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ABSTRACT The orientation and motion of a model lysine-terminated transmembrane polypeptide were investigated by
molecular dynamics simulation. Recent 2H NMR studies of synthetic polypeptides with deuterated alanine side chains suggest
that such transmembrane polypeptides undergo fast, axially symmetric reorientation about the bilayer normal but have
a preferred average azimuthal orientation about the helix axis. In this work, interactions that might contribute to this behavior
were investigated in a simulated system consisting of 64 molecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and one a-helical polypeptide with the sequence acetyl-KK-(LA);{-KK-amide. In one simulation, initiated with the
peptide oriented along the bilayer normal, the system was allowed to evolve for 8.5 ns at 1 atm of pressure and a temperature of
55°C. A second simulation was initiated with the peptide orientation chosen to match a set of experimentally observed alanine
methyl deuteron quadrupole splittings and allowed to proceed for 10 ns. Simulated alanine methyl group orientations were
found to be inequivalent, a result that is consistent with 2H NMR observations of specifically labeled polypeptides in POPC
bilayers. Helix tilt varied substantially over the durations of both simulations. In the first simulation, the peptide tended toward an
orientation about the helix axis similar to that suggested by experiment. In the second simulation, orientation about the helix axis
tended to return to this value after an excursion. These results provide some insight into how interactions at the bilayer surface

can constrain reorientation about the helix axis while accommodating large changes in helix tilt.

INTRODUCTION

The orientations and dynamics of various transmembrane
polypeptides and transmembrane segments of membrane-
associated proteins have been investigated using both '*N and
’H solid-state NMR techniques (Jones et al., 1998; Morrow
and Grant, 2000; Marassi et al., 2000; Marassi and Opella,
2000; Wang et al., 2000; Harzer and Bechinger, 2000; Sharpe
et al., 2001, 2002; van der Wel et al., 2002). In *H NMR
observations of particular polypeptides modeled on the
transmembrane segment of epidermal growth factor receptor
(Jones et al., 1998, Morrow and Grant, 2000; Sharpe et al.,
2001), the magnitudes and inequivalence of splittings from
methyl group deuterons on alanines at different positions
along the helix showed that the polypeptides were tilted and
undergoing rapid axially symmetric reorientation about the
bilayer normal while also maintaining a preferred orientation
about the helix axis.

Similar results were obtained for polypeptides having a
more uniform hydrophobic sequence consisting of alternating
alanines and leucines terminated by two lysines at each end
(Sharpe et al., 2002). Polypeptides of this type have been
labeled as KALP polypeptides by Killian and co-workers (de
Planque et al., 1999, 2003; Strandberg et al., 2002; Morein
et al., 2002; de Planque and Killian, 2003; Killian, 2003). H
NMR observations of labeled alanine methyl groups on these
polypeptides were consistent with reorientation of the tilted
helix about the bilayer normal with a correlation time of
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~107" s (Sharpe et al., 2002). The existence of a preferred
average orientation about the helix long axis appears to be
consistent with observations on other transmembrane poly-
peptides (Jones et al., 1998; Marassi et al., 2000; Marassi and
Opella, 2000; Wang et al., 2000). The fact that each deuterated
alanine residue gave rise to a unique splitting ruled out the
possibility of slow exchange among two or more orientations
of the polypeptide about its helix axis, a situation that would
have given rise to a superposition of doublets with different
splittings. NMR observations of deuterated alanines along
a tryptophan-anchored a-helix of alternating alanines and
leucines (WALP 19) have also indicated an intrinsic tilt and
preferred orientation about the helix axis (van der Wel et al.,
2002).

Although NMR experiments can indicate the average
orientation and dynamics of the polypeptide over the
timescale characteristic of the H experiment, they do not
provide much information concerning fluctuations about the
average orientation on shorter timescales. For tilted poly-
peptides with a preferred orientation about the helix axis, the
amplitude of motions that allow the polypeptide to sample
a range of orientations about a preferred orientation might
have a significant effect on the accessibility of particular
regions of the polypeptide surface to other polypeptides in
the membrane. Knowledge of transmembrane polypeptide
dynamics may thus have some general relevance to under-
standing of helix-helix interaction.

The *H NMR observations of Sharpe et al. (2002) show
that axially symmetric reorientation of the tilted polypeptide
about the bilayer normal is fast on the ~107 s characteristic
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time of the ’H NMR experiment. Molecular dynamics (MD)
simulations are not typically of sufficient duration to show
the kind of motion that is presumed to be responsible for
axially symmetric averaging of the quadrupole interaction
on this timescale. Such simulations can, however, display
rapid small amplitude motions that modulate the quadrupole
interaction about its average. Although these may have little
direct effect on the observed quadrupole splittings, such
motions can give insight into interactions that are relevant to
the adoption of a preferred tilt and azimuthal orientation.
They can also give some insight into whether such motions
might affect the accessibility of particular portions of the
helix surface to peptide-peptide interaction.

Petrache et al. (2002) used molecular dynamics to study
five tryptophan-terminated alternating alanine-leucine poly-
peptides (WALP polypeptides) of different lengths in
dipalmitoyl phosphatidylcholine and dimyristoyl phosphati-
dylcholine bilayers. They found helix tilts ranging from 10 to
20°. The tilt obtained in the simulation depended on the
arrangement of the tryptophan pairs about the helix axis and
did not vary monotonically with helix length. They also
reported large variations in instantaneous tilt over the
durations of the simulations.

We have carried out molecular dynamics simulations of
the polypeptide Ac-KK-(LA);;-KK-amide in a 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer using
two different starting conditions. This peptide is one of those
for which quadrupole splittings of selectively deuterated
alanine methyl groups indicated orientational inequivalence
of alanine residues along the helix backbone within the
bilayer interior (Sharpe et al., 2002). The first simulation
starts with the polypeptide aligned along the bilayer normal
and follows the development of helix tilt with respect to the
bilayer normal as the simulation proceeds for 8.5 ns. This
simulation provides some insight into how alanine methyl
group orientation, with respect to the bilayer normal, couples
to helix tilt and polypeptide orientation about the helix axis.

