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ABSTRACT A molecular dynamics simulation of the
gramicidin A channel in an explicit dimyristoyl phosphatidyl-
choline bilayer was generated to study the details of lipid—
protein interactions at the microscopic level. Solid-state NMR
properties of the channel averaged over the 500-psec trajectory
are in excellent agreement with available experimental data. In
contrast with the assumptions of macroscopic models, the
membrane/solution interface region is found to be at least 12
A thick. The tryptophan side chains, located within the inter-
face, are found to form hydrogen bonds with the ester carbonyl
groups of the lipids and with water, suggesting their important
contribution to the stability of membrane proteins. Individual
lipid—protein interactions are seen to vary from near 0 to —50
kcal/mol. The most strongly interacting conformations are
short-lived and have a nearly equal contribution from both van
der Waals and electrostatic energies. This approach for per-
forming molecular dynamics simulations of membrane pro-
teins in explicit phospholipid bilayers should help in studying
the structure, dynamics, and energetics of lipid-protein inter-
actions.

The scarcity of information about the structure of mem-
brane proteins, along with the complexity of the bilayer
environment, makes an understanding of lipid—protein mi-
croscopic interactions difficult. Structure prediction algo-
rithms of membrane proteins often represent the mem-
brane/solution interface as a sharp demarcation between a
hydrophobic and a hydrophilic environment (1, 2). Such a
simplified view may not be sufficient. For example, al-
though the amino acids of membrane proteins are generally
distributed according to their hydrophobicity (2), the rea-
sons why tryptophan and other aromatic residues are often
found at the membrane/solution interface are not well
understood (3). Despite numerous experimental studies,
little or no detailed information is available about the
microscopic nature of the lipid bilayer/protein bulk solution
interface and its implications for lipid-protein interactions.
In principle, the powerful molecular dynamics approach for
studying biological macromolecules (4) can be used to gain
insight into the structure and dynamics of membrane-
protein complexes. In practice, extension of current com-
putational methods to simulate a protein in an explicit
phospholipid bilayer represents a major challenge. The
dynamical stability and the computed properties of the
system will depend on two important factors: (i) the choice
of a carefully constructed starting configuration (5) and (ii)
the ability of the empirical potential function to represent
accurately the balance between hydrophobic and hydro-
philic forces. The selection of a model system is important
in that a large body of experimental data should be available
for assessing the simulation’s validity. This paper describes
a systematic approach for constructing the starting config-
uration for molecular dynamics simulations of intrinsic
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membrane proteins and reports on the results of a 500-psec
trajectory for an 8:1 dimyristoyl phosphatidylcholine
(DMPC)/gramicidin A (GA) system with 45% (wt/wt) wa-
ter. All atoms, including the nonpolar hydrogens, were
explicitly included in the calculations. The system is a
model for the experimental samples investigated by solid-
state NMR in the laboratories of Cross (6), Cornell (7), and
Davis (8).

The extensively studied transmembrane ion channel
formed by GA in a lipid bilayer provides an ideal prototypical
model for theoretical investigations of the microscopic details
of lipid-protein interactions (9, 10). The three-dimensional
structure of the membrane-bound ion-conducting channel is
well established: it is an N- to N-terminal dimer formed by
two single-stranded right-handed B-helices (6). The pore is
lined by the backbone carbonyls, and the side chains—most
of them hydrophobic—extend outward into the lipid alkane
chains. Four tryptophan residues are located at the end of
each monomer near the membrane/solution interface, a
structural feature similar to that observed in much larger
membrane proteins—e.g., the photosynthetic reaction center
(11), annexins (12), and porins (13, 14). The influence of the
tryptophans on the lifetime and conductance of the GA dimer
channel has been demonstrated (15). Thus, an understanding
of the structure and dynamics of the DMPC/GA complex
may provide information of fundamental interest about the
interactions between the side chains of an intrinsic membrane
protein and the surrounding lipids.

