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Transmembrane Helix Structure, Dynamics, and Interactions:
Multi-Nanosecond Molecular Dynamics Simulations

Liyang Shen, Donna Bassolino, and Terry Stouch
Department of Macromolecular Modeling, Bristol-Myers Squibb Research Institute, Princeton, New Jersey 08543-4000 USA

ABSTRACT To probe the fundamentals of membrane/protein interactions, all-atom multi-nanosecond molecular dynamics
simulations were conducted on a single transmembrane poly(32)alanine helix in a fully solvated dimyristoyphosphatidylcho-
line (DMPC) bilayer. The central 12 residues, which interact only with the lipid hydrocarbon chains, maintained a very stable
helical structure. Helical regions extended beyond these central 12 residues, but interactions with the lipid fatty-acyl ester
linkages, the lipid headgroups, and water molecules made the helix less stable in this region. The C and N termini, exposed
largely to water, existed as random coils. As a whole, the helix tilted substantially, from perpendicular to the bilayer plane (0°)
to a 30° tilt. The helix experienced a bend at its middle, and the two halves of the helix at times assumed substantially different
tilts. Frequent hydrogen bonding, of up to 0.7 ns in duration, occurred between peptide and lipid molecules. This resulted in
correlated translational diffusion between the helix and a few lipid molecules. Because of the large variation in lipid
conformation, the lipid environment of the peptide was not well defined in terms of “annular” lipids and on average consisted
of 18 lipid molecules. When compared with a “neat” bilayer without peptide, no significant difference was seen in the bilayer
thickness, lipid conformations or diffusion, or headgroup orientation. However, the lipid hydrocarbon chain order parameters

showed a significant decrease in order, especially in those methylene groups closest to the headgroup.

INTRODUCTION

The importance of transmembrane proteins (TM, TMP)
cannot be disputed, nor can the difficulty of their experi-
mental investigation. Only recently have spectroscopic ap-
proaches such as NMR, infrared (IR), circular dichroism
(CD) (Zhang et al., 1995a,b; Hu et al., 1995; de Jongh et al.,
1994; Killian et al., 1990; Vogt et al., 1994; Killian, 1992;
Challou et al., 1994; Cross and Opella, 1994; Goormaghtigh
and Ruysschaert, 1990; Seelig and Seelig, 1974, 1977),
x-ray crystallography and neutron scattering (Wiener et al.,
1991; Wiener and White, 1991, 1992; White and Wimley,
1994; Weiss and Schulz, 1992; Yeates et al., 1988), DSC
(Zhang et al., 1995b; Seelig et al., 1993), and other tech-
niques started to yield definitive insight into TMP structure,
dynamics, functions, and relationships to other membrane
components. However, despite these latest advances, a de-
tailed atomic-level understanding of these important mac-
romolecules is still elusive.

As computational approaches have matured, they have
become routine tools in the study of biological molecules
(Brooks et al., 1988; McCammon and Harvey, 1987). How-
ever, explicit studies of TMP within membranes is a daunt-
ing computational task because of their size, time scales of
motions, and long-range electrostatic interactions.

A number of computational studies have employed ele-
gant approximations to reduce the degrees of freedom and
hence the computational intensity of such studies. These
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include investigations into hydrophobic mismatch (Sperotto
and Mouritsen, 1991), the existence of lipid annuluses (Ed-
holm and Johansson, 1987), peptide conformations at inter-
faces (Guba et al., 1994), ordering/disordering of lipids due
to proteins (Scott, 1986), and even such impressive phe-
nomena as protein insertion and folding (Milik and
Skolnick, 1993) and the effects of adsorbed macromole-
cules (Pink et al., 1993). Despite the insight gained by this
work, there remain questions regarding the level of impor-
tance of the missing degrees of freedom for understanding
the many different properties and interactions of these pro-
teins. Some studies have employed greater levels of detail,
but necessarily could not span large time scales (Edholm
and Johansson, 1987).

Furthermore, many studies have employed approxima-
tions such as “united atoms” and short-range (8-10 A)
truncation of electrostatic forces, which, although so wide-
spread as to be a standard, have recently been shown to have
significant effects on calculated dynamical properties (Mul-
ler-Plathe et al., 1992; Bareman et al., 1993; Pant and Boyd,
1993; Yoon et al., 1993; Alper et al., 1993a; Auffinger et al.,
1996; Loncharich and Brooks, 1989; Smith and Pettitt,
1991; Kitson et al., 1993; Cheatham et al., 1995; Schreiber
and Steinhauser, 1992). Primarily as a result of increased
computer power, simulation of biomembranes has become
more detailed and longer, and has dealt with increasingly
complex phenomena (Stouch and Bassolino, 1996; Basso-
lino-Klimas et al., 1995; Alper et al., 1993b; Bassolino et
al., 1993; Stouch, 1993; Pastor et al., 1991; Damodaran et
al., 1992; Egberts and Berendsen, 1988; Xing and Scott,
1989; Shinoda et al., 1995; Heller et al., 1993; Venable et
al., 1993; Huang et al., 1994; Essex et al., 1994; Wilson and
Pohorille, 1994; Raghaven et al., 1992; Chiu et al., 1995;
Woolf and Roux, 1996).
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Recently we have reported on a number of multi-nano-
second simulations of phospholipid bilayers that reproduced
well many experimental observables, and were stable and
well converged (Stouch and Bassolino, 1996; Stouch, 1993;
Stouch et al., 1994; Alper et al., 1993a,b; Bassolino et al.,
1993; Bassolino-Klimas et al., 1995). These included inves-
tigations into bilayer structure and dynamics, the effects of
electrostatic truncation, the ordering of solvating water, and
the movement and free energy of partitioning of small
molecules.

Here we report on studies that extend the previous work
by incorporation of a transmembrane protein. The under-
standing of the properties of even isolated, idealized, single,
homogeneous a-helices in vacuum or simple solvents has
been the justifiable object of considerable study (Pleiss and
Jahnig, 1991, 1992; Edholm and Johansson, 1987; Van
Buuren and Berendsen, 1993; Daggett and Levitt, 1992;
Perahia et al., 1990; Kovacs et al., 1995). The introduction
of such a construct into the heterogeneous, variable, and
relatively disordered environment of a solvated lipid bilayer
very substantially complicates the study of even such a
simple object. For this reason, this study into TMP concerns
only a single homogeneous TM helix of alanine. Specifi-
cally avoided were the more complex localization or signal
sequences or commonly seen charged or aromatic residues
at the “headgroup” region, which will be the focus of future
studies.

Our ultimate goal is to understand the function of those
more interesting sequences and interactions. Yet we cur-
rently have no benchmark or standard with which to make
comparison. Furthermore, although the concept of mem-
brane regions such as the “hydrophobic core” or the “head-
group” are intuitively simple, much of the membrane is in a
state of “tumultuous chemical heterogeneity” (Wiener and
White, 1992; White and Wimley, 1994), and at the atomic
level these regions are not so simple to define. The devel-
opment of such a standard using the simplest of the hydro-
phobic helix-forming peptides is the intent of this study.
Here we attempt to understand, in detail, the influence of the
membrane environment on this peptide structure and dy-
namics. In subsequent studies, by comparison to this work,
we will probe the effects of the presence of other amino
acids and more complex sequences.