The 8.5-ns duration of the first simulation may not have
been sufficient for the polypeptide to relax to the orientation
implied by the experimentally observed alanine methyl
deuteron quadrupole splittings. For this reason, a second
simulation was run with the initial polypeptide tilt and
orientation about the helix axis chosen to match the experi-
mentally observed splittings given the assumption of fast
reorientation about the bilayer normal. The way in which the
simulated polypeptide departed from this initial orientation
over the course of the subsequent 10-ns simulation provides
further insight into the interactions that give rise to the adop-
tion of the experimentally observed polypeptide orientation.

METHODS
Initial bilayer preparation

An L,-phase POPC membrane structure was obtained from previously
reported molecular dynamics results for runs at constant number, pressure,
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area, and temperature (NPAT) on a bilayer composed of 72 POPC lipids (36
in each monolayer) at low hydration (~13.5 waters per lipid) (Feller et al.,
1997; Armen et al., 1998). The system contained ~970 water molecules in
total and the simulation cell dimensions were 48 X 48 X 51.58 A. The water
layer thickness required for full hydration is ~13 A. To achieve this in this
work, patches of TIP3 water (Jorgensen et al., 1983) were placed directly
above and below the bilayer. A spacing of 3 A was initially left between the
existing water and the patches to ensure no bad contacts between the added
patches of water molecules and the existing layer. An X-plor format psf file
(Briinger, 1992) of the system was then built using the Psfgen construction
tool included with the NAMD2 (Nelson et al., 1996; Kalé et al., 1999) MD
simulation package. An all-atom model was employed in accordance with
the CHARMM 27 topology and parameter files (Mackerell et al., 1998;
Schlenkrich et al., 1996). The final system contained 37.5 waters/lipid
headgroup corresponding to a water concentration of 52% w/w. At this level
of hydration the bilayer is expected to be well beyond the Lg phase at the
target temperature (328 K) and ambient pressure.

Simulations were carried out on an IBM RS/6000 SP1 and a SGI Onyx
3400. The NAMD?2 package (Nelson et al., 1996; Kalé et al., 1999) was used
for simulations whereas MD trajectory progress, visualization, and analysis
were carried out using visual molecular dynamics (Humphrey et al., 1996)
on a Pentium class computer running Linux 2.4 and an SGI Onyx 3400
(Mountain View, CA). Simulation conditions were as follows. To satisty the
condition of constant pressure, the system was coupled, at all times, to
a l-atm pressure bath using the Nose-Hoover Langevin piston method
(Feller et al., 1995). A splitting function with a cutoff of 12 A was used
for separation of long- and short-range electrostatic interactions. A cutoff of
12 A was also employed for calculating Van der Waals interactions and
a switching function was used to relax the van der Waals potential to zero
over a distance of 2 A. Pair list distance was set at 13.5 A and a hydrogen
group based cutoff was set at 3 A. Periodic boundary conditions were
employed in all cell dimensions and the particle mesh Ewald (PME) method
(Darden et al., 1993) was used for full evaluation of electrostatic
interactions. Typically eight processors were used during MD simulations.
The SHAKE algorithm (Ryckaert et al., 1977) was used to constrain all
bonds between hydrogens and heavy atoms with a tolerance of 10> A.

The bilayer system was prepared by first coupling it to a thermal bath at
100 K (Briinger, 1992) and allowing the system cell to fluctuate in all
dimensions. The physical gaps between the original and added water layers
disappeared after 50 ps of simulation. The system was then subjected to
13,000 steps of conjugate gradient minimization with a tolerance of 0.0005.
The equilibration process was then initiated by weak coupling to a thermal
bath at 328 K. After 600 ps of simulation, a variety of bilayer properties were
measured to ensure that the system had approached equilibrium.

Polypeptide construction

The polypeptide CH3CO-KK-(LA);;-KK-CO-NH, is expected to be
a-helical in the membrane environment and peptide was prepared with this
initial conformation. Observations reported by Zhang et al. (1995) confirm
a-helical geometry for a 12-subunit LA segment embedded in a bilayer
membrane. The helical peptide used in the simulation was constructed using
MOLDEN (Schaftenaar and Noordik, 2000). All side-chain dihedral angles
were chosen from the backbone dependent rotamer library for proteins
(Dunbrack and Karplus, 1993). After construction, the polypeptide was
subjected to 3500 steps of conjugate gradient energy minimization. Mini-
mization of the protein conformational energy was completed in four stages
similar to those described by Belohorcovd et al. (1997). In the first 500 steps,
dihedrals were restrained using a restraint potential with an energy constant
of 50 kcal/mol. The Cg positions of the alanine residues and the Cg and C,,
positions of the leucine and lysine residues were initially held fixed. In the
next 500 steps, dihedrals were restrained using a restraint potential with an
energy constant of 25 kcal/mol. The Cg positions of the alanine residues and
the Cg and C,, positions of the leucine and lysine residues were harmonically
restrained with a force constant of 25 kcal/(mol A?). In the next 500 steps,
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dihedrals were restrained using a restraint potential with an energy constant
of 5 kcal/mol. The Cg positions of the alanine residues and the Cg and C,,
positions of the leucine and lysine residues were harmonically restrained
with a force constant of 5 kcal/(mol A%). Over the final 2000 steps of the
protein minimization procedure, there were no restraints on side-chain
dihedrals nor harmonic restraints on atomic positions.

These measures were used to ensure that the peptide remained a-helical
during energy minimization. The polypeptide was then aligned with its long
axis oriented along the z-direction by diagonalization of the moment of
inertia tensor followed by application of appropriate rotations.