A protocol was designed to construct a set of possible
starting configurations for the membrane system. Structural
data from crystals of phospholipids (16) do not provide an
appropriate initial conformation for the lipids in a liquid
crystalline bilayer, because extremely long equilibration
times would be needed to melt the all-trans frozen alkane
chains (5). Moreover, the crystal structures correspond to
very low hydration levels, while it is known that =20 water
molecules are strongly bound to the polar headgroups of
phospholipids in a bilayer (17). To construct the possible
starting configurations, preequilibrated and prehydrated
DMPC molecules were chosen randomly from a set of 2000
(18). One hundred starting configurations were generated and
25 were selected for energy minimization and preparation for
dynamics. From this set, 5 systems were chosen for equili-
bration and trajectory calculations. The results from one
trajectory are analyzed in this paper. Further details will be
found in a future publication.

THEORY AND METHODS

Microscopic System and Computational Details. The simu-
lation system comprises one GA channel, 16 DMPC mole-
cules, and 649 water molecules. This system is meant to
model the oriented samples studied by solid-state NMR
(6-8). The experimental samples are prepared with an 8:1

Abbreviations: DMPC, dimyristoyl phosphatidylcholine; GA, gram-
icidin A; vdW, van der Waals.
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DMPC/GA molar ratio and 45% (wt/wt) water—i.e., 649
water molecules for 1 GA dimer channel and 16 DMPC
molecules. All atoms are represented in the atomic model
for a total of 4390 atoms. The potential energy function is
the all-hydrogen cHARMM 22 force field (A. D. Mackerell
and M. Karplus, personal communication) including the
TIP3P water potential (4). In the simulation system, the
center of the bilayer membrane is located at z = 0 and the
channel axis is oriented along the z direction. Hexagonal
images in the x—y plane of the bilayer and periodic images
normal to the bilayer along the z direction were used to model
an infinite multilayer system. The dimensions of the elemen-
tary simulation cell are 60 A along z and 17.2 A for the edge
of the hexagon in the x—y plane. The area of the x—y hexagonal
simulation cell is 760 Az, which corresponds to the total cross
section of 1 GA (250 A2) and 8 DMPCs (64 A2). The trajectory
was calculated in the microcanonical ensemble with constant
energy and volume. The average temperature was 340 K, in
accord with the experimental conditions (6-8). All bonds
involving hydrogen atoms were kept fixed with the SHAKE
algorithm (4). The time step was 2 fsec. The system was
equilibrated for 100 psec, followed by 500 psec of molecular
dynamics. Nonbonded interactions were truncated smoothly
at 12 A for all atom pairs. The calculation required 3 hr of
central processing unit (CPU) time per psec (SGI Indigo R4000
computer).

Construction of the Initial Configuration. A special protocol
was used to generate a set of 300 initial configurations for the
DMPC/GA system. Each configuration was constructed
using 16 preequilibrated and prehydrated DMPC molecules
(19), chosen randomly from a library of 2000 phospholipid
conformers representative of the lipid molecules found in a
bilayer membrane in thermal equilibrium (18). The configu-
rations were assembled as a set of rigid units, with each GA
or DMPC (with their primary waters) being translated and
rotated in a systematic search for an optimum packing. This
operation was necessary because a large number of unfavor-
able core—core overlaps—i.e., atoms that are too close to one
another—are present in the random initial configurations.
Finally, each configuration was fully solvated and further
refined by energy minimization. The resulting model-built
membrane-protein complex corresponds to an optimal pack-
ing configuration of the phospholipid molecules around the
channel and incorporates correctly the experimental data
about both chain order and bilayer thickness for a pure
bilayer (18, 20). This protocol is a generalization of the
approach used by Pastor et al. (21) to construct a model of the
dipalmitoyl phosphatidylcholine bilayer.

