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Structure and Dynamics of an Amphiphilic Peptide in a Lipid Bilayer:
A Molecular Dynamics Study
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ABSTRACT A molecular dynamics simulation of a simple model membrane system composed of a single amphiphilic helical
peptide (ace-K,GL,sK,A-amide} in a fully hydrated 1,2-dimyristoyl-sn-glycero-3-phosphocholine bilayer was performed for a
total of 1060 ps. The secondary structure of the peptide and its stability were described in terms of average dihedral angles,
¢ and ¢, and the C,, torsion angles formed by backbone atoms; by the average translation per residue along the helix axis;
and by the intramolecular peptide hydrogen bonds. The results indicated that residues 6 through 15 remain in a stable
right-handed a-helical conformation, whereas both termini exhibit substantial fluctuations. A change in the backbone dihedral
angles for residues 16 and 17 is accompanied by the loss of two intramolecular hydrogen bonds, leading to a local but
long-lived disruption of the helix. The dynamics of the peptide was characterized in terms of local and global helix motions.
The local motions of the N-H bond angles were described in terms of the autocorrelation functions of P,[cos 8,,(t, t + 7] and
reflected the different degrees of local peptide order as well as a variation in time scale for local motions. The x, and x,
dihedral angles of the leucine side chains underwent frequent transitions between potential minima. No connection between
the side-chain positions and their mobility was observed, however. In contrast, the lysine side chains displayed little mobility
during the simulation. The giobal peptide motions were characterized by the tilting and bending motions of the helix. Although
the peptide was initially aligned parallel to the bilayer normal, during the simulation it was observed to tilt away from the
normal, reaching an angle of ~25° by the end of the simulation. In addition, a slight bend of the helix was detected. Finally,

the solvation of the peptide backbone and side-chain atoms was also investigated.

INTRODUCTION

It is now widely accepted that the biological function of
proteins is inherently connected to their motion. Motion can
occur on different time scales (ranging from femtoseconds
to many hours), different length scales (from 0.01 A up to
100 A), and different energies (0.1-100 kcal/mol) (e.g.,
Brooks et al., 1988). Membrane proteins exist in a very
complex environment, the composition of which varies im-
mensely from organism to organism. The function of the
membrane is not only to act as a semipermeable barrier, but
also to maintain and facilitate the function and stability of
membrane proteins (Stowell and Rees, 1995). In principle,
spectroscopic techniques (i.e., vibrational or Raman spec-
troscopy, NMR spectroscopy, etc.) can be used to elucidate
the nature of protein structure and dynamics in biological
membranes. However, spectroscopic measurements provide
information averaged over the time scale of the experiment.
The fine details of the molecular motion are not directly
measured if the motion is fast relative to the experimental
time scale (Brooks et al., 1988; Gennis, 1989). More de-
tailed information on molecular structure, dynamics, and
energetics on an atomic level can be obtained by theoretical
methods such as molecular dynamics (MD) (van Gunsteren
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and Mark, 1992). Because MD can, in principle, provide
detailed information that is not easily accessible experimen-
tally, it is a particularly powerful method for studying
membrane proteins (Pastor, 1994). However, the bulk of the
work in the field of MD consists of simulations of simple
and complex liquids, proteins in vacuum or water, lipid
monolayers and bilayers, DNA, etc., and it is only very
recently that there has been progress in the study of mem-
brane proteins. This paper concentrates on the investigation
of static and dynamic properties of a peptide that is incor-
porated into a hydrated lipid bilayer, presenting a simple
model of a biological membrane.

In MD, changes in atomic positions are obtained by
solving Newton’s equations of motion. The equations of
motion are integrated in small time steps, thus producing
individual atomic trajectories (Haile, 1992). From atomic
trajectories a wealth of information can be obtained, e.g.,
time averages of different macroscopic properties, both
static and dynamic, and time dependences of different pro-
cesses (Haile, 1992). The MD method does have limitations,
however. One of these limits is the use of an empirical
potential function in which approximations and simplifica-
tions have been made to achieve a balance between com-
putational efficiency and the accuracy of the potential func-
tion (Brooks et al., 1988). Furthermore, the short length of
the simulation (currently reaching up to a nanosecond) and
the small size of the system (which can comprise a few
thousand atoms) limit the configurational sampling. Finally,
the numerical integration of Newton’s equations of motion
requires the use of finite-difference methods that may be
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imprecise because of truncation and round-off errors. Ulti-
mately, the computational limitations are related to the
current hardware.

Many MD simulations of proteins in vacuum or water
(e.g., see Brooks and Karplus, 1989; Kovacs et al., 1995;
Hirst and Brooks, 1995; van Gunsteren et al., 1995; etc.)
and of lipid bilayers (e.g., see Pastor et al., 1991; Venable et
al., 1993; Stouch, 1993; Heller et al., 1993, etc.) have now
been performed. These simulations have shown the power
of the method and thus pave the way for simulations of
more complicated systems, such as biological membranes.
However, MD simulations of biological membranes that
include a protein embedded in a hydrated lipid bilayer are
still rare, because of the lack of accurate experimental
structures. Currently, relatively few three-dimensional
structures of membrane proteins are known with high res-
olution, such as bacteriorhodopsin (Grigorieff et al., 1996),
the photosynthetic reaction centers of R. viridis (Deisen-
hofer and Michel, 1989) and R. sphaeroides (Ermler et al.,
1992), prostaglandin synthase (Picot et al., 1994), the light-
harvesting complex II of photosystem II (Kiihibrandt et al.,
1994), porin (Weiss and Schulz, 1992), and Staphylococcus
aureus a-hemolysin pore (Song et al., 1996). All of these
membrane proteins have a large molecular weight, and thus
a conventional MD simulation of a model membrane con-
taining such a membrane protein presents a major challenge.
Additional difficulties are presented by the construction of
the initial configuration of the simulation system. Thus far,
a limited number of MD simulations of model membranes
containing a transmembrane peptide have been reported.
One of the earliest simulations was that performed by Ed-
holm and Johansson (1987). They simulated a polypeptide
a-helix inserted into a simplified model membrane com-
posed of 16 carbon single-chain amphiphiles harmonically
attached to a plane to maintain a bilayer configuration; no
solvent water molecules were included. More recently, all-
atom MD simulations followed: the gramicidin channel in a
fully hydrated dimyristoylphosphatidylcholine (DMPC) bi-
layer (Woolf and Roux, 1994a, 1996), Pf1 coat protein in a
dipalmitoylphosphatidylcholine (DPPC) bilayer (Roux and
Woolf, 1996), a C-terminal fragment (residues 13—41) of
human corticotropin-releasing factor in a dioleoylphosphati-
dylcholine bilayer (Huang and Loew, 1995), a model all-
alanine « helix in DMPC (Shen et al., 1997), individual
a-helices from bacteriorhodopsin in DMPC (Woolf, 1996),
and melittin in a DMPC bilayer (S. Berneche and B. Roux,
private communication). Edholm et al. (1995) performed an
MD simulation of the native bacteriorhodopsin in purple
membrane, using a united atom model. To our knowledge,
this is the only MD simulation of a multihelix membrane
protein in a lipid bilayer. A few simulations elucidating the
diffusion mechanism of small molecules, such as benzene
and 1,4-dihydropyridine calcium channel antagonist, and
water transport through a lipid membrane, have been re-
ported (Bassolino-Klimas et al., 1993, 1995; Alper and
Stouch, 1995; Marrink and Berendsen, 1994). Furthermore,
MD studies of the interaction of small peptides with a lipid
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bilayer have been performed (Damodaran et al., 1995;
Damodaran and Merz, 1995).