Lipid-peptide system preparation
and construction

After equilibration of the bilayer, four lipid molecules were removed from
the upper and lower leaflets, respectively. The system was then coupled to
a weak repulsive cylindrical potential that forced lipids outward to allow the
bilayer to accommodate the polypeptide. The simulation parameters were as
described above. The PME technique was used for evaluating electrostatic
forces without truncating long-range forces. The PME technique requires
that the periodic cell charge be zero. To counteract the four charged lysine
side chains, C1~ ions were added to the system by randomly removing two
water molecules from the upper and lower water layers (Pandit and
Berkowitz, 2002). The helix was initially held fixed while the cylindrical
potential was relaxed. Over a period of 208 ps the lipids completely enclosed
the polypeptide. After this preparation, the simulation was allowed to
proceed for a total duration of 8.5 ns including equilibration and dynamics.

A second simulation was run with the initial orientation of the poly-
peptide chosen to match that inferred from NMR observations of the cor-
responding polypeptide deuterated on selected alanines. This orientation was
found by optimizing the fit to quadrupole splittings observed for methyl
deuterons on alanine residues 14 and 16 and to the set of splittings observed
from the same polypeptide simultaneously deuterated on the alanine methyls
of residues 8, 10, 12, 14, 16, 18, and 20. The association of splittings with
a particular orientation was done under the assumption of rapid axially
symmetric reorientation of the polypeptide about the bilayer normal. The
initial polypeptide conformation and preparation were as for the first simu-
lation. The polypeptide, with its orientation matched to the experimentally
observed quadrupole splittings, was inserted into the equilibrated bilayer as
described previously. After the lipids had again enclosed the polypeptide,
the simulation proceeded in the same way as for the first simulation. The
total time for the second simulation was ~10 ns.

RESULTS AND DISCUSSION
Bilayer preparation

The root mean squared displacement (RMSD) of molecular
coordinates with respect to the starting configuration is given
by

RMSD = (D

where the vectors Xy and X; describe the position of atom i
and their difference is the displacement of atom i from its
position at the beginning of the simulation. The evolution of
RMSD for the lipids over an initial 600-ps bilayer prep-
aration period is shown in Fig. 1. This quantity increases
sharply during the first 100 ps. This rapid initial increase
reflects changes in lipid conformation and intermolecular
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FIGURE 1 Root mean squared displacement (RMSD) of bilayer coor-
dinates during the initial 600-ps bilayer simulation before insertion of the
peptide.

spacing as the bilayer relaxes from its initial state toward
lower energy configurations. After this rapid initial adjust-
ment, the RMSD continues to change at a slower rate as
molecules reorient and diffuse within the bilayer. Shinoda
et al. (1997) suggested that trans-gauche transition rates for
torsional motion of the lipid acyl chains might provide some
indication of equilibration time needed in MD simulations
of pure lipid bilayers. They suggested that characteristic
times for torsional motions could range from ~10 ps for
carbons in the acyl chains to as long as 400-700 ps for
torsions at the base of the lipid headgroup.

The initial bilayer simulation corresponds to conditions of
55°C and 50% water by weight. The properties of the
simulated POPC bilayer after the 600-ps preparation period
are consistent with previous simulations of POPC in the liquid
crystalline phase (Heller et al., 1993; Pasenkiewicz-Gierula
et al., 2000). The area/lipid headgroup slowly increases over
the 600-ps preparation period as lipids redistribute and the
simulation cell fluctuates under the influence of applied
external pressure. The average area per lipid headgroup
during this period is ~63 A%, This is similar to areas per lipid
obtained in previous simulations of POPC in the liquid
crystalline phase (Pasenkiewicz-Gierula et al., 2000). For
comparison, average interfacial areas/lipid in the liquid
crystalline phase, obtained from recent analyses of diffraction
data, are reported to be 64 A% for DPPC at 50°C and 72.5 A?
for DOPC at 30°C (Nagle and Tristram-Nagle, 2000).

The state of a bilayer is also reflected by the orientational
order parameters of the lipid acyl chain methylene seg-
ments. Experimentally, such order parameters can be ob-
tained from “H NMR quadrupole splittings of deuterium
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labeled segments. The orientational order parameter is then
defined as Scp = (3cos? @ — 1)/2, where 6 is the angle
between the CD bond and the bilayer normal and the average
is over motions of the chain. Fig. 2 shows orientational order
parameter profiles for the palmitoyl and oleoyl chains ob-
tained by averaging over the simulation trajectory before
addition of the polypeptide and over the trajectory of Simu-

02— —]

IS !

01— —

1Scp)

0.1}—

0 ] | 1 | | 1
0 5 10 15 20
Carbon Number

FIGURE 2 (A) Average orientational order parameter profile for the
POPC saturated chain in Simulation 1 with (@) and without (O) the
polypeptide present. (B) Average orientational order parameter profile for
the POPC unsaturated chain in Simulation 1 with (@) and without (O) the
polypeptide present.
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lation 1 with the polypeptide present. Order parameters in the
absence of the peptide are typical of liquid crystalline POPC
bilayers and are in good agreement with results of Seelig and
Waespe-Sarcevic (1978). In particular, the characteristic dip
in order parameter near the oleoyl double bond was suc-
cessfully reproduced by the simulation.

Before insertion of the peptide, the average distance
between phosphates on opposite sides of the bilayer fluctuated
slightly around ~39.5 A over the course of the simulation.
Comparison with observations of liquid crystalline DOPC
and DPPC (Weiner and White, 1992; Nagle and Tristram-
Nagle, 2000) suggests that the simulation generates a reason-
able bilayer thickness for peptide-free POPC bilayers.

