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Molecular Dynamics and 2H-NMR Study of the Influence of an
Amphiphilic Peptide on Membrane Order and Dynamics

Katarina Belohorcova, Jin Qian, and James H. Davis
Department of Physics, University of Guelph, Guelph, Ontario N1G 2W1, Canada

ABSTRACT A molecular dynamics simulation of a fully hydrated model membrane consisting of 12 molecules of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine, one amphiphilic peptide with the sequence acetyl-Lys-Lys-Gly-Leu,s-Lys-Lys-
Ala-amide, and 593 water molecules was performed for 1.06 ns (Belohorcova, K., J. H. Davis, T. B. Woolf, and B. Roux. 1997.
Biophys. J. 73:3039-3055). The analysis presented here is primarily focused on the phospholipid component and the results
are compared with experimental 2H-NMR studies of the lipid component of mixtures of the same peptide and lipid at a molar
ratio of 1:32, and with earlier studies of closely related peptide/lipid mixtures. The phospholipid chain and headgroup isomer
populations and isomerization rates compare favorably with previous simulations and experimental measurements. Of
particular interest is the effect of the peptide on the phospholipid headgroup and hydrocarbon chain orientational order
calculated from the simulation, which also agree well with experimental measurements performed on this and closely related
systems. Comparison of the experimental results with the simulations not only shows that there is significant agreement
between the two methods, but also provides new insight into the effect of the peptide on the lipid dynamics. In particular,
these results confirm that a membrane spanning peptide has little effect on lipid chain order, and bilayer thickness if its
hydrophobic length closely matches the lipid hydrocarbon thickness. In addition, we find that the peptide can have a strong

ordering effect if it is longer than the lipid hydrophobic thickness.

INTRODUCTION

Molecular dynamics (MD) simulations and nuclear mag-
netic resonance (NMR) provide largely complementary
views of membrane molecular structure, orientational order,
and dynamics. Current simulations of model membrane
systems cover motional time scales in the nanosecond range
and can provide a precise, detailed description of fast phos-
pholipid chain and headgroup isomerization and internal
peptide backbone fluctuations and side-chain motions.
Studies of lipid and peptide molecular diffusion are also
becoming possible as longer simulation times are being run.

Nuclear magnetic resonance spectroscopy of solids, or of
other ordered systems such as lipid bilayers, can give pre-
cise values for the residual motionally averaged orientation-
dependent nuclear spin interactions through the measure-
ment of nuclear electric quadrupolar splittings, the
anisotropic part of the chemical shift, or inter-nuclear dipo-
lar couplings (Davis and Auger, 1999). The NMR spectro-
scopic time scale (or averaging time) varies from a few
microseconds to hundreds of milliseconds, depending on
the values of the residual couplings observed. Even though
the time scales of MD simulations and NMR spectroscopy
are very different, they provide a consistent picture of these
complex membrane molecular systems.

Molecular dynamics simulations have been widely used
to study lipid bilayer systems (Tobias et al., 1997; Tieleman
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et al., 1997; Pastor et al., 1991) and there have been signif-
icant improvements in the system size and simulation length
for such studies (Essman and Berkowitz, 1999; Pasenk-
iewicz-Gierula et al., 1999). A number of recent simulation
studies of membranes have examined the interactions be-
tween peptides or proteins and lipids and water. Our recent
paper on the same peptide/lipid/water system (Belohorcova
et al., 1997) examined in detail the structure and dynamics
of the peptide, while this article examines more closely the
phospholipid component and compares the simulations with
NMR studies of the same system and related synthetic
peptide/lipid/water systems. Other MD studies on mem-
branes have looked at a poly-alanine peptide/lipid mixture
(Shen et al., 1997), gramicidin A/lipid mixtures (Woolf and
Roux, 1994a, 1996; Chiu et al., 1991), the bacteriophage pfl
coat protein (Tobias et al., 1993; Roux and Woolf, 1996),
alamethicin channels (Tieleman et al., 1999a, b), melittin
(Berneche et al., 1998), porin (Tieleman and Berendsen,
1998), bacteriorhodopsin (Edholm et al., 1995), the trans-
membrane domain of Erb-B2 (Duneau et al., 1999), and
other peptide/lipid mixtures (Kerr et al., 1994; Damodaran
et al., 1995; Huang and Loew, 1995).

Lipid/water mixtures, lipid/peptide/water mixtures, and
lipid/protein/water reconstituted systems have also been
widely studied by NMR spectroscopy and relaxation meth-
ods, primarily using isotopically labeled peptides, proteins,
or lipids in order to define precisely the sites being moni-
tored (Davis and Auger, 1999; Cross, 1994; Davis, 1991).
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
1,2-myristoyl-sn-glycero-3-phosphocholine (DMPC) are by
far the most widely studied phospholipids, and detailed
descriptions of both hydrocarbon chain and headgroup
structure, orientational order, and dynamics have been ob-
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tained using NMR techniques (Davis, 1991; Seelig and
Seelig, 1980). Gramicidin A is the most extensively studied
model of an integral membrane protein and ion channel, and
NMR studies have provided a detailed description of its
structure and dynamics (Davis and Auger, 1999; Ketchem et
al., 1996; North and Cross, 1995). The series of amphiphilic
synthetic peptides with sequences K,G[Ly]K,A-amide (the
peptides with N = 16, 20, and 24 are referred to as peptide-
16, peptide-20, or peptide-24) was initially designed to
provide a simple model of an integral membrane protein to
investigate more quantitatively the interactions between
membrane proteins and lipids (Davis et al., 1983). Exten-
sive studies of its influence on lipid order, phase behavior
and dynamics, and of its own structure and dynamics (Davis
etal., 1983; Huschilt et al., 1985, 1989; Morrow et al., 1985;
Pauls et al., 1985; Prosser et al., 1992) have been performed,
and it was the subject of a recent MD study investigating its
structural stability and dynamics within the same fully hy-
drated DMPC bilayer described in the present article (Be-
lohorcova et al., 1997). The NMR results show that pep-
tide-24 has a much stronger effect on DPPC chain order
than peptide-16 does, but that peptide-16 does have a strong
effect on DMPC chain order. The quantitative measurement
of hydrocarbon chain order can be used to deduce the mean
bilayer hydrophobic thickness (Schindler and Seelig, 1975;
Douliez et al., 1995; Nagle, 1993). The hydrophobic core of
peptide-24 is much longer than that of peptide-16, ~36 A
compared to 24 A for peptide-16. The hydrophobic thick-
ness of a pure DMPC bilayer 10°C above its phase transi-
tion temperature is reported to be ~25.4 A (de Planque et
al., 1998), which is close to the length of the hydrophobic
core of peptide-16, but is much shorter than the length of the
hydrophobic core of peptide-24. The core of peptide-16 is,
however, a little longer than the 22.5 A hydrophobic thick-
ness of a pure DMPC bilayer (de Planque et al., 1998).
Harroun et al. (1999a, b) argue that the gramicidin A dimer
has a length of ~26 A and that, at a lipid to peptide mole
ratio of 10:1, it increases the DMPC bilayer thickness by
~1.5 A. These results are in complete agreement with the
effects reported here. There have been a number of other
studies showing the importance of hydrophobic mismatch
between peptide and lipid on membrane properties and
function (Mouritsen and Bloom, 1984; Lewis and En-
gelman, 1983; Brown, 1994; Dumas et al., 2000; Morein et
al., 2000).

