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Indole Localization in Lipid Membranes Revealed by Molecular Simulation

Kristen E. Norman and Hugh Nymeyer
Department of Chemistry & Biochemistry and The School of Computational Science, Florida State University, Tallahassee, Florida

ABSTRACT Itis commonly known that the amino acid residue tryptophan and its side-chain analogs, e.g., indole, are strongly
attracted to the interfacial region of lipid bilayers. Phenylalanine and its side-chain analogs, e.g., benzene, do not localize in the
interface but are distributed throughout the lipid bilayer. We use molecular dynamics to investigate the details of indole and
benzene localization and orientation within a POPC bilayer and the factors that lead to their different properties. We identify
three sites in the bilayer at which indole is localized: 1), a site in the interface near the glycerol moiety; 2), a weakly bound site in
the interface near the choline moiety; and 3), a weakly bound site in the center of the bilayer's hydrocarbon core. Benzene is
localized in the same three positions, but the most stable position is the hydrocarbon core followed by the site near the glycerol
moiety. Transfer of indole from water to the hydrocarbon core shows a classic hydrophobic effect. In contrast, interfacial binding
is strongly enthalpy driven. We use several different sets of partial charges to investigate the factors that contribute to indole’s
and benzene’s orientational and spatial distribution. Our simulations show that a number of electrostatic interactions appear to
contribute to localization, including hydrogen bonding to the lipid carbonyl groups, cation-7 interactions, interactions between
the indole dipole and the lipid bilayer's strong interfacial electric field, and nonspecific electrostatic stabilization due to a mis-

match in the variation of the nonpolar forces and local dielectric with position in the bilayer.

INTRODUCTION

It has been known for some time that the amino acid
tryptophan (trp) prefers to exist in the interfacial region of
lipid bilayers, the ~15-A-thick region between the hydro-
carbon core and the aqueous solvent (1). This preference was
apparent in the earliest structures of intrinsic membrane
proteins solved to atomic resolution (2), and it has been
confirmed by statistical analyses of known and putative
membrane-spanning elements (3-5). Transfer free energies
measured using small peptides (1) indicate that trp favors the
interfacial region over aqueous solvent more strongly than
any other natural amino acid. Trp residues also strongly
disfavor the hydrocarbon core. When placed into the center
positions of hydrophobic membrane-spanning helices, trp
residues can pull these helices out of transbilayer orientations
and into interfacial orientations (6,7). This same repulsion is
believed responsible for the structural reorganization ob-
served when a gramicidin A dimer is transferred from a bulk
nonpolar solvent such as octanol to a lipid bilayer (8).
Measurements of the effective hydrophobic length of
engineered membrane-spanning a-helical peptides (9—11)
and NMR studies of trp side-chain analogs such as indole
(12—14) have identified the preferred interfacial location of
the trp side chain and indole: both prefer to locate at the
boundary of the hydrocarbon core, near the glycerol region
of the membrane lipids. Recently, NMR data have also
provided evidence for a second weaker binding location near
the choline moiety of phosphocholine lipids (14). This
weaker binding location contains ~1/3 of the indole
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molecules residing in phosphocholine bilayers at the studied
concentration.

Although fluorescence quenching experiments have
shown that many aromatic compounds adopt locations
within lipid bilayers that are similar to indole (15), statistical
studies (3-5) and protein engineering studies of membrane-
spanning a-helices (6) have shown that phenylalanine (phe)
and, by inference, side-chain analogs of phe such as benzene
are not strongly localized; i.e., they are nearly as likely to be
found in the hydrocarbon core of a lipid bilayer as in the in-
terfacial region.