Calculation of NMR Properties. Solid-state NMR proper-
ties were calculated to characterize the conformation of the
backbone and the side chains of the channel (6-8). To
calculate the chemical shift parallel to the magnetic field, oy,
a time average of the instantaneous chemical shift tensor
projected in the direction normal to the membrane (here the
z axis) is used,

3
o ={ Z| Séwmouedn |2 ), m
i=1

where &4(t) are the instantaneous unit vectors associated with
the ith principal axis and tensor element magnitude o;; of the
static chemical shift tensor for 1N, respectively (6). Simi-
larly, the chemical shift perpendicular to the magnetic field,
o, is calculated from an analogous projection of the instan-
taneous tensor (here in the x—y plane),
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The chemical shift anisotropy is defined as o) — o, . The ’N-H
dipolar coupling and the carbon-bonded 2H quadrupolar split-
tings are both calculated from a time average of the form

2 —
(As) = A X <3°°s;¢> B3l

where &(¢) is the instantaneous angle between the two atoms
and the z direction, and Ay is the standard frequency splitting
for 2H quadrupolar and dipolar coupling interactions.

RESULTS

Average Structure and Density Profile. The membrane-
protein bilayer complex remained stable throughout the
500-psec simulation. Fig. 1 shows one conformation of the
simulation system. The transition from the hydrophobic to
the hydrophilic environment extends from 9 to 21 A, with a
thickness of about 12 A. The composition of the interfacial
region corresponds to a mixture of water, glycerol, and
phosphocholine headgroups. For a pure DMPC bilayer, the
thickness of the hydrophobic region has been reported to be
23 A (20). This corresponds to the region of the DMPC alkane
chains. A local minimum in the density of alkane chains is
present at the center of the bilayer, as observed both in
neutron scattering experiments and in a previous simulation
of a dilauroyl phosphatidylethanolamine bilayer (22, 23). The
P and N atoms of the polar headgroup are both centered at
16-18 A, although the N is a little more spread out. The

Z (A)

FiG. 1. Structure of the hydrated bilayer/channel system. Rep-
resentation of the 8:1 DMPC/GA model with 45% (wt/wt) water.
Hydrogens of the lipids are not shown, although the model includes
all atoms. The nearest image molecules are included in the snapshot.
The center of the bilayer is at z = 0.
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distribution of the P and N atoms reflects the fact that the P-N
vector tends to be almost parallel to the membrane/solution
interface. The ester carbonyl groups are located at 12-14 A.

Comparison with Solid-State NMR Data. To validate the
results from a molecular dynamics trajectory, comparison
with experimental information is essential. Due to their close
relationship with the molecular structure, experimental mea-
surements from solid-state NMR are particularly valuable
(6-8). Solid-state NMR data and the calculated values from
molecular dynamics are shown in Fig. 2 for the N chemical
shifts at labeled sites along the backbone (6) (Upper Left), the
I5N-'H dipolar coupling (6) (Lower Left), and the 2H qua-
drupolar splitting at the C* carbons along the backbone (8)
(Upper Right). Fig. 2 (Lower Right) shows a comparison of
the 2H quadrupolar splittings for labeled indole rings (6). The
clear alternating pattern of the solid-state NMR backbone
properties is evidence for the right-handed helical sense of
the GA channel (6). Table 1 shows the 1N chemical shifts and
the 1’N-H dipolar couplings for the tryptophans, with values
from the Arseniev structure in parentheses (24). The overall
agreement between molecular dynamics and solid-state
NMR experiment is excellent for both the backbone sites and
the tryptophan rings.

The agreement of the static Arseniev structure with solid-
state NMR data can be misleading. The slow time-scale of
solid-state NMR corresponds to an average over rapidly
fluctuating quantities. Based on the calculations, these fluc-
tuations can be large. As an illustration, the distribution
functions for three 2H quadrupolar splittings and for the
chemical shift of the 15N of Trp!! are shown in Fig. 3. The 2H
quadrupolar splitting of H¢3 varies from 0 to 275 kHz; there

Observed DQS (kHz)

tryptophans (0, 9; 0, 11; O, 13; 4, 15).

is an overlap between the Hn2 and H{2 splittings, with
contributions to the average calculated for the Hn2 spreading
from —150 to 75 kHz and from —150 to 200 kHz for the H{2
location. Integrating the NMR properties over the distribu-
tions of Fig. 3 yields the time averages given in Table 1. Such
average distribution functions correspond closely to the
spectra that would be observed if the solid-state NMR time
scale was made faster than the molecular motions—e.g., as
in experiments with fast-frozen low-temperature samples.
The broad distributions indicate that large differences can
occur between NMR properties averaged over an ensemble
of conformations and NMR properties analyzed in terms of
a single average structure. Molecular dynamics can provide
valuable information for examining relationships between
average NMR properties and conformations.