In this article we complete the analysis of this acetyl-
Lys,-Gly-Leu,(-Lys,-Ala-amide/DMPC/water system by
carefully examining the phospholipid order and dynamics
and comparing the simulation results with NMR spectro-
scopic measurements on pure lipid/water systems, and on
synthetic peptide/lipid/water systems with compositions
similar to those used in the simulation. The increases in lipid
chain order observed by NMR are consistent with the sim-
ulation results. Comparison of peptide-16/DMPC mixtures
with peptide-16/DPPC and peptide-24/DPPC mixtures re-

Biophysical Journal 79(6) 3201-3216

Belohorcova et al.

veals that peptide-16 has a much stronger effect on DMPC
chain order than it has on DPPC order. Similarly, peptide-24
has a strong effect on DPPC chain order. We conclude that
a trans-membrane peptide that is longer than the equilibrium
lipid bilayer thickness induces significant ordering in the
lipid chains to try to thicken the bilayer. The next section
describes some of the details of the construction, equilibra-
tion, and simulation phases of the calculation and presents
the experimental procedures used for the NMR studies. The
Results and Discussion section describes and compares in
detail the peptide backbone order and the phospholipid
headgroup and hydrocarbon chain order and dynamics from
the perspectives of the two techniques. The concluding
section briefly discusses the questions which can soon be
more fully addressed when simulations having both longer
time scales and larger unit cells can be performed.

MATERIALS AND METHODS

Construction of the initial configuration
for the simulation

The membrane model studied was composed of a synthetic peptide acetyl-
Lys,-Gly-Leu, ,-Lys,-Ala-amide, surrounded by 12 DMPC molecules (6 in
each leaflet) and fully hydrated by 593 water molecules, corresponding to
51% water by weight, resulting in a total of 3613 atoms. The system
construction, molecular dynamics simulation, and a subsequent analysis
were performed by using the molecular mechanics software CHARMM
(Brooks et al., 1983) and the all-atom force field PARAM 22 (Mackerell et
al., 1992). The system construction approach described in detail by Woolf
and Roux (1996) and by Roux and Woolf (1996) was used. This method
significantly reduces the time needed for the equilibration step by assem-
bling the system from its preequilibrated components. The detailed con-
struction of the system was described elsewhere (Belohorcova et al., 1997;
and Belohorcova and Davis, 1998).

Computational details

Both the equilibration and the simulation were performed in the NVE
ensemble. Lengths of all the bonds containing hydrogens were constrained
to a fixed value by the SHAKE algorithm (Ryckaert et al., 1977), therefore
a relatively large integration step of 2 fs could be used. Nonbonded
interactions were calculated using a group-based cutoff (Brooks et al.,
1983) with a switching function and were updated every 5 time steps. The
switching function was turned on at 10 A and turned off at 12 A; no
nonbonded interactions were calculated beyond 13 A. The dielectric con-
stant was set to 1.0. Atom coordinates were saved every 50 fs throughout
the trajectory production period.

Equilibration

The total length of the equilibration stage was 190 ps. For the first 50 ps
the system was weakly coupled to a heat bath set at a temperature of 300 K
with a friction coefficient of 3.0 ps~' by using Langevin dynamics in order
to speed up the approach to equilibrium. During this 50-ps period the
positions of the peptide backbone and the C, atoms of the lipid glycerol
were fixed. In the following 50 ps the temperature of the system was
increased to 325 K in order to be well above the gel-to-liquid crystal
transition temperature for DMPC, 24°C (Hinz and Sturtevant, 1972; Mor-
row and Davis, 1988). From this point on throughout the rest of the
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equilibration the Verlet algorithm was used (Verlet, 1967). During this
period the velocities were rescaled by a single factor when the temperature
deviated by more than =5 K from the equilibration temperature. The
positional constraints on the selected atoms were also gradually removed.
Then the system was equilibrated for another 90 ps, during which only the
center of mass of the peptide was constrained by a cylindrical potential to
the origin of the coordinate system coinciding with the center of the
bilayer.

Simulation

The total length of the simulation stage itself was 1060 ps. Throughout the
simulation the Verlet algorithm was used (Verlet, 1967). No coupling to a
heat bath was imposed, as we wished to follow the unconstrained dynamics
of the system without any complications that might arise due to this
coupling (Leach, 1997; Rappaport, 1995; Feller et al., 1995). The only
constraint maintained during the simulation was that the center of mass of
the peptide was constrained by a cylindrical potential to the origin of the
unit cell.

The evolutions of the total energy and of its individual contributions, the
kinetic and the potential energies, were monitored throughout the equili-
bration and the simulation in order to determine whether the system had
reached equilibrium. Because the simulation was performed in an NVE
ensemble with no contact to a thermal bath, the total energy was expected
to be constant. However, the energy was observed to increase slowly, in a
stepwise fashion, with fairly long periods at a constant value with a total
change over the length of the simulation of ~10% (Belohorcova et al.,
1997). Both the kinetic and the potential energies contributed to the
increase of the total energy. The most probable sources of this energy
increase may be due to the finite time step of 2 fs, accumulation of
numerical and round-off errors, or to the choice of an NVE rather than a
constant pressure simulation system (see Pastor and Feller, 1996). The
average temperature of the simulation was calculated to be 335.5 K with a
root-mean-square (rms) deviation of 9.4 K.

Analysis
Radial distribution function

The radial distribution function gives the probability of finding an atom of
type “i” around an atom of type “j” as a function of radial distance 7. It is
the ratio of the local density p;(r;;) to the system density of the “i” atoms,
p; (Haile, 1992). The solvation of selected atoms by water is quantified in

terms of this radial distribution function g;;(r;;)

B AN(r;)
gij(”ij) = m (1)

where
dar
AV(rij) = 7((7%]' + Arij)3 - Vi3j

AN(r) is the number of waters i in a spherical shell of thickness Ary;, ry; is
the distance between the atom j and the spherical shell, and p; is the bulk

density of water molecules 7.