The first computational study of indole localization used
an implicit Langevin dipole model of the bilayer and sur-
rounding solvent (16). This simulation reproduced indole’s
preference for localization in the interface, showing that
localization can be qualitatively reproduced using relatively
simple descriptions of the electrostatic environment—
molecular details of the lipid may not be necessary. This
conclusion is supported by the ability of simple electrostatic
models based on the generalized Born approximation to
exhibit interfacial localization of indole (17). Previous all-
atom representations of the lipid bilayer and aqueous solvent
did not observe interfacial localization (18), but other all-atom
simulations have observed favorable enthalpic interactions
of the trp side chain with phosphatidylcholine headgroups
(19). In this work, we show that an all-atom force field
qualitatively reproduces the known facts about indole and
benzene partitioning and localization. Recent simulations
by McCallum and Tieleman (20), using a different lipid and
small molecule force field, have observed similar results
suggesting that most modern force fields are able to repro-
duce the general aspects of aromatic-lipid interactions.

doi: 10.1529/biophys;j.105.080275
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Many factors may contribute to indole’s interfacial
localization such as:

1. The hydrophobic effect, which favors exclusion of indole
from aqueous solvent. This is especially strong in trp,
which has the most surface area of any natural amino
acid.

2. The lipophobic effect, the analog of the hydrophobic ef-
fect that describes the solvation of uncharged solutes
by the bilayer lipids. Trp’s rigid planar shape may favor
localization due to compatibility with the liquid-crystal-
line-like order of the lipid bilayer, which varies strongly
with depth in the hydrocarbon core. The hydrophobic and
lipophobic effects together constitute the nonpolar forces
on indole and benzene.

3. Hydrogen bonding between the N1 proton of indole (Fig. 1)
and the lipid carbonyl groups located in the glycerol
region of the lipid bilayer. Benzene lacks a hydrogen-
bond donor, potentially accounting for the difference in
the behavior of indole and benzene.

4. Cation-7r interactions (21,22) between indole’s aromatic
ring and positively charged choline groups in phospha-
tidylcholine lipids. Cation-7r interactions are usually

Indole
Atom Charge Set 1 Charge Set 2
1: N/H -0.1 / +0.19 -0.610 / +0.380
2: C/H -0.1 / +0.1 +0.035 / +0.115
3: C/H -0.19/ +0.1 -0.145 / +0.115
4. C 0.0 -0.020
5. CH -0.1 / +0.1 -0.115 / +0.115
6: C/H -0.1 / +0.1 -0.115 / +0.115
7. C/H -0.1 / +0.1 -0.115 / +0.115
8: C/H -0.1 / +0.1 -0.115 / +0.115
9. C 0.0 0.130
Benzene
Atom Charge Set | Charge Set 2
C/H -0.1/+0.1 -0.2/+0.2
FIGURE 1 An illustration of the structure of the indole molecule,

showing the two sets of partial charges used in our simulations of indole
and benzene (in addition to uncharged simulations). Charges are in units of
le|. The partial charges in charge set 1 are adapted from the partial charges in
the G96 force field (48) used for the trp side chain. The partial charges in
charge set 2 are taken from the ab initio calculations of Woolf et al. (26). The
diagram also indicates the local frame used to compute the indole orientation
with respect to the bilayer normal (Fig. 8). The z axis is given by the cross
product of the x and y axes.

2047

stronger with indole than with benzene (22), which could
potentially explain the difference in their behavior in the
bilayer. Despite their potential importance, classical
additive force fields do a poor job of quantitatively
reproducing the strength of cation-7 interactions, pri-
marily because they do not include explicit polarizability
of the aromatic molecule and its bound cation (23-26).

5. Electrostatic interactions between the indole dipole
moment and the electric field of the bilayer. Phospho-
choline bilayers normally have a strong positive electro-
static potential in the hydrocarbon core, which rapidly
drops off in the interfacial region (27-33). This strong
electrostatic gradient could trap and hold molecules, such
as indole, which have a large molecular dipole.

6. Other nonspecific electrostatic interactions between
indole and the lipids and water of the interfacial region.
For example, simulations indicate that the interfacial
region possesses a large dielectric (34) but a lower sur-
face tension than bulk water (35,36). Molecules with a
large surface area might prefer to move into the inter-
facial region to lower the free energy of nonpolar solva-
tion, but they might be too polar to move into the low
dielectric hydrocarbon core region, effectively trapping
them in the interfacial region.