METHODOLOGY

The initial model was built from a snapshot of a weli-
equilibrated (over 4 ns of production), fully hydrated (29
water molecules per lipid molecule) dimyristoyphosphati-
dylcholine (DMPC) bilayer in the L, phase (Stouch, 1993).
Recently there has been substantial discussion regarding the
correct surface area in the bilayer plane occupied per phos-
phocholine lipid molecule (Nagle et al., 1996; Nagle, 1993;
Feller et al., 1995; Chiu, 1995; Tu et al., 1996; Tieleman and
Berendsen, 1996; Feller and Pastor, 1996). Experiment has
placed this value anywhere from 58 to 72 A2, a range also
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duplicated by constant pressure or constant surface tension
simulations. Using a model that assumes little “back-bend-
ing” of lipid hydrocarbon chains (conformations such that
the hydrocarbon chains bend back toward the water layer),
Nagle has determined this value to be 62 A2, later revising
the estimate upward to 62.9 A2 Should such back-bending
be found to be significant, this estimate would necessarily
be adjusted upward. For this study we started from a bilayer
with a value of 66 A2, close to Nagle's value (Nagle,
personal communication). In our own laboratory, we find
that surface area values from ~64 to 66 A2 are equally able
to reproduce the order parameters derived from NMR quad-
rapolor splittings within the error of experiment and simu-
lation (T. Stouch, unpublished results).

Because little is known about the surface area of a peptide
helix in a bilayer, we chose a surface area that could be
accommodated by an idealized a-helix (100 A2?) plus the
factor for thermal expansion seen for lipid molecules (ex-
panding from a value in the crystalline state of 40 A% 1o
~60-70 A? in the liquid crystalline state) to provide a
surface area for the peptide of roughly about that of two
lipid molecules, 133 A2, This value for the peptide, coupled
with a reasonable estimate of the surface areas of the lipids
of 66 Az, provides an overall surface area that is well within
the surface area estimates for lipid molecules derived either
from experiment or from simulation. In light of Nagle’s
values, one might question if this is slightly too large. If this
were so0, one might expect the lateral pressure of the system
to be negative. In fact, the average lateral pressure of the
system was positive, ~100 bar (86 * 600), a value typical
for biomolecular simulations.

To accommodate the peptide, two lipid molecules were
removed from each monolayer to form a rough cylindrical
region. It has been well established that in this phase, lipid
molecules have a wide range of conformations and are quite
entangled (Stouch, 1993; Pastor et al., 1991; Egberts and
Berendsen, 1988). Consequently, even removal of these
four lipid molecules did not create an empty void. To clear
a volume that could easily accommodate a transmembrane
helix, a weak cylindrical repulsive force was centered in the
vacated region during subsequent energy minimization
(steepest descents, 2000 iterations) and 20 ps of low tem-
perature molecular dynamics simulation (as described be-
low). This gently cleared a volume of water and, primarily
by torsional isomerization, lipid hydrocarbon chains. The
repulsive force was removed and was not used after this
time. A 32-residue polyalanine o-helix at idealized a-heli-
cal backbone torsion angles was inserted in the resulting
volume. The system in total then consisted of a 32-mer of
polyalanine, 16 lipid molecules in each monolayer for a
total of 32 lipid molecules, 481 water molecules per mono-
layer in a two-dimensional box periodic in the plane of the
bilayer of dimensions 34.5 X 34.5 A. A weak restraining
force as described previously (Stouch, 1993; Alper et al.,
1993a) was used to maintain the third dimension at 60.6 A.
The system was energy minimized (steepest descent, 2000
iterations) to remove any protein overlap with water or
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lipids and to reduce the thermal energy remaining from the
MD simulation. It was then gradually rethermalized (50 K
increments for 1000 steps at each temperature) to the final
production temperature of 320 K, 23 K above the gel-to-L,,
phase transition for hydrated DMPC. Equilibration was
continued for an additional 100 ps, and these data were
discarded. Production runs followed for an additional 1.66
ns, during which the trajectory was saved every 100 fs. An
additional set of data was saved every 5 ps, which was used
for much of the analysis.

For comparison with the membrane simulation as well as
with the literature concerning helix dynamics and stability
and as a further verification of the protein force field, a
separate simulation of a single 32-residue polyalanine in
vacuum was run for 3 ns under similar conditions.

As described previously, the force fields for the lipid
molecules (Stouch et al., 1991; Stouch, 1993) and water
(Lau et al., 1994) were extensions of the consistent valence
force field (Hagler et al., 1979a,b; Dauber-Osguthorpe et al.,
1988), and the consistent valence force field was used for
the protein. The nonbonded interactions (Coulomb and Len-
nard-Jones terms) between the zwitterionic headgroups
(choline and phosphate moieties) of the lipid molecules and
everything else were evaluated to 16 A. All other interac-
tions were evaluated to 10 A.

An in-house, substantially modified version of the Dis-
cover version 2.6 program was used (Molecular Simula-
tions, San Diego, CA). The Verlet algorithm was used for
MD integration (1.0-fs time step), and the temperature was
maintained by coupling water and lipids to separate external
baths (Berendsen et al., 1984). All simulations were run on
a Cray Y-MP/2-32. Some of the analysis was done using
in-house software; however, most of it was performed us-
ing Beta-test versions of the Decipher program (Molecular
Simulations).

RESULTS

Fig. 1 a shows the initial starting configuration, and Fig. 1
b displays a series of snapshots of the protein at particular
times over the 1.66-ns trajectory. As mentioned, initially the
entire peptide was built as an “ideal” a-helix perpendicular
to the plane of the bilayer.

During the 100-ps heating and equilibration, the N and C
termini (Alal-Ala'' and Ala?>-Ala*?), which were exposed
to the lipid headgroup region and, in particular, the water
region, denatured, and the peptide helix tilted ~10°. During
the remainder of the simulation, the termini assumed a
number of distinctively different coiled conformations, and
the tilt of the helical region varied dynamically. The middle
segment of the peptide, Ala'’-Ala®®, located in the lipid
hydrocarbon chain region, maintained a stable, mostly a-he-
lical structure.

The molecular dynamics of even this small peptide in the
lipid bilayer has many facets. To clearly present the results
and detailed analysis of our simulation, we divide the results
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into four parts. First we investigate the dynamic structure of
the peptide itself. Second, the peptide-lipid interactions and
the surrounding environment structures are discussed.
Third, the bulk properties of the membrane are presented.
Finally, we examine the behavior of lipid molecules.

Transmembrane peptide properties
a-Helicity

Fig. 2, a and ¢, shows the statistics of the ¢ and s angles for
each residue averaged over the entire production trajectory.
The segment of the peptide located in the hydrocarbon chain
region, Ala'>-Ala®*, was a very stable a-helix, as evidenced
by the average ¢, Y values of —70.0° and —39.7° (versus
ideal values of —100 to —40 and —60 to —20) and small
standard deviations (which were quite comparable in mag-
nitude to those found in simulations of other systems and
employing other force fields (Miick et al., 1993; Van
Buuren and Berendsen, 1993; Daggett and Levitt, 1992;
Daggett et al., 1991)). The stability is further reflected by
the high fraction of time that these torsions reside at the
helical values (Fig. 2, b and d). Just beyond this “core”
helical region were the sequences containing residues 8-12
and 25-28. Although their average ¢ and i values indicate
that they were predominantly helical, the standard devia-
tions are larger and the a-helical residence times are lower,
showing less stable a-helical structures. Beyond these
stretches, the most terminal segments of the peptide were
exposed to lipid headgroups and to water and have statistics
substantially different from those of an ideal a-helical struc-
ture. Although most of the ¢ angles were within the a-he-
lical range, the s angles were well beyond the region. The
standard deviations of these values were far larger than
those in the rest of the peptide, and residence times in the
a-helical conformation were low. The statistics reflected
variable coiled structures.