NMR sample preparation and experiments

NMR experiments were performed on a home-built spectrometer in a
magnetic field of 8.5 T, corresponding to a H-NMR frequency of
55.26 MHz. The quadrupolar echo sequence (Davis et al., 1976) with
CYCLOPS phase cycling (Hoult and Richards, 1975) were used for all
deuterium spectra. The powder samples were prepared by mixing a total of
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~50 mg of chain perdeuterated 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC-ds,) with H,O at a 1:20 mole ratio, or peptide-16:DMPC-ds,:
H,0 in a molar proportion of 1:32:640. For all the >H-NMR spectra the 90°
pulse length used was 7.5 us, with an echo delay of 35 us and a recycle
time of 0.25 s. For the powder samples 3600 scans were accumulated,
while for the oriented peptide-16:DMPC-ds, sample 100,000 scans were
acquired. Oriented samples were prepared as described by Prosser et al.
(1994) by codissolving peptide and lipid in methanol, applying the solution
to thin, pre-cut glass plates, drying, and they hydrating through a *H,O
saturated vapor phase. The plates were then redried using a vacuum and
then rehydrated, again with 2H,O vapor, and incubated in this vapor phase
at 50° for several days. It was found that carefully applying a drop of >°H,O
to the top of each plate greatly accelerated the annealing process. The
peptide/lipid plates become transparent when the mixture is well oriented.
At this point the plates were carefully stacked within an 8-mm NMR
sample tube. Excess sample mixture at the edges of the plates was carefully
removed. The sample tube was mounted horizontally in the NMR probe
with the normal to the plates oriented perpendicular to the applied magnetic
field. The oriented sample peptide spectra were obtained using a long, soft
inversion pulse centered at the water peak followed by a time delay
allowing the water signal to recover to zero, at which time the quadrupolar
echo sequence was applied.

RESULTS AND DISCUSSION
Density profile

The time-averaged density profile of the main components
of the system projected along the bilayer normal, i.e., the
z-distribution of the peptide, phosphorus, nitrogen, and
glycerol of the lipid headgroups, lipid chains, and water, is
shown in Fig. 1. It can be observed that the peptide spans a
range extending from ~z = —22 A to z = 20 A along the
bilayer normal (the center of the bilayer is at z = 0 A). The
principal deviation from symmetry, aside from the orienta-
tion of the peptide electric dipole moment, is at the two ends
of the peptide. At the N-terminus (located on the lower
leaflet), the first three amino acid residues are Lys-Lys-Gly,
and the two positively charged lysines extend into the water
region in order to maximize the hydration of the side chains.
At the C-terminus, however, the last three residues are
Lys-Lys-Ala, and the lysines at this end, though more
deeply buried within the bilayer, still tend to extend into the
water region (Belohorcova et al., 1997). The z-coordinates
of the phosphorus and the nitrogen in the lipid headgroups
cover almost the same region in both leaflets, indicating that
the PN vector is almost parallel to the bilayer surface. The
distribution of the hydrocarbon chain density has a pro-
nounced minimum in the center of the bilayer consistent
with experimental measurements (Franks, 1976; Finean et
al., 1978; Nelander and Blaurock, 1978; Wiener and White,
1992a; Nagle et al., 1996). At the lipid-water interface there
is some overlap between hydrocarbon chain density and
water density in the region of the lipid glycerol backbone.

In order to monitor permeation of water into the bilayer
the z-coordinates of all the water oxygens in the system
were calculated each 5 ps throughout the simulation. During
the simulation no water molecules were able to diffuse

Biophysical Journal 79(6) 3201-3216
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FIGURE 1 The MD simulation density profiles of water (dotted line),

peptide (thick solid line), hydrocarbon chains (thin solid line), trimethyl-
amine group (dashed line), phosphodiester group (long dashed line), and
ester groups (dotted-dashed line) along the bilayer normal (the z axis). The
center of the bilayer is at z = 0 A. The density units are defined such that
the graph for water gives the number of molecules per A*. Key features are
the slight asymmetry in the peptide profile due to the different sequence at
the two ends, and the overlap between the phosphodiester density and the
trimethylamine group density near the lipid/water interface.

across the membrane, and the deepest penetration was to
within 4 A of the center of the bilayer (at z = 0 A).

The z-distributions of all of the carbon atoms of both the
sn-1 and the sn-2 chains were calculated in order to obtain
detailed information on the average order within the hydro-
carbon region of the lipid bilayer. Comparison of the carbon
z-distributions of the sn-1 and sn-2 chains shows that the
corresponding carbon atoms in the respective chains do not
occupy the same z-region due to the bend of the sn-2 chain,
which occurs near the first CH, segment of the hydrocarbon
chain with the result that this chain does not penetrate as
deeply into the bilayer as the sn-1 chain which runs, on
average, roughly parallel to the bilayer normal (Seelig and
Seelig, 1980). The z-distributions of the individual carbon
atoms are spread over a range of at least 10 A due to the
high degree of chain flexibility or disorder. As expected,
carbon atoms closer to the headgroups had narrower z-
distributions compared to those near the terminal methyl
groups, which had the widest z-distribution observed for
any chain position. The distribution for the methyl group of
the sn-1 chain covers the z-region from ~—12 to ~12 A,
with its maximum centered at 0 A, the center of the lipid
bilayer (see Fig. 2 b). This indicates some degree of inter-
penetration of the tails into the opposing leaflets. Two small
maxima can be observed at ~*10 A, probably indicating
the limit for methyl group excursions toward the lipid-water
interface. The z-distribution of the methyl group of the sn-2
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FIGURE 2 (a) The MD simulation density profile of carbon 6 of the sn-2
chain. (b) The density profiles of the carbon atoms of the methyl groups of
both the sn-1 chain (solid line) and the sn-2 chain (dashed line). The center
of the bilayer is at z = 0 A and the density units are defined as for Fig. 1.
Carbons near the lipid/water interface are relatively well localized, having
narrow z-distributions compared to carbons near the terminal methyl group.

chains has two maxima, centered at +3 A, because the sn-2
chain penetrates less deeply into the bilayer compared to the
sn-1 chain.

2H-NMR spectrum of the peptide

The angles between individual N—H bonds and the peptide
helix axis can be calculated as a function of time, and the
average value ((3 cos?fy;; —1)/2) for each bond can be
determined (the angle brackets indicate the time average
over the simulation). From these time averages a “H-NMR
spectrum of the peptide can be simulated and compared to
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the experimental spectrum. It should be emphasized that the
time scales of the MD method and of the H-NMR exper-
iment differ by several orders of magnitude, and thus care
must be taken when comparing simulated and experimental
spectra.

Assuming fast, axially symmetric motion about the helix
axis, with the helix axis aligned parallel to the bilayer
normal, the ’H-NMR spectrum in this case can be simulated
using only the deuterium quadrupolar splitting Avg, which,
in the presence of axially symmetric motion, can be ex-
pressed as (Prosser et al., 1994)

2
e
Avg = %%Q(?a cos2H—1)
%((3 cos® Op — 1) + mcos 2¢p sin® Op)  (2)

where e is the electronic charge, O is the nuclear quadru-
polar moment, eq is the principal value of the electric field
gradient (EFG) tensor, /4 is Planck’s constant, and 7 is the
electric field gradient asymmetry parameter. The Euler an-
gles ¢p, Oy, P, define the transformation of the EFG tensor
from its principal axis system to the diffusion tensor system,
where the z'-axis is aligned along the helix axis (assumed to
be parallel to the bilayer normal). The Euler angle 6 defines
the transformation from the diffusion tensor system to the
laboratory frame having its z axis along the static magnetic
field. The angle brackets represent a time average over
motions that are fast compared to the quadrupolar splitting.