Chemical modifications of both indole and phosphatidyl-
choline lipid molecules have been used to test the importance
of the indole dipole moment and hydrogen bonding to
localization. These studies (12—14) suggest that the indole
dipole moment and hydrogen bonding do not by themselves
result in interfacial localization. The factors primarily
responsible for indole localization are still unknown. Mea-
surements of indole in phosphomethanol lipid bilayers
suggest that cation-7r interactions are involved in localization
of indole in the choline region (14).

In this article we provide a demonstration that modern all-
atom force fields qualitatively reproduce the distribution and
orientation of the small aromatic molecules indole and
benzene in a lipid bilayer as a first step toward discriminating
among the possible origins of this behavior. Analysis of the
temperature dependence of localization is used to probe
the contributions of enthalpy and entropy to localization.
Transfer of indole to the hydrocarbon core shows a classic
hydrophobic effect, but transfer of indole to the interface is
strongly enthalpy driven, in agreement with experiments.
Using several different charge distributions, we show first
that electrostatic interactions are the primary reason for the
different behaviors of indole and benzene. We show that
small changes in the magnitude of the atomic charges can
induce localization and that this localization does not require
the molecule to possess a dipole moment. From this infor-
mation we suggest that interfacial localization can occur
because of a simple mismatch in the variation of the nonpolar
and local dielectric constants with depth within the lipid
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bilayer, i.e., a nonspecific electrostatic mechanism, although
quantitative agreement appears to require the specific inclu-
sion of the effects of hydrogen bonding, cation-7r interac-
tions, or interactions with the membrane dipole potential.
These results have important implications for the develop-
ment of implicit membrane electrostatic models.

METHODS

The initial bilayer structure was generated by selecting a section of
previously equilibrated POPC bilayer (44). A short simulation was carried
out on this section of POPC bilayer in the NPyT ensemble with harmonic
restraints on the lipid atoms. Additional solvent was then added along with
several indoles or benzene molecules. All simulations had 13 benzene or
indole molecules per unit cell. Each simulation was then equilibrated for a
minimum of 10 ns. GROMACS (45) was used for all simulations. The
G45A3 force field was used for the POPC lipids (46) with the partial charges
of Chiu et al. (47). The force field parameters for indole and benzene were
adapted from the G96 (48) parameters for trp and phe. The water model was
the single point charge model (49). The relatively small size of the periodic
cell was practically necessary to allow us to simulate 200 ns of real time. This
was a trade-off between balancing potential finite-sized effects against
sampling errors. Although we do not expect significant changes to occur with
an increase in the lipid size, simulations are underway to test this hypothesis.
Our simulations (data not shown) of a neat POPC bilayer under the same
conditions without indole or benzene produced areas per lipid in agreement
with experimental values, supporting the validity of the small unit cell.

Three sets of atomic partial charges were used for benzene: in one
simulation the partial charges were all 0.0; in a second simulation the partial
charges were +0.1 |e; in a third simulation the partial charges were *0.2
le|. Three sets of atomic partial charges were also used for indole as ex-
plained in the text and Fig. 1.

All simulations were carried out at a temperature of 298 K or 350 K, a
pressure of 1 bar, and a surface tension of 0 dynes/cm. Hydrogen mass was
increased to 4 a.m.u., which may alter the relaxation properties but should
not affect the equilibrium properties of the simulation. A 4-fs time step was
used with LINCS (50) to restrain all h-bond lengths. Particle mesh Ewald
(51) was used with a switching function at 12 A.

All systems were equilibrated for at least 10 ns. Production runs were all
200 ns in length.

Error bars for PMFs were determined through a combination of block
averaging and Bayesian analysis. The data were initially blocked into 10 sets
of 20 ns each. The number of counts in each bin along the z-position was
determined for each of the 10 data sets. For highly sampled regions, the bins
contain many counts and the computed PMF values for each of the 10 data
sets appear to be drawn from a Gaussian distribution. This allows for relatively
easy error estimation provided that the data sets are largely uncorrelated.