Simulation 1: polypeptide initially oriented along
the bilayer normal

After the bilayer was prepared as described above, the
polypeptide was first inserted into the bilayer with its helix
axis oriented along the bilayer normal. The trajectory fol-
lowing from this initial polypeptide orientation will be re-
ferred to as Simulation 1. The solid symbols in Fig. 2 show
that addition of the transmembrane polypeptide segment
induced a small but significant increase in the average ori-
entational order of both lipid chains. This peptide-induced
increase in acyl chain orientational order is consistent with
the results of previous experimental and simulation studies
of bilayers containing helical polypeptides (Subczynski et al.,
1998; Belohorcova et al., 1997). During the first 7 ns after
insertion of the peptide, the average phosphate-phosphate
separation increased from ~39.5 to ~43 A and then
decreased to ~41 A over the next 1.5 ns. The duration of
Simulation 1 was not sufficient to determine whether this
reflected a transient response to peptide insertion or a more
persistent peptide-induced enhancement of bilayer thickness
fluctuations.

Fig. 3 illustrates the polypeptide dihedral angles ¢ and s
for each residue, other than terminal lysines, averaged over
the course of the 8.5-ns trajectory of Simulation 1. The
overall average dihedral angles are y = —42.2° and ¢ =
—63.6°, which is within the a-helical range. The helix is
stable over the course of the simulation and there does not
appear to be significant unraveling toward the ends of the
helix. These results are consistent with the report, based on
Fourier transform infrared spectroscopy observations, that
proteins composed of 12 LA subunits are transmembrane
and retain o-helical conformation when incorporated in
bilayers of phosphatidylcholines with varying acyl chain
lengths (Zhang et al., 1995).

The orientation of the simulated polypeptide was char-
acterized by the tilt angle, 7, of the helix axis with respect to
the bilayer normal and the azimuthal orientation, p, of the
polypeptide about its axis. To define the azimuthal angle,
a reference direction in the bilayer was obtained by taking
the cross product of the helix axis and the bilayer normal.
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FIGURE 3 Peptide dihedral angles ¢ (O) and ¢ (@) versus residue
position along the helix backbone averaged over the trajectory for the
simulation in which the peptide is initially oriented along the bilayer normal.

This direction is well defined when the helix is tilted but
more ambiguous as the helix orientation approaches the
bilayer normal. A marker direction attached to the helix was
obtained by projecting the alanine 14 methyl axis onto the
plane perpendicular to the helix axis. The azimuthal angle p
was then defined as the angle between the helix-fixed marker
direction and the reference direction. Fig. 4 illustrates the
characterization of helix orientation using these angles.

Fig. 5 shows the helix tilt and azimuthal orientation along
with the angles between the bilayer normal and the methyl
axes of two alanines, 12 and 14, over the course of Simula-
tion 1, in which the initial orientation of the polypeptide is
along the bilayer normal. Fig. 5 A shows that after constraints
on the polypeptide are lifted, at ~100 ps, the helix begins to
tilt to accommodate the hydrophobic length of the trans-
membrane segment, which is greater than the hydrophobic
thickness of the bilayer interior. After an initial period of
rapid reorientation, the tilt of the helix axis with respect to the
bilayer normal continues to fluctuate slowly over the next
8.5 ns.

Fig. 5 B presents the time dependence of the polypeptide
orientation about the helix axis over the course of the
simulation. Changes in the angle p between the reference
direction and the helix-fixed marker direction reflect rotation
of the tilted helix about its axis. For a tilted helix, such ro-
tations will change the portions of the helix surface that are
oriented perpendicular to the bilayer normal and, in doing so,
change the portions of the surface expected to be most
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FIGURE 4 Axes used to define polypeptide tilt and azimuthal orientation.
The polypeptide backbone is represented as a ribbon with the side chain of
alanine 14 shown explicitly. Axis 1 is the bilayer normal. Axis 2 is the helix
axis. The tilt, 7, is the angle between Axis 1 and Axis 2. Axis 3, the cross
product of the bilayer normal and helix axis, provides a reference direction
for the azimuthal orientation. Axis 4 is directed along the methyl group
symmetry axis of alanine 14. Axis 5 is the projection of Axis 4 onto the plane
perpendicular to the helix axis. The azimuthal orientation, p, is measured
between Axis 5 and Axis 3. The polypeptide is shown in the orientation
(7 =12°and p = —67°) that gives the best fit to observed methyl deuteron
splittings for alanines 8, 10, 12, 14, 16, 18, and 20. This is also the starting
orientation for Simulation 2.

accessible for interaction with neighboring polypeptides. In
Fig. 5 B, this angle is not well defined during the intervals
when the orientation of the helix axis approaches the bilayer
normal, but otherwise this angle fluctuates rapidly with an
amplitude of ~20° about an average orientation that appears
to remain stable for periods of a few nanoseconds.

As the helix tilt grows and the orientation about the helix
becomes clearly defined, the trend displayed in Fig. 5 B is
toward an angle of ~—50° between the helix fixed reference
and the bilayer fixed reference directions. As noted below,
this is close to the orientation inferred from observed alanine
methyl deuteron splittings.

Fig. 5, C and D, show the angles between the alanine
methyl axes and the bilayer normal for alanine residues 12
and 14. If the polypeptide reorients rapidly, on the deuterium
NMR timescale, about the bilayer normal, the observed
alanine methyl deuteron quadrupole splittings are deter-
mined by these angles. For an ideal «-helix having 3.6
residues per turn, one would expect the projections of two
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FIGURE 5 The time dependence of selected polypeptide orientational
parameters obtained from the trajectory of Simulation 1 (peptide helix axis
initially oriented along the bilayer normal). Angles shown are (A) the tilt (1)
of the helix axis with respect to the bilayer normal, (B) the azimuthal orien-
tation (p) about the helix axis, (C) shows the angle (6,,) between the C-CHj3
bond axis of alanine residue 12 and the bilayer normal, and (D) the angle
(614) between the C-CH; bond axis of alanine residue 14 and the bilayer
normal.