The principal axis of the electric field gradient tensor is
aligned nearly along the N-*H bond (Prosser et al., 1994)
and the asymmetry parameter m), though appreciable for
N-?H bonds, has a relatively small effect on the measured
splittings. When 6, the angle between an N-H bond and
the helix axis is small, the effect of m is also quite small
because of the sin’fy, term in Eq. 2. For amino acids near
the center of the helix sin’6,, ~ 0.15, while for those near
the ends of the helix this factor can be considerably larger
(e.g., sin’0, ~ 0.6 at the N-terminus and sin’6, ~ 0.3 at the
C-terminus). Thus the effect of m will be small for those
positions with large splittings, but may be important for
those positions with small splittings. In order to include the
effect of m, it would be necessary to know the principal
values and the orientation of the EFG tensor within the
peptide for each N-?H bond. For simplicity, the asymmetry
parameter 1) (which experimentally has a value between 0.1
and 0.2 for amides) was set to zero in the spectrum simu-
lations performed here. If it is further assumed that the helix
axis is parallel to the bilayer normal and that the bilayer
normal is oriented along the magnetic field, i.e., in the
z-direction in the laboratory frame, then the expression for
the quadrupolar splitting is simplified to the following form:

Avg = vo((3 cos® Oyy(t) — 1)) 3)

3205

where

3 equ
o= )

is the static quadrupole coupling constant. A value of 150 kHz
was used for vq, which is typical for rigid amide deuterons
that are hydrogen-bonded to oxygen atoms in crystalline
solids (Pauls et al., 1985). Table 1 shows the deuterium
quadrupolar splittings of individual N—*H bonds calculated
from the simulation.

Using these values and Eq. 3 to calculate the correspond-
ing quadrupolar splittings, the H-NMR spectrum of the
peptide amides was calculated by superposing contributions
from each of the amide positions. The peaks with large
quadrupolar splittings in the simulated spectrum, Fig. 3 b,
and in the experimental spectrum, Fig. 3 a, match quite
well, while the peaks with small splittings in the simulated
spectrum are shifted with respect to the peak positions in the
experimental spectrum. This could be partly due to the
neglect of the EFG asymmetry parameter or to neglect of
longer time scale motions (beyond 1 ns). Finally, the water
suppression used in obtaining the experimental spectrum
also would eliminate any peptide peaks having quadrupolar
splittings of ~5 kHz or smaller.

Presumably, the most important difference between the
simulated and experimental spectra arises from the differ-
ence of the time scales. The experimental time scale of
*H-NMR spectroscopy is on the order of microseconds or

TABLE 1 Angle between the NH bond and the helix axis for
all amino acid residues in the peptide and the calculated
deuterium quadrupolar splittings, averaged over the
simulation trajectory

Peptide (O RMS Fluct. of A,
Residue (deg) (Onpy (deg) (kHz)
Lys 128.93 16.14 34.14
Lys 123.16 16.30 1.78
Gly 116.51 14.13 —42.13
Leu 140.13 14.65 111.66
Leu 150.14 12.15 178.77
Leu 161.97 9.92 247.17
Leu 148.80 12.68 169.95
Leu 150.01 11.14 178.52
Leu 158.13 8.06 231.43
Leu 161.84 9.43 247.10
Leu 155.25 11.35 210.37
Leu 152.67 8.59 199.15
Leu 161.94 9.96 246.75
Leu 163.57 8.67 255.79
Leu 155.32 11.16 210.90
Leu 152.69 7.49 200.85
Leu 160.13 11.49 235.69
Leu 161.19 10.03 243.55
Leu 156.45 10.35 218.89
Lys 139.48 10.69 107.85
Lys 142.98 11.40 132.78
Ala 150.77 10.44 185.64

Biophysical Journal 79(6) 3201-3216
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FIGURE 3 (a) The experimental 2H-NMR spectrum of an exchange-
labeled peptide-16/DMPC/*H,O sample oriented with the bilayer normal at
90° relative to the magnetic field. The spectrum was taken using the
quadrupolar echo sequence using 7.5-us pulses and a 35-us echo delay,
with water suppression, at a deuterium Larmor frequency of 55.26 MHz.
(b) A simulated ’H-NMR spectrum of the peptide. The Lorentzian line
broadening used in the simulation corresponds to a value of 7, = 0.5 ms.
The loss of intensity due to evolution during the 90° pulses was not
included in the simulation.

longer and the experimental spectrum reflects the time-
averaged motion of the NH bonds over that time scale. The
much shorter time scale of the simulation (1 ns) can only
incompletely sample most of the peptide motions, and
therefore cannot reflect the motional averaging occurring on
longer time scales. Other important motions, such as axial
diffusion about the peptide’s long axis and the slow reori-
entation of the helix axis relative to the bilayer normal
(Prosser and Davis, 1994), have not been explicitly included
in the simulation (the axial diffusion was assumed, how-
ever, in order to allow us to compare with a sample oriented
at 90° relative to the bilayer normal). Such whole molecule
reorientations could be included empirically by scaling all
of the simulated quadrupolar splittings by a single constant
factor. In addition, motions whose time scales are of the
order of the inverse of the quadrupolar splittings can result
in strong broadening of the resonances, and this effect
cannot be easily taken into account without more detailed
knowledge of the nature of these slow motions.
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Lipid chains
Structure and dynamics of lipid chains

A dihedral angle ¢; was defined by four consecutive carbon
atoms (C'C'*'C'"2C'*?) in the lipid chain and describes the
rotation about the C,,C, ., bond (for the carbon atom and
dihedral angle notation see Sundaralingam, 1972). Fluidity
of a biological membrane is a direct consequence of the
flexibility of lipid chains caused by frequent transitions of
lipid chain dihedral angles among one of the three stable
states, the trans state (corresponding to the potential mini-
mum at 180°), the gauche™ state (corresponding to the
potential minimum at +60°), and the gauche™ state (corre-
sponding to the potential minimum at —60°) (Cevc and
Marsh, 1987). Even though the present simulation was very
short compared to the time scale of many of the lipid
motions, isomerizations of dihedral angles occur on the
order of tens to hundreds of picoseconds (Cevc and Marsh,
1987), a time scale adequately covered by the simulation.
The dynamics of a hydrocarbon chain can be characterized,
to some extent, in terms of dihedral angle transitions be-
tween individual states corresponding to potential energy
minima. In order to avoid counting a large fluctuation as a
true transition, a transition was counted only when the
dihedral angle crossed the energy barrier and reached the
bottom of the potential well (£5°) of the new configuration
(Helfand, 1978). This method can, however, overcount
isomerizations if one counts recoils and overshoots as a
transition. Therefore, a successful transition of a dihedral
angle to a new state was assumed to occur only when its
residence time in the new state was at least 2 ps (Zhang and
Pastor, 1994). The same criterion was used to identify the
state in which any given dihedral angle resides.