For poorly sampled regions, the bins contain few or no counts. In these
instances, the PMF computed for some bins can be infinite, making a simple
determination of errors as in the highly sampled regions impossible. One
possible (but poor) solution is to assume that the error in each bin is a single
count and add a single count to each empty bin. This is clearly a poor
solution, since it consistently results in the underestimation of both the PMF
and the error in the PMF in poorly sampled regions.

Our solution was to estimate the probability distribution for the number
of counts in each bin from a Bayesian analysis. Each of the 10 data sets
provides a sample from an unknown probability distribution for each bin.
The number of counts in each bin was assumed to follow a binomial
distribution of values with an unknown probability p for a sample to occur in
a given bin. Correlations among counts within a data set were accounted for
by assuming that instead of the actual number N of samples, there was a
correlation among them reducing the effective number of samples to Neg =
N/Nc. The numbers of counts in each bin and in total were both reduced by
the factor Nc. N¢ was determined from highly sampled regions of the PMF.
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To compute the errors, the conditional probability distribution for p given
the observed counts in the 10 data sets is required,

-, Mo|p)prob(p)

prob(n,) - - - prob(n,)

_ prob(mlp) -+ problnalp)probi(p)
Jprob(m|p)prob(p)dp - - - [ prob(n|p)prob(p)dp

The prior distribution of p is assumed to be one for which all PMF values
are equally likely. The conditional probabilities in the numerator are com-
puted directly from the binomial distribution. The denominator is a constant
that is determined by requiring that

rob(n, ..
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o

/ prob(p|ny, ..., ny) = L.

The probability distribution for the PMF can be computed from the
probability distribution for p, from which mean values as well as confidence
intervals are extracted. For computing differences in PMFs, whole probability
distributions are used.

RESULTS AND DISCUSSION

Our simulations are carried out on a POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine) bilayer containing 32
lipid molecules in explicit water and a small number of
indole or benzene molecules placed initially in the water
region. Simulations are done in the NPyT ensemble at 298 K
or 350 K, a pressure of 1 bar, and zero surface tension. Three
different partial atomic charges are simulated for both indole
and benzene. One simulation of indole and benzene is done
with zero partial atomic charges. One simulation of indole
and benzene is done with smaller partial atomic charges
referred to as charge set 1. A final simulation of indole and
benzene is done with larger partial atomic charges referred to
as charge set 2. Charge sets 1 and 2 for indole and benzene
are shown in Fig. 1. Indole and benzene are simulated at
higher temperatures (350 K) to determine the relative contri-
butions of entropy and enthalpy to localization. Further details
of the simulation are provided in Methods.

In all simulations, indole and benzene enter the lipid
bilayer on a timescale of a few nanoseconds. Indole is re-
latively insoluble in the aqueous phase. None of the sim-
ulations show an appreciable amount of population outside
of the bilayer. As expected, benzene is more soluble in the
aqueous phase: the simulations using both the smaller and
larger partial charges show a significant population in the
aqueous solvent.

In Fig. 2, we show the trajectories of several indole mol-
ecules along the direction of the bilayer normal as a function
of time taken from our simulations of indole using charge
set 1. Qualitatively similar trajectories are observed for the
other indole and benzene simulations with nonzero partial
charges, although the amount of localization and the mean
waiting time in each region varies by about an order of
magnitude. In simulations of indole, the large central barrier
results in slow equilibration of the indole population between
bilayer leaflets. This appears to be the slowest process in our
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FIGURE 2 The depth of the indole nitrogen atom relative to the POPC
bilayer center as a function of time. Two representative indoles are chosen
from 13 indole molecules simulated using charge set 1. This plot illustrates
that the indoles localize in different regions of the lipid bilayer; however, the
barriers between regions of the bilayer are not so large as to prevent
equilibration within the simulation time.

simulations. After equilibration of the simulation of indole
using charge set 2, only 13 events are observed for which an
indole crosses from the interfacial region of one leaflet to the
interfacial region of another leaflet and remains there stably
for more than a nanosecond.