C-CH; bond axes (on two alanines separated by a single
leucine) onto a plane perpendicular to the helix axis to be
separated by ~160°. Over the course of the simulation, the
average separation of the projections of the alanine 12 and
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alanine 14 methyl axes is ~159°. The correlation between
the orientations of the two alanine methyl axes with respect
to the bilayer normal, shown in Fig. 5, C and D, reflects this
fixed geometric relationship between the two alanine side
groups. Fig. 5 also suggests some correlation between the he-
lix axis tilt and the orientation of each methyl axis with re-
spect to the bilayer normal. An increase in the tilt of the helix
axis leads to an increase in angular displacement of the
C-CHj3; bond axis for the alanine at position 12 on the poly-
peptide. Depending on the direction of helix tilt and the
initial orientation of the alanine C-CHj3 bond, this behavior
might be expected even if there were no rotation about the
helix axis. Interestingly, the C-CH; bond on the next alanine,
at position 14, displays orientational fluctuations in the op-
posite direction. An increase in angular displacement of the
helix axis from the bilayer normal leads to a decrease in
angular displacement of the C-CH; bond axis from the bi-
layer normal for the alanine at position 14 of the polypeptide.
This behavior is a consequence of the direction of the bilayer
normal falling roughly between the directions the two
alanine methyl axes and remaining close to the plane defined
by the two methyl axis directions as the tilt fluctuates.

The methyl axis orientations plotted in Fig. 5, C and D,
illustrate differences between the long and short timescale
motions of the helix. Over short times, the methyl axis
orientations fluctuate, with amplitudes of ~5-8° about short-
term averages that, in turn, vary along with the helix tilt over
a longer timescale. This observation suggests that for a given
tilt of the helix axis, there is a preferred average orientation of
the helix about that axis. Fluctuations about that preferred
orientation are rapid but constrained in amplitude.

As noted above, the observation that different alanine
residues are spectrally inequivalent implies a tilt of the
polypeptide helix axis with respect to the bilayer normal, the
adoption of a preferred polypeptide orientation about its
helix axis and rapid rotation of the tilted helix about the
bilayer normal with a correlation time of ~10~7 s (Sharpe
etal., 2002). To obtain splittings from the simulation that can
be compared to experimental observations, it is necessary to
average the quadrupole interaction over timescales that are
comparable to the characteristic timescale (~1072 s) of the
quadrupole echo experiment and thus much longer than the
duration of the simulation. We can estimate the average
quadrupole interaction by assuming that the polypeptide
undergoes axially symmetric reorientation about the bilayer
normal. The expected splitting for deuterons on a given
alanine methyl then reflects the average, over the simulation
trajectory, of the angle between that methyl axis and the
bilayer normal.

If the small asymmetry parameter for a CD bond is
neglected, the “H NMR spectrum for a CD bond on a static,
rigid molecule is a doublet with prominent edges split by

3¢°g0(3cos’ B—1
Av =— ,
4 h 2

2
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where S is the angle between the CD bond and the applied
magnetic field. If the molecule undergoes axially symmetric
reorientation with a correlation time that is short with respect
to the ~107° s timescale characteristic of the “H NMR
experiment, the splitting is reduced by an additional factor,
(3cos? 6 — 1) /2, where 6 is the angle between the CD bond
and the axis about which the molecule is rotating. The
average in this factor is over any internal and/or wobbling
motions of the molecule that modulate the interaction over
the characteristic timescale of the experiment. For the case of
axially symmetric reorientation, the angle $ is redefined as
the angle between the applied magnetic field and the axis
about which the molecule reorients. For the deuterated
methyl group on a labeled alanine, fast rotation of the CD
bonds about the symmetry axis of the methyl group
introduces an additional factor of 1/3 and 6 can then be
redefined as the angle between the methyl group symmetry
axis and the axis about which the molecule is reorienting. For
peptides incorporated into multilamellar vesicle bilayers, the
spectrum is a superposition of doublets corresponding to
a spherical distribution of 3. The resulting powder pattern or
Pake doublet, characteristic of axially symmetric peptide
reorientation, has prominent edges (90° edges) correspond-
ing to molecules reorienting about axes perpendicular to the
applied field. The prominent 90° edges for a methyl-deu-
terated alanine on a transmembrane polypeptide segment will
then be split by

2 2
AVQ:qu <3cos 0—1>, 3)

4h 2

where 6 is now the angle between the alanine methyl
symmetry axis and the axis about which the peptide is re-
orienting. The quantity in the angular brackets is the second
Legendre polynomial, P>(cos ) = 1/2(3cos® 6 — 1).

Experimentally, the splittings for a polypeptide simulta-
neously deuterated on the methyls of alanine residues 8§, 10,
12, 14, 16, 18, and 20 were found to be clustered within two
ranges, 4-5 kHz and 11-14 kHz (Sharpe et al., 2002). Use of
selectively deuterated polypeptides allowed the splittings for
residues 14 and 16 to be assigned as ~14 kHz and ~11 kHz,
respectively (Sharpe et al., 2002). Alanine methyl splittings
for residues 8, 10, 12, 18, and 20 were thus known to fall
within one of the 4-5 kHz or 11-14 kHz ranges but could not
be assigned more specifically.