Backbone and Side-Chain Motions. Overall, the membrane
does not change the protein conformation significantly: the
average rms deviation of GA throughout the trajectory from
the initial Arseniev structure is 1.2 A and fluctuations in the
backbone dihedral angles are 11 and 13 degrees for ¢ and ¢,
respectively. However, the aliphatic side chains are not
restricted by the membrane environment and can make
transitions between multiple conformations. During the 500-
psec trajectory, transitions between discrete conformational
states of the y; and x, dihedral angles were observed for
several of the aliphatic side chains. Various types of motion
were present—e.g., the x; dihedral transition of Ala3 involves
the simple rotation of a methyl group. The x; dihedral
transitions observed in Vall, Val®, Val8, Leu¢, and Leul? and
the x?2 transitions observed for Leu* and Leu!? involve more
complex atomic motions. Despite the limited experimental

Table 1. Dihedral angles, 1N chemical shifts, and ’N-'H dipolar couplings for the tryptophan residues

Dihedral angle,* degrees 5N chemical shift, ppm 1SN-H dipolar coupling,} kHz

Residue xi x2 Calculated Observed Calculated Observed
Trp® 193, 189 (167) 79, 65 (89) 131, 142 (158) 145 17,19 13) 13
Trp!! 294, 295 (295) 310, 310 307) 146, 139 (154) 144 10, 9(11) 1
Trpt3 291, 290 (293) 300, 307 (270) 151, 147 (145) 144 15,12 9 10
Trp® 291, 294 (291) 309, 305 (309) 142, 150 (139) 139 8,10 (6) 8

Numbers in parentheses refer to values calculated from the Arseniev structure (24).

*rms fluctuations in y; and x» were 10 and 15 degrees.

TTensor component magnitudes were 166, 114, and 36 ppm (6); rms fluctuation in !N shift was 22 ppm.
#Dipolar coupling constant Ay, = 16 kHz; rms fluctuation in N-!H coupling was 10 kHz.
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FiG. 3. Average distribution of NMR properties for one mono-
mer of Trp!L. (Upper) Probability density for the chemical shift of 1N
on the indole ring. Arrows indicate the average obtained from the
trajectory given in Table 1. (Lower) Probability density for particular
2H quadrupolar splittings of three sites.

data, the observed structural flexibility is supported by recent
measurements indicating that y; of Val! is =75% trans (25).
In qualitative agreement with this experimental result, the
simulations showed populations of 85% trans and 15% gauche
for Val! of one monomer.

In contrast to the aliphatic side chains, the tryptophan side
chains are stabilized by the membrane environment, fluctuating
around well-defined conformations with the indole NH pointing
toward the bulk solution. In the absence of the membrane, the
tryptophans would have substantial conformational freedom: a
systematic search shows that y; can vary from 180 to 300
degrees, and y from 60 to 300 degrees. Test simulations of the
channel in vacuum showed that large tryptophan fluctuations
ultimately lead to the destabilization and unfolding of the
B-helical dimer near the C terminus. The averages of the x; and
x2 dihedral angles from the molecular dynamics simulation are
similar to those Arseniev et al. (24) determined from two-
dimensional NMR of the dimer in SDS micelles (Table 1). This
indicates that the SDS structure is consistent with the solid-state
NMR data in oriented membranes.

Lipid-Protein Interactions. The agreement of the molecular
dynamics average with experimental data provides confi-
dence in the present model, suggesting that it can be used to
gain insight into the details of lipid-protein interactions at the
molecular level. The energy density shown in Fig. 4 is the
distribution function of individual interaction energies be-
tween a DMPC molecule and GA, averaged over all possible
pairs and over all the configurations along the trajectory. The
total interaction energy between any single DMPC and GA
extends over a very large range of energies from 0 to —50
kcal/mol. Decomposition of the interactions reveals that the
average energy balance varies from exclusively vdW to
nearly equal contributions of vdW and electrostatic terms.
The most energetically favorable configurations involve both
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FiG. 4. Average distribution of interaction energies between the
GA channel and individual lipids. (Upper) Normalized average
energy density. (Lower) Average energy breakdown between van der
Waals (vdW) and electrostatic (ELEC) contributions. The average
over the full trajectory was obtained by analyzing all individual
DMPC/GA pairs. The large peak centered at zero corresponds to
distant lipids that are weakly interacting with the channel.

alkane-chain and headgroup interactions and were short-
lived. This is in contrast with boundary lipid models (26),
though the relatively high concentration of channel in the
simulation system prevents further comparison.