In Fig. 3 we compare the calculated potential of mean
force (PMF) for the positioning of indole and benzene
relative to the bilayer central plane. The indole nitrogen is
used to compute the indole PMF, because of the role that
nitrogen has been purported to play in localization. The

IR T
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PMF (kJ/mol)

Z Position (nm)

FIGURE 3 The PMF for the depth of the indole nitrogen atom relative to
the POPC bilayer center from a simulation using charge set 1 (black curve)
and the PMF for the depth of the center of mass of Benzene relative to the
POPC bilayer center using charge set 1 (red curve). This figure shows that
indole localizes in the interfacial region, but benzene does not localize. The
PMFs are vertically offset for clarity. These PMF plots do not provide
absolute free energy values anyway—all values are strictly relative. The
diffuse background indicates an estimated 95% confidence interval. The
PMFs are superimposed on a snapshot of the bilayer colored to show various
chemical groups (choline/blue; phosphate/green; glycerol/red; hydrocarbon
core/black).
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center of mass of benzene is used to compute its PMF.
Charge set 1 is used for these simulations. As for all PMFs,
these curves provide relative free energy differences only.
We observe three local minima for indole positioning. The
dominant binding location is near the glycerol moiety of the
bilayer (red-colored lipid region) in agreement with exper-
iments (12—-15). Weaker binding locations exist in the
hydrocarbon core (black-colored lipid region) and in the
vicinity of the choline moiety (blue-colored lipid region).
The existence of the choline binding position has been
inferred from indole-induced chemical shifts (14), but a
hydrocarbon-core binding location has not been experimen-
tally observed. Benzene primarily resides in the hydrocarbon
core, in agreement with existing data on the phe residue
(4-6). The general agreement between our calculations and
experiment as well as the calculations of others (20) support
the fundamental suitability of the force fields used in these
calculations, although quantitative differences do exist.

To determine the effects of the indole and benzene charge
distributions on their localization, we repeat our simulations
using another, larger set of atomic partial charges and using a
set of partial charges that are all zero. The larger partial
charges for indole (charge set 2) are taken from the ab initio
charge fitting of Woolf et al. (26). The larger partial charges
for benzene are created by doubling the magnitude of all
existing partial charges. These larger sets of partial charges
increase all the electrostatic effects: nonspecific electrostatic
effects, the strength of hydrogen bonding, cation-7 interac-
tions, and interactions between the indole dipole and the
membrane dipole potentials.

The effects of altering the partial charges on indole are
shown in Fig. 4. Uncharged indole molecules primarily
reside in the hydrocarbon core. Clearly, nonpolar forces are
not the reason for exclusion from the hydrocarbon core. In
fact, the distribution of uncharged indole is nearly identical
to the distribution of uncharged benzene in the bilayer.
Interestingly, there remains a substantial amount of penetra-
tion of the uncharged indoles into the interfacial region, a
result that is broadly consistent with other calculations
(35,36) showing that the surface tension describing the
solvation of nonpolar solutes is lower in the interfacial region
than in the aqueous phase but contains a strong gradient.
Also, there is a clear modulation of the nonpolar forces: the
nonpolar forces are not monotonically decreasing throughout
the interface. This modulation preserves the distinction of the
three binding sites even when the partial charges are all zero.

The indole with charge set 2, the larger set of partial
charges, shows significant exclusion from the hydrocarbon
core and stabilization within the choline region. In light of
estimates of the relative populations of the glycerol (~2/3)
and choline (~1/3) regions (14), this simulation appears to
agree most closely with our knowledge of indole positioning.
The large value of the PMF in the hydrocarbon core relative
to the interface explains why no significant population has
been experimentally observed in this region.