In the gel phase, the lipid hydrocarbon chains are essen-
tially in an all-frans fully extended conformation. In the
liquid-crystalline phase the lipid bilayer is disordered due to
the increased content of gauche conformations in lipid
chains. The fraction of gauche states fluctuates about an
average value of 0.22 for the sn-1 chain and a value of
~0.23 for the sn-2 chain. This translates into an average of
~2.4 gauche states per sn-1 chain and ~2.6 gauche states
per sn-2 chain. The difference is primarily due to the more
or less permanent bend of the sn-2 chain at the first meth-
ylene group. The results compare well with the results of
Robinson et al. (1994) who estimated the average number of
gauche states in the sn-1 chain of DMPC at 323 K to be 2.6
and in the sn-2 chain to be 2.5. Chiu et al. (1995) who
performed simulations on DMPC/water with non-zero sur-
face tension (56 dynes/cm for the bilayer) also obtained
~25% gauche and 75% trans conformers. Simulations of
DPPC water mixtures (Egberts et al., 1994) at 335 K and of
a single molecule of DPPC with stochastic boundary con-
ditions in an orienting potential at 324 K (De Loof et al.,
1991) and in monolayers (Ahlstrom and Berendsen, 1993)
obtained similar gauche/trans fractions. Experimental mea-
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TABLE 2 Fraction of gauche states per individual
dihedral angle

Dihedral Angle sn-1 Chain sn-2 Chain
b, 0.23 0.77
b, 0.30 0.16
by 0.17 0.15
by 0.26 0.19
s 0.13 0.18
b 0.23 0.12
o 0.21 0.19
by 0.21 0.17
by 0.22 0.19
dio 0.21 0.19
by 0.24 0.26

A short-hand notation for the dihedral angles is used where only the first
of the four consecutive carbon atoms defining a dihedral angle is given (the
numbering of carbon atoms follows the notation of Sundaralingam, 1972).

surements of gauche populations for DPPC are in good
agreement, with between 3.6 and 4.2 gauche states per lipid
(both chains) reported from infrared spectroscopy measure-
ments (Mendelsohn et al., 1989; Mendelsohn and Snyder,
1996), ~4.3 per lipid deduced from deuterium NMR mea-
surements (Seelig and Seelig, 1974, 1980), and 5.2 per lipid
from Raman spectroscopy (Pink et al., 1980).

The fraction of gauche states for each of the individual
dihedral angles was calculated for both chains, and the data
are summarized in Table 2. Because the sn-2 chain is bent
near the first methylene group, it is not surprising that the ¢,
dihedral angle of the sn-2 chain occupied the gauche state
for 77% of the simulation. By comparison, the ¢, dihedral
angle of the sn-1 chain spent the major part (77%) of the
simulation in the trans state. Contrary to expectations, for
the sn-1 chain the highest fraction of gauche states occurs
for ¢, while the methyl end groups of both chains also
exhibit high fractions of gauche states.

The average lifetimes of the #rans (7) and gauche (7,)
states were calculated for individual dihedral angles for both
chains using the expression (van der Ploeg and Berendsen,
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1983)
T, = 2fIn

17, =2(1 = f)/n

where fis the fraction of the frans states and » is the average
number of transitions per picosecond. The mean lifetimes as
a function of chain position are summarized in Table 3.
Moving down the chain toward the terminal methyl, both
the lifetimes 7, and 7, decrease, as expected, with 7, always
being longer than 7,. The isomerization rates, k, were cal-
culated by counting the total number of isomerizations
occurring at a given position and dividing by the total
simulation time (Venable et al., 1993). The individual val-
ues are also summarized in Table 3. The isomerization rates
are the largest for ¢, and for ¢, ,, reflecting the increased
mobility at the lipid tail ends. Fig. 4 illustrates the difference
in the transition rates of the dihedral angle ¢, and of the
dihedral angle ¢,, for the sn-2 chain of one of the lipid
molecules (DMPC 9). The ¢, angle spends most of the
simulation time in the gauche™ state, consistent with the
bend at this position, with two short-lived transitions to the
trans state. However, the dihedral angle ¢,, exhibits many
transitions between the frans and the gauche™ and gauche™
states.

The isomerization rates for this DMPC/peptide mixture
are slightly higher than the isomerization rates of DPPC at
50°C reported by Venable et al. (1993). This may be due to
the larger value of 7 — T, the difference between the
simulation temperature and the chain melting transition
temperature. For this simulation 7 — 7,,, =~ 40°C, while for
Venable et al. (1993) it was ~9°C. Similar results were
reported by De Loof et al. (1991) for a single DPPC mol-
ecule with stochastic boundary conditions. Analysis of 'H-
and “H-NMR relaxation data of peptide-16/DPPC mixtures
found an effective gauche/trans transition rate of ~4 X 10'°
s~ ', which is still in good agreement considering that the
relaxation data are not very sensitive to this motion due to

TABLE 3 Average lifetimes 7, and 74 and the isomerization rates k (see the text for the definition) of individual carbon atoms in

the sn-1 and the sn-2 lipid chains

sn-1 chain sn-2 chain
Dihedral Angle 7. (ps) T, (pS) Kk (ns~ ") 7, (ps) T, (pS) Kk (ns™")
b, 487.8 152.1 6.7 193.3 852.1 4.6
b, 92.5 42.7 31.3 204.8 40.2 16.4
b5 222.7 429 15.4 164.5 29.0 21.0
by 110.5 38.2 27.2 170.5 38.9 19.2
bs 162.9 27.5 21.7 141.0 28.5 24.4
b6 114.1 35.7 17.2 190.8 25.6 18.9
b, 128.5 34.8 24.5 139.4 31.3 23.8
bg 114.1 31.1 27.8 118.2 23.6 28.3
by 115.0 31.8 27.7 125.2 28.3 26.7
b0 80.4 20.5 40.3 87.7 21.4 36.5
. 72.46 23 429 65.9 24.1 448

Biophysical Journal 79(6) 3201-3216
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FIGURE 4 Comparison of the evolution of the ¢, and ¢,, dihedral
angles for the sn-2 chain of DMPC 9. ¢, is the dihedral angle for rotation
about the C,-C; bond, while ¢, is the rotation about the C,,-C,; bond. A
value of +=60° is indicative of a gauche conformer, while a value of * 180°
indicates a trans conformer.

competition with other important relaxation mechanisms
(such as long axis diffusion) (Kimmich et al., 1983; Meier
et al., 1986; Prosser et al., 1992).