To further probe the a-helicity of the peptide, the char-
acteristic a-helical O(i) to H-N(i + 4) hydrogen bond
distance statistics are displayed in Fig. 3 a, and the resi-
dence time of these distances within 3.0 A is shown in Fig.
3 b. Steady H bonds existed in the “core” middle segment
(residues 12-24) over 75% of the time, with an average
H-bond distance of 2.6 A and standard deviations typically
less than 0.7 A. (The large value of these distances will be
discussed presently.) Although a-helical-like, intrapeptide
H bonding occurred for some residue pairs within the ter-
minal segments, this was completely absent for most residue
pairs in the N- and C-terminal 4—8 residues.

Although the central segment displayed stable a-helical
structure, it was not inflexible. This is demonstrated by the
backbone root-mean-square deviation (rmsd) of each con-
figuration from the starting (postequilibrated) configuration
(backbone of Ala'*-Ala*® maximally superimposed). Before
0.9 ns the rmsd was ~0.7 A, but at ~0.9 ns it increased
abruptly to ~1.9 A and remained at that value for the
remainder of the simulation. This change coincided with a



Biophysical Journal Volume 73 July 1997

starting

T
-
™
o~
P
o
ol
.
-
-
-
P
-
-
-




Shen et al.
33 @
P
E o
9 o
o O
o
g WM
I
a o
0
"o 5 10 15 20 25 30
o
25 ®)
g [=]
F 3
8«
b [=]
=S|
3 | |
T o
S
0 5 10 15 20 25 30
Residue No.
'g 8_ ©)
€3
(]
o e
<
< o
n P
a o
=4
‘o 5 10 15 20 25 30
[=]
o @
g o
F 3
8«
5 o
h=S Y]
Cof ] | . |
o
0 5 10 15 20 25 30
Residue No.

FIGURE 2 (a) The average PHI angle (¢) of the (Ala);, peptide in the
DMPC lipid bilayer. (b) The residence times (%) of time that ¢ appeared
in the helical range of [—100°,—40°]. (c) The average PSI angle (¢). (d)
The residence time (range of [—60°,—20°]).

slight shortening of the helix and a corresponding increase
in the cross section, as will be discussed. The changes to the
core region were well contained relative to the changes for
the entire peptide, however. The rmsd for the entire peptide
backbone, including the regions in the water and headgroup
regions, increased much more substantially, achieving a
value of ~3.8 A early in the simulation, fluctuating sub-
stantially, and eventually attaining a value of 4.3 A. These
large values and fluctuations were due to large conforma-
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FIGURE 3 (a) The values of i — i + 4 H-bond distances (i.e., from
N-H(i) to C=0( + 4)) for the (Ala), peptide in the DMPC lipid bilayer.
The solid line with bars stands for the average value and the standard
deviation, and the line with open squares and the line with triangles give
the maximum and minimum distances observed over the 1.66-ns simula-
tion time. (b) The residence time (%) of the i — i + 4 H-bonding, with a
distance of less than 2.6 A. Percentage peptide structures at a given time
versus the structure at the initial simulation time

tional changes in the coiled states of the two most terminal
segments.

For residues Ala'>-Ala®®, quantification of the cross-
sectional radius (by taking the average of the distances of
the C,, atoms to the helical axis) versus time showed a step
change from 2.4 A to 2.6 A at ~0.95 ns, corresponding to
the shift in rmsd. The length of this transmembrane region,
as well as the terminal stretches, was quantified by the
distances between the terminal C_, atoms of each region, i.e.,
C.l2t0 C,26,C,1to C,11, and C,27-C,32. The length of
the helical segment oscillated between 20 A and 23 A with
a small amplitude of only a few angstroms. At ~0.95 ns, a
small decrease occurred, from a mean value of 21.9 A to
20.6 A, resulting in the overall shortening of 1.3 A, men-
tioned above. Despite these changes, the mean length per
residue was 1.5 A (SD 0.05, range 1.4-1.7 A), well within
a-helical parameters. The corresponding profiles for the
terminal segments showed large changes, reflecting their
changing configurations.

These changes in the central helix, as well as the large
average values for the i — i + 4 hydrogen bonds, are due
to shifts between different helical forms. Such shifts are
seen widely in MD simulations of helices (Smythe et al.,

FIGURE 1

(a) A structure of helical (Ala),, peptide in a fully-hydrated DMPC bilayer. (b) A set of snapshots of the (Ala),,-peptide (ribbon) in the DMPC

lipid bilayer at different simulation times. For the lipid molecules, we only show here their phosphorus atoms (magenta CPK) and the nitrogen atoms (blue
CPK). An ideal a-helix was built for the (Ala),, peptide as a starting structure. The periodic boundary images used in the simulation are shown.
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1993; Van Buuren and Berendsen, 1993) and are suggested
by experiment (Zhang et al., 1995a). Frequently, individual
residues or short stretches of two to six residues intercon-
verted between the a- and either the 3,, or 7-helical types.
Statistics of the distances of the respective characteristic
i—>i+ 3andi— i+ 5 hydrogen bond patterns for these
helical types are shown in Figs. 4 and 5. As indicated by the
residence times for the individual residues, overall the al-
ternate forms were not common. However, as seen repeat-
edly elsewhere (Miick et al., 1993; Smythe et al., 1993;
Pleiss and Jahnig, 1991; Van Buuren and Berendsen, 1993;
Daggett and Levitt, 1992; Zhang et al., 1995a), the entire
helical region (residues Ala'>-Ala?®) assumed a 3,, form
~10% of the time. At isolated regions (the helix center and
ends) the 7 form was sampled from 10% to as much as 60%
of the time. That at any one time only portions of the helix
were in these alternate forms is reflected by the overall helix
length and radius. The length of the 15-residue “core” helix
never approached the 30-A length of an ideal 3,0 helix or
the 16.5-A length of an ideal 7 helix. Rather, as noted
above, it fluctuated about the 22 A length expected of the a
form. Furthermore, although the radius of the helix ap-
proached the 2.8 A value for a 7 form, it never became as
small as the 1.9 A of the 3,, form.

Translation and diffusion

The peptide showed substantial translational movement
over the simulation, as shown by a plot of the center of mass
of Ala'?-Ala®® versus time (Fig. 6 a). It moved substantially
in all three directions, oscillating in place over short times
and exhibiting a net movement over longer times. The range
of positions was 5.1 A, 65A, 124 A inx, y, and z, where
x and z define the bilayer plane. Note that the peptide
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FIGURE 4 Same as in Fig. 3, except for i — i + 3 H-bond distance.
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FIGURE 5 Same as in Fig. 3, except for i — i + 5 H-bond distance.

showed greater lateral movement (within the bilayer plane)
than transverse movement (normal to the plane). The results
imply that lateral movement was easier than transverse
movement. This is further substantiated by the fact that
diffusion perpendicular to the bilayer plane is about one-
third that within the plane (Fig. 6 ). The two-dimensional
lateral diffusion constant (diffusion within the bilayer plane)
calculated from the mean square displacement (MSD) of the
center of mass of Ala'>-Ala®® (Fig. 6 b) was 0.97 + 1.0 X
107% cm?/s.