Biophysical Journal 91(6) 2046—-2054
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FIGURE 4 The PMF for the depth of the indole nitrogen atom relative to
the POPC bilayer center as a function of the partial charges on the indole:
uncharged (bottom); charge set 1 (middle); and charge set 2 (top). All PMF
curves are relative, i.e., they do not show the absolute change in free energy
with the change in charge. All curves are vertically adjusted so that the
lowest region of the PMF has a value of zero. An estimated 95% confidence
interval is indicated by the diffuse backgrounds. This figure suggests that
electrostatic interactions are key to the difference in behavior of indole and
benzene.

Benzene shows similar trends to indole (Fig. 5). An
increase in the partial charges results in exclusion of benzene
from the hydrocarbon core and stabilization in the interfacial
region. Benzene does not have a dipole moment, confirming
the experimental evidence that dipolar interactions are not
necessary for stabilizing solutes in the interfacial region,
although dipolar interactions may quantitatively contribute
to localization. The larger set of partial charges for benzene
is nonphysical, but is useful for probing the effects of charge
in stabilization.

The PMFs presented here are symmetrized. Comparing
the symmetrized and unsymmetrized PMFs provides a useful
check on the errors in the PMF. In Fig. 6, we compare the
symmetrized and unsymmetrized PMFs for indole with
charge set 2, which appears to be the simulation with the
slowest relaxation behavior. We find good quantitative
agreement between the two. Comparison of the other simu-
lations (data not shown) produces agreement that is at least
as good as this simulation. In all simulations, the population
difference between leaflets results in a total PMF difference
of <1 kJ/mol. Surprisingly, we find that the largest dis-
crepancy between symmetrized and unsymmetrized PMFs
consistently occurs at a distance of between 2 and 2.5 nm
from the bilayer central plane—the choline binding location.
This may be an indication that a slowly relaxing process is
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FIGURE 5 The PMF for the center of mass of the benzene molecule
relative to the POPC bilayer center as a function of the partial charges on the
benzene: uncharged (bottom); small set of partial charges (middle); and large
set of partial charges (fop). All PMF curves are relative, i.e., they do not
show the absolute change in free energy with the change in charge. All
curves are vertically adjusted so that the lowest region of the PMF has a
value of zero. An estimated 95% confidence interval is indicated by the
diffuse backgrounds. The interfacial localization observed in the simulations
using charge set 2 indicates that dipolar interactions are not necessary for
localization to occur.

occurring in this region, perhaps a process requiring sub-
stantial lipid headgroup rearrangement.

The free energy of charging may be found by taking the
difference in the PMFs of the charged and uncharged

PMF (kJ/mol)

-3 2 -1 0 1 2 3
Z Position (nm)

FIGURE 6 The difference between our symmetrized data (black curve)
and our unsymmetrized data (blue curve) shown for indole using charge set
2, the simulated system with the largest barriers and slowest relaxation. The
largest discrepancy between our symmetrized and unsymmetrized PMFs
always occurs in the region near the choline groups at a distance of 2 to 2.5
nm from the bilayer center.
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simulations. The very low amount of indole observed in the
aqueous phase makes the calculation of the free energy of
charging from zero partial charges to charge sets 1 or 2 prob-
lematic. More reliable results arise from altering the charges
from set 1 to set 2 (Fig. 7). This free energy difference ex-
hibits only a single minimum in each interfacial region. This
indicates that the barrier in the PMF between the choline and
glycerol minima is purely nonpolar in nature, and it suggests
that similar electrostatic interactions may be responsible
for stabilizing indole near both the choline and glycerol
moieties.

Importantly, the free energy minimum in the interface due
to charging cannot be explained with any simple electrostatic
continuum model that does not include interactions with the
lipid electrostatic field, hydrogen bonding, or cation-7
bonding. The total electrostatic contribution to the aqueous
solvation of an indole molecule is <50 kJ/mol (37), and
transferring an indole molecule from aqueous solvent with a
dielectric near 80 to a medium with a higher dielectric would
not be expected to produce a stabilizing effect greater than
about (50/80) kJ/mol = 0.625 kJ/mol. A careful elucidation
of the factors that are most important for localization will be
an important input for the further refinement of implicit
bilayer models. Although certain effects such as the binding
to particular lipid moieties may be difficult to implement
within existing implicit models, other effects such as inter-
action with the membrane dipole potential can be easily
incorporated into existing models.