The complexity of motions occurring in a biological
membrane may ultimately require extended simulation pe-
riods with time scales of up to seconds. This is because the
equilibration time of the system is longer than the longest
intrinsic relaxation time of the system (van Gunsteren and
Mark, 1992). Although it is not currently possible to per-
form a sufficiently long simulation to investigate such long
time scales, we can still learn about the short-time-scale
processes, provided that the system is stable. The duration
of equilibration depends on how far the system in its initial
configuration is from the equilibrium state (Haile, 1992).
Therefore the choice of the initial configuration of the
system is extremely important. One of the possible ap-
proaches to the construction of the initial configuration of a
model membrane is the “overlay” method. This was used by
Edholm and Johansson (1987) to build a system composed
of a polypeptide a-helix and a simplified model membrane
composed of 100 single-chain amphiphiles harmonically
attached to a plane. No solvent water molecules were in-
cluded. To construct the initial configuration, a number of
chains were removed from a previously equilibrated lipid
bilayer, and the helix was inserted into the created cavity.
This method worked because of the simplicity of the model
membrane, the absence of solvent water molecules, and the
relatively regular shape of the a-helix. However, this
method is inappropriate for inserting a protein of a more
complicated shape into a fully hydrated membrane of phos-
pholipids molecules with two hydrocarbon chains. A novel
protocol designed by Woolf and Roux (Woolf and Roux,
1996; Roux and Woolf, 1996) allows the construction of
more complicated systems. The basic idea is to assemble a
system from individual preequilibrated components. The
current system was constructed according to this method,
starting with a synthetic peptide, prehydrated phospholipids,
and bulk water molecules (Woolf and Roux, 1994b, 1996;
De Loof et al., 1991; Pastor et al., 1991; Venable et al.,
1993).

The MD simulation reported here used a transbilayer
synthetic peptide (acetyl-Lys,-Gly-Leu,4-Lys,-Ala-amide)
belonging to a class of extensively experimentally studied
peptides with sequences ace-Lys,-Gly-Leu,-Lys,-Ala-
amide or ace-Lys,-Leu,-Lys,-Ala-amide (these will be re-
ferred to as peptide-n, where n is the number of leucines in
the hydrophobic part of the peptide, n = 16, 20, 24). The
model membrane system consists of a fully hydrated DMPC
bilayer into which peptide-16, including an acetylated N-
terminus, was inserted. The system composition was chosen
to correspond to samples studied experimentally (J. Qian
and J. H. Davis, private communication). The structure of
the peptide was chosen so that it would have an amphiphilic
character, with a long hydrophobic core, and lysines at both
termini interacting with the polar environment. Circular
dichroism studies (Davis et al., 1983; Prosser et al. 1992)
showed that peptide-n molecules adopt an a-helical confor-
mation in a lipid bilayer. The synthetic peptide thus repre-
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sents a very simple model of a membrane protein, because
it is believed that the membrane-spanning domain of a
membrane protein may generally consist of a single a-
helical polypeptide or several structured strands of amino
acids (Mouritsen and Bloom, 1993). The different length of
the hydrophobic core was designed to study the effect of the
mismatch of the hydrophobic regions of the peptide and the
bilayer on the bilayer thickness (Nezil and Bloom, 1992). It
was found that the average thickness of the lipid bilayers
was significantly perturbed in cases of a large mismatch.
Zhang et al. (1992a) studied the conformation and amide
hydrogen exchange of peptide-24 dispersed in fully hy-
drated phospholipid bilayers by Fourier transform infrared
spectroscopy. Their results indicate that at least 80% of the
helix retains its a-helical conformation, which means that
the entire polyleucine core of the peptide must be included
in its a-helical domain. The hydrogen exchange experi-
ments provide insight into the stability of a-helical confor-
mations. The greater propensity for H/D exchange at both
peptide termini may indicate reduced stability of the a-
helical conformation at these ends. X-ray diffraction exper-
iments were performed on systems composed of peptide-16
and peptide-24, respectively, inserted in a DPPC bilayer in
a gel phase (Huschilt et al., 1989). The lipid:peptide mole
ratio of the former was 10:1, and that of the latter was 30:1.
The conclusions were that the helices oriented themselves
with their helical axes perpendicular to the lipid bilayer to
within 25°. A NMR dynamics study of the backbone of
peptide-24 in a DPPC bilayer was performed by Pauls et al.
(1985) at different temperatures, both in the gel state and in
the liquid-crystalline state of the bilayer. The results showed
that the average angle between the motional symmetry axis
and the N-?H bond was close to 19° in a liquid crystalline
state bilayer at 42°C. The correlation time of the fast reori-
entational motion about the helix axis was found to decrease
with increasing temperature.

In the next section, the basic steps of the system con-
struction are described. Then the computational details are
given, after which the equilibration and, finally, the simu-
lation are described in detail. The structure of the peptide
and its stability were investigated and, when possible, com-
pared to experimental results. Local and global helix mo-
tions were analyzed to elucidate the nature and the time
scales of the peptide motions within the length of the
simulation. The local motions studied include, for example,
the dynamics of the NH bonds and isomerizations of the
side-chain dihedral angles. The global motions of the helix
were investigated in terms of the tilt angle of the helix axis
with respect to the bilayer normal (z axis) and of the bend
angle of the helix.

MODEL AND METHODS
Construction of the initial configuration

The membrane system for the MD simulation consists of a
synthetic peptide of the following sequence: acetyl-Lys,-

Molecular Dynamics of a Model Membrane 3041

Gly-Leu,4-Lys,-Ala-amide, 12 DMPC molecules (6 in each
layer), and 593 water molecules, corresponding to a total of
3613 atoms. This is 51% water by weight. The total charge
of the system was +4; however, counterions were not
included in the system, because of the slow time scale (on
the order of nanoseconds) of ion redistribution in solution
(van Gunsteren et al., 1995). Molecular mechanics software
CHARMM (Brooks et al., 1983) and the all-atom force field
PARAM 22 (Mackerell et al., 1992) were used to build the
system and to perform the MD simulation. The system was
constructed using a protocol designed and described in
detail by Woolf and Roux (1996) and in Roux and Woolf
(1996, Ch. 17). The basic idea of the method is to construct
the system in a state that is as close as possible to the
equilibrium state of the bilayer in the liquid-crystalline
phase, to avoid a lengthy heating and equilibration period.