As noted above, the possibility of rapid reorientation
about the polypeptide helix axis was ruled out by both the
magnitude and the inequivalence of these splittings. If the
motion responsible for averaging of the quadrupole in-
teraction were rotation about the polypeptide helix axis, 6 in
Eq. 2 would represent the angle between the C-CH;3 bond
axis and the long axis of the transmembrane segment and the
average would be over the simulation trajectory. For an ideal
a-helix, the orientation of the C-CH;3 bond axis with respect
to the molecular long axis is ~56°. This is very close to the
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magic angle (54.7° ), so that averaging of the quadrupole
interaction by rapid reorientation about the helix axis would
result in quadrupolar splittings being close to zero. In the
simulation, the angles between the alanine C-CH; bond axes
and the peptide long axis varied between 54° and 59°. If the
polypeptide were assumed to rotate rapidly about the helix
long axis, the splittings for the seven alanine residues that
were simultaneously deuterated in the experiments of Sharpe
et al. (2002) would be expected to range from 0.16 to
3.42 kHz. This spread reflects small departures from ideal
a-helical geometry in the simulation. The splittings obtained
from the simulation by assuming rapid reorientation about
the helix axis are thus smaller and more uniform than the
experimentally observed set of splittings, and fast rotation
about the helix axis can be ruled out. The dominant axially
symmetric reorientation must then be about the bilayer
normal (Sharpe et al., 2002).

Time (ns)

FIGURE 6 (A) The time dependence of the helix tilt (7) derived from the
trajectory of Simulation 1 (peptide helix axis initially oriented along the
bilayer normal). (B) The time dependence of P;(cos(6;2))for Simulation 1.
(C) The time dependence of P,(cos(64))for Simulation 1. Here 6, is the
instantaneous angle between the bilayer normal and the methyl group axis
for the alanine residue n and P (cos(6,)) = (3cos?(6,) — 1)/2.
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For the case of rapid axially symmetric reorientation about
the bilayer normal, the angle 6 in Eq. 3 is defined to be
between the bilayer normal and the C-CHj3 bond axis. For
alanine residues 12 and 14, it is this angle that is plotted in
Fig. 5, C and D. Fig. 6, B and C, show corresponding values
of P,(cos ) over the trajectory of simulation 1. Fig. 6 A
shows the corresponding helix tilt angle for comparison.
Taking into account that P,(cos 6) ranges from —0.5 to 1.0,
it is apparent that the =10° fluctuations shown in Fig. 5, C
and D, translate into substantial fluctuations in P;(cos6).
The observed quadrupole splitting is proportional to the aver-
age of this quantity over the ~107> s timescale that is char-
acteristic of the deuterium NMR experiment. Thus whereas
the standard deviation in P,(cos @) is comparable in mag-
nitude to that of P,(cos®) itself, it is the more precisely
determined average of this value that is experimentally
meaningful.

Table 1 shows quadrupolar splittings calculated for
alanine methyl deuterons on residues 8, 10, 12, 14, 16, 18,
and 20 by averaging P,(cosf) over the trajectory of
Simulation 1 and using Eq. 3 to estimate the corresponding
splitting. This presumes axially symmetric reorientation of
the polypeptide about the bilayer normal with a correlation
time longer than the duration of the simulation but shorter
than the characteristic deuterium NMR timescale of ~10 s.
Also tabulated for comparison are the experimentally
observed splittings and the splittings corresponding to the
helix orientation that yields the best fit to known splittings.
For convenience, this is the orientation that is used, in Fig. 4,
to illustrate the definitions of tilt and azimuthal orientation
about the helix axis.

The splittings obtained by averaging over the trajectory of
Simulation 1 capture some of the inequivalence observed
experimentally but do not correctly reproduce the detailed
distribution of observed splittings. Given the sensitivity of
P,(cos 8) to fluctuations in the methyl axis orientation, this is
not surprising. Although the maximum splitting obtained by
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assuming axially symmetric reorientation about the bilayer
normal is less than that observed experimentally, the distri-
butions of simulated and experimental splittings span similar
ranges. The maximum alanine deuteron splitting obtainable
by assuming rotation of the tilted helix about the bilayer
normal is constrained by the peptide tilt (Sharpe et al., 2002).
The duration of the simulation may be too short to capture
slow variations in the helix tilt which, over the correlation
time of the reorientation, might give rise to a larger average
tilt. Another possibility is that the duration of Simulation 1
was not sufficient to show structural alterations, such as par-
tial relaxation of the helix near the bilayer surface, that might
allow the lysines to maintain contact with the bilayer surface
for larger helix tilt angles and possibly different orientations
of the peptide about the helix axis. This particular effect has
been referred to as ‘‘snorkeling’” (Segrest et al., 1990;
Killian and von Heijne, 2000). The specific orientation
adopted by the helix in a particular environment may be quite
sensitive to details of the peptide-membrane interaction.

Simulation 2: polypeptide initially tilted

A second simulation was started by returning to the state of
the bilayer at the end of the peptide-free equilibration and
then inserting the polypeptide with an initial orientation
obtained by fitting to experimentally observed alanine
methyl deuteron quadrupole splittings of the corresponding
polypeptide. As noted above, it is this orientation that is
shown in Fig. 4. As the second simulation proceeded, the
bilayer again accommodated itself to the presence of the
polypeptide but, in this case, with an initial conformation
more closely approximating experimental observations.
Fig. 7 A shows the evolution of the helix tilt over the 10-ns
simulation trajectory. At ~2 ns, the tilt increased from ~14
to ~22° with an excursion to >30° between 7 and 8 ns. Fig.
7 B shows the orientation of the polypeptide about its helix
axis over the same period. It is interesting that even while

TABLE 1 Quadrupole splittings (|Arq|) in kHz for selected alanine methyl deuterons

Experimentally Peptide oriented

observed for best fit to observed Average over Average over

Alanine splittings* splittingslr Simulation 1* Simulation 2*
8 4-5 or 11-14 5.1 6.0 6.7
10 4-5or 11-14 134 9.2 15.9
12 4-5or 11-14 11.3 6.9 18.9
14 14 14.9 83 18.2
16 11 11.2 33 229
18 4-5or 11-14 13.3 4.2 17.4
20 4-5or 11-14 4.9 2.8 14.9

*From Sharp et al. (2002). Experimentally observed values were obtained from a polypeptide simultaneously deuterated on alanines 8, 10, 12, 14, 16, 18, and
20, a polypeptide deuterated on alanine 14, and a polypeptide deuterated on alanine 16. Splittings for the multiply deuterated polypeptide fell into two ranges
(4-5 kHz or 11-14 kHz) and could not be further resolved.