The indoles in the bilayer have certain strongly preferred
orientations. The orientation of indoles in the bilayer has

(kJ/mol)

charging’

AG

-5} J

~10 Madsalisssissastassatassal
-3 -2 -1 0 1

Z Position (nm)

L]
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FIGURE 7 This figure shows the difference in the PMF for indole using
charge set 2 and charge set 1. Because these are PMFs, this difference is only
relative. The absolute free energy difference at any one position, as one
would get from a free energy perturbation calculation, is unknown. As
expected, increasing the partial charges on the indole atoms destabilizes
indole in the low dielectric bilayer core relative to water; however,
increasing the partial charges also strongly stabilizes indole high in the
interfacial region near the choline groups. It does not appear possible to
rationalize this strong interfacial stabilization relative to water by modeling
the bilayer as a continuum medium with a spatially dependent dielectric
constant unless specific indole-lipid interactions or interactions with the lipid
dipolar potential are included.
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been probed by site-specific deuteration of the indole
molecules (14) and modeled using a rigid indole molecule
with a preferred orientation and wobble. In a similar manner,
we characterize the orientational distribution of the indoles
by attaching a local coordinate frame (Fig. 1) to the indoles.
The bilayer is symmetric under rotations about the bilayer
normal, so two angles suffice to characterize the indole
distribution: 6, the angle between the z axis of the indole and
the bilayer normal; and «, the angle that is assumed when the
bilayer normal is projected into the molecular xy plane. Fig. 8
shows the probability density for indoles along these two
axes for indoles under charge set 2 averaged over the whole
bilayer. Clearly, the orientation is dominated by structures
with 6 near 90°—indicating that the molecular plane of the
indole is orthogonal to the plane of the bilayer—and by
structures with « near 110°—an angle for which the indole
dipole is aligned in the direction of the electric field in the
interface of the bilayer. This suggests a significant quanti-
tative role for the indole dipole moment in localization.

The indole dipole moment cannot, however, be the sole
reason for localization because we were able to induce
localization in benzene by increasing its partial charges, and
it does not possess a dipole moment. Similarly, a generalized
Born/surface area model of the bilayer (17) and a Langevin
dipole model (16) were able to observe some localization
without the inclusion of an average membrane electrostatic
potential.

Evidence for cation-7 interactions between the lipid
choline groups and indoles also exist (Fig. 9), and evidence
for hydrogen bonds exists as well (Fig. 10). Clearly both
must contribute somewhat to stabilization. Initial simulations
of indole with a reduced hydrogen-bonding potential (data
not shown) suggest that the interfacial stabilization created
by hydrogen bonding to the lipid carbonyl groups is weak, in
agreement with most experiments (12—14). The quantitative
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FIGURE 8 (Left panel) The orientational distribution of indole in the
bilayer (computed using charge set 2). The preferred orientation of indole is
with the normal to its plane orthogonal to the bilayer normal (6 near 90°) and
with its dipole moment aligned with the average electric field of the bilayer
in the interface (a near 110° for this set of partial charges). (Right panel)
This figure shows the same probability density corrected to eliminate the
effects of the Jacobian for solid angle rotations. Weak sampling of orient-
ation of 6 near 0° and 180° are real effects and not just artifacts of the
Jacobian.
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FIGURE 9 The distribution of phosphate atoms (upper panel) and choline
heavy atoms (lower panel) relative to the center of mass of the indole
molecules (averaged over all indole molecules in the simulation). Curves are
normalized so that the density curves approach the bulk density of phosphate
and choline groups within the unit cell.

contribution of cation-7r interactions to localization cannot
be determined here. The relatively low occupation number
for choline in the first solvation shell of indole suggests that
it cannot account for localization by itself but does contribute
to the effect.