The peptide was constructed in an ideal right-handed
a-helical conformation because experiments have indicated
that the peptide adopts this conformation in lipid bilayers
(Davis et al., 1983; Huschilt et al., 1989; Prosser et al.,
1992). The helix axis, aligned along the z direction, was
parallel to the bilayer normal. The peptide was then energy
minimized. The dihedral angles of the side chains were
harmonically constrained to their optimal values obtained
from the backbone-dependent rotamer library for proteins
(Dunbrack and Karplus, 1993), the constraining force con-
stants being 50 kcal/mol  rad®}. The peptide backbone as
well as C? and C” atoms of the side chains were initially
held fixed. Later they were constrained by a harmonic
potential to their reference positions. The force constant of
5.0 kcal/mol - A? was used first, and then a force constant
of 1.0 kcal/mol - A? was applied. Between changes in the
force constant on the selected atoms, the peptide structure
was energy minimized for 200 steps by the adopted basis-
set Newton-Raphson (ABNR) method (Brooks et al., 1983).
Finally, all of the constraints were removed and the peptide
was energy minimized for another 300 steps by the ABNR
method.

In the next stage the cross-sectional area of the system
was determined. Because the simulation was performed
with a constant number of particles (N) and under constant
volume (V) and constant energy (E) conditions, the cross-
sectional area of the system had to be determined with great
care, as it has a direct influence on the state of the system
(Woolf and Roux, 1996). The cross-sectional area of the
peptide was calculated in the following manner. The total
volume occupied by peptide atoms was found by searching
through a set of grid points for points outside the van der
Waals radius of any atom. By dividing the total occupied
volume by its length, the mean cross-sectional area of the
peptide was determined to be 173.5 A2 The number of
lipids surrounding the peptide in each half of the bilayer was
chosen to be six for symmetry reasons, and so that there
would not be any large gaps between molecules. The aver-
age cross-sectional area per lipid was assumed to be 64 A2
(Gennis, 1989; Nagle, 1993). The cross-sectional area of the
whole system was calculated to be 557.5 A2, defining the
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area of the primary cell with the peptide placed in its center.
Hexagonal periodic boundary conditions in the xy plane
were imposed on the system. The horizontal distance d
within the xy plane between the centers of neighboring cells
was calculated to be 25.4 A, using the expression

!4
d= 3Acos 30° )

where A is the area of the primary cell.

The system was then assembled from its individual com-
ponents. To determine initial positions of the lipids, the
peptide was surrounded with large van der Waals spheres,
each with a cross-sectional area equal to that of one lipid.
The spheres were constrained to remain in the xy planes at
z = *14 A, They were allowed to rearrange themselves
around the peptide during 10 ps of Langevin dynamics at
600 K, followed by 100 steps of ABNR energy minimiza-
tion. Their positions in the xy plane determined the starting
x and y coordinates of the glycerol C, carbons of the lipid
molecules. Twelve lipids were then randomly chosen from
a library of 2000 different lipid conformations. This set of
lipid conformations was previously generated by a biased
Monte Carlo sampling procedure of an isolated DPPC mol-
ecule in a mean field, the parameters of which were empir-
ically adjusted so that the conformationally averaged orien-
tational order parameter, Scp, would be consistent with
experimental values at 323 K (De Loof et al., 1991; Pastor
et al., 1991; Venable et al., 1993). The lipid molecules were
preequilibrated and prehydrated by ~20 water molecules,
and the two last methylene groups were deleted to obtain a
DMPC molecule whose chains are shorter by two carbons
compared to a DPPC molecule (Woolf and Roux, 1994b,
1996). Because of the randomness of selected lipid confor-
mations, many core-core overlaps between nonhydrogen
heavy atoms were present in the system (i.e., some nonhy-
drogen atoms were closer to each other than 2.6 A). These
overlaps were removed by systematic rotations of the lipids
(with their primary water molecules) and of the peptide by
10° about the z axis, followed by translation of lipids along
the grid points in the xy plane. The system was then energy
minimized by the steepest descent minimization method
over 16 cycles, during which the van der Waals radius of the
atoms was gradually increased to its full value. During this
minimization the peptide was fixed and the C, atoms of the
phospholipid glycerol were constrained to remain in the xy
planes at z = *14 A.

In a final step, an equilibrated hexagonal box of 3888
water molecules was overlaid on the system, and water
molecules lying in the hydrocarbon region defined to extend
fromz = 11 A to z = —11 A (Lewis and Engelman, 1983)
and those within 2.6 A of lipid or peptide atoms were
deleted. The TIP3P water model was employed (Jorgensen,
1981; Jorgensen et al., 1983). The length of the primary cell
was determined to be 68 A, to give the desired level of
hydration. Hexagonal images in the xy plane were translated
by this amount in the z direction, resulting in an infinite
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multilayer system. After this the whole system was energy
minimized for 200 steps by the ABNR method, while the
peptide backbone was held fixed and the C, atoms of
glycerol were constrained by planar harmonic constraints at
z = %14 A. The resulting structure was the starting point for
the equilibration.

Computational details

The equilibration and the simulation were performed in an
NVE ensemble. The integration step was 2 fs, because the
lengths of bonds containing hydrogens were constrained to
a fixed value by SHAKE (Ryckaert et al., 1977). Non-
bonded interactions were calculated by 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
constant was set at 1.0. Atom coordinates were saved every
50 fs throughout the trajectory production period.

Equilibration

The equilibration for a total of 190 ps was performed in
three stages. For the first 50 ps the system was weakly
coupled to a heat bath by using Langevin dynamics to speed
up the approach to equilibrium (throughout the rest of the
equilibration the Verlet algorithm (Verlet, 1967) was used).
The friction coefficient was small (3.0 ps~') to encourage
movement (Loncharich et al., 1992). During the first 25 ps
of this period, the peptide backbone was fixed and the C,
atoms of glycerol were constrained by planar harmonic
constraints at z = *14 A. For another 25 ps, the peptide
backbone was harmonically constrained with a force con-
stant equal to 2.0 kcal/mol - A2, and the force constant of
planar harmonic restraints on the C, atoms of glycerol was
decreased from 10.0 kcal/mol + A% to 1.0 kcal/mol - A%, The
temperature of the heat bath was 300 K for this stage. In the
following 50 ps of equilibration, the temperature was set at
325 K to be well above the gel-to-liquid crystal transition
point for DMPC (the phase transition temperature for
DMPC is 24°C; Gennis, 1989). The constraints on the
selected atoms were gradually removed, and the velocities
were rescaled by a single factor when the temperature
deviated by more than *5 K from the equilibration temper-
ature. For 25 ps the temperature was checked every 0.5 ps,
and for the next 25 ps it was checked every 2.5 ps. Then the
system was further equilibrated for 90 ps. The center of
mass of the peptide was constrained by a cylindrical poten-
tial with a force constant of 10.0 kcal/mol + A? to the origin
of the coordinate system placed in the bilayer center. During
this period, the system temperature was increasing; there-
fore a weak coupling to a heat bath by Langevin dynamics
was used twice for a total of 15 ps to recover the original
equilibrium temperature of 325 K. The coupling to the heat
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bath was weak in both cases, with a friction coefficient of
0.5 ps~".