The sequence of conformers g~ g, generally referred to
as a kink, keeps the chain perpendicular to the bilayer
surface because two gauche bonds of opposite sign sepa-
rated by one frans bond displace the rest of the chain only
by one bond that runs parallel to the bilayer surface. The
average number of kinks was calculated to be 0.24 for the
sn-1 chain and 0.22 for the sn-2 chain. This is lower than the
number obtained by Stouch (1993), who calculated that
there are from 0.5 to 1 kinks per DMPC chain at 320 K, and
that of Robinson et al. (1994), who evaluated the mean
number of kinks per dimyristoyl chain at 323 K to be 0.5.
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This may be an effect of the influence of the peptide on the
lipid hydrocarbon chain mobility.

Order of the hydrocarbon region

The deuterium NMR quadrupolar splitting is proportional to
the C-*H bond order parameter S.,, which is used to
characterize the order of lipid hydrocarbon chains (Seelig
and Seelig, 1980). It can be calculated from simulation
trajectory files using the equation Scp, = ¥4(3 cos?6(f) — 1),
where 6(7) is the instantaneous angle between the direction
of the C-?H bond and the bilayer normal, at time #, and the
angle brackets represent an average over the length of the
simulation. Fig. 5 compares the simulated order parameters,
averaged over all lipids, as a function of position on the
chain, with the experimental order parameter profile ob-
tained from “H-NMR quadrupolar echo experiments of a
powder sample composed of a mixture of the peptide-16
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FIGURE 5 The order parameter profile of the hydrocarbon chains cal-
culated from the simulation trajectory is shown by the “+” symbols. The
peptide to lipid molar ratio for the simulation is 1:12. The filled circle and
square symbols are the order parameters determined from the dePaked
experimental >H-NMR spectrum obtained from a powder sample of pep-
tide-16/DMPC-ds, at a peptide to lipid molar ratio of 1:32 at a temperature
of 60°C. The use of two symbols for a given carbon position indicates that
the two chains have inequivalent splittings at those positions. In such cases,
the spectra do not permit the identification of which chain corresponds to
which splitting, although generally the larger splitting is associated with the
sn-2 chain.
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chain perdeuterated DMPC (at a molar ratio of 1:32) and
water at 60°C. The concentration of the peptide in the
simulation was higher, corresponding to a peptide/lipid mo-
lar ratio of 1:12, which may explain the slightly larger order
parameters obtained from the simulation for positions 6 to
14 (see Fig. 8 below).

The experimental order parameter profiles were obtained
directly from the “dePaked” powder spectra (Bloom et al.,
1981), such as those shown in Figs. 6 and 7, by measuring
the quadrupolar splittings of all of the identifiable peaks in
the spectra and assigning them by assuming that chain order
increases monotonically from its minimum value at the
terminal methyl group (center of the bilayer). These spectra
demonstrate the sensitivity of the chain order parameters to
temperature and peptide concentration. The experimental
order parameter profiles determined by this method are in
good agreement with those obtained by specific *H labeling
of a pure DMPC/water mixture (Oldfield et al., 1978). The
influence of peptide-16 on chain order is shown more quan-
titatively in Fig. 8, where the first moment of the *H-NMR
spectrum (Davis, 1979, 1983) is plotted as a function of
temperature for a pure DMPC/water dispersion (filled
squares) and for the peptide-16/DMPC/water dispersion
(filled circles). The first moment is proportional to the
average value of Sc-"H, so we can also compare these
experimental values to the average order parameter calcu-
lated from the simulation (at a peptide to lipid ratio of 1:12
and at a temperature of 335 K), which is shown as the solid
triangular point on the graph. The addition of ~3 mol %
peptide-16 results in an increase in the average chain order
parameter by ~6%. The value from the simulation at a
peptide concentration of ~7 mol % is ~14% higher than
that of the pure lipid at 60°C and ~7% higher than the 3 mol
% sample. The roughly linear increase in lipid chain order
with increasing peptide concentration for the DMPC/pep-
tide-16 system is similar to that seen in mixtures of DPPC/
peptide-24 (Huschilt et al., 1985), shown as filled squares in
Fig. 9. Mixtures of peptide-16 in DPPC show quite different
behavior, however, having a much weaker dependence on
peptide concentration, as shown by the filled circles in the
figure. This behavior suggests that the peptide has little
effect on lipid chain order and bilayer thickness if its hy-
drophobic length is well matched to the equilibrium thick-
ness of the lipid hydrocarbon region, but that the peptide has
a strong ordering effect if it is longer than the equilibrium
thickness of the lipid.

It is also possible that some of the difference between the
experimental values of M, and the value calculated from the
simulation results is due to the different time scales of
H-NMR and our simulation. “H-NMR gives M, values
averaged over motions that are fast compared to 10~ ° to
1073 s~ !, while the simulation covers an interval of only
I ns.

The order parameter profiles for the two bilayer leaflets
were calculated separately to determine whether the differ-
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FIGURE 6 dePaked ’H-NMR spectra of mixtures of peptide-16/DMPC-
ds, at a peptide to lipid molar ratio of 1:32 at (a) 60°C, (b) 40°C, and (c)
25°C. The frequency scale gives the quadrupolar splittings corresponding
to the 0° orientation of the bilayer normal relative to the static laboratory
magnetic field.

ence in the amino acid sequence at the peptide termini
affects the order parameters of the carbon atoms close to the
lipid headgroups. Indeed, a difference was seen along the
whole length of the chains, the order parameters being
systematically lower in the lower leaflet where the N-
terminus of the peptide is anchored, with the most pro-
nounced effect near the lipid/water interface. The order

Biophysical Journal 79(6) 3201-3216
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FIGURE 7 dePaked *H-NMR spectra of DMPC-ds, at (a) 60°C, (b)
40°C, and (c) 25°C. The frequency scale gives the quadrupolar splittings
corresponding to the 0° orientation of the bilayer normal relative to the
static laboratory magnetic field.

parameter profiles were also separately evaluated for both
the sn-1 and the sn-2 chains. The sn-2 chain order parameter
profile exhibited higher values compared to corresponding
positions of the sn-1 chain, as expected from the bend of the
sn-2 chain near its first methylene group. However, because
of the small size of the simulation unit cell, it is possible that
these differences are due to inadequate statistics.
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FIGURE 8 The temperature dependence of the first moment, M,, of the
2H-NMR powder pattern spectra of a mixture of peptide-16/DMPC-ds, at
a peptide to lipid molar ratio of 1:33 (filled circles) and of DMPC-ds,
(filled squares). The error bars show the estimated 1% random error in the
values for M,. The solid triangle symbol is the value of the first moment
calculated from the average hydrocarbon chain quadrupolar splittings from
the molecular dynamics simulation (corresponding to a peptide to lipid
molar ratio of 1:12).

Lipid headgroups

The headgroup structure and mobility were investigated in
terms of the states of the dihedral angles and the transitions
between these states. Inasmuch as the synthetic peptide has
a different amino acid sequence at its two termini, the
analysis was performed separately for the upper and for the
lower leaflets of the bilayer in order to see if this asymmetry
has any effect on the headgroup structure or mobility. The
dihedral angle definitions used are those of Sundaralingam
(1972) and are shown in Fig. 10.