Recent simulations of the gramicidin A dimer in POPC
and POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha-
nolamine) lipids have investigated the role of cation-7 inter-
actions between trp side chains and phospholipid headgroups
(38). It was found that, although cation-7r interactions are
significantly stronger with POPE, they still contribute sig-
nificantly to interactions with POPC headgroups. Molecular
dynamics studies of the interaction between lipids and
peptides of the form Ace-WLXLL (39) also observed sig-
nificant cation-7r interactions.

0.5
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FIGURE 10 The number of hydrogen bonds between indole and the lipid
carbonyl groups as a function of position in the bilayer for the various charge
distributions on indole (uncharged, charge set 1, and charge set 2). As
expected the amount of hydrogen bonding increases with the magnitude of
the partial charges, suggesting at least a partial role for hydrogen bonding in
localization.
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The transfer of indole from the aqueous phase to the
interface takes on a different thermodynamic signature than
transfer of indole to a bulk nonpolar phase. The transfer to
the interface is largely enthalpy driven and opposed by
entropy, an effect sometimes referred to as the ‘‘nonclassi-
cal’’ hydrophobic effect (1,40). This effect is generic to the
transfer of small molecules from the aqueous phase to
ordered nonpolar phases (1,40—42), although its origins are
unknown. Recent simulations (43) have observed this
nonclassical effect for the transfer of hexane to phosphati-
dylcholine bilayers.

To verify whether this curious aspect of localization is
reproduced properly by our force field, we perform simula-
tions at 350 K in addition to our 298 K simulations. The
change in the PMF from 298 to 350 K is used to separate the
relative energy and enthalpy of the system as a function of
indole depth via the Gibbs-Helmholtz equation (Fig. 11).
This separation shows that transfers of indole into the hydro-
carbon core have a classic hydrophobic character, being
entropy driven at temperatures near and below room tem-
perature and opposed by enthalpy. (Another signature of the
classic hydrophobic effect is an accompanying increase in
the heat capacity, but because we only have data at two
temperatures, we cannot reliably estimate the heat capacity
change in this instance.) In contrast, transfer of indole to the
interface is strongly enthalpy driven and opposed by entropy.
Despite our large error bars in the aqueous solvent region,
our results are surprisingly in accord with the measured
enthalpy for transfer for indole to the bilayer interface: —22.5
kJ/mol (1).

In conclusion, we have provided an unbiased demonstration
of indole localization using explicitly represented aqueous
solvent and bilayer. In general agreement with experiment, we
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FIGURE 11 The enthalpy of indole positioning in the bilayer. Enthalpy is

determined by assuming a constant enthalpy and entropy as a function of
position over a temperature range and fitting the change in the PMF from
298 to 350 (as determined by two separate simulations at those temperatures
using charge set 2) to the function AG = AH — TAS. As expected, we find
that transfer of an indole molecule from water to the interface is an enthalpy-
driven process, whereas transfer from water to the bilayer interior is an
entropy-driven process.
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observe that indole localizes whereas benzene does not. The
existing force fields appear to do a good job in reproducing
the behavior of indoles and benzenes in bilayers. Using
the ab initio charges of Woolf et al. (26), the population
and orientation of indole in simulation appear to closely
match the distribution inferred via NMR measurements. The
“‘nonclassical’’ hydrophobic characteristics of interfacial
binding are also accurately reproduced.

The amount of localization in both benzene and indole can
be varied by small changes in the partial charges of each
molecule. Increasing the partial charges will cause benzene
to localize and indole to localize more strongly; decreasing
the partial charges will result in both benzene and indole
primarily residing in the hydrocarbon core of the lipid bilayer.
Localization does appear to have some dependence on non-
specific electrostatic effects, cation-7r interactions, dipolar
interactions between the indole and the bilayer, and hydrogen
bonding to the bilayer carbonyl groups. A detailed quantita-
tive description of localization will most likely require the
inclusion of all these effects.
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