Tilt and bend

The peptide was initially built as an ideal a-helix with its
helical axis perpendicular to the bilayer plane. During equil-
ibration the central part of the helix (Ala'?>-Ala*®) assumed
a tilt of ~10° to the bilayer normal. During the production
simulation, it continued to reorient dynamically (Fig. 7),
oscillating about over a range of 5° at times of tens of
picoseconds and showing larger net changes in tilt over
longer times of hundreds of picoseconds. Within the first
500 ps, it righted itself to 0, gradually increased to plateau
at an average of ~18° for ~0.5 ns, and then increased its net
tilt again, at one point achieving a value of ~30° to the
normal. Note that the statistics of ¢ and ¢ angles (Fig. 2)
and a-helical hydrogen bond lengths (Figs. 3) for residue
17, in the very center of the helical region, underwent higher
fluctuations than those of its immediate neighbors. Further-
more, visualization of the helix suggested a bending move-
ment at this residue. To probe these phenomena further, two
new helical axis were defined, Ala'?-Ala'® and Ala'8-Ala®.
Their angles with the bilayer normal (Fig. 7 b) show that
these two segments were not always colinear and exhibited
an angle of up to 50° with each other. This will be addressed
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FIGURE 6 (a) Translation of the center mass of the (Ala);, in the DMPC
lipid bilayer, shown by its position along the x (——-), y (-), and z (——)
directions. (b) Two-dimensional lateral (within the bilayer plane) mean
square displacement of the helix (upper curve) and the one-dimensional
transverse (perpendicular to the bilayer plane) mean squared displacement
(lower curve). The straight line marks the range of the fit used to determine
the diffusion coefficient.

further in the Discussion. It seems likely that the higher
frequency local tilting was due to local atomic motions that
made slight adjustments to the orientation of the best-fit
line.

Rotational time correlation function

Net rotation of the helix was slow. It was further compli-
cated by the fact that the helix was not a rigid body, as has
already been shown. As before, at each time step the helical
axis was determined by the line best fit to the backbone
residues Ala'? to Ala®®. For each residue, the rotation was
investigated by the time-dependent behavior of the vector
from the C,, atom normal to the helix axis. Within the entire
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FIGURE 7 (a) Tilt of the helical segment, Ala'2-Ala®®, of the (Ala),,
peptide in the DMPC lipid bilayer, measured by the angle formed between
the helical axis and the bilayer normal. (b) Tilt of each half of the helical
segment, Ala'?-Ala'® and Ala'®-Ala®®, measured by the angles of their
helical axes from the bilayer normal.

peptide, the rotational behavior of the individual residues
was inhomogeneous, and the maximum rotational angle
ranged from 25° to over 154° (Fig. 8 a). Even within the
helical segment (Ala'>-Ala%%), the maximum rotational an-
gles of the residues differed greatly. In particular, the N-
terminal half of the helix, Ala'>-Ala'®, rotated substantially
more than did residues Ala'®-Ala®®. This difference is dem-
onstrated by the average of the rotational time correlation
functions (RTCF) ((1/n) Z; (cos 6yt cos 6;2), where i is the
residue number and n is the total number of residues) for the
two parts of the helix (Fig. 8 b). The average correlation of
the N-terminal part of the helix eventually decayed to zero
after 1.66 ns; however, the C-terminal half showed little
decorrelation. Besides illustrating the difference between
the two portions of the helix, this demonstrates that accurate
calculation of the rotational correlation times is probably
beyond nanosecond simulations. Based on rotational relax-
ation time estimates of 1073 to 107> s (Gennis, 1989, p.
180), this is not unexpected.
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Properties in vacuum

Clearly, the peptide experienced a wide range of motions
within the membrane. To establish which of these were
intrinsic to the peptide itself (because of its structure, the
force field used, and the simulation conditions) and which
were due to the membrane environment, a parallel 1-ns
simulation was conducted of the peptide in vacuum. Statis-
tics of the ¢, ¥ angles (Fig. 9) show that the peptide retained
a stable and mostly uniform oa-helix (a-helix residence
times larger than 90% and 80%, respectively). Although
some expected “fraying” of the helix at its ends was notice-
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FIGURE 9 Average torsional angles (¢, ¢) and standard deviations
(bars) of the (Ala),, peptide simulated in vacuum.
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able, this was not nearly as extreme as that seen for the N
and C termini in the membrane simulation, which were
exposed to the lipid headgroups and water. Hydrogen bond
distances also support a helical structure (Fig. 10) that
fluctuated for individual residues between the a- (Fig. 10 b;
~40-50% residence) and - (Fig. 10 ¢; ~30% residence)
helical forms. The 3,, form was seen only ~5% of the time.
As with the peptide in the membrane, the transitions be-
tween helical types was reflected by the fluctuations in the
helical cross-sectional radius, which fluctuated consistently
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i + 5 H-bond distance (c and d) of the (Ala);, peptide simulated in
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show the maximum and minimum distances observed over the 1.66-ns
simulation time.
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throughout the simulation in a stepwise fashion between
~2.35 A (@) and 2.85 A (), the same range as seen in the
membrane. Similarly, the rmsd from the ideal form ranged
from 1 A t0 2.5 A, similar to that seen within the membrane.

At the N and C termini, the fluctuation of the ¢ and
angles during the membrane simulation was greater than the
corresponding values for the vacuum simulation, as ex-
pected because of the increased denaturation due to the
interaction with water. The ¢ and ¢ torsions in the most
central transmembrane region in the membrane simulation
tended to be slightly smaller (on average <<10°) than the
corresponding region in the vacuum simulation. In general,
the fluctuations indicated by the standard deviation of these
mean values were also slightly less when the peptide was in
the membrane than when it was in vacuum. The increased
stability of the helix within the membrane was made even
more evident by the hydrogen bonding statistics. Within the
hydrocarbon core, the average hydrogen bond distances
were as much as 0.75 A less than the corresponding values
in the vacuum simulation. The standard deviations of these
values in the membrane simulation were several tenths of an
angstrom smaller than in vacuum, demonstrating smaller
fluctuations.

Peptide environment

The lipid bilayer is an anisotropic environment of strong
contrasts that has profound effects on even a helix as simple
as polyalanine, as we have seen. Comparison of the helices’
properties between vacuum and the membrane shows that
the environment influences the peptide’s structural and dy-
namical properties. This section discusses the details of the
peptide’s interactions with the membrane, including the
lipid molecules and water.

Transverse atom distributions

Fig. 11 shows distributions of selected atoms along the
bilayer normal. It clearly shows the distributions character-
istic of neutron scattering studies of similar systems (Wie-
ner et al., 1991; Wiener and White, 1991, 1992; White and
Wimley, 1994). We defined the “headgroup” or polar region
of the bilayer as extending from the carbonyl groups to the
furthest reach of the choline groups. Based on this defini-
tion, the headgroup region is at least 15 A wide (not ac-
counting for layers of water ordered by the lipid molecules;
Alper et al., 1993b). For an ideal a-helix of 5.4 A rise per
turn, this means that three turns of the helix (10-12 resi-
dues) could be exposed to the polar region. In actuality,
because of the large concentration of water at the outermost
extremes of this region, the polyalanine helix largely dena-
tures. The helical structure is maintained through just about
one-half of this region. The helix, extremely stable from
residues 12 and 24, starts to become less stable upon enter-
ing the regions occupied by the carbonyl groups of the fatty
ester linkages. Of course, profiles such as this include
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Position

FIGURE 11 Transverse atom distributions of lipid P atoms, lipid N
atoms, lipid carbonyl O atoms, as well as those of C, atoms of (Ala)s;,
residues 2, 6, 10, 12, 14, 18, 22, 24, 26, and 30, respectively.

undulation in the bilayer, and so a profile such as this might
suggest a contact region that is overly broad. A more
detailed examination of the intimate neighborhood of the
peptide will be discussed.