*Splittings obtained by choosing polypeptide tilt (r = 12°) and azimuthal orientation (p = —67°) that gives the best fit to experimentally observed splittings
under assumption of axially symmetric rotation about bilayer normal.

*Splittings calculated by assuming rotation about the bilayer normal and averaging P,(cos(8)) = (3 cos*(6) — 1)/2 over simulation trajectories. For
Simulation 1, the helix axis is initially oriented along the bilayer normal. For Simulation 2, the initial orientation of the polypeptide (7 = 12°and p = —67°)
corresponds to the best fit to experimentally observed alanine methyl deuteron quadrupole splittings.
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FIGURE 7 The time dependence of selected polypeptide orientational
parameters obtained from the trajectory of Simulation 2 (initial orientation of
the peptide corresponds to the best fit to observed alanine methyl deuteron
quadrupole splittings). Angles shown are (A) the tilt (7) of the helix axis with
respect to the bilayer normal, (B) the azimuthal orientation (p) about the
helix axis, (C) shows the angle (6;,) between the C-CH; bond axis of alanine
residue 12 and the bilayer normal and (D) the angle (64) between the C-CHj3
bond axis of alanine residue 14 and the bilayer normal.
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the tilt departs significantly from its initial value in this
simulation, the orientation about the helix axis during the last
2 ns of the simulation is similar to its value during the first
4 ns. It is also interesting that the overall trend in Simulation
1, as shown in Fig. 5 B, is toward a similar azimuthal
orientation. This may reflect interactions of the peptide with
the bilayer that can impose an azimuthal restoring torque
about the preferred polypeptide orientation.

The orientations of the methyl axes of alanines 12 and 14
are shown in Fig. 7, C and D, respectively. Over the course
of the 10-ns simulation, both methyl orientations move by
~10°, in opposite directions, from their initial orientations.
The magnitude of the tilt changes by a comparable amount
over the same period. The abrupt changes in methyl
orientation between 7 and 8 ns are coincident with a change
in orientation of the polypeptide about its helix axis at the

0 2 4 6 8 10
Time (ns)

FIGURE 8 (A) The time dependence of the helix tilt (7) derived from the
trajectory of Simulation 2 (initial orientation of the peptide corresponds to
the best fit to observed alanine methyl deuteron quadrupole splittings). (B)
The time dependence of P,(cos(6;2))for Simulation 2. (C) The time
dependence of P;(cos(604))for Simulation 2. Here 6, is the instantaneous
angle between the bilayer normal and the methyl group axis for the alanine
residue n and P>(cos(6,)) = (3cos?(6,) — 1)/2.
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same time, as seen in Fig. 7 B. Fig. 8, B and C, show the
corresponding values of P,(cos 8). For the methyl group of
alanine 12, P>(cosf) samples more than one-third of its
allowed range. For alanine 14, the angle between the methyl
axis and the bilayer normal is close to 90° and this is reflected
by the saturation of P,(cos #) near its lower bound of —0.5.

Simulated quadrupole splittings for the methyl deuterons of
alanines 8, 10, 12, 14, 16, 18, and 20 were again calculated by
averaging P, (cos 6) over the trajectory, of Simulation 2 in this
case, and assuming axially symmetric rotation about the
bilayer normal. These are shown in the last column of Table 1.
Although the width of this distribution, relative to the largest
splitting, is again comparable to that of the observed
distribution, all of the splittings obtained from Simulation 2
are larger than observed experimentally. This reflects the
increase, by ~10°, in the helix axis tilt angle away from its
initial value over the course of the simulation.

The tilt of the polypeptide away from an initial orientation
chosen to match observed alanine methyl deuteron splittings
suggests that large excursions from the preferred average tilt
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are easily accommodated. The initial orientation of the
polypeptide in Simulation 2 was chosen to match experi-
mental observations that reflect the average of the orienta-
tion-dependent quadrupole interaction over the characteristic
experimental timescale. The simulated bilayer, however,
must adapt to the peptide insertion, and some initial per-
turbation of the tilt is expected. Some adjustment from the
initial polypeptide conformation, particularly near the bilayer
surface, is also expected. Accordingly, the extent to which
transient orientations correspond to observed alanine methyl
deuteron splittings during a short simulation may not be as
instructive as a consideration of relationships between
different orientational parameters as the system evolves.
Itis interesting that the orientation of the polypeptide about
its helix axis, as shown in Fig. 7 B, returns to its initial value
even as the tilt continues to move away from its initial value.
The orientation about the helix axis is likely determined by
interactions at the membrane surface and thus sensitive to the
positions of the terminal lysines about the helix axis. Once
these residues have been optimally positioned to interact with
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the surface, rotation about the helix axis may be significantly
constrained. This would be consistent with experimental
observations. This would also be consistent with the
observation, in the first simulation, that orientation about
the helix axis is tending toward the orientation seen through
most of the second simulation.

The helix tilt appears to be less constrained. This may
reflect the abilities of both the bilayer and the polypeptide to
accommodate large fluctuations in polypeptide tilt. The
bilayer can do so by local deformation of the surface. The
flexibility of the lysine side chains also allows their charged
groups to remain close to the bilayer surface whereas the
polypeptide tilt varies.