The distribution functions of side chain-lipid interaction
energies and their decomposition are shown in Fig. 5. As
indicated by the significant contribution from the electro-
static interaction, the tryptophan side chains are capable of
forming hydrogen bonds with the ester carbonyl groups of the
lipids and the water, whereas the leucine side chains are not.
The existence of these hydrogen bonds for the tryptophans
are consistent with 2H exchange and IR studies (27, 28). For
both leucine and tryptophan side chains, the alkane chains
are energetically the strongest interacting component. Next
in importance is the glycerol region and water, both of which
can form hydrogen bonds with the tryptophans. The choline
headgroup is least important. These results show the differ-
ence between two residues located at the interface: the
hydrophobic leucine and the amphipathic tryptophan.

The influence of lipid-protein interactions is also reflected
in the average conformation of the lipid alkane chains. The
chains were partially ordered by the GA in the simulation.
This resulted in a decrease in the percent gauche from 25%
to 23% within the hydrocarbon chains and by an increase in
the average order parameter from —0.18 to —0.22, averaged
over the whole trajectory and over both alkane chains. This
is consistent with 2H quadrupolar measurements and Fou-
rier-transform IR studies, which have suggested that there
should be a partial ordering of the alkane chains with this
concentration of GA (29, 30). The relation of the bilayer
thickness to the order of the hydrocarbon chains is a central
assumption in the ‘‘mattress’’ model of lipid—protein inter-
actions (31). A slight increase in the thickness of the bilayer,
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Fi1G. 5. Average distribution of interaction en-
ergies between the tryptophan (residues 9, 11, 13,
and 15) and leucine (residues 10, 12, and 14) side
chains and the fully hydrated membrane system.
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from 34 to 36 A, is observed, in accord with the partial
ordering of the alkane chains. For the headgroups, the 3P
chemical shift anisotropy averaged —29 ppm over the simu-
lation, which compares favorably with experimental values
of —33 and —31 ppm for this concentration of DMPC/GA
(32). This indicates a non-negligible influence of GA on the
headgroup orientation, since the 3!P chemical shift aniso-
tropy is —48 ppm for pure bilayers (33).

DISCUSSION

Molecular dynamics provides an effective method for explor-
ing the microscopic details of membrane—protein interactions.
The enormous body of experimental data concerning the small
gramicidin channel allows a critical examination of the com-
puted trajectory. The excellent agreement between calcula-
tions and experiment suggest that the present microscopic
model may be used to gain insight into the details of lipid-
protein interactions. Analysis of the trajectory reveals the
complexity of the membrane/solution interface and the range
of possible interactions. In particular, the tryptophan residues
are shown to play an important role in mediating interactions
between the lipid glycerol region and the protein, possibly
leading to increased stability of the protein in the bilayer. Most
of the nonpolar residues with aliphatic side chains are ob-
served to undergo isomerization transitions between multiple
conformations. In contrast, the tryptophan side chains fluc-
tuate around a well-defined conformation stabilized by the
membrane. Their hydrophobic moiety is buried in the hydro-
carbon region and their indole NH group is pointing toward the
bulk solution, where it can make hydrogen bonds with the lipid
glycerol backbone or with interfacial waters. The nature of the
lipid-protein interactions in the hydrophilic/hydrophobic in-
terfacial region is thus considerably more complex than may
have been expected from simpler macroscopic models. This
suggests that thermodynamic partition studies using water/
glycerol/phosphocholine mixtures may be useful for under-
standing the contribution of residues located inside the inter-
facial region to the stability of membrane proteins.
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