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ABSTRACT Gramicidin A (gA) is a 15-amino-acid antibiotic peptide with an alternating L-D sequence, which forms (dimeric)
bilayer-spanning, monovalent cation channels in biological membranes and synthetic bilayers. We performed molecular
dynamics simulations of gA dimers and monomers in all-atom, explicit dilauroylphosphatidylcholine (DLPC), dimyristoylphos-
phatidylcholine (DMPC), dioleoylphosphatidylcholine (DOPC), and 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) bilayers.
The variation in acyl chain length among these different phospholipids provides a way to alter gA-bilayer interactions by varying
the bilayer hydrophobic thickness, and to determine the influence of hydrophobic mismatch on the structure and dynamics
of both gA channels (and monomeric subunits) and the host bilayers. The simulations show that the channel structure varied
little with changes in hydrophobic mismatch, and that the lipid bilayer adapts to the bilayer-spanning channel to minimize the
exposure of hydrophobic residues. The bilayer thickness, however, did not vary monotonically as a function of radial distance
from the channel. In all simulations, there was an initial decrease in thickness within 4-5 A from the channel, which was followed
by an increase in DOPC and POPC or a further decrease in DLPC and DMPC bilayers. The bilayer thickness varied little in the
monomer simulations—except one of three independent simulations for DMPC and all three DLPC simulations, where the
bilayer thinned to allow a single subunit to form a bilayer-spanning water-permeable pore. The radial dependence of local lipid
area and bilayer compressibility is also nonmonotonic in the first shell around gA dimers due to gA-phospholipid interactions and
the hydrophobic mismatch. Order parameters, acyl chain dynamics, and diffusion constants also differ between the lipids in the
first shell and the bulk. The lipid behaviors in the first shell around gA dimers are more complex than predicted from a simple

mismatch model, which has implications for understanding the energetics of membrane protein-lipid interactions.

INTRODUCTION

Membrane protein function is in part regulated by changes
in lipid bilayer thickness and intrinsic lipid curvature
(1). This regulation of membrane protein function arises
because the energetic penalty for exposure of hydrophobic
residues to water, between 25 and 75 cal/(mol - Az) (2), causes
the protein and bilayer adapt to each other (3). Changes
in protein conformation that involve the protein’s trans-
membrane (TM) domain therefore will cause local changes
in lipid packing. In the case of a hydrophobic mismatch
(between the length of a protein’s hydrophobic TM domain
and the thickness of the bilayer hydrophobic core), the
bilayer adaptation involves local changes in lipid bilayer
thickness, and possibly changes in TM domain orientation.
Focusing on the changes in bilayer organization, the
local bilayer thickness change (protein-induced bilayer
deformation) has an associated energetic cost, the bilayer
deformation energy (AGger) (4,5). The difference in AGge¢
associated with two different conformations (I and II)
of the protein of interest is the bilayer contribution to the
free energy difference for the conformational transition,
AGHL, = AGHL, — AGL (3)

AGjer can be evaluated using the theory of elastic bilayer
deformations (5-10). The theory has been calibrated using
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changes in gramicidin A (gA) single-channel lifetimes (7)
as a function of bilayer thickness (dy) (5,11), and changes
in gA channel appearance rate (f) and 7 as a function of
membrane tension (¢) (12). These studies form the most
comprehensive test available of the theory, and the results
show that AGg.¢ varies as a function of the boundary condi-
tions for lipid packing at the protein/bilayer boundary
(6,8,9). In addition, the f-¢ and 7-¢ relations (12) and 7-d,
relation (11) for gA channels do not conform to predictions
based on the elastic bilayer model using bulk bilayer elastic
moduli and boundary conditions that minimize AGg.r. The
experimental results could be fit by varying the slope (s)
of the bilayer/solution interface at the channel/bilayer
boundary. This indicates that there are additional constraints
on lipid packing, for example the energetic cost of acyl-
chain tilt (8), which would tend to move s toward 0. Indeed,
the 7-d, relation could be fit by assuming s = 0 (11). Alter-
natively, the bilayer elastic moduli close to the channel
could be larger than the bulk moduli (10), or there might
be additional constraints on the local lipid packing. These
modifications of the basic elastic bilayer model would be
compatible with the 7-d; results, but constraining s to be
0 is difficult to reconcile with the observed effects of varying
the intrinsic curvature (3,9,13).

To obtain insight into the preceding problems and to
understand how a channel-bilayer hydrophobic mismatch
alters the local lipid structure and dynamics, we used
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molecular dynamics (MD) simulation to explicitly probe the
radial bilayer deformation profile around bilayer-spanning
gA channels and evaluate the lipid fluctuations, which allows
for the determination of local compressibility moduli. The
radial dependence of lipid organization and dynamics were
not extensively investigated in previous MD simulations of
gA channels in lipid bilayers (14,15) because the number
of lipid molecules was insufficient (usually 10 lipids/gA
monomer, or one shell) to explore gA-lipid bilayer interac-
tions that might propagate over several shells. To explore
the influence of hydrophobic mismatch on the structure
and dynamics of gA bilayer-spanning dimers and mono-
meric subunits, as well as the lipids in the vicinity of the
channel or subunit, we therefore performed MD simulations
of gA dimers and monomers embedded in single-component
phosphatidylcholine bilayers of different thickness—dilaur-
oylphosphatidylcholine (DLPC), dimyristoylphosphatidyl-
choline (DMPC), dioleoylphosphatidylcholine (DOPC),
and 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) bila-
yers, each with four lipid shells around the dimer or
monomer.

The influence of hydrophobic mismatch on the structure
and dynamics of gA bilayer-spanning dimers and mono-
meric subunits were characterized in terms of the root
mean-squared deviation (RMSD), hydrogen-bonding pat-
terns, orientation (tilt and rotation), Trp side chain orienta-
tion, and relative positions in bilayers. We also calculated
key lipid properties such as hydrophobic thickness, per-lipid
surface area, compressibility, acyl chain order parameter,
and lateral diffusion coefficient, as functions of radial
distance from the channel, and discuss them in terms of
the influence of hydrophobic mismatch on lipid bilayer
structure and dynamics and the energetic coupling between
integral membrane proteins and their host bilayers.

Kim et al.

METHODS

Using the Membrane Builder module (16,17) in CHARMM-GUI (www.
charmm-gui.org) (18), the gA dimer structure from PDB:1JNO (19) with
added pore water molecules was inserted into four different lipid bilayers
with 180 DLPC, DMPC, DOPC or POPC molecules, which corresponds
to approximately four lipid shells around the channel. For the simulation
on the gA monomers, a monomeric subunit from the gA dimer was inserted
into one leaflet and five more lipid molecules were added into the other
leaflet. 0.15 M KCI was used for all simulations. Each system was repli-
cated and assigned different initial velocities to generate three independent
simulation systems for each type of lipid bilayer, yielding a total of 24
systems. Table S1 in the Supporting Material summarizes the system infor-
mation (see also Fig. 1).

All calculations were performed in the NPT (constant particle number,
pressure, and temperature) ensemble (20) at 303.15 K using CHARMM
(21) with the CHARMM all-atom protein force field (22) including a modi-
fied version of dihedral cross-term correction (referred to as “dCMAP”)
(23,24), the CHARMM36 lipid force field (25), and a modified TIP3 water
model (26). A time-step of 2 fs was used with the SHAKE algorithm (27).

Each initial system was equilibrated using 50-ps NPAT (constant particle
number, pressure, XY area, and temperature) dynamics followed by 325-ps
NPT dynamics with the nonbonded and dynamics options in the Membrane
Builder input; the van der Waals interactions were smoothly switched off at
10-12 A by a force-switching function (28) and the electrostatic interac-
tions were calculated using the particle-mesh Ewald method (29) with
a mesh size of ~I A for fast Fourier transformation, k = 0.34 15\’1, and
a sixth-order B-spline interpolation. After equilibration, a 100-ns produc-
tion run was performed for each system.

RESULTS AND DISCUSSION

Influence of hydrophobic mismatch on gA
structure and dynamics

Both the bilayer-spanning dimers (channels) and the mono-
meric subunits were stable for the duration of the simula-
tions. The RMSD from the PDB:1JNO structure for the
dimers were less than those for the monomers (Fig. 2 A),

FIGURE 1

Snapshots of gramicidin (gA) dimers (top) and monomers (bottom) in DLPC, DMPC, DOPC, and POPC bilayers. Coordinate sets are from

100-ns time point of the trajectories with the exception of the monomer in DLPC; as described later, this system formed water-permeable pores, so a prepore
(45 ns) snapshot is shown. (Yellow) gA dimers and monomers; (green) Trp residues; (gray) lipid carbons. (Spheres) Pore water molecules; (orange spheres)

lipid phosphate; bulk water and ions are omitted for clarity.
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FIGURE 2 (A) RMSD time series for a gA dimer (leff) and the mono-
meric subunit (right) in a DOPC bilayer. Cyan and red colored regions
represent the binding of K* at the upper (cyan) and lower (red) pore
entrances. Ethanolamide (EAM) swing motions are marked by an asterisk
(*). (B) The number of hydrogen bonds in the dimer (leff) and the mono-
meric subunit (right) in a DOPC bilayer. Fig. S1 shows the results from
the DLPC, DMPC, and POPC bilayer simulations.

reflecting that the intersubunit hydrogen bonds stabilize the
subunit structure. The number of hydrogen bonds in
the dimers (Fig. 2 B) mostly varied between 22 and 26
(the maximum possible), with an average of 25 and occa-
sional transitions to lower numbers. Except in the DOPC
bilayers, we observed transient increases in the RMSD for
the dimers; these increases were correlated with the loss
of hydrogen bonds that were usually caused by one of
ethanolamide (EAM) termini swinging out from the channel
(24) (see Fig. S1 in the Supporting Material). K* binding
to the carbonyl oxygens at the channel entrance also caused
slight increases of the dimer RMSD. The number of
hydrogen bonds in the monomers mostly varied between
6 and 10 (the maximum possible), with an average of 8
and occasional transitions to lower numbers. The average
number of residues per turn was 6.28-6.29 (compared to
6.3 in the PDB:1JNO structure (19)); the average rise per
turn was 4.51-4.57 A (compared to 4.7 £ 0.2 A in
PDB:1JNO and also deduced from x-ray diffraction (30)).
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There are no significant differences among the dimer struc-
tures in different lipid bilayers. The gA channel structure is
quite rigid, independent of the lipid bilayer type, and the
dimer is more rigid than the monomer.

To explore the gA orientation and dynamics in the
different bilayers, we determined the average tilt (6) and
rotation (p) of the dimers and monomers (see definition
in Fig. S2). To define p, the Car atom of Trp’ in one subunit
was used as a reference atom. The ¢ distribution follows
the hydrophobic mismatch concept (Fig. 3 A). That is, to
maximize the hydrophobic match between the channel
and the bilayer, § decreases as the bilayer hydrophobic
thickness increases: 14.5 = 6.3° (DLPC) > 12.2 * 6.2°
(DMPC) > 9.1 = 4.6° (DOPC) = + 5.2° (POPC).
In contrast, there are no significant differences in # among
the monomeric subunits in different lipid bilayers
(Fig. 3 B), which float freely in one leaflet of DOPC and
POPC bilayers (see below). Except in DLPC bilayers, p of
gA dimers have a slight preference for —90°, which is the
tilt direction between Trp'® and Trp'> (see Fig. S3 and
Fig. S4). The p distributions, however, are much broader
than those observed in single-pass TM «-helices (e.g.,
WALPs and VpuTM) (31-33) because of gA’s small 6.

Knowing @, we can compare our results with experi-
mental data. The dynamic extent of (mis)alignment between
the molecular Z axis and the membrane normal is character-
ized by the ensemble-averaged order parameter, S,, =
(2cos® (0) — 1)/2. S,, for the gA channel backbone is
0.92-0.93 in DMPC bilayers (34-36). Fig. 3 C shows the
S,, distributions: 0.89 =+ 0.09 (DLPC), 091 = 0.08
(DMPC), 0.95 = 0.05 (DOPC), and 0.94 = 0.07 (POPC).
The average S,, from MD simulations in DMPC bilayers
is in excellent agreement with experimental measurements.
Notably, though gA channels do respond to a hydrophobic
mismatch by changing their 6, the extent of the response
is modest compared to those in single-pass TM «-helices
(e.g., VpuTM: 35° in DLPC to 18° in DOPC and WALPs:
12° of WALP19 to 28° of WALP23 in DMPC) (31-33).
The different behaviors are presumably due to the four
Trp residues in each gA monomer and their strong pre-
ference to be at the bilayer’s hydrophobic/hydrophilic
interface (37).

To further explore the effect of hydrophobic mismatch on
the channel structure, we examined the distributions of the
Trp dihedral angles x; and x, (Fig. 4 A and see Fig. S5).

FIGURE 3 Tilt angle () distributions of (A)

a gA dimer and (B) a monomeric subunit in
different lipid bilayers, obtained from the three
independent 100-ns productions for each bilayer.
(O) S, (S, = (2c0s*() —1)/2), distribution of
a gA dimer in the different bilayers. The results
for each system are averages over the three simula-
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FIGURE 4 Trp dihedral angles x; and x, of (A) gA dimers and (B) the
monomeric subunits in DOPC bilayers. The contours/colors represent the
number of counts per a 5° square bin on a log;q scale, and are averaged
over the three simulations. (C) Molecular representation of each Trp’ ro-
tamer state. (Yellow) gA monomer; Trp’ for carbon atoms (green) and for
nitrogen atoms (blue).

Trp"!, Trp'?, and Trp'” have a single predominant dihedral
angle (x; = -60°, x» = —80°), and the distribution of rota-
meric states does not vary systematically with the changes
in the phospholipid acyl chain (bilayer thickness). As found
previously (15,24), Trp’ is more mobile than the other
Trps, presumably because it is more deeply buried and
therefore not so strongly coupled to hydrogen-bond accep-
tors at the bilayer/solution interface. Consistent with this
interpretation, Trp® in the monomers (Fig. 4 B and see
Fig. S6) is less buried and less mobile.

Despite the lower Trp’ mobility in the monomeric
subunits, the overall monomer conformations are more
dynamic than the dimer conformations (see Fig. S1), as re-
flected in the higher RMSDs (Fig. 2 A), and the monomers
move more freely in the bilayers. The monomeric subunits
usually floated at the bilayer/solution interface (see
Fig. S7 for the behavior in DOPC and POPC bilayers),
reflecting fewer constraints imposed by the bilayer. The
DLPC and one of DMPC systems provide notable excep-
tions. As shown in Fig. 5, as the monomeric subunits moved
toward the bilayer center (Z = 0), they formed monomeric,
water-permeable channels after ~40 ns. The Trps on one end
of these monomeric channels remained at the hydrophobic/
hydrophilic interface and pulled their surrounding lipid
molecules down as the monomer moved toward the bilayer
center. The formyl group made hydrogen bonds with inter-
facial moieties in the opposite leaflet, and the lipid bilayer
close to the subunits was grossly deformed (see next
section). Once formed, all pores remained stable for the
remainder of the trajectory.

Both the bilayer-spanning dimers and monomers are
water-permeable. To quantify the water permeability, we
traced the Z coordinates of all the water molecules that
visited the pore region of dimer or monomer; a complete
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FIGURE 5 Monomeric subunits in DLPC (left column) and DMPC (right
column) bilayers. (A) Time series of the Z coordinate of the gA monomer’s
COM in the bilayers. (B) Snapshots of water pore formation in the bilayers.
(Yellow) gA monomeric subunit; (green) Trps; and (blue) lipid molecules.
(Spheres) Water atoms.

water penetration (41 into the +Z direction and -1 into
the —Z direction) was recorded only if a water molecule
moved from Z = 12 A to 12 10\, or vice versa (see
Fig. S8). Water movement in the single-filing pore can be
interrupted (as indicated by the plateau regions) by EAM
swing motion and K" binding at the channel entrances
(Fig. 2 A and see Fig. S1 A).

Influence of hydrophobic mismatch on lipid
structure and dynamics

The gA dimers perturb the DOPC and POPC bilayers, as
evident in Fig. 1 (fop panel). The perturbations of the
DLPC and DMPC bilayers are much harder to ascertain
from the figure; averaging over all equilibrated coordinate
sets is required to characterize the interactions and estab-
lish differences among the lipids. The gA monomers have
relatively modest effects, especially the lower leaflets, in
the nonpore states (Fig. 1, bottom panel). To examine
the hydrophobic mismatch-induced changes in lipid struc-
ture and dynamics quantitatively, we first explored the
lipid distribution around the gA dimers and mono-
mers in the different bilayers. We calculated the two-
dimensional radial distribution function, g(r), based on
the center of mass (COM) or the choline N atoms of
each lipid type, as a function of radial distance (r) from
the gA center,

p(r N(r,r+dr) 1

) = 20 NI L
Pouik 2rrdr ppu

where 27rrdr is the area in between r and r + dr; N(r,r + dr)

is the number of lipid molecules in the area; and py, is the
two-dimensional density of a pure lipid bilayer. Fig. 6 and
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FIGURE 6 Radial distribution functions of the lipid choline N atom and
the lipid COM around gA dimers (left) and monomeric subunits (right) as
a function of r in DOPC bilayers. (Dotted lines) First and second shells.

Fig. S9 plot g(r) for each lipid type, and Table 1 summarizes
each shell size based on the COM g(r) and the number of
lipid molecules in each shell. There is little variation among
the different lipid types. The first peak is at 11-12 A, and
there are 9-11 lipid molecules in the first shell. The g(r)
based on the choline N atom shows that the choline moiety
in the phospholipid headgroup may interfere with gA
channel function, as suggested previously (38); Fig. S10
shows examples of cholines extending over the pore
entrance. Though such choline conformations could block
water movement, their residence times were usually <10 ps,
and there was no clear correlation between water flux and
choline blocking in Fig. S8.

Knowing g(r), we then could examine how lipid bilayer
structure and dynamics responds to different hydrophobic
mismatches by calculating the hydrophobic thickness,
per-lipid surface area, compressibility, acyl chain order
parameters, and lateral diffusion coefficients as functions
of r. These are designated by the usual symbol followed
by (r); e.g., the bilayer hydrophobic thickness, dy, is com-
monly defined as the average distance between the acyl-
chain C2 carbon atoms in both leaflets (31,39), and is
written as dy(r). Similarly, the local area per lipid, area
compressibility, and diffusion coefficient are denoted A(r),
K4(r), and D(r), respectively.

The thickness profiles (Fig. 7 A; two-dimensional thick-
ness profiles in Fig. S11) show both expected and surprising
features. As would be expected from the gA channel struc-
ture, the two-dimensional thickness profile is radially
symmetric and we observed no evidence for residual hydro-
phobic exposure (40), meaning that there is near-perfect
hydrophobic adaptation between the channel and its
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surrounding phospholipids. The radially symmetric two-
dimensional thickness profiles justify the construction of
dy(r) plots in Fig. 7 A. The profiles also show a remarkable
variation in thickness within the first shell, with some lipids
being more extended than their neighbors. These hot spots
arise from lipids with cholines interacting with the pore
entrance and lipids that slide over the Trp side chains so
that their carbonyl and phosphate oxygens can form
hydrogen bonds with the indole NH groups. Fig. S12 shows
snapshots that illustrate such interactions; Fig. S13 shows
the statistical distribution of phospholipid headgroup and
backbone contacts with the side chains of the gA dimer,
where the lipid carbonyl and phosphate oxygens are preva-
lently closer to the Trp residues and the cholines tend to be
prevalently closer to the Leu residues. This organization is
reminiscent of that suggested by Meulendijks et al. (41),
but the interactions are unlikely to be (chemically) specific
in the usual sense because the gA channel function does not
depend on the gA channel or phospholipid chirality (42).
Moving away from the channel, dy(r) decreases within
4-5 A from the dimer/bilayer boundary (Fig. 7 A). This
decrease reflects, in part, the hot spots in the two-dimen-
sional profiles (see Fig. S11), which tends to increase the
bilayer thickness adjacent to the channel. Excluding the
hot spots in the thickness calculations reduced the dy(r)
changes from ~4 A to ~2 A (for DMPC, POPC, and
DOPC) and from ~6 A to ~3 A for DLPC.

The nonmonotonic dy(r) profiles are in apparent agree-
ment with the profile deduced by Huang (5) using the
continuum theory of elastic bilayer deformations. However,
the profiles differ in that the nonmonotonic behavior pre-
dicted by the continuum theory extends over much longer
distances than that observed in the MD-derived profiles
(see below). The dy(r) profiles in Fig. 7 A and Fig. S11 differ
also from the profiles deduced by Helfrich and Jakobsson
(6) and Nielsen et al. (8) by minimizing the deformation
energy and by Lundbzk and Andersen (11) by fitting the
continuum theory to the gA lifetime versus bilayer thickness
data of Elliott et al. (43). These issues are explored in Fig. 8,
in which we compare the dy(r) profiles from the MD simu-
lations with those derived using the continuum elastic
bilayer deformation models (5,7,9), with the slope of the
bilayer/solution interface at the channel/bilayer boundary
(s) chosen to be, 1), the slope from the MD profile, syp;
2), zero; and 3), the local curvature (the inverse of the

TABLE 1 Lipid shell size (first and second) and the number of lipid molecules in each shell with standard error of three systems
Dimer (# of lipid) Monomer (# of lipid)

Lipid First shell Second shell First shell Second shell

DLPC 150 A 9.2 + 0.1) 21.5A (123 = 02) 150 A (8.5 + 0.1) 225 A (13.8 = 0.1)

DMPC 150 A (94 = 0.2) 22.0 A (13.7 £ 0.2) 145A (83 = 04) NA

DOPC 16,0 A (9.2 = 0.2) 26.0 A (19.1 £ 0.3) 155 A (89 = 0.1) 245 A (16.1 = 0.3)

POPC 170 A (11.2 = 0.3) 275 A (229 = 0.2) 145 A (7.7 = 0.1) NA

For the dimer, upper and lower leaflets are considered; for the monomeric subunit, only the upper one is considered.

Biophysical Journal 102(7) 1551-1560
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FIGURE 7 (A) Hydrophobic thickness profile, (B) area per lipid profile,
and (C) compressibility profile as a function of r (mean =+ standard error).
(Right-hand panels) Average results for the first and second lipid shells and
for the bulk. (Dotted lines) First and second shells.

second derivative from the MD profile). None of the
boundary conditions reproduces both the first valley near
the protein/bilayer contact and the convergence toward the
bulk value. The spatial extent of the oscillating behavior
in the MD-derived dy(r) profile, and the convergence to
the bulk values, is less than predicted using the analytic
solution (7), even when s = syp. Adjusting the contact
boundary condition does not appear to be sufficient to
reproduce the deformation profile using the continuum
elastic theory, suggesting that the deformation profile in
the vicinity of the channel (within the first lipid shell) is
determined by channel-lipid interactions that are not
captured in the continuum elastic model (at least for gA
channels). A direct calculation of the deformation energy
from the MD-derived dy(r) profiles is unfortunately not
trivial, as the numerical uncertainties associated with calcu-
lating the higher derivatives preclude this approach; see also
Mondal et al. (40).

Except for DLPC, the dy(r) profiles close to the dimers
are similar. This does not imply, however, that there is less
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FIGURE 8 Comparison of the MD-derived deformation profiles for gA
dimers in DLPC, DMPC, DOPC, and POPC bilayers with those deduced
from one-dimensional continuum elastic bilayer deformation models with
constant moduli (8,9,53). The lipid-protein contact boundary conditions for
the continuum elastic models were chosen to be: the gradient (s = sup),
curvature (¢ = cyp) of dy(r) at the dimer/bilayer contact obtained from
MD simulation, and zero gradient (s = 0). The MD profiles (Fig. 7 A)
are smoothed with B-spline cubic interpolation to avoid numerical
instability.

hydrophobic adaptation in DLPC bilayers because the
dimer’s @ is larger in this system (see Fig. 3 A). In the case
of DLPC (positive mismatch) and DMPC (near-match) bila-
yers, the perturbation extends over the first and second shells,
whereas the lipid adaptation in DOPC and POPC (negative
mismatch) bilayers occurs mostly within the first shell. The
average DLPC bilayer thickness in the first shell is ~2 A
thicker than the bulk thickness, in general agreement with
the x-ray diffraction results (44). The average DMPC bilayer
thickness in the first shell is ~3 A greater than that in
the DLPC system (Fig. 7 A), in general agreement with
Harroun et al. (44), who estimated the local thickness in the
DMPC system to be 2 A greater than in the DLPC system.

Compared to our previous study (31) showing that the
free energy-minimum orientations of WALP helical pep-
tides minimize a hydrophobic mismatch by changing 6
with minimum perturbation of lipid bilayers, the gA chan-
nels in DLPC and DMPC bilayers show strong lipid adapta-
tion. In other words, simple single-pass TM helices such as
WALPs and VpuTM respond to a large hydrophobic
mismatch through changes in , whereas the gA channels
overcome the energetic penalty due to a hydrophobic mis-
match by imposing changes in dy(r) with minimal changes
in . Similar conclusions have been made for G-protein-
coupled receptors (40,45).

The free-floating monomeric subunits impose fewer
constraints on the bilayer, as compared to the bilayer-
spanning dimers, and there is little lipid adaptation
(see Fig. S14 and Fig. 7 A)—except when the monomeric
subunits span the bilayer (Fig. 5). In this case, the bilayer-
spanning inclusion is asymmetric and the deformation
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profiles in the two bilayer leaflets are dissimilar (see
Fig. S15). The two-dimensional thickness profiles for each
leaflet and the full bilayer (Fig. S15 A) are radially
symmetric for the monomers, justifying the construction
of one-dimensional profiles (Fig. SI5 B). In the upper
leaflet, the profile displays oscillatory behavior, similar to
that observed for the bilayer-spanning dimer; in the lower
leaflet, the profile is monotonic. These results suggest that
the deformation profiles within the first lipid shell around
the bilayer-spanning dimer (Fig. 7 A) at least, in part, are
due to lipid-tryptophan interactions.

Phospholipids are almost incompressible (46), in which
case the dy(r) profiles in Fig. 7 A should be associated
with reciprocal changes in lipid area. To explore this,
we estimated the per-lipid surface area, A(r), using the
Voronoi tessellation approach by Pandit et al. (47). A lipid
molecule was first defined by three key atoms located
approximately at the hydrophobic/hydrophilic interface:
the two carbonyl carbon atoms on each chain and the
carbon that connects the two aliphatic chains to the chain
leading to the phosphate. The gA structure was defined by
the backbone heavy atoms. Delaunay triangulation was
then used to determine the circumcenters of triangles
that resulted in vertices for the Voronoi polygons to obtain
lipid areas, and the Quickhull program (48) was used for
this geometric calculation. In each bilayer type, A(r) is
indeed anticorrelated with dy(r) (Fig. 7 B). The A(r)
values in the bulk region agree well with per-lipid surface
areas estimated in previous MD simulations (25), and lipid
bilayer experiments: 63.2 = 0.5 A% (DLPC), 60.6 + 0.5 A2
(DMPC), 67.4 + 1.0 A>(DOPC), and 68.3 + 0.5 A% (POPC)
(49,50). Because A(r) is (anti)-correlated with dy(r), the
profile is not simply monotonic. Beyond the first shell,
dy(r) increases gradually in the case of positive mismatch.
In the case of negative mismatch, the lipid bilayer adjustment
occurs within 20 A, and one might expect A(r) to be
increased near the protein because of lipid compression
(51). This area increment was not observed due to the local
increase in dy(r).

We estimated the local lipid compressibility modulus,
K4(r), assuming that K4(r) can be obtained from the per-
lipid surface areas together with their fluctuations as in
pure lipid bilayers (52),

Ka(r) = kBT—A(rz, @)
N{3A()")
where kgT is the thermal energy and N the number of lipid
molecules in a leaflet. Fig. 7 C shows K4(r) for each system.
The compressibility moduli for the bulk (r > ~30 A) are
similar to each other, 200-250 dyn/cm, and to those of
pure lipid bilayers: 234 =+ 23 dyn/cm (DMPC) and
237 = 16 dyn/cm (DOPC) (53). The K4(r) values for lipids
in the first shell are higher than the bulk values, indicating
that the lipid acyl chains in the vicinity of the channel are
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harder to compress. From the calculated lipid bilayer
parameters (dy(r), A(r), and K4(r)), we conclude that the
first shell is highly perturbed because the system has to
adjust to both gA-lipid interactions (hydrogen-bond forma-
tion to the indole NH groups) and hydrophobic mismatch to
maintain the constant bilayer density. In the second
shell, the lipids are less stressed than in the first shell, and
then the perturbation decays monotonically. A(r) and
K4(r) in the first shell are subject to uncertainty because
of the arbitrariness in defining the gA structure in the
Voronoi polyhedral calculations. Nonetheless, the consis-
tency between these quantities and dy(r), which is not
calculated from Voronoi polyhedra, indicates that the Voro-
noi definitions are reasonable.

The hydrophobic mismatch-imposed lipid adaptation
around gA channels (Fig. 7) affects acyl chain dynamics
and orientation (51). The relative order of the hydrocarbon
tails can be obtained from the order parameter, Scp,

<3 cos® fey — 1>, 3)

N =

SCD =

where fcy is the angle between the CH bond vector and the
bilayer normal; Scp defined in this way can be directly
compared with the order parameter measured by deuterium
NMR, and is therefore denoted as the deuterium order
parameter. Fig. 9 compares Scp in each shell and includes
available experimental measurements (54,55). As in
previous studies (14), DLPC and DMPC bilayers (Fig. 9,
upper row) show higher Scp in the first and second shell
than in the bulk lipids due to the chain ordering induced
by the local increase in dy(r) (Fig. 7 A) together with the
decrease in A(r) (Fig. 7 B). In contrast, in the first shell of
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FIGURE 9 °H order parameter of DLPC, DMPC, DOPC, and POPC
(oleoyl chain in the C2 glycerol backbone carbon) bilayers for the first
and second lipid shells and bulk lipid (red, first shell; blue, second shell;
black, bulk; magenta diamond, experimental results).
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FIGURE 10 Lipid lateral diffusion coefficient as a function of r (mean =
standard error) for each bilayer system.

DOPC and POPC bilayers (Fig. 9, lower row), which is
more compressed than the bulk lipids due to negative
mismatch, Scp is less than in bulk.

To further explore how protein-lipid interactions affect
lipid dynamics, we investigated the influence of protein-
lipid interactions on lipid diffusion. The lateral diffusion
coefficient, D(r), was calculated on a grid in the XY plane
around the gA dimer from the lateral mean-squared
displacement of each lipid COM, Ax(f) = x(¢t + At) — x(?)
(56,57):

([Ax(®) — (Ax()]*+[Ax(r) = (Ay(1)]*)

D(r) = AL NCY

At each grid point (grid spacing = 1.0 A), D(r) was calcu-
lated with At = 10 ns; the calculated bulk values in the
gA systems are in reasonable agreement with diffusion coef-
ficients in pure lipid bilayers with an average error of 15%.
Fig. 10 and Fig. S16 show the one-dimensional and two-
dimensional D(r) distributions for each lipid bilayer system.
D(r) in the first and second shells are lower than in the bulk,
and show a weak correlation with the profiles for dy(r), A(r),
and K,(r) (Fig. 7). Because DMPC, DOPC, and POPC
bilayers have the same headgroup and very similar D(r)
profiles (~13.0 x 1078 cm?%/s in the bulk), the levels of
acyl chain saturation, hydrophobic thickness, and hydro-
phobic mismatch do not seem to be major determinants of
D(r). D(r) values in DLPC bilayers are much larger than
for the other systems, but the relative changes in D(r)
between the first shell and the plateau region (at ~40 A)
vary little among the different systems: 2.32 (DLPC), 2.31
(DMPC), 2.41 (DOPC), and 2.10 (POPC). We conclude
that there is nothing special about the lipid adaptation in
DLPC bilayers that can explain the different D(r) profile.

CONCLUSIONS

Molecular dynamics simulations of gA dimers and mono-
mers in all-atom DLPC, DMPC, DOPC, and POPC bilayers
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reveal a range of responses to different peptide-bilayer
hydrophobic mismatches. The structure of the gA dimer is
largely unaffected by changes in lipid bilayer composition
(thickness), and its tilt varies from 14° in DLPC, the thinnest
bilayer, to 9° in DOPC. This 5° variation in tilt is less than
the 16~17° difference deduced for single-pass TM «-helices
in bilayers formed by the same lipids (33) or in similar
mismatch conditions (31). That is, the lipid bilayer adapts
to the gA, whereas single-pass TM «-helices such as
WALPs and VpuTM adapt to the lipid bilayer. The mono-
meric gA subunits retain their §-helical conformation for
the 100-ns simulations. They float in a single leaflet in
DOPC and POPC bilayers, but can form water-permeable
bilayer-spanning channels in DLPC and DMPC bilayers.

The bilayer structure and dynamics in the first lipid shell
around gA dimers reflect both the channel-bilayer mismatch
and hydrogen-bond formation between the phospholipid
carbonyl and phosphate oxygens and the indole NH groups.
Our results provide support for the importance of hydro-
phobic adaptation between integral membrane proteins
and their host bilayer, but demonstrate also an unexpected
feature, namely that a lipid may extend out of the bilayer
so that its choline group can interact with the pore entrance
as in the case of gA channels. The radial dependence of
hydrophobic thickness, lipid area, and bilayer compress-
ibility vary nonmonotonically over the first lipid shell
around the channel and reach their bulk values in the second
shell in DOPC and POPC bilayers and in the third shell in
DLPC and DMPC bilayers. Order parameters and diffusion
coefficients also differ for lipids in the first and second
shells and the bulk. Reflecting the different order parame-
ters, the local compressibility moduli in the vicinity of the
channel are higher than the bulk values. This supports Par-
tenskii and Jordan’s conjecture (10) that the channel alters
the local lipid dynamics—and thus the local moduli—
beyond what would be predicted from a simple mismatch
model. It also provides a rationale for why Lundbaek and
Andersen (11) found that the experimental gA single-
channel lifetime versus bilayer thickness relation could be
fit by the continuum description (with constant moduli)
only when using a phenomenological spring coefficient
that was threefold larger than the value predicted using
equilibrium theory and assuming no constraints on lipid
structure and dynamics (apart from that imposed by the
hydrophobic mismatch).

The MD-derived deformation profiles differ from those
predicted using the simple continuum theory of bilayer
deformations, which is likely to reflect a combination of
hydrogen bond-stabilized phospholipid-indole NH interac-
tions, choline-pore entrance interactions (which causes the
lipid to extend out of the bilayer), and the radial variation
in the elastic moduli. The increased local moduli, taken
together with the complex deformation profiles, indicate that
the bilayer deformation energies, i.e., the energetic cost of
hydrophobic mismatch-induced bilayer deformations, will
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be larger than predicted using the simple continuum descrip-
tion (assuming constant moduli), which has implications for
evaluating the energetic coupling between membrane
proteins and their host bilayer.

SUPPORTING MATERIAL

One table and 16 figures are available at http://www.biophysj.org/biophysj/
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