Fig. 9 shows the positions of the four lysine a-carbons at
either end of the polypeptide for both simulations. The
average positions of the lipid phosphorus atoms are shown for
comparison. Fig. 10 shows corresponding positions for the
charged nitrogens at the ends of the lysine side chains. It
should be noted that the phosphorus positions are averages

over all lipids and that any local deformation of the bilayer
surface near the polypeptide end would be masked in this
representation. In Simulation 1, the a-carbons are generally
closer to the bilayer center than the average phosphorus
positions. The penultimate lysine residues 2 and 25 are, on
average, deeper than the terminal residues 1 and 26. The
charged nitrogens at the ends of the lysine side chains are
consistently closer to the bilayer surface. The corresponding
relationships from simulation 2 are similar. The flexibility of
the lysine side chain is reflected by the observation that
charged nitrogens on the side chains of lysine residues 2 and
25 are sometimes farther from the bilayer center than those of
the terminal lysine resides 1 and 26. The positions of the lysine
side-chain nitrogens, relative to the average phosphorus
position, are not very sensitive to fluctuations in helix tilt. This
is consistent with the observation that tilt is less constrained
than orientation about the helix axis in Simulation 2.

Table 2 summarizes the average differences, Az, in the
projection of position along the bilayer normal between the
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TABLE 2 Projections along the bilayer normal of the average
separations between lipid phosphorus atoms on opposite sides
of the bilayer and between lysine 1 and lysine 26 «a-carbons,
lysine 1 and lysine 26 side-chain nitrogens, lysine 2 and lysine
25 a-carbons, and lysine 2 and lysine 25 side-chain nitrogens

Simulation 1 Simulation 2

Average POPC phosphorus Az 415 A 41.1 A
a-carbons: ELysinel — ELysinE:Zﬁ 36.8 A 35.1 A
Side-chain nitrogens: Zi ysinel — ZLysine26 427 A 409 A
Afl_,gf,(a—carbons) — Af]vzﬁ 5.9 A 5.8 A
(side-chain nitrogens)
a-carbons: ELysine2 — ELysineZS 34.0 A 322 A
Side-chain nitrogens: Zpysine2 — ZLysine25 393 A 393 A
AZ; 55 (a-carbons)— 53 A 7.1 A

Az, »5(side-chain nitrogens)

Also shown are the differences between the a-carbon and nitrogen
separations for lysine 1 and lysine 26 and the differences between the
a-carbon and nitrogen separations for lysine 2 and lysine 25.

lysine 1 and lysine 26 a-carbons, the lysine 1 and lysine 26
side-chain nitrogens, the lysine 2 and lysine 25 a-carbons, and
the lysine 2 and lysine 25 side-chain nitrogens for both
simulations. The separations between average lipid phospho-
rus positions across the bilayer are included for comparison.
These separations provide some information regarding how
the larger average helix tilt seen in Simulation 2 is
accommodated by the lysines at either end of the peptide.
Not surprisingly, Az for the a-carbons on the terminal lysines
(1 and 26) is larger in Simulation 1 than in Simulation 2 for
which the helix tilt is larger. The same difference between Az
from simulation 1 and Az from simulation 2 is seen for the
a-carbons on the penultimate lysines (2 and 25) and the side-
chain nitrogens of the terminal lysines (1 and 26). In contrast,
Az for the side-chain nitrogens on lysines 2 and 25 has similar
values in the two simulations. Taken together, this implies that
the side chains on the penultimate lysines are more perturbed
by the increased tilt than those on the terminal lysines. Table 2
also shows the differences between the average a-carbon
separation and the average nitrogen separation for each pair of
lysines. For the terminal lysines, this difference does not
change between the two simulations. A similar difference is
seen for the penultimate lysines in Simulation 1. The dif-
ference is significantly larger, though, for the penultimate
lysines in Simulation 2. Although the greater average helix tilt
in Simulation 2 results in the lysine a-carbons being, on
average, deeper in the bilayer, the side-chain nitrogens remain
close to the bilayer surface. The results in Table 2 suggest that
this requires more extension of the lysine 2 and lysine 25 side
chains than of the lysine 1 and lysine 26 side chains.

SUMMARY

The simulations described here provide insights into how
interactions at the membrane surface can constrain rotation
about the helix axis while allowing fluctuations in helix tilt.
They are relevant to understanding “H NMR observations of

Biophysical Journal 88(1) 105-117

Goodyear et al.

alanine methyl deuterons on lysine-terminated transmem-
brane polypeptides. Such experiments show that the lysine-
terminated transmembrane polypeptides exhibit fast axially
symmetric reorientation about the bilayer normal while
adopting stable preferred orientations about the helix axis.
Although large excursions in helix tilt may be accommo-
dated by extension of the terminal lysine side chains, a
situation often referred to as ‘‘snorkeling,”’ the localization
of lysine side-chain charges at the bilayer surface appears to
contribute to the adoption of a preferred orientation of the
tilted helix about its axis. When the simulation is started with
the helix oriented along the bilayer normal, the polypeptide
tends toward the preferred azimuthal orientation as the
simulation proceeds. If the simulation is started with the
polypeptide close to the orientation that gives the best fit to
observed alanine methyl deuteron splittings, the orientation
about the helix axis appears to be maintained even as the
helix tilt deviates significantly from the experimentally
observed average.

These observations suggest that in studies of trans-
membrane orientation using alanine methyl deuteron split-
tings, the tilt of lysine-terminated polypeptides may fluctuate
substantially over timescales shorter than the characteristic
time of the deuterium NMR experiment. Orientation about
the tilted helix axis appears to be more tightly constrained by
interactions at the bilayer surface.

Although this study focused on lysine-terminated poly-
peptides, the constraint of orientation about the helix axis of
atilted polypeptide by interactions involving polar or charged
residues near the membrane surface may be more general.
Because this may affect the mutual accessibility of particular
residues on adjacent polypeptides, studies of peptide-peptide
interaction using model polypeptides may be sensitive to the
axial arrangement of charged and polar residues at the peptide
ends.
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