Simulation

The total length of the simulation (i.e., the trajectory pro-
duction) was 1060 ps. The Verlet algorithm (Verlet, 1967)
was used throughout the production run. The simulation
was performed at a temperature of 325K. The center of mass
of the peptide was restrained by a spherical potential to the
origin of the coordinate system placed in the center of the
simulation cell with a force constant of 1.0 kcal/mol + A2,
No coupling to a heat bath was imposed on the system
during the simulation. To determine whether the system was
in equilibrium, the total energy, its decomposition into
kinetic and the potential energies, and the temperature of the
system were monitored throughout the equilibration and the
simulation. Even though the simulation was performed in
the microcanonical ensemble (i.e., at constant N, V, and E),
the total energy was observed to gradually increase, in a
stepwise fashion, with fairly long periods at a constant
value. The increase in the total energy over the whole
simulation represented an overall change of 10%. Both the
kinetic and the potential energies contributed to the increase
in the total energy. The kinetic energy increase may be due
to the finite time step size (2 fs), to the accumulation of
numerical and round-off errors, or to the choice of an NVE
rather than a constant pressure simulation system (see Pas-
tor and Feller, 1996). The resulting average temperature of
the simulation was 335.5 K, with a root mean square (rms)
deviation of 9.4 K. Despite the slow drift of the temperature,
the calculated properties should be characteristic of a sys-
tem at a temperature of 336 * 9 K.

Analysis of resuits

CHARMM facilities and our own programs were used to
analyze the results.

Determination of the helix axis

To determine the orientation of the helix axis for every
saved coordinate set (each 50 fs), the following procedure
was employed. The moment of inertia tensor of the peptide
was calculated in a coordinate system with its origin placed
at the center of mass of the peptide. The tensor was then
diagonalized, and its eigenvalues and eigenvectors were
calculated. Principal axes and principal moments of inertia
were determined, and the helix axis was identified as the
principal axis corresponding to the smallest eigenvalue (i.e.,
to the smallest principal moment of inertia).

Normalized autocorrelation function

The normalized autocorrelation estimate r,, of a discrete
time series x(k), where k = 0, 1, ..., N, was calculated as

Molecular Dynamics of a Model Membrane

3043

follows (Jenkins and Watts, 1968):

Cxlk)
cxx(0)

ralk) = )

where

N-k

1
exk) = 5 2 [x() = Z[x(t + k) — 7] 3)
t=1
and ¥ = =}_,x(k) is the sample mean of the whole series.

Radial distribution function

A convenient tool for investigation of the solvation of
specified atoms and of the local structure of water around
selected atoms is the radial distribution function g;;(r):

AN(r)
gi(r) = ) )]

where
AV(r) = 4?77(0 +ArP —r)

AN(r) is the number of molecules i in a spherical shell of
thickness Ar, r is the distance between the molecule j and
the spherical shell, and p; is the bulk density of molecules i.
The radial distribution function gives the probability of
finding a molecule of type i around a molecule of type j. It
is the ratio of a local density p;(r) of the molecules of type
i (e.g., solvent) around a specified atom j to the system
density p; (Haile, 1992).

The molecular dynamics simulation and analysis of re-
sults were performed on a Silicon Graphics Challenge XL
computer and on an IBM Risc 6000 workstation. One pi-
cosecond of the simulation required ~1.1 h of CPU time.
The equilibration and the simulation took nearly 7 months.

RESULTS AND DISCUSSION
Structure of the peptide and its stability

It has been shown by circular dichroism experiments that
the synthetic peptide-16 adopts an a-helical conformation in
lipid bilayers (Davis et al., 1983; Huschilt et al., 1989;
Prosser et al., 1992). Therefore, the peptide secondary struc-
ture and its stability were carefully examined and compared
to available experimental data.

Backbone dihedral angles

Important factors determining the type of secondary struc-
ture adopted by the peptide are the backbone dihedral an-
gles: ¢, ¢, and the C, torsion angles (the C; torsion angle
was defined by four consecutive C,, atoms, starting at the ith
residue). For an ideal a-helix, ¢ and  values are near —57°
and —47°, respectively (Cantor and Schimmel, 1980); C,,
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torsion angles are ~50° (Ramakrishnan and Soman, 1982).
Fig. I shows average dihedral angles ¢,, 5, and C_; torsion
angles and their rms deviations for every amino acid resi-
due. A detailed analysis shows that residues 615 retain an
a-helical structure, ¢; angles fluctuate about —64°, s an-
gles fluctuate about —43°, and C,, torsions about 48°. The
rms deviations of both the ¢ and the ¢ angles in the stable
region of the helix (i.e., from residue 6 to residue 15) are
~10°. The dihedral angles at both ends of the peptide
exhibit rms deviations that are ~1.5 times larger than those
in the stable region of the a-helix, suggesting the deforma-
tion of the a-helix, as will be demonstrated later.

From the knowledge of ¢ and i time series, Ramachan-
dran maps can be constructed showing unambiguously the
type of the structure adopted by the peptide and its stability.
The data points for the Ramachandran maps were collected
every 5 ps over the whole trajectory. The plots (not shown)
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50.0
~
s_ 00
>
-50.0
‘loo.o 1 1 1 1 1 L 1 1 1
1 3 5 7 9 11 13 15 17 19 21

L L L

0.0 L 1 1 — 1
1 3 5 7 9 11 13 15 17 19

residue number

FIGURE 1 The average dihedral angles ¢, ¢ and C, torsions versus
residue number. Error bars were obtained from the rms deviations. Dashed
lines denote the values typical of an ideal a-helix.
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confirmed that the a-helical structure was well preserved
for amino acid residues 4-15 and for residue 18. The
Ramachandran data for the first three and for the last three
amino acid residues were scattered over a large region,
suggesting deviations from the regular a-helical structure.
This effect was most pronounced for the glycine residue,
which is known to be a helix breaker. An interesting change
in the conformation was observed for Leu'” (see Fig. 2 a).
In its Ramachandran map, two distinct regions were occu-
pied. The graphs of the evolution of angles ¢,, and ¥, (Fig.
2, b and c) show a correlated change of both angles toward
lower values. The time dependence of the backbone dihe-
dral angles of the neighboring residues, 16 and 18, was
examined to see if the conformational change at Leu'” was
propagated along the peptide backbone. Concerted changes
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FIGURE 2 (a) The Ramachandran map of Leu'’. (b) The evolution of
the ¢,, dihedral angle. (c) The evolution of the i, dihedral angle.
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in ¢, and s, were observed (i, toward higher values),
whereas ¢,5 and ¢, appeared to be affected only very
slightly. Further analysis (see below) showed that this con-
formational change in backbone dihedral angles ¢ and i at
leucines 16 and 17 was correlated with the breaking of
hydrogen bonds in this region of the helix, amounting to a
correlated deformation of the corresponding helix turn.