Orientation of PN dipoles in the lipid bilayer

The choline headgroup of a DMPC molecule possesses a
large dipole moment that strongly interacts with water and
other lipid molecules. The phosphorus to nitrogen (PN)
vector defines the direction of the headgroup electric dipole
moment. In the upper leaflet the average angle between the
PN vector and the outward point bilayer normal was 84° =+



MD Simulation and NMR of a Model Membrane

5.2x104

5.0x10%4

M, (s )

4.8x10Y

FIGURE 9 Comparison of the peptide concentration dependence of the
first moment, M,, of the ZH-NMR powder pattern spectra of mixtures of
peptide-16/DPPC-ds, (filled circles) and of peptide-24/DPPC-dy, (filled
squares) at a temperature of 50°C. The solid lines are least squares fits to
the data. Error bars show the estimated 1% random error in the values of M.

1.4°, and in the lower leaflet it was 80° = 3.0° (the uncer-
tainties give the rms deviations averaged over the full tra-
jectory). The average angles for individual lipids in both
leaflets ranged from 54° to 126°. The mean value for each
of the leaflets is less than 90° so that, on average, the dipoles
are pointing into the water and away from the lipid plane.
The results are in good agreement with those of Marrink et
al. (1993) who calculated the average orientation of the
dipole vector in pure DPPC at 350K to be 20° with respect
to the bilayer plane (i.e., 70° with respect to the bilayer
normal). Experimental results also indicate that the average
orientation of this vector is roughly within the bilayer plane
(Seelig et al., 1977; Wiener and White, 1992b). The distri-
bution of the PN angles measured with respect to the bilayer
normal, and averaged over the length of the simulation and
over the molecules in each of the two leaflets, are shown in
Fig. 11.

The distributions in opposing leaflets differ, with the
distribution of the lower leaflet being much broader com-
pared with that of the upper leaflet. Although it is not
possible to be certain, due to the small size of the system
studied, this difference may be due to the differences in the
amino acid sequence at the peptide termini. In particular, it
may be a result of the different level of penetration of the
peptide lysine side chains into the lipid region.

3211

FIGURE 10 The DMPC glycerol backbone and headgroup structure
showing the definitions of the dihedral angles and the atom numbering
scheme used in the text, according to Sundaralingam (1972).

Structure and flexibility of lipid headgroups

The glycerol backbone is thought to be the most rigid part
of the lipid headgroup (Hitchcock et al., 1975; Biildt and
Wohlgemuth, 1981; Wiener and White, 1992b). Its motion
was investigated in terms of four dihedral angles: 6, and 6,,
which define the rotation about the glycerol C,C, bond, and
605 and 6,, which define the rotation about the C,C; bond
(for the dihedral angle notation see Sundaralingam, 1972),
as shown in Fig. 10. The isomerization rates of both the 6,
and 0, dihedral angles (averaged over the whole simulation
and over all lipids in an individual leaflet) were 1.3 ns™ ' in
the upper leaflet and 1.6 ns~' in the lower leaflet. The
isomerization rates of the 65 and 6, angles were 0.3 ns™ ' in
the upper leaflet, but no transitions were observed at all in
the lower leaflet. The low isomerization rates of dihedral
angles 6,—0, reflect the reduced mobility of the glycerol
backbone relative to the rest of the molecule. The average

occupancies of the glycerol backbone dihedral angles are

Biophysical Journal 79(6) 3201-3216
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FIGURE 11 The distribution of the orientation of the PN electric dipole

moment with respect to the bilayer normal in the upper leaflet (solid line)
and in the lower leaflet (dotted line). These were calculated from the
molecular dynamics simulation, averaging over all lipids in each leaflet.

summarized in Table 4. The most frequently occupied state
of 0, appears to be the g* state in the upper leaflet and the
trans state in the lower leaflet, although the g™ and the trans
states are almost equally populated in the lower leaflet. The
angle 0, was in the trans state in the upper leaflet for most
of the simulation, while in the lower leaflet it was in the g~
state. The angle 0; occupied the trans state in both leaflets
for more than 80% of the simulation, while 6, spent most of
the simulation in the g state in both leaflets. The analysis
again shows differences between the two leaflets, namely
the behavior of the 6, and 6, dihedral angles.
Investigation of all possible combinations of 6,/6, con-
formers is also of interest because this pair of angles largely
determines the orientation of the headgroup with respect to
the membrane surface (Pascher et al., 1992). The results
show that the 6,/6, pair spent 50.8% of the simulation in the
trans/gauche™ state. For the rest of the simulation 6,/6,

Belohorcova et al.

occupied the gauche™/gauche™ state (14.5% of the simula-
tion in the g*/g ™ state, 20.3% in the g /g™ state, and 14.4%
inthe g /g~ state). Experiments on the crystalline phase of
DMPC indicate that the gauche™/gauche™ combination of
these two angles is dominant in the crystal state (Pascher et
al., 1992) in contrast to the fluid phase simulation results,
which indicate almost equal populations of both the trans/
gauche™ and gauche™/gauche™ states for the 0,/6, pair.
The conformation of the headgroup choline moiety was
characterized in terms of the five dihedral angles «; (i = 1,
2, 3, 4, 5). The angles a, and a5 influence not only the
overall headgroup conformation and its orientation, but also
the distance between the atoms P and N. Torsions around
the remaining o; (i = 1, 2, 3) dihedral angles are not
restricted by significant energetic barriers (Woolf and Roux,
1994b). The isomerization rates of the «, to a5 angles range
from 1.1 ns~ ' (for as) to 31.0 ns~ ' (for a;) in the upper
leaflet, and from 3.1 ns~' (for ;) to 21.9 ns™ ' (for ) in
the lower leaflet (see Table 5). Thus the most mobile angle
in both leaflets appears to be a5, with isomerization rates
comparable to those of dihedral angles of the hydrocarbon
chains. The most rigid angle in the upper leaflet is a5, with
isomerization rates comparable to those of the dihedral
angles of the glycerol region, while in the lower leaflet it is
«;. The fractions of the «; dihedral angles occupying indi-
vidual states were compared to those determined by Egberts
et al. (1994), who performed an MD simulation of a neat
DPPC bilayer at 350 K. The agreement was very good for
o and a4, but significant differences were observed for o,
oy, and as. The relative occupancies of the gauche states by
the a, and «, dihedral angles were approximately 1.8 and
1.3 times larger in this study. The relative occupancy of the
trans state by o was ~50% larger here (80.5%, averaged
over both leaflets) compared to the observation of Egberts et
al. (1994) that a5 spent 57% of the simulation in one or the
other of the two gauche states. Experimental studies, x-ray
crystallography (Sundaralingam, 1972; Hauser et al., 1981),
H-NMR (Seelig, 1978), Raman, and '"H-NMR (Akutsu,
1981) indicate that «s is predominantly in the gauche state.

TABLE 4 Average occupancy of the glycerol backbone dihedral angles

Upper Leaflet

Lower Leaflet

Dihedral Angle % g" % g~ % trans % g* % g~ % trans

a, 13.5 0 86.5 8.8 26 65.2
a, 0.1 51.2 48.7 38.6 17.1 443
oy 9.6 47.1 43.1 50.5 33.7 15.7
ay, 0.04 0.4 99.5 8 10.4 81.6
as 0.1 0.1 99.7 28.3 10.4 61.3
0, 59.5 14.9 25.6 42.2 14 43.8
0, 14.9 25.6 59.5 14 43.8 422
05 12.1 0 87.9 16.7 0 83.3
0,4 87.9 12 0 83.3 16.7 0

The definition of the different angles is given in the text and in Fig. 10.
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TABLE 5 Isomerization rates of the dihedral angles «;
defining the conformation of the choline part of the lipid
headgroups

Dihedral Angle Upper Leaflet Lower Leaflet

a 3.3 3.1
a 2.5 55
a, 31.0 219
a, 1.3 8.0
as 1.1 9.7

The definition of the different angles is given in the text and in Fig. 10.

The discrepancies in the headgroup structures in the two
simulation studies may be due to the different compositions
of the two systems, i.e., the presence of the peptide may
have caused observed structural changes of the headgroups
compared to a simple DPPC bilayer. This conclusion is
supported by “H-NMR experiments performed on a system
composed of a similar synthetic amphiphilic peptide (pep-
tide-20) incorporated into DMPC bilayers at a peptide/lipid
molar ratio of 1:30 at a temperature of 34°C using DMPC,
which was selectively deuterated at the headgroup « and 3
positions (the notation of « and 3 positions in a lipid
headgroup is: ~0;—POCHSYCHYPPN(CH;);) (Roux et al.,
1989). They found large changes of the quadrupolar split-
tings of the choline headgroups and concluded that in the
presence of the amphiphilic peptide-20 the DMPC head-
groups underwent a conformational change, leading to a
change in its average orientation. Similar measurements on
mixtures of pentalysine with DMPC showed no such be-
havior (Roux et al., 1989). These results were interpreted in
terms of an electrostatic torque acting on the lipid head-
group dipole moment due to surface charge embedded at
different levels within the membrane. The trans-membrane
peptide, having its charges more deeply buried within the
lipid bilayer, caused a significant change in headgroup
orientation, while the pentalysine peptide, which rests
higher on the membrane surface, had little effect. This may
also explain the asymmetry observed in the present simu-
lation since the charged lysines at the N-terminus (the lower
leaflet) extend further into the water (and covers a wider
range in z) than those near the C-terminus (the upper leaflet)
(compare Figs. 1 and 11).

Solvation of the lipid headgroups

The analysis of the average orientation of the PN dipoles
with respect to the bilayer normal implied that the PN
dipoles point into the water phase on average, suggesting
that the headgroups were probably solvated by water mol-
ecules. In order to test this assertion, radial distribution
functions of water oxygens about nitrogen, phosphorus, and
phosphoryl oxygens were calculated and are shown in Fig.
12. The radial distribution functions about nitrogen and
phosphorus indicate that these atoms do not interact
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FIGURE 12 The radial distribution functions of water oxygens about
(top) the phosphorus, (middle) the nitrogen, and (bottom) the phosphoryl
oxygens (013, O14) in the lipid headgroups, averaged over all lipids.

strongly with the water, as the first maximum is located at
~4 A for both P and N. A similar distribution of water
oxygens about the nitrogen of the trimethylammonium
group of the DMPC headgroup in a hydrated DMPC bilayer
at 327 K was reported by Damodaran and Merz (1993).
However, the radial distribution functions for both O,; and
0,, are sharply peaked at ~2.7 A, indicating the formation
of a well-defined first hydration shell.

The association of the peptide amide hydrogens with the
lipid phosphoryl oxygens was also investigated in order to
find out if there was any possibility of long-term hydrogen
bonding between these atoms. The radial distribution func-
tions of O;; of DMPC 11 about the peptide’s first three
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amide protons, HN,, HN,, and HNj, indicated the possible
occurrence of hydrogen bonds between O, ; and these amide
hydrogens. A more detailed analysis revealed that during
the first 400 ps all three amide protons were hydrogen-
bonded to this oxygen atom for at least part of the time, HN,
for 33.7% of the simulation, HN, for 18.2% of the simula-
tion, and HNj; for 21.5% of the simulation (a hydrogen bond
was assumed to exist if the distance between the hydrogen
and oxygen was <2.5 A and if the nitrogen-hydrogen-
oxygen angle was >135°; Kovacs et al., 1995).

CONCLUSION

By using molecular dynamics simulation of the simple
trans-bilayer peptide-16 in fully hydrated DMPC and *H-
NMR spectroscopy of mixtures of the same peptide-16 with
DMPC and of the related peptide-24 with DMPC and
DPPC, we have shown that there is a substantial ordering of
the lipid chains due to the peptide when the helical length of
the peptide is greater than the normal lipid bilayer thickness.
We have identified a number of differences in the lipid
dynamics observed with this simulation and previous sim-
ulations on lipid bilayer systems that may also be due to the
influence of the peptide. Further studies of model membrane
systems both with and without trans-bilayer peptides, and as
a function of peptide length and concentration, performed
under identical conditions, would help to clarify the impor-
tance of lipid-peptide interactions on membrane molecular
properties.

Through comparison of average quantities calculated
from the simulation coordinate files with experimental ob-
servation, a number of research groups have shown that MD
simulations provide a good description of model membrane
molecular order and dynamics. Full-atom molecular dynam-
ics simulations of complex multicomponent systems such as
membranes can provide a precise and reliable description of
these systems provided they have been carefully constructed
and equilibrated. Although it is true that construction of the
simulation system in a manner which immediately is con-
sistent with known properties, such as the lipid chain order
profile, may bias the results of these short time scale sim-
ulations (1 ns), the agreement between similar systems
simulated by different groups, using different assembly
techniques and different boundary conditions, implies that
generally such simulations faithfully represent the experi-
mental systems. The agreement among simulations of sim-
ilar systems and between simulation and experiment is
gratifying, and the impressive improvements in system size
and simulation time scale being made possible by each
succeeding generation of computers is making more de-
tailed and precise comparisons possible. One obvious but
important extension to the current scale of these simulations
is to increase the length of the simulation by at least an order
of magnitude to allow the sampling of slower processes and
to provide better statistics on those processes already being
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sampled. Another is to significantly increase the size of the
unit cell, i.e., the number of molecules being simulated. This
will also provide better statistics for all the properties being
calculated. Finally, with continual improvements in com-
puter speed and accessibility (i.e., lower cost) it should be
possible to address these two issues and to begin to perform
computer “experiments” wherein important variables such
as temperature, pressure, and even composition are system-
atically varied so that their effect on system properties can
be evaluated and compared to experimental measurements.
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