Specific atomic interactions

The interatomic structure around a particular atom type can
be partially described by pair distribution functions that
show the probability of the presence of one atom type at a
particular distance from a second atom type. Fig. 12 shows
a series of such functions between the peptide (the amide
hydrogen and carbonyl oxygen) and the surrounding lipids
and water. Fig. 12 a shows the pair distribution function
between the peptide carbonyl oxygen and the lipid choline
nitrogen. This shows a prominent peak at 4.0 A at a prob-
ability substantially greater than random. Yet the tetraalkyl-
ammonium moiety of the choline group had no potential for
hydrogen bonding. The only interaction between them was
due to their opposite atomic partial charges. Choline’s full
positive charge was spread among the 11 hydrogens of the
alkyl groups, making the charge diffuse. These close pep-
tide carbonyl oxygen/choline nitrogen interactions occurred
between the peptide and 12 of the lipid molecules during the
course of the simulation. Usually this occurred for three
lipid molecules in each monolayer at any one time. These
interactions lasted for as long as a nanosecond or as short as
5 ps.

Fig. 12 b displays a low but discernible peak at 2.2 A
between the peptide carbonyl oxygen and water oxygen,
indicating occasional hydrogen bonding. A second peak is
also discernible at 5.5 A, showing a second shell of water
molecules. The low size of the peak is indicative of the fact
that only a few of the carbonyl oxygens hydrogen bonded
with water at any one time, because most are sequestered
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FIGURE 12 Radial distribution function (RDF) of (a) peptide carbonyl oxygen-lipid nitrogen; (b) amide hydrogen-water oxygen; (c) amide hydrogen

phosphate oxygen; and (d) amide hydrogen myristoyl oxygen.

within the anhydrous membrane interior. Similar H-bonding
interactions are seen between water and the peptide’s amide
hydrogen (plot not shown).

That the peptide interacts with water is not surprising,
considering that the termini are denatured. Perhaps more
interesting is the fact that through its amide hydrogen the
peptide forms occasional hydrogen bonds with the lipid
molecules, both with the phosphate oxygen atoms (Fig. 12
¢) as well as with fatty acyl ester oxygen atoms (Fig. 12 d).

To explore these specific lipid/peptide hydrogen-bonding
interactions further, Fig. 13 shows peptide amide/lipid ox-
ygen interactions of 2.5 A or less. Clearly, the center part of
the helix formed no hydrogen bonds with the lipid mole-
cules. Of course, this would not be expected, because the
potential H-bond acceptor atoms of the lipid molecules do
not penetrate deeply enough into the hydrocarbon region of
the bilayer for this to happen. The deepest hydrogen-bond-

ing interactions occurred for residue 12, which is the be-
ginning of the most stable region of the a-helix. Its inter-
action was with the deepest hydrogen bond acceptor, the
ester carbonyl oxygen atom. Curiously, substantially more
H-bonds were formed by the N-terminal residues of the
peptide than by the C-terminal residues.

Note that close to the C terminus (residue Ala*?) of the
peptide, one lipid formed an H bond for a long period (~0.7
ns). Moreover, this lipid’s choline was also a long-term
neighbor of the peptide’s carbonyl oxygen atoms. It seems
that this lipid maintained a long-term residency with the
peptide through both H bonding and polar-polar interac-
tions. As shown in Fig. 13, other lipid molecules had more
transient interactions, usually lasting no more than several
hundred picoseconds. These hydrogen bonds often switched
between different adjacent residues of the peptide and
sometimes hydrogen bonded to several residues at one time.
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FIGURE 13 Lipid/peptide hydrogen bonds (peptide N-H to lipid O
distances less than 2.5 A). The letters shown in the plot represent the
identity of the lipid involved in H bonding.

The lipids had four possible H-bond acceptors: -P==0,
-P-O-, -C==0, and -C-O-. Of the four types of potential lipid
hydrogen-bond acceptor atoms, interactions with the ester
ether linkage never occurred and interactions with the phos-
phoether oxygen atom occurred only rarely. The carbonyl
oxygen atom hydrogen bonded most frequently and with a
greater range of residues. Many hydrogen bonds formed
with the phosphoryl oxygen; however, these were for a
much smaller number of residues, which were at the ter-
mini. For the lipid molecules then, the interactions most
pertinent to the helix structure and stability were with the
ester carbonyl oxygens.

Of equal or perhaps even greater importance as both a
hydrogen bond donor and acceptor is water. As noted
above, water penetrates into the bilayer to the depth of the
carbonyl groups of the lipid molecules. Fig. 14 shows the
average number of water molecules neighboring the hydro-
gen-bonding functional groups of the peptide. On average,
at least one water molecule was present from the N terminus
to residue 10, and lesser amounts of water occurred as deep
as residue 13. Similarly, an average of at least one water
molecule occurred from residue 24 through to the C termi-
nus. Residue 21 was also frequently neighbored by a water
molecule, although because of the periodicity of the helix,
this might be the same molecule as that which neighbored
residue 24.

Lipid packing

Certain questions naturally arise in studies of transmem-
brane proteins. For instance, what are its surroundings?
How many lipid molecules surround the protein? Do they
pack tightly or loosely? Do these constitute a well-defined
annulus? What are the residence times of these lipids?

To determine this, the number of lipid molecules present
in concentric cylinders of increasing size around the peptide
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FIGURE 14 (a) Average number of water O atoms within 3.5 A from
amide H atom of the (Ala),, peptide. (b) Average number of water H atoms
within 3.5 A of the carbonyl O atom of the (Ala);, peptide.

helix was tabulated. In a shell as small as 3 A radius there
were on average 10 lipid molecules represented. Similarly,
for 5.0 A there were 18, for 7.0 A 22, for 9.0 A 25, for 11.0
A 28, for 13.0 A 31, and for 15.0 A 33. All of the 32 lipid
molecules were present in a cylinder of ~13 A, less than
one-half the box size of 34.5 A.