NH bond angles

Pauling and Corey (1951), in their work on the structure of
synthetic polypeptides, predicted that, in an ideal right-
handed a-helix, NH bond angles deviate 20° from the helix
axis on average. To compare the simulation results to an
ideal case, the time averages of NH bond angles with
respect to the helix axis were calculated for all amino acid
residues (the helix axis for the every saved coordinate set
was calculated as indicated in Model and Methods). The
average angles for residues 5-19 (see Fig. 3) fluctuated
about 157° (or 180° — 157° = 23°), in good agreement with
the expected value. However, angles at both termini, espe-
cially those at the N-terminus, exhibit large deviations from
the predicted values, thus indicating that the first and the last
turn of the peptide may not be in an a-helical conformation.
From the knowledge of the NH bond angles with respect to
the helix axis, Byy, one can calculate (P,[cos(fyy)]) for
every amino acid residue. This variable is directly propor-
tional to the deuterium quadrupolar splitting of a particular
amino acid residue of the peptide. Consequently, the 2H
NMR spectrum of the peptide can be calculated and com-
pared to the experimental spectrum. However, it should be
emphasized that the time scale of the ?H NMR technique is
on the order of microseconds, whereas the molecular dy-
namics simulation covers only 1 ns, and thus care must be
taken when comparing the two spectra.

Deuterium NMR experiments performed by Pauls et al.
(1985) on a very similar system composed of peptide-24
dispersed in liquid-crystalline DPPC at 50°C agree well
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FIGURE 3 The average NH bond angles with respect to the helix axis
versus residue number. Error bars were obtained from the rms deviations.
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with the simulation results. The experiments determined, by
analysis of “H NMR spectra, the angle between the axis of
rotation (i.e., the helix axis) of the peptide and the N-°H
bond direction to be ~19°. Further analysis indicated a
slight weakening of the a-helical conformation by the in-
creased width of the edges of the spectrum at 50°C. Poor
signal-to-noise did not allow further investigation of this
point in a quantitative manner.

Deviation from ideal a-helical conformation

To investigate the unwinding and a possible bend of the
helix backbone, the average projections of the C_C,
vectors on the helix axis were calculated and compared to
the values typical of an ideal a-helix (see Fig. 4). The
absolute value of the projection of the C,C, ., vector is
equivalent to translation along the helix axis for each resi-
due. In an ideal a-helix this translation is equal to 1.5 A
(Brooks et al., 1988). At the N-terminus the average pro-
jection of the C,,C,, vector is about —1 A with an rms
deviation of 0.7 A, suggesting large fluctuations. Its nega-
tive value implies that this segment, at the N-terminus, is
bent and pointing toward the bilayer interior instead of
pointing outward, as expected of an a-helix. For the next
three residues, the average projections are larger than 1.5 A,
indicating an extension, or stretching, of the helix backbone
in this region. From residues 6 to 16 the average projection
fluctuates around the value of ~1.5 A, between 1.0 A and
1.75 A with fairly constant rms deviation. The value of the
projection of the C,4C,,,o vector is 0.32 A, with a large rms
deviation of 0.65 A. A closer analysis of the time evolution
showed a shortening of the peptide after 500 ps of the
simulation, which was correlated with a conformational
change in the backbone dihedral angles of Leu'® and Leu'”.
In the first 500 ps, the average projection of the C,;4C, 19
vector on the helix axis was 0.91 A + 0.32 A, whereas it
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FIGURE 4 The average length of projection of Ci*Ci + 1% vectors on
the helix axis versus residue number. Error bars were obtained from the
rms deviations. The dashed line denotes the value typical of an ideal
a-helix.
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was —0.22 A * 0.32 A for the rest of the simulation. In
addition, the average projection of the neighboring
C,17C.15 vector is 1.0 A + 0.3 A (i.e., shorter than expect-
ed). Finally, the last segment, at the C-terminus, is unwound
and pointing toward the bilayer interior, but to a smaller
extent than that at the N-terminus.

A possible extension of the peptide terminal residues was
observed by Zhang et al. (1992a) in their FTIR experiments
of the peptide-24 embedded in a DPPC lipid bilayer. They
found that the peptide was predominantly in an «a-helical
conformation (its a-helical domain included the entire
polyleucine core) and observed some non-a-helical struc-
tures, possibly in an extended conformation. Similar results
were obtained for the shorter peptide-16.

Intramolecular peptide hydrogen bonds

An important characteristic of the a-helical structure is the
hydrogen bonds between oxygens and amide hydrogens
located four residues below (Pauling and Corey, 1951).
They are thought to be a primary stabilizing factor for the
secondary structure. Analysis of the existence and duration
of these peptide intramolecular hydrogen bonds can be used
to examine the stability of the peptide structure. The hydro-
gen bond between O; and amide H;,, was taken to exist if
the atoms were closer to each other than 2.5 A and if the
oxygen-hydrogen-nitrogen angle was greater than 135°
(Kovacs et al., 1995). Using this definition of hydrogen
bond occurrence, it was determined that oxygens of residues
4-14 and of residue 18 were hydrogen bonded to their
respective hydrogens for at least half of the total simulation.
In contrast, the oxygen of Leu'” stayed hydrogen bonded to
the amide hydrogen of Lys?' for only 12% of the simulation
time. The average distances between the oxygens and the
amide hydrogens four residues down the helix are shown in
Fig. 5. The first two oxygens do not hydrogen bond with the
peptide hydrogens at all, because their average distance is
larger than 2.5 A for every saved configuration, reflecting
the fact that part of the first turn of the helix is extended.
Instead of forming a regular i — i + 4 bond, O, was
hydrogen bonded to H, for 4.3% of the simulation time and
O, was hydrogen bonded to H, for 15.7% of the simulation
time (O, and O, occupy, on average, the same z region,
because of the bend of the backbone at the N-terminus). O,
was hydrogen bonded to H; and to Hy as well, for 6.8% and
24.1% of the simulation time, respectively. This arrange-
ment of the hydrogen bonds is typical of the 3,-helix, with
i — i + 3 intramolecular hydrogen bonds. This helical
conformation has been observed at the ends of a-helices,
where one helix turn might have this conformation locally
(Creighton, 1983).

To judge the stability of the helix, the number of intramo-
lecular hydrogen bonds was calculated (see Fig. 6). In a
22-residue-long ideal a-helix, the number of intramolecular
hydrogen bonds is 18. The maximum number of hydrogen
bonds observed in the present case is 16, because the two
lysine oxygens at the N-terminus do not participate in
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FIGURE 5 The average distances between an oxygen of ith residue and
an amide hydrogen of i + 4th residue. Error bars were obtained from the
rms deviations.

peptide intramolecular hydrogen bonds, as was discussed
above. At ~500 ps into the simulation, it can be seen that on
average another two hydrogen bonds were lost (Fig. 6). The
loss of these hydrogen bonds was caused by a correlated
increase in O,sH,q and O,¢H,, distances that occurred at
~500 ps. Closer investigation showed that the i — i + 4
hydrogen bond was replaced by an i — i + 5 hydrogen bond
in the case of O,5. H,y thus became free to hydrogen bond
to another oxygen, namely to O,,, which hydrogen bonded
to either H,y or to H,g, or possibly to both of them at the
same time for very short periods of time during the second
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FIGURE 6 The evolution of the number of intramolecular hydrogen
bonds stabilizing the a-helix. A hydrogen bond was defined to exist if the
oxygen-hydrogen distance was less than 2.5 A and if the nitrogen-hydro-
gen-oxygen angle was larger than 135° (Kovacs et al., 1995).



Belohorcova et al.

half of the simulation. This is directly correlated to the
shortening of the projection of C,,5C, ;o vector on the helix
axis, thus bringing H,4 closer to O,,. The breakage of the
O,sH,y bond and the formation of new hydrogen bonds
between O,5 and H,, and between O,, and H,, are shown
in Fig. 7. The time evolution of the O;H,, , distance illus-
trates the duration of this hydrogen bond; its breakage and
its subsequent reformation are reflected in changes in
O;H;, , distance. The breakage of the hydrogen bonds dis-
cussed earlier is closely connected to the conformational
change of the helix backbone between Leu'® and Leu'” (see
Fig. 2) and to the helix deformation between Leu!” and
Leu'®.

When all of the results concerning the helix stability are
considered, it is concluded that, on the average, residues
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FIGURE 7 Illustration of (a) the breakup of O,sH,, hydrogen bond after

~500 ps of the simulation. At the same time, a new hydrogen bond is
possibly formed between O, and H,, (b) and between O, and H,g (c).
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6-15 retain their a-helical conformation, whereas both he-
lix ends exhibit more flexibility. There appears to be a
long-lived disruption of the a-helix at residues 16 and 17
midway through the simulation, resulting in the breakage of
two hydrogen bonds and a deformation of the corresponding
helix turn.

Finally, the average distance between the carbonyl car-
bon of Leu® and the a carbon of Leu'!, and the distance
between the carbonyl carbon of Leu'' and the « carbon of
Leu'? were calculated and compared to experimental data
(Langlais, 1994). The experimental distance r between la-
beled atoms was determined from '*C NMR experiments
through the internuclear dipolar coupling D}, which is pro-
portional to 1/(ri3j), as follows:

< 1 >-l/3
r= % (5)

where ri(® is the distance between the labeled atoms i and
J» and the brackets denote the time average over the exper-
imental time scale. To be consistent with the experimental
determination of distances between the labeled atoms, Eq. 5
was used to evaluate the distances instead of direct calcu-
lations. The simulation results and the experimental values
are in good agreement, as shown in Table 1.

Dynamics of the peptide

Local peptide motions
Dynamics of NH bonds

Molecular dynamics simulations can provide information
complementary to NMR experiments, even though the time
scales of the two methods differ by several orders of mag-
nitude. The details of the N’H bond motion that are not
obtainable from experiment (because the ?H NMR spectrum
of the peptide reflects the averaged motion of the N’H bond
angles over the time scale of the experiment) can be studied
in detail by molecular dynamics. In the simulation, amide
hydrogen was used instead of deuterium; however, the
behavior of the N*H bond motion is expected to be similar
to that of the NH bond.

The motion of NH bonds was determined in terms of
autocorrelation functions of P,[cos 6yy(z, ¢ + 7)], where
G2, t + 7) is the difference in NH bond angle with respect
to the helix axis at times ¢ and ¢+ + 7. In Fig. 8 the
autocorrelation functions of Oyy(2, t + 7) for three different
residues are shown, providing a representative sample of
autocorrelation functions obtained for all amino acid resi-
dues. The autocorrelation function of the first residue con-
sists of two parts, a very fast initial decay followed by a

TABLE 1 The experimental and calculated distances
between the labeled atoms

Atoms Experimental values (A) Simulation results (A)
Cy Cy, 45+03 4.6 + 0.2
C, C 2.1*0.2 25*0.1

@2
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FIGURE 8 Autocorrelation functions of P,[cos fy(t, ¢ + 7)] for Lys',
Leu®, and Lys®'. These three autocorrelation functions demonstrate the
different types of NH-bond motion and order present in the peptide. The
inset at the bottom right is an expanded time scale showing the initial decay
of these same autocorrelation functions.

much more slowly fluctuating part. The autocorrelation
function of the ninth residue decays very rapidly to a
roughly constant value, whereas the autocorrelation func-
tion of the 21st residue consists, again, of a fast and a slow
part. The slow decay of the autocorrelation function in the
case of the two terminal lysine residues reflects the larger
fluctuations at both ends of the peptide, whereas the residue
in the bilayer center is in a stable a-helical conformation
and is more highly ordered. More detailed analysis of Oy
for different residues showed that the first three NH bond
angles at the N-terminus were fluctuating over a relatively
large range of angles, between 60° and 180°. This is a
consequence of the fact that these hydrogens do not partic-
ipate in intramolecular hydrogen bonds and therefore their
motion is not restricted. The two lysine amide hydrogens at
the C-terminus were involved in the hydrogen bonds stabi-
lizing the a-helix; therefore the 6y bond angle motion was
restricted to a narrower interval than at the N-terminus. As
mentioned earlier, the leucine hydrogens 818 formed sta-
ble hydrogen bonds for at least 50% of the simulation time.
Accordingly, the corresponding 6yy angles did not have
much motional freedom and were fluctuating about an av-
erage value of 160° with small rms deviations.

Motion of peptide side chains. It is believed that in many
cases structural changes of proteins, including side-chain
motions, are important for their activity (Brooks et al.,
1988). Even though the peptide represents a simple model
of a transmembrane a-helix, gaining an insight into the
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nature of the side-chain motions is useful for understanding
more complex systems. The analysis focused on the motion
of the leucine side chains, because the side chains of the
lysines did not display a significant mobility. The distance
between the terminal nitrogens N, of lysine side chains was
calculated at both termini from the trajectory. The average
distance between N, atoms of Lys' and Lys® was 13.9 + 0.3
A, indicating that the lysine chains were spread apart. The
average distance between the N, atoms of Lys*® and Lys*!
was short, 3.9 = 0.2 A, implying that the two side chains are
fairly close to each other, despite their positive charges.

The leucine side-chain motion was investigated in terms
of the transitions of the y; and y, dihedral angles between
their potential minima. The optimal rotamer values of both
X, and x, angles correspond to 60° (gauche” state), —60°
(gauche™ state), and 180° (trans state). The state most
frequently occupied by both x,; and x, was trans, in which
X1 and x, spent 56.9% and 45.2% of the simulation time,
respectively. The y, angle spent the rest of the simulation in
the gauche™ state, with a relative occupancy of 43.1%. The
gauche™ state of y; was not occupied, because of the steric
clash of C” in position i and the carbonyl group in position
i — 3 (Kovacs et al., 1995). On the other hand, the y, angle
was found in both gauche+ and gauche™ states, with 18.1%
and 36.7% occupancy, respectively. The relative occupan-
cies were calculated by averaging over all of the leucines
and over the whole simulation.

The side chains of different leucines exhibit different
degrees of mobility. A few characteristic examples of x;
and x, behavior are shown in Fig. 9. Both dihedral angles of
the Leu’ side chain are practically immobile, whereas the
side chain of Leu'® exhibits a significant mobility that is
demonstrated by frequent transitions between potential min-
ima. The side chain of Leu'® shows increased mobility
toward the end of the simulation, with frequent transitions
between gauche™ and trans states. However, except for this
case, no connection between the position of a side chain in
the peptide and its mobility was noticed. To express the
side-chain mobility in a quantitative manner, the average
number of transitions of x, and y, angles was calculated. To
distinguish a true transition from a large fluctuation, a
transition was counted when a dihedral angle crossed the
potential barrier and reached the bottom of the potential
well (+5°) of the new conformation (Helfand, 1978). The
time spent in a certain conformation was defined in accor-
dance with this definition of a transition. The average tran-
sition rates were determined to be 6.2 X 10° s™' for x, and
11.2 X 10 s7! for x,. The number of transitions ranged in
both cases from two transitions over the whole simulation
for Leu’ to 27 transitions of x, angle for Leu'8, and 27
transitions of x, for Leu!'. The average occupancy times of
all three potential minima were calculated from histograms
with a bin width of 5 ps for both angles. The average
lifetimes (i.e., the average times spent in particular states
when they are occupied) of the y; angle in the potential
minima of —60° and 180° are 131 ps and 156 ps, respec-
tively. The average lifetimes of the x, angle in the potential
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FIGURE 9 The motion of side chains of Leu’, Leu's, and Leu'® is
depicted in terms of the evolution of their respective x; and X angles. The
dark line represents the x; angle and the light line represents the X angle.

minima of 60°, —60°, and 180° are 440 ps, 59.6 ps, and 70.5
ps. The average occupancy times (i.e., the average time
spent in a particular state) of the x, angle in the potential
minima of —60° and 180° are 155.5 ps and 204.7 ps,
respectively. The average occupancy times of the X» angle
in the potential minima of 60°, —60°, and 180° are 64.2 ps,
136.5 ps, and 165.9 ps. Thus the most probable state of both
X: and x, dihedral angles appears to be the trans state.

Global peptide motions

The evolution of the principal moments of inertia Ly, 1y,

and I,, (see Fig. 10) illustrates changes of the peptide shape
during the simulation. Because the helix axis is aligned with
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FIGURE 10 The evolution of the principal moments of inertia of the
peptide.

the z direction, I,, is the smallest principal moment of
inertia. I, and /,, were determined so that the principal axes
system would form a right-handed coordinate system. 7,
and I,, are almost equal throughout the whole simulation,
indicating that the molecule remains nearly axially symmet-
rical at all times. At ~250 ps changes in all three moments
of inertia were observed, which were correlated with a
temporary breakage of the O,,H,, hydrogen bond. Later in
the simulation, the helix underwent a slight deformation,
beginning at ~500 ps. I, and I,, decreased while I,,
increased, implying the shortening of the helix, whereas the
cross-sectional area of the peptide became larger. However,
the global helical shape remained unchanged, because I,
was always the smallest principal moment of inertia, ac-
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cording to Fig. 10. Taking the helix length as the distance
between the centers of mass of the first helix turn and the
last (i.e., sixth) helix turn, the evolution of this distance
shows sudden changes that are correlated with the changes
of principal moments of inertia. Later it will be shown that
these changes in the helix length were caused by the defor-
mation of the helix. As pointed out earlier, the deformation
of the helix is likely to occur between Leu'” and Leu'®,
because of a correlated change in the helix backbone dihe-
dral angles at Leu'® and Leu'” at ~500 ps.

The global change in the helix conformation with respect
to an ideal a-helix was assessed in terms of the rms differ-
ence between atom positions on the backbones of the two
structures (the rms difference was obtained after reorienting
the helix and overlapping it with the ideal a-helix). The
evolution of the rms difference is illustrated in Fig. 11. It
can be observed that for the first 10 ps, the rms difference
fluctuated about 1.1 A, then in the next 440 ps about 1.6 A.
In the following 60 ps, the rms difference gradually in-
creased up to 2.1 A, and it stayed there until the end of the
simulation. This change occurred simultaneously with the
conformational change between Leu'® and Leu!”.

Tilting and bending motions. During the simulation the
peptide tilted with respect to the bilayer normal (Z axis). To
investigate this type of motion, the angle between the helix
axis and the bilayer normal was calculated (for its time
dependence see Fig. 12). The angle fluctuates from 0° to
~26°, about an average value of 15.3°, with an rms devia-
tion of 4.9°. For comparison, 2H NMR relaxation studies of
oriented multillamellar dispersions of DLPC and 2H ex-
change-labeled gramicidin D (similar to the simulated sys-
tem, in the sense that both peptides are small helical trans-
membrane peptides with an amphiphilic character)
indicated that the rms angle formed by the peptide helix
axes and the local bilayer normal was 16° *+ 2° (Prosser and
Davis, 1994). However, the simulation lasted for 1 ns,
which is short compared to the slow time scale of the
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FIGURE 11 The evolution of the rms difference, (rd?)'”?, between the
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FIGURE 12 The evolution of the angle, ,,, defining the tilt of the
a-helix with respect to the bilayer normal. The angle was calculated as the
angle between the helix axis and the bilayer normal.

“tilting” motion of the peptide. A much longer simulation
would be required to quantitatively characterize this pro-
cess. It is also worth noting that even though the thickness
of the hydrophobic region of the bilayer (defined to be 22 A
thick; Lewis and Engelman, 1983) and the length of the
hydrophobic core of the peptide (in an ideal a-helix corre-
sponding to 24 A) gave a very good match, the peptide tilted
with respect to the bilayer normal.

Fig. 13 illustrates the difference between the peptide
conformation at the end of the simulation and an ideal
a-helix. It can be seen quite clearly that after more than 1 ns
of equilibration and simulation, the helix is tilted with

C,-22
C,-22

FIGURE 13 Comparison of the helix conformation at the end of the
simulation (on the left) with respect to an ideal a-helix (on the right). It can
be seen that at the end of the simulation, both helix termini were pointing
toward the bilayer interior, whereas the helix was tilted with respect to the
bilayer normal (the bilayer normal is parallel to the axis of an ideal a-helix
on the right). Furthermore, the slight bend in the helix can be seen. It is
evident that the N-terminus (the top of the helix) is unwound and extended.
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respect to the bilayer normal (as was discussed in the
previous section). Moreover, a very slight bend in the helix
can be observed.

The bend in the helix was more closely analyzed by
calculating the bend angle of the helix as the angle defined
by the center of mass of the backbone atoms of the second
turn (residues 4-7), the center of mass of the backbone
atoms of the third turn (residues 8—11), and the center of
mass of the backbone atoms of the fifth turn (residues
15-18). The turns 2, 3, and 5 were chosen because both the
first and the last turns of the helix displayed a large degree
of instability during the simulation. This would have biased
the determination of the bend helix angle if they had been
used in the definition. The motion of the centers of mass of
the turns over the trajectory was calculated in the xy plane,
and the centers of mass of the first and of the last turns
sampled the largest region of the xy plane. The average
value of the bend angle was determined to be 172°, with an
rms deviation of 2.9°. This indicates a small bend in the
helix with respect to a perfectly straight ideal «-helix.
However, occasional excursions of the angle were observed,
ranging up to 155° To estimate contributions from the
respective turns toward the total bend angle and to investi-
gate the bend at both helix ends, the local bend angles were
calculated. They were defined by the centers of mass of
three consecutive turns. The largest fluctuations were ob-
served at both ends of the helix, as expected. The most
stable turns appeared to be turns 2, 3, 4, 5. The bend angle
at the C-terminus assumed two different average values; in
the first 500 ps of the simulation it fluctuated about 171.7°+
4.3°. In the rest of the simulation it fluctuated about 144.4°
+ 5.2° The sudden change in the C-terminus conformation
is exactly correlated with the breakage of O,;H,, and
0,6H,0 hydrogen bonds, and with the decrease in the dis-
tance between the centers of mass of the first and the last
turns in the second half of the simulation. Thus the de-
scribed end effect at the C-terminus has caused the short-
ening of the helix and consequently an increase in I,,, the
principal moment of inertia.

Even though the simulation is short (1 ns) compared to
most experimental time scales, there was a variety of dif-
ferent peptide motions that can be divided into two groups.
Local motions, occurring on a shorter time scale, such as the
NH bond motion or the transitions of the peptide side chains
between the potential minima, were sufficiently covered by
the simulation. The whole-body molecular motions such as
the tilt or bend of the peptide and the deformation of the
peptide shape were probably not sampled sufficiently in the
simulation. Another type of motion observed visually dur-
ing the simulation was the axial diffusion of the peptide.
However, this was not examined quantitatively, because of
its long characteristic time.

Solvation of the peptide

Hydrophilic lysine side chains are located at both peptide
termini, favorably close to the water interface. It is expected
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that the long and flexible chains are strongly interacting
with the water region. To probe this assumption, the relative
water solvation was analyzed by calculating the solvent
radial distribution function of water oxygens about the
peptide nonhydrogen atoms. The side-chain carbon atoms
C. and N, of all four lysines showed a formation of the first
hydration shell, thus confirming the assumption that they
were well hydrated. The shape of the distribution functions
for apolar C, atoms was significantly broader than that of
N,, as observed by Brooks and Karplus (1989) in their
molecular dynamics study of the active site of lysozyme.
Even though the C-terminal lysines are located deeper in the
lipid bilayer, their radial distribution functions were very
similar. The terminal backbone atoms were not solvated sig-
nificantly by water molecules, reflecting the fact that they were
shielded from the aqueous phase by the side chains.

As was mentioned earlier, Leu'!” 17 was hydrogen
bonded to Lys®! for 12% of the simulation time. Therefore
it was expected that its oxygen would be hydrogen bonded
to water molecules throughout the rest of the simulation.
The radial distribution function for oxygen of Leu'” indeed
clearly shows a sharp peak at 2.7 A (see Fig. 14 a). Mini-
mum distances between every peptide oxygen and any
water hydrogen, dg_;™", were calculated every 5 ps to see
the evolution of the solvation of the peptide oxygens (a
distance between a peptide oxygen and a water hydrogen of
less than 2.5 A indicates the possibility of a hydrogen bond).
The evolution of the minimum distance between the oxygen
of Leu'” and any water hydrogen, dg,,.y™" (see Fig. 14 b),
shows periods of time when the oxygen is possibly hydro-
gen bonded to water. As was discussed previously, the
oxygen of Leu'® was free in the second half of the simula-
tion (formation of the i — i + 5 hydrogen bond was not
seen, as in the case of the oxygen of Leu'”). From Fig. 14
c it was seen that it was occasionally bound to a water
molecule. A closer inspection of water molecules around
oxygens 16 and 17 showed that different water molecules
were closer than 2.5 A at different times in the simulation.
Oxygens 20, 21, and 22 did not participate in the peptide
intramolecular hydrogen bonds and remained hydrogen
bonded to water molecules for most of the simulation. The
first three oxygens at the N-terminus hydrogen bonded to
water molecules for short periods of time. As discussed
above, for part of the simulation they were participating in
i = i + 3 hydrogen bonds; however, for the rest of the
simulation they were free, i.e., they were not hydrogen
bonded to water or to the peptide amide hydrogens, which
seems to be an energetically unfavorable situation.

In a similar fashion, the minimum distances between
amide protons and any water oxygen were calculated. The
first three amide protons at the N-terminus were hydrogen
bonded to water oxygens during the last 660 ps of the
simulation. Further analysis of the solvation of these amide
protons was directed toward the investigation of their pos-
sible association with the lipid headgroup phosphoryl oxy-
gens. The radial distribution functions of O,; (for the nam-
ing convention see Sundaralingam, 1972) of DMPC 11
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FIGURE 14 (a) The radial distribution function of water oxygens about
the oxygen of Leu'”. (b) The minimum distance between the oxygen of
Leu'? and any water hydrogen, dO17-H™", sampled every 5 ps. (c) The
minimum distance between the oxygen of Leu'® and any water hydrogen,
dO16-H™", sampled every 5 ps.

about HN,, HN,, and HN, indicated a possible occurrence
of hydrogen bonds between O,, and amide hydrogens. The
distances between amide protons and a phosphoryl oxygen
0,5 of DMPC 11 were calculated, and these indicated that
during the first 400 ps all three amide protons were hydro-
gen 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
simulation, and HN; for 21.5% of the simulation). It was
shown earlier that the C-terminal amide protons participated
in intramolecular hydrogen bonds, and the minimum dis-
tances between these amide protons and any water oxygens
were greater than 2.5 A for most of the simulation.

An overall picture of the peptide solvation can be ob-
tained from Fig. 15, where the average number of water

Biophysical Journal

Volume 73 December 1997

100 ——

8.0

6.0

4.0

# of nearest neighbors

2.0

0.0

4 6 8 10 12 14 16

4.0

3.0 +

# of nearest neighbors

6 8
residue number

10 12 14 16 18 20 22

FIGURE 15 (a) The average number of near-neighbor atoms per side-
chain atom within a distance of 4.5 A around each side chain. (b) The
average number of near-neighbor atoms per backbone atom within a
distance of 4.5 A around each backbone residue. White columns represent
atoms in lipid phosphate groups, black columns represent hydrocarbon
chains, and the grey columns represent water molecules.

molecules, lipid phosphate groups, and lipid chains within a
4.5-A distance of the peptide backbone atoms (Fig. 15 a)
and of the peptide side-chain nonhydrogen atoms (Fig. 15 b)
is displayed. It can be clearly seen that the backbone atoms
were less solvated than the side chains, as noted previously.
The backbone atoms at the N-terminus were less solvated
than the backbone atoms at the C-terminus, with more
contact with the phosphate groups and to the lipid chains.
Backbone atoms of Leu® and Leu®* > were in contact with
hydrocