direct comparison dif-
ficult.

The aliphatic residues partition primarily to Region I, as
would be expected for small hydrophobic molecules, in

Y I N S B
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Distance from Center of Bilayer (nm)

FIGURE 7 Side chain pK, as a function of depth in the membrane. The
pK, is calculated from the free energy difference between the acidic and
basic species as described in the text. Error bars indicate the SE error based
on the asymmetry between the two leaflets of the bilayer.
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agreement with previous studies (24,27,55). The free energy
increases as the side chain moves from the center toward the
carbonyl groups because of an unfavorable entropy change
due to the increasing order in the lipid tails (27). The free
energy increases sharply from the center of Region II as the
side chain moves into an increasingly polar and dense envi-
ronment.

Polar residues

There is a delicate balance between the energetic cost of
forming a water defect and the energetic benefit of hydrating
the polar side chain. For short water defects, the free energy
of hydrating the side chain compensates for the cost of
forming the defect. As the defect becomes longer, the cost of
forming the defect eventually becomes so large that it is no
longer compensated by the gain in energy from hydration and
the defect dissipates. The exact balance appears to be deter-
mined by the charge or polarity of the side chain and the
physical properties of the lipid bilayer, such as the area per
lipid and chain ordering. The more polar residues generally
have longer water defects. In particular, the ionized forms of
Asp, Glu, Lys, and Arg have water defects that are stable
even when the side chain is in the center of the membrane.
Water defects in the membrane due to the presence of polar or
charged moieties are an emerging trend from several recent
simulation studies in the context of lipid flip-flop (21), po-
tassium channel voltage sensors (56), and in simulations of
peptides containing polar or charged transmembrane peptides
(5,57).

Recently, Johansson and Lindahl (57) have observed large
water defects in simulations of transmembrane peptides
containing polar or charged residues at various positions.
They found a strong correlation between the amount of water
hydrating the residue in the membrane and two commonly
used hydrophobicity scales (15,58). They speculate that the
free energy for partitioning a side chain may be determined
by the entropic cost of maintaining hydration of the side
chain, rather than the enthalpic loss due to loss of hydration,
if one assumes that the cost of forming a defect is primarily
entropic in nature. In our simulations, however, for all of the
polar residues the water defect dissipates near the center of
the bilayer, leaving the molecule with no hydrating water.
Thus, we feel that the free energy for transfer to the center of
the membrane is likely determined simply by the free energy
of transfer between water and bulk hydrocarbon, whereas
closer to the interface, the free energy of forming a water
defect is a dominant factor.

Aromatic residues

Although all three residues (Trp, Tyr, Phe) are aromatic, they
each have different chemical properties leading to distinct
PMFs. Factors such as shape, hydrogen-bonding potential,
and nonspecific electrostatic interactions may all play a role
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in the distribution of aromatic residues (31,59,60). Trypto-
phan in particular has attracted significant attention due its
prevalence in membrane proteins in locations where it seems
to “‘anchor’’ the protein in a lipid bilayer (31,59—61). Strik-
ing examples include the peptide gramicidin A (62) and
OmpF porin (59), but the phenomenon is widespread. We
calculate the distribution of Trp, Phe, and Tyr analogs within
a consistent framework with the other amino acid analogs.

Loss of hydrogen bonding to the polar hydroxyl group of
tyrosine makes partitioning to the center of the bilayer un-
favorable. Based on the difference between Tyr and Phe at
the center of the bilayer, we can estimate the cost of burying a
hydroxyl group in the hydrocarbon core at ~19 kJ/mol.
Phenylalanine is purely hydrophobic, leading to a large fa-
vorable free energy for transfer to the lipid tails. Although
tryptophan is primarily hydrophobic, it has enough polar
character that transfer to the center of the bilayer is not as
favorable as one might expect. Based on our calculations, Trp
is the sixth most hydrophobic residue behind Ile, Leu, Val,
Phe, and Ala, in good agreement with experiments measuring
the partitioning between water and cyclohexane (54).

These results are consistent with the observation of aro-
matic belts in the interfacial region of integral membrane
proteins (60). Interestingly, Trp is often considered to be the
most hydrophobic residue based on partitioning into octanol
(15) or model membranes (16). Instead, we feel Trp should be
regarded as the most interfacially active side chain. Parti-
tioning into model membranes actually reflects the interfacial
preference for tryptophan, whereas water saturated octanol is
known to form a heterogeneous environment with regions
composed of hydrophobic alkane chains and hydrophilic
hydroxyl groups and water (63) that may mimic the interfa-
cial region of lipid bilayers more than their center.

A recent simulation study (31) examined the partitioning
of analogs of Trp (indole) and Phe (benzene), and found that
the interfacial preference of Trp was due to a combination of
weak electrostatic factors and the otherwise hydrophobic
nature of Trp. The hydrogen bonding ability of Trp and its
small dipole moment tend to drive the molecule into polar
environments, while at the same time Trp is very hydrophobic,
which drives it into apolar environments. The membrane
interface provides the optimum environment, with the apolar
ring structure buried in the lipid tails, while there is still op-
portunity for electrostatic interactions with the carbonyl,
glycerol, and headgroup moieties. Similar arguments can
explain the interfacial preference of Tyr, although the elec-
trostatic interactions for Tyr are much less subtle due to the
presence of the highly polar hydroxyl group.

Fig. 3 shows the orientation of the aromatic residues at
three different locations in the bilayer. As expected, none of
the aromatic residues displays any preferential orientation in
bulk water (lower panels). At the center of the membrane
(upper panels), there is a slight tendency for all three residues
to align with the plane of the ring structure aligned with the
lipid tails (6, ~ 90°). This effect is strongest for Trp, likely
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due to the larger size of its double ring structure. For Tyr, and
especially Trp, there is a tendency to point the polar portion
of the molecule toward the membrane interface (6, ~ 0° or
180°). In the more dense portion of the lipid tails (middle
panel), Trp and Tyr display a strong tendency to align the
plane of the ring with the lipid tails (8; ~ 90°), whereas this
effect is much less pronounced for Phe. Additionally, both
Trp and Tyr display a very strong tendency to point the polar
portion of the molecule toward the lipid—water interface
(6 = 0°). This effect is very strong for Tyr, consistent with
the highly polar nature of the hydroxyl group. Overall, the
observed orientations in the center of the membrane and near
the interface are in good agreement with previous MD sim-
ulations (61).

lonizable residues

We can predict the ionization state of the charged residues
based on the free energy difference between the charged and
neutral forms. Fig. 7 shows the pK, values for the charged
residues as a function of depth in the bilayer. The pK, values
of both Asp and Glu move above 7.0 at distances less than
~2.2 nm from the center of the bilayer, indicating that lipid
exposed Asp and Glu residues will be protonated in Regions I
and II. For lysine, the pK, does not fall below 7.0 until around
0.4 nm from the center of the bilayer, meaning that a lipid
exposed lysine residue would remain charged well into Re-
gion I, accompanied by large water defects. In contrast, for
Arg the pK, reaches a value of 7.0 only very near the center of
the bilayer, raising the possibility that a lipid exposed argi-
nine may still remain charged even at the center of a DOPC
bilayer, stabilized (relative to a bulk hydrocarbon environ-
ment) by a large water defect (Fig. 4 C).

Dorairaj and Allen have determined recently the PMF of a
poly-Leu helix containing a single positively charged Arg
residue, in a DPPC membrane (5). They obtain a free energy
of ~70 kJ/mol for transferring the arginine from water to the
center of the membrane, which is slightly higher than the 57
kJ/mol we calculate. However, because they are simulating
an Arg residue in the context of a poly-Leu helix, the relevant
quantity to compare is cost of transferring an Arg from water
to the center of the membrane plus the cost of moving a Leu
from the center of the membrane to water. Using our PMFs
we obtain a value of 58 + 15 = 73 kJ/mol, which compares
very favorably with their results. They also observe the for-
mation of a large defect reaching all the way to the center of
the bilayer and maintaining the hydration of the Arg residue.
Water that has penetrated the hydrocarbon core of the bilayer
stabilizes the Arg by as much as 145 kJ/mol, although that is
not enough to overcome the electrostatic and deformation
barrier presented by the membrane. In their study, they did
not determine the protonation state of the arginine residue at
the center of the membrane because they simulated the pos-
itively charged state only. In our simulations, however, we
have simulated both the charged and neutral forms of argi-
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nine and find that the pK, shifts by ~5.5 units so thatitis very
close to 7.0 at the center of a DOPC bilayer - indicating that
the charged and neutral forms are approximately equally
likely. Dorairaj and Allen additionally carried out continuum
electrostatics calculations on the same system and found that
the results depended heavily on the rotameric state of the
arginine side chain and the dielectric constant of the protein.
They obtained a wide range of values from ~60 to 170 kJ/
mol, depending on the exact choices made in the calculation.
The extreme variability of the results points to the difficulty
in performing continuum electrostatics calculations on sys-
tems of this type. Additionally, the favorable agreement ob-
served in some cases is likely fortuitous, as continuum
electrostatics models do not allow for flexibility of the bilayer
as would be required for the formation of a water defect.

Relevance for hydrophobicity scales

We have chosen to compare our calculated partitioning data
to three sets of experimental data: partitioning of the side
chain analogs from water to cyclohexane (54); partitioning of
a series of small peptides (Ace-WLxLL) between water and a
POPC membrane (16); and partitioning of the same peptides
between water and water-saturated octanol (15).

Fig. 8 A compares the free energy calculated for transfer-
ring the side chain from water to the center of the membrane,
with the experimentally measured free energy for transferring
the side chain from water to cyclohexane (54). Overall, the
agreement with experiment is very good across a wide range
of transfer free energies (approximately —20 kJ/mol to +60
kJ/mol). The strong correlation observed indicates that for
partitioning the center of the membrane behaves similarly to
a bulk alkane. However, this observation only applies near
the center of the membrane as at other positions water defects
may form, leading to large changes in free energy.

A comparison of the calculated water to lipid interface free
energy with the partitioning of a series of Ace—WLxLL
peptides between water and octanol (15) is shown in Fig. 8 B.
Again, the overall agreement between the calculated and
experimental values is good, with a correlation coefficient of
0.84. A least-squares fit (not shown) yields a slope of ~0.9,
indicating that the variation across residues is slightly higher
for the experimental values than in calculation. The agreement
between the calculated and experimental scales is expected as
octanol is thought to mimic the membrane interface.

Fig. 8 C compares the calculated results with the partition-
ing of a series of pentapeptides between water and the in-
terface of a POPC bilayer (16). The agreement between the
calculated and experimental values is not as good as in the
previous two cases, with a correlation coefficient of 0.61. A
least squares fit (not shown) yields a slope of 1.2 indicating
that the variation among residues is stronger in the calculated
results than in experiment. In particular, Arg, Lys, and Ile are
too favorable on the calculated scale compared to experi-
ment. Leaving these three residues out of the fit leads to an
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FIGURE 8 Comparison of calculated transfer free energies with several
interfacial scales. All scales have been shifted so that the free energy for Ala
is zero. Solid lines indicate perfect agreement between calculation and
experiment and are not best-fit lines. (A) Comparison between calculated
free energy for transferring the side chain from water to the center of the
bilayer, and the experimental water to cyclohexane transfer free energy (54).
(B) Relationship between the calculated water to membrane interface
transfer free energy, and the experimental partitioning of Ace-WLLxL
peptides between water and water saturated 1-octanol (15). (C) Comparison
between the calculated transfer free energy between water and the membrane
interface and the experimental partitioning of Ace-WLLXL peptides between
water and a POPC bilayer (16).

increased slope of 1.3 and improves the correlation coeffi-
cient to 0.85.

We do not expect that the calculated results should exactly
match the experimental results as we are dealing with two
different systems: one system dealing with small molecule
analogs of the side chains, and the other system dealing with
side chains in the context of a pentapeptide. In our simula-
tions, both Arg and Lys are strongly oriented at the minimum
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in Region II, such that the aliphatic tail is buried in the lipid
chains, while the charged moiety is partitioned into the car-
bonyl region. This orientation is not possible in the penta-
peptide due to the presence of the charged C terminus. Thus,
we expect that the Arg and Lys side chains studied here
should be more favorable than in experiment because they are
able to adopt a more favorable orientation. This effect likely
applies to all residues to some degree, although we expect it
to be strongest for Lys and Arg as they are the most amphi-
pathic residues. The calculated free energy for transferring Ile
into the membrane interface is also too favorable compared to
experiment. We believe that this is because both Ile and Leu
are branched amino acids, whereas because of truncation at
the B-carbon, only Leu (isobutane) is branched in the current
study, and Ile (butane) is not.

The differences discussed above highlight the need for
further study on the effects the peptide environment on par-
titioning. These results provide a baseline for side chains in
the absence of a peptide, allowing for comparison with fur-
ther studies on the effects of the peptide backbone and
neighboring residues.

Implications for voltage gated channels

We feel that our results have important implications for un-
derstanding membrane proteins that may have lipid exposed
charges, such as voltage gated ion channels (1-4) and MscS
(7). Although we do not directly study K" channel gating
here, we attempt to answer the broader question of what
happens when a charged residue is placed in the membrane.
What is the energetic cost of placing a charge in the mem-
brane? Would there be a change in protonation state? Is there
any change in the structure of the bilayer?

From the available evidence, it is unclear if a mostly hy-
drophobic helix containing several charges, such as the S4
segment of voltage gated K™ channels, could be inserted as a
stable transmembrane helix with the charges exposed. Ex-
perimentally, it has been shown that the transmembrane and
nontransmembrane orientations of S4 are nearly equal in
energy (64). However, the experimental system used is
complex and it is not clear what the local environment of the
charges is; they may buried in protein—protein contacts rather
than lipid exposed. Computer simulations of S4 have shown
it to be stable as a transmembrane helix over 10 ns, with the
formation of large water defects to maintain hydration of
the charges (56). However, these simulations do not show the
thermodynamic stability of the transmembrane orientation.
Our simulations could be used to argue the thermodynamic
stability of this arrangement, as the transfer of ~4 Leu resi-
dues from water to the bilayer interior is enough to balance
the transfer of a single Arg. However, this argument is far too
simplistic and misses important backbone contributions, and
does not consider the possibility of surface bound orientations.

There are two main conclusions that can be drawn from the
available data. First, placing a charged residue in the center of
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the membrane costs significantly less than would be pre-
dicted from continuum theories or bulk solvation measure-
ments. Second, given the first conclusion, we feel that one
must be very cautious about making energetic arguments in
such systems. There simply is not enough data available to
make definitive conclusions. Although it may turn out that
the charges on S4 are not lipid exposed during gating (65),
models that due include lipid exposure cannot currently be
ruled out based on energetic arguments.

Interestingly, the gating charges on the N-terminal end of
the S4 segment in voltage gated potassium channels are al-
most always Arg rather than Lys (1). If the gating charges are
lipid exposed, as suggested by one model (3,4), Arg would
naturally be favored over Lys, as Lys would be deprotonated
near the center of the membrane, rendering it useless as a
gating charge.

Finally, it seems that the cost of burying a positively
charged Arg or Lys residue near the center of the membrane
is at least partially determined by the cost of forming a water
defect. This raises the interesting possibility that the parti-
tioning of charged and polar residues may be nonadditive.
For example, the energetic cost of partitioning the arginine
residues in S4 may be determined mostly by the free energy
of partitioning the deepest Arg. The remaining Args are
spatially close and may be able to ‘‘piggyback’” on the ex-
isting water defect. Such an arrangement could lead to a
nonadditive free energy for the remaining residues. Further
study is needed to determine the exact mechanism and mag-
nitude of this effect.

Limitations

The side chains used in our study are truncated at the
B-carbon, a situation different than experienced by the side
chain in the context of a transmembrane helix. This trunca-
tion changes the available orientations of the side chains and
even changes the chemical nature of Ile, making it linear
rather than branched. Our scale is also completely missing
backbone contributions, which may play an important role in
determining partitioning. Finally, the truncated side chains
do not experience any shielding or occlusion as they would in
a transmembrane helix.

In our simulations, two side chain analogs are present per
simulation box to improve sampling. The two analogs are
always separated by 3.7 nm in the z-dimension to minimize
the interactions between them. The distance between the two
molecules is usually higher as the analogs are offset in the
xy-plane. To assess the interaction between the two analogs
we have recalculated the PMF for Arg with only a single
analog in the simulation box (40 ns simulation). There is little
difference between the results obtained using 1 or 2 mole-
cules per simulation (Supplementary Material, Fig. S1). The
minimum shifts slightly toward the center of the membrane
when only one Arg is present and the interfacial minimum is
slightly less deep in the headgroup region, with a maximum
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difference of ~4 kJ/mol. These differences are comparable to
the uncertainty in our calculations. Thus, the use of two Arg
molecules per simulation box, separated by at least 3.7 nm,
leads only to very small changes in the PMF and no changes
in our conclusions. We expect that the charged residues
represent a worst case scenario and that the errors for the
other residues are likely even smaller.

We used the OPLS-AA force field for these calculations.
We have calculated previously the partitioning of the side
chain analogs between water and cyclohexane, using either
OPLS-AA (17) or the Berger lipid tail parameters (21) to
model the cyclohexane. The results are in good agreement
with experiment. However, the agreement is not perfect and
the force field represents a source of error. We have shown
that changing the partial charges on some residues can sig-
nificantly improve the water-cyclohexane partition free en-
ergies (21), but those modifications have not been used here.
Additionally, the interactions between lipids and side chains
have not been explicitly parameterized or validated, instead
the models have been parameterized based on experimentally
measured quantities, such as water-cyclohexane transfer free
energy, hydration free energy, and area per lipid. The un-
derlying assumption is that if such models are parameterized
to reproduce certain properties of a system, they can be used
to make predictions of other properties on which they have
not been parameterized. The close agreement between our
results and those of Dorairaj and Allen (5), which were car-
ried out using a completely different force field, suggests that
both force fields do a reasonable job of representing the in-
teractions between the side chains, lipids, and water.

Polarization is not included explicitly in the OPLS-AA, or
in any other widely used biomolecular force fields. This is an
interesting conundrum for the type of problem studied here,
because we are explicitly transferring charged and polar
residues from water to a hydrophobic environment. Based on
purely electrostatic arguments (the Born equation), the free
energy of transfer for an ion from a dielectric constant of 80 to
2 would almost be cut in half compared to transferring the
same ion from a dielectric constant from 80 to 1. The di-
electric constant for an alkane based on our lipid tail pa-
rameters is 1, whereas experimentally liquid alkanes have a
dielectric constant of ~2. Using an all-atom lipid model does
not significantly improve the situation, yielding a dielectric
constant virtually indistinguishable from 1 (66), as the main
factor missing is electronic polarization. The situation is not
as clear as this however, because the force field is parame-
terized to implicitly include the average effects of polariza-
tion. This is clearly shown by the excellent agreement of the
water/cyclohexane partitioning data from the simulations
compared to experiment. Our simulations and others also
show that the cost of forming water defects in a 3-nm thick
membrane is less than burying naked charges. As soon as
these water defects appear, or water is bound to buried charges,
the effective dielectric constant is much higher than 1 or 2,
and the error in the calculations much less than in the pure
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continuum approximation, but difficult to estimate. In prin-
ciple, it might be possible to calculate a correction based on
continuum electrostatics. However, in practice, such calcu-
lations are extremely sensitive to the exact parameters cho-
sen. The presence of water defects in the lipid tails likely
dominates the electrostatic interactions such that a change in
the dielectric constant of the tails from 1 to 2 would lead to
only very small changes in free energy.

CONCLUSIONS

We have calculated the free energy for partitioning into a
DOPC bilayer for 17 of 20 amino acids. The calculated values
are in good agreement with experiment, especially at the
center of the bilayer. The most striking finding is formation of
large water defects that hydrate the polar and charged residues
on penetration into the acyl chains. The stability of these
defects is determined by a balance between the cost of
forming a water defect, and the energy gained by hydrating
the polar side chain. Lys, Glu, and Asp are all likely neutral
when partitioned to the center of the membrane as the cost of
forming a water defect in the center of the membrane out-
weighs the cost of protonating or deprotonating the residue.
For Arg, it seems energetically feasible that the residue could
remain ionized at the center of the membrane remaining sta-
bilized by a large water defect. Overall, the presence of these
water defects should reinforce the idea that biological mem-
branes are very fluid, elastic, and deformable structures.
These results should also dispel the notion that the membrane
can be regarded as a generic low dielectric slab.

SUPPLEMENTARY MATERIAL

All PMFs discussed in this article are available in numerical
form as Supplementary Material.

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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