Clearly, many different lipid molecules contributed to the
peptide’s immediate surroundings. The peptide was not
surrounded by only a few, well-packed lipid molecules.
This is perhaps not surprising, considering that within the
L, phase bilayer the conformations of lipid molecules have
been shown to be wide-ranging and often extended (Stouch,
1993; Pastor et al., 1991). In fact, even though a particular
lipid molecule’s hydrocarbon chain was immediately adja-
cent to the helix, its headgroup could be a substantial
distance away. Considering the diameter of the helix and the
size of a phosphate group, a phosphate immediately adja-
cent to the helix would be ~8-10 A away from the center
of the helix. In fact, on average, about five lipid molecules
that had their hydrocarbon chains adjacent to the helix also
had their phosphate groups within this range. However, the
headgroup (as measured by the position of the phosphorus
atom) was found as much as 16-18 A away. Because the
average distance between lipid headgroups in this bilayer is
8 A, these would be considered to be in the second “shell.”
In fact, on average the headgroups of a number of lipid
molecules existed between these extremes, further demon-
strating a diffuse environment around the peptide as op-
posed to a well-ordered series of lipid shells. The maximum
distance occurred for a lipid whose hydrocarbon chain was
largely in the all-trans conformation and, because of a
gauche torsion high in the chain, was almost parallel to the
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TABLE 1 Distance from helix of phosphorus atoms of
neighboring lipid molecules versus average number of
lipid molecules

Distance range (A) Number of lipids

0-2 0.1
24 03
46 0.7
6-8 23
8-10 22

10-12 27

12-14 22

14-16 ‘ 2.1

16-18 0.9

18-20 0.4

20-22 0.2

22-24 0.1

Note that these distances were to the helix axis. The smallest distance
occurred for a P atom in the water where the peptide denatured and was not
coincident with the axis. Substantial helix tilt allowed the computed P-helix
axis distance to be small.

bilayer plane. To quantify this, at each configuration all of
the lipid molecules that had at least one atom present within
5 A of residues 12-24 (the central helix) were identified.
The distance between the a-helical axis and the phosphorus
atom of each of those lipids was calculated, and a histogram
was prepared of the number of lipid molecules versus the
distance. This was averaged over all configurations (Table
1). For example, on average the phosphorus atoms of 2.3
lipid molecules were between 6 and 8 A of the helix center,
and those of 2.1 lipid molecules were between 14 and 16 A.

Another view of the lipid/protein packing can be gained
by examination of the contribution of individual lipid mol-
ecules to the cylindrical shells surrounding the protein,
described above. The time-averaged results for the 5 A are
shown in Table 2. For example, on average four lipid
molecules contributed from one to five nonhydrogen atoms
to the 5-A shell; similarly, 2.4 lipid molecules contributed
6-10 atoms, 3.9 contributed 11-15 atoms, etc. The DMPC
molecules contain 46 nonhydrogen atoms. The number of
contributing lipid molecules drops off substantially the
greater the number of atoms contributed. It is clear that this
shell is composed of a large number of lipid molecules, each
contributing a small number of atoms. Of the 46 heavy
atoms in a DMPC molecule, only rarely does any one
molecule have more than 25 atoms within this shell, dem-

TABLE 2 Average number of lipids with a given number of
lipid heavy atoms within 5.0 A of the peptide

No. of heavy atoms

Average no. of lipids

1-5 40

6-10 24
11-15 3.9
16-20 34
21-25 24
26-30 1.6
31-35 0.4
3640 0.0
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TABLE 3 Bulk properties of the membrane

Peptide-lipid bilayer ~ Neat lipid bilayer

Thickness (P-P) 33+2 SDA 34+2SDA
P-N tilt 89° + 20° 87° = 30°
Hydrocarbon chain torsion 28*+0.2 3.1%02

(no. gauche/chain)

onstrating that only rarely does any one entire lipid mole-
cule pack tightly with the helix.

Bulk properties of the lipid bilayer

In comparison with neat lipid bilayers (i.e., without a trans-
membrane helix), the gross morphological properties of the
bilayer varied little, if at all (Table 3). The average thickness
of the bilayer was essentially the same, whether or not the
peptide was present. This does not preclude a local swelling
or thinning of the bilayer with compensating effects else-
where: however, we did not think that the statistics of the
simulation warranted such a detailed examination. The lipid
headgroups behave similarly—in both systems they lie ap-
proximately parallel to the bilayer plane. Commensurate
with the identical thicknesses was the fact that the hydro-
carbon chains displayed the same ratios of frans versus
gauche rotamers. A very sensitive measure of the order of
the lipid hydrocarbon chains, the order parameter of the
methylene groups (experimentally derived from NMR
quadrapolar splittings), decreased (decreased order in the
presence of the peptide; Fig. 15), consistent with changes
seen in the presence of other solutes or peptides, both in
simulation (Stouch and Bassolino, 1996; Bassolino et al.,
1993; Bassolino-Klimas et al., 1995; Scott, 1986) and ex-
perimentally (Jacobs and White, 1984).

Lipids
The structure and dynamics of the lipid molecules, includ-

ing translation, tilt, and chain conformation, are presented
below.

0.6
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0.4
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FIGURE 15 Average order parameter for two lipid hydrocarbon chains.
''''' , “Neat” bilayer; , bilayer with (Ala);,
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Translational motion of each lipid was determined by the
position of its phosphorus atom. The total movement in
three dimensions for the lipid molecules over the 1.66-ns
simulation ranged from 4.8 A to 17.1 A. However, in the
direction normal to the bilayer plane, the lipid molecules
translated only 4.6 A to 9.7 A. No doubt the limits to
movement were determined by avoidance of exposure of the
hydrocarbon chains to water on one side, and avoidance of
dehydration of the headgroups on the other. Similar to the
peptide’s movements, translation of the individual lipids
within the bilayer plane was much larger than that along the
bilayer normal, ranging from 9.6 A to 24.4 A. Overall,
within the plane of the bilayer, some of the lipids appeared
to exhibit collective translational motion.

To understand the relative orientation and conformation
of the lipid molecules, the tilts of the hydrocarbon chains
and headgroup (P-N vector) from the bilayer normal were
determined. The tilts of the two hydrocarbon chains were
determined from the line best fit to the carbon atoms of the
hydrocarbon chains. Furthermore, the angle between the
two hydrocarbon chains of each lipid molecule was calcu-
lated. Table 4 summarizes these results statistically (aver-
aged over all lipids and all times). As mentioned, the aver-
age tilt of the headgroups was 89°, nearly parallel to the
bilayer, agreeing with the experimental observation (Buldt
and Wohlgemuth, 1981; Seelig et al., 1977). However, for
individual lipids, this varied within 69°, no doubt contrib-
uting to the broadness of the headgroup interface. The two
hydrocarbon chains were, on average, 33° and 37° from the
normal, in agreement with studies of the neat bilayer
(Stouch, 1993). The hydrocarbon chains were almost per-
pendicular to the headgroup P-N vector (mean angles of 93°
and 95°) and at a 36° to each other. However, like the
headgroups, the ranges in values were large.

The variation of these values within individual lipid mol-
ecules is important to understanding the dynamics and re-
sponsiveness of the system. The maxima and minima of
these quantities are also presented in Table 3. One sees that
lipid tilt angles could differ significantly with time. For
example, for the headgroups the minimum variation of the
tilt was at least 44°, and the maximum change was as large
as 144°.

TABLE 4 Average tilt and bend of the lipid three chains

Mean Max. diff. Max. vari. Min. vari.
P-N vector tilt 89° 69° 144° 44°
MRY1 tilt 33° 52° 115° 33°
MRY?2 tilt 37° 63° 90° 34°
(P-N,MRY1) bend 93° 100° 174° 69°
(P-N,MRY2) bend 95° 87° 172° 70°
(MRY1,MRY2) bend 36° 58° 157° 37°

Here the P-N vector was used to represent the headgroup, and the best
fitted axes were used for the two hydrocarbon chains. The tilt and bend of
the three chains of the lipids were then calculated by the orientations of
these three axes. The first three columns of data are the summary over all
the lipids. And the last two columns are the results observed during the
simulation among the individual lipids.
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The end-to-end distances of the fatty acyl chains were
used as a simple way to describe chain conformation. Fig.
16 displays the statistics of these distances for the 64 hy-
drocarbon chains. The average C,-C,, distance was ~14 A,
but varied from ~10 A to 15 A. The length of individual
hydrocarbon chains varied by as much as 12 A. Several
chains achieved distances of only 4 A, which corresponds to
hairpin structures that bring the terminal methyl group of
the chain to the headgroup region, a phenomenon also seen
previously (Stouch, 1993). This shows that not only did the
hydrocarbon chains as a whole experience an abundant
range of conformations, but also that individual chains did
so during the course of the simulation.

The mean length of ~14 A, coupled with the mean tilt of
~35° over both monolayers, explains the hydrophobic core
thickness of the bilayer, which was ~24 A.

DISCUSSION

The fluidity of the bilayer, caused by the conformational
flexibility of the lipid molecules and the water-mediated
lipid-lipid interactions, results in substantial disorder and a
broad and fluctuating water/membrane interface. White has
described the headgroup region as being one of “tumultuous
chemical heterogeneity” (Wiener and White, 1992; White
and Wimley, 1994). We define this region as that of contact
between water and the lipid molecules. By this definition, it
extends from the partly hydrated carbonyl groups of the
fatty acyl linkages to the choline moieties, which are the
portions of the lipid molecules that penetrate farthest into
the water. When viewed from the side of the bilayer, this
region can be over 15 A. The breadth is due not only to the
conformational flexibility of the lipids, but also to the fact
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FIGURE 16 C1-C14 distance of intra-lipid hydrocarbon chains (even
chain number for Myr1 and odd for Myr2). The solid line with bars stands
for the average value and the standard deviation, and the open squares and

the triangles show, respectively, the maximum and minimum distances
observed over the 1.66-ns simulation time.
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that their transverse position can vary by several angstroms.
Because of this, the local environment around a TM protein
might not experience the full breadth of the interface. How-
ever, we still saw at least two turns of the helical region of
the peptide interacting with the lipids and water in the
headgroup region. When these are combined with the de-
natured most terminal ends of the peptide, 11 N-terminal
residues and 7 C-terminal residues are in the headgroup or
water regions.

It is common to consider a TM helix as being ~20
residues in length. In our simulation, ~24 residues of the
32-mer were helical a substantial fraction of the time. The
12 central-most residues, those that interacted only with the
hydrocarbon chains, formed a very stable helix. As soon as
the “headgroup” region was entered, the helix became less
stable and fluctuated more, because of transient hydrogen
bonds with the acyl carbonyl groups and water. Increased
fluctuations at the ends of helices (“frayed ends™) are com-
monly seen both by simulation and experiment (Miick et al.,
1993; Vogel et al., 1988; Daggett and Levitt, 1992; Zhang
et al.,, 1995a; Daggett et al., 1991). Furthermore, fluores-
cence anisotropy measurements and amide hydrogen ex-
change experiments have identified even greater fraying at
the ends of TM proteins (Vogel et al., 1988; Zhang et al.,
1995a), such as we show here. Although some of the hy-
drogen bonds between the peptide and the lipid carbonyl
groups persisted for hundreds of picoseconds, they were not
so strong or so frequent that they denatured the helix. Once
the lipid-peptide hydrogen bonds were broken, the helix
was readily remade. As mentioned, this largely helical state
continued for about two more turns (approximately six
residues), after which the then largely aqueous environment
prevented the helix from reforming and a random coil state
predominated.

In comparison to the vacuum calculation, the membrane
environment had a substantial influence on the helix struc-
ture and dynamics. As noted, the water/headgroup interface
substantially denatured the most terminal ends of the pep-
tide, whereas only slight fraying was noted in vacuum. In
vacuum, the torsion angles showed a homogeneous profile,
in contrast to that for the membrane, which although ho-
mogeneous for the central 12 residues, gradually becomes
less stable as the termini are approached. In the hydrocarbon
core of the bilayer, the center of the helix is more stable than
in vacuum, as evidenced by the shorter hydrogen bonds and
the smaller torsional fluctuations. In vacuum, the employed
force field provides for a 7r-helix for a length of time almost
equivalent to that it spends in the o form, and almost none
of the 3,, form is seen. In contrast, in the bilayer simulation,
the peptide showed only a small percentage of the m-helix,
and that in isolated positions. The a-helix was by far most
prevalent. A small amount of 3,4-helix was seen, but sub-
stantially more than in vacoum. It is unlikely that the cause
of these shifts is due to “hydrophobic mismatch” or specific
peptide/membrane interactions, because the alanine resi-
dues are essentially featureless and the peptide is homoge-
neous. Rather, it appears that the membrane environment
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creates a preference for the longer, tighter, helical forms,
such as has been suggested previously for peptides in hy-
drophobic environments (Smythe et al., 1993).

Although we have not included the results here, during a
simulation of the peptide in water, the peptide lost most of
its helical character after several hundred picoseconds, a
result also seen in other laboratories (Daggett and Levitt,
1992).

Interconversion between different helical forms has com-
monly been seen in both experimental and theoretical stud-
ies of helices (Miick et al., 1993; Smythe et al., 1993; Pleiss
and Jahnig, 1991; Van Buuren and Berendsen, 1993; Zhang
et al., 1995a,b). This was seen here, both in the membrane
and in vacuo. Although the « form was predominant, the 3,,
and 7 forms were also transiently observed by monitoring
i—i+ 3andi— i+ 5 hydrogen bonds in addition to the
a-helical i — i + 4 hydrogen bond. This was also reflected
in the radius of the helical cross section as well as the helix
length. The fluctuations between helical forms were gener-
ally local in nature and usually did not extend more than a
few residues. However, apparently initiated by a large
movement of the disordered N-terminal region, one large
rotation did occur that propagated along the helix, dampen-
ing with distance. This directly resulted in a 90° rotation of
the N terminus, an average (for the entire peptide) 0.2-A
increase in cross section, an average 1.3-A shortening of the
helix, and formation of 7 (i — i + 5) hydrogen bonds.
Similar fluctuations in length and cross section have been
observed in previous simulations of polyalanine (Vogel et
al., 1988; Daggett and Levitt, 1992; Zhang et al., 1995b) and
decaglycine (Perahia et al., 1990).

It is interesting to speculate just how Nature might use
these facts. For example, it is conceivable that a helix-
destabilizing sequence, coupled with the helix-destabilizing
nature of the headgroup region, could result in a helix
shorter than the commonly accepted 20 residues for a TM
helix. Similarly, a helix-stabilizing sequence could be em-
ployed to allow the helix to extend further into the head-
group region. It has been proposed that the rules of second-
ary structure formation are different between globular and
TM proteins (Li and Deber, 1994). It is possible that the
rules might be intermediate or even completely different in
the unique headgroup environment.

The helix was found to tilt substantially, on average 32°
but ranging from 0° to 45°. In fact, there is little reason not
to tilt, because there were no residues that would have
strong, irreplaceable contacts with the headgroup or aque-
ous regions. In fact, tilting would allow a maximization of
the hydrophobic interactions by allowing more of the hy-
drophobic alanine residues to interact with the bilayer hy-
drocarbon core. That more tilting did not occur might be due
to favorable hydrogen bonding interactions formed by the
denatured terminal residues. Greater tilt might require some
residues to relinquish favorable electrostatic interactions or
hydrogen bonds for the nonpolar environment of the mem-
brane interior. The energetically favorable alternative to
this, replacement of those contacts with intramolecular hy-
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drogen bonds, would be entropically disfavored. A similar
argument can be applied to rationalize the limited transverse
translational movement of the helix. Perhaps also, less tilt
would be favored by interactions between the membrane
dipole potential (previously seen to be due partly to ordered
water molecules; Alper et al., 1993b; Gawrisch et al., 1992)
and the helix dipole. The tilt, along with the homogeneous
nature of the helix, might also be the reason that no evidence
was seen of bilayer thickening, as suggested by the hydro-
phobic mismatch hypothesis (Zhang et al., 1995b; Sperotto
and Mouritsen, 1991).

The helix assumed a variety of bends. Some appeared to
be distributed along the helix, a portion of the bend shared
by each residue. However, many were focused at residue 17,
as reflected by its higher mobility (¢, ¥ and H-bond fluc-
tuations greater than the neighboring residues). Residue 17
resided in the center of the bilayer. It is well known that this
is a region of low density and high disorder (Wiener et al.,
1991; Wiener and White, 1992; Seelig et al., 1977; White
and Wimley, 1994; Seelig and Seelig, 1974, 1977; Stouch,
1993). Interconversions between straight and bent (or
kinked) helices were observed previously for polyalanine
helices (Pleiss and Jahnig, 1992; Daggett et al., 1991). It is
interesting to speculate whether the “hinge” motion of this
residue is due in part to this lower density and whether its
position would be shifted in proteins of different sequence.
Many TM proteins contain prolines in postulated helical
regions, which would further destabilize a helix. It has been
suggested that these prolines might play a role in signal
transduction. Less obvious sequence variations might also
result in differences in movement.

The substantial lateral translation of the helix has been
noted. Visual inspection of the trajectory showed a correla-
tion between this translation and the bending motion at
residue 17. This correlation can be combined with the
“hole-jumping” hypothesis of diffusion to suggest a mech-
anism of translation. This hypothesis states that for a mol-
ecule to move to a new position, a neighboring molecule
must first move to free the volume into which the first
molecule moves. In a bilayer, the two monolayers are not
correlated in their movements, however. It is unlikely that if
a lipid molecule moves away from the helix in one mono-
layer, an identical event would occur at the same instant in
the other. This would result in translation of each half of the
helix separately, culminating in some strain and bending.

The calculated lateral diffusion coefficient of 9.7 X 1077
cm?/s is 10—15 times faster than those measured for larger
proteins, such as glycophorin and rhodopsin in phospholipid
vesicles (Edidin, 1981, p. 37; Jacobson, 1983). This might
be expected, because this peptide is substantially smaller
and lacks either hydrophilic or hydrogen-bonding amino
acids or glycosylation. It is also very likely that in the short
1.66 ns of this simulation, we are sampling only short-scale,
“rattling in a cage” motion. Quasielastic neutron scattering,
the time scales of which are comparable to those of this
simulation, finds diffusion of lipid molecules in the L,
phase 100 times faster (10~% cm?/s) than do methods cov-
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ering a longer time scale, such as fluorescence recovery
after photobleaching (10~8 cm?*/s) (Vaz and Almeida, 1991,
and references therein). It could also be partly artifactual,
because of the limited sampling of diffusional data during
the 1.6-ns simulation.

Except for a decrease in order parameters, the bilayer
properties, lipid conformations, lipid lateral diffusion rates,
and headgroup orientations were essentially identical to
those of a neat bilayer (Stouch, 1993). As reflected by the
order parameters, the protein did not induce an ordered layer
of lipids around the protein. Although an ordering of the
hydrocarbon chains was seen at some methylene groups
during a relatively short simulation of a TM polyglycine
helix, the rougher glycophorin helix showed substantially
less ordering during the same study (Edholm and Johans-
son, 1987). Scott reported Monte Carlo studies of stylized
representation of TM helices in bilayers that, similar to our
results, showed a lowering of order parameters at methylene
groups 3 and 4 for hydrocarbon chains bordering the helix
representations (Scott, 1986). The order parameters for the
neat bilayer (before insertion of the peptide) reproduce well
experimentally determined order parameters. As the avail-
able surface area is increased, one would expect the order
parameters to decrease. It is possible that the decrease in
order parameters seen here might also reflect an excessive
surface area for the polyalanine helix rather than an effect
on the hydrocarbon chains by the helix, as assumed here and
by the other, referenced, studies. However, our studies
comparing surface area and order parameters suggest that
for the magnitude of the shift in values seen here, the excess
surface area would have to be substantially more than we
would expect.

Similarly, no evidence was found for a defined “annulus”
of lipids around the protein. In fact, the great conforma-
tional freedom of the hydrocarbon chains is such that the
immediate neighborhood of the helix was populated by
atoms not from a few tightly held lipid molecules, but from
many lipid molecules, some two to three lipid layers away
(based on headgroup-to-helix axis distances). This possibil-
ity should be considered during interpretation of experi-
ments employing lipids containing labels. This same con-
clusion was reached in early studies of TM helices (Edholm
and Johansson, 1987; Scott, 1986). A lattice-based model of
a bilayer that included smooth wall cylinders suggested that
a very long “coherence” length was imparted to the lipids by
TM helices at temperatures near the gel-to-liquid crystal
phase transition (Sperotto and Mouritsen, 1991). However,
the magnitude of this perturbation decreased dramatically
with increasing temperature. At a temperature of 20° above
the transition, as was used here, the perturbation was pre-
dicted to extend no more than a few angstroms.

As we noted in the Introduction, this study of polyalanine
is meant to be a simple benchmark by which to evaluate
bilayer/TM helix interactions, as well as a point of reference
against which to evaluate more complex sequences. Natu-
rally occurring type I TM helices contain a diversity of
hydrophobic amino acids. Necessarily, these will be larger
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and more complex than alanine. Because of the increased
bulk one might expect slower rotation and translation.
Moreover, bulkier side chains might result in less interac-
tion between the helix backbone and the ester carbonyls and
headgroups. Rougher, less regular helices might also result
in a futher decrease in order parameters, as suggested pre-
viously (Edholm and Johansson, 1987). Furthermore, type I
TM helices usually contain hydrophilic and charged amino
acids just beyond their hydrophobic cores. Because of hy-
drogen bonding with the lipids, such amino acids might
serve to “anchor” the helices, resulting in less tilt. For
example, we have found that interfacial tryptophan residues
substantially retard tilting (unpublished results). Finally, it
stands to reason that the stability of the helix will depend
not only on interations with the bilayer, but on the nature of
the sequence.

CONCLUSIONS

A multi-nanosecond MD simulation of a simple 32-residue
polyalanine transmembrane helix through a hydrated
DMPC bilayer was conducted as a benchmark with which to
interpret future studies of more complex transmembrane
proteins. The influence of the membrane environment was
gauged by comparison to a parallel simulation in vacuum.
The membranous environment was found to have a strong
influence on the structure and dynamics. Toward the outer
regions of the lipid headgroups, where a substantial amount
of water exists, the peptide was denatured. Within the
hydrocarbon core of the bilayer, the 12 central residues of
the helix were more stable than in vacuum. Between these
two regions, the lipid carbonyl groups and the water that
accompanies them form transient hydrogen bonds to the
peptide backbone, destabilizing—but not denaturing—the
helix. In the membrane the peptide assumed a substantially
greater fraction of a and 3,4 helical forms than it does in
vacuum, where the m-helical form was present 30% of the
time. A frequent bend was noted at the very center of the
helix, in the least dense region of the membrane. Bending at
this position appeared to correlate with lateral translation.
During the simulation, the helix spontaneously assumed a
range of tilts relative to the bilayer plane, from perpendic-
ular to 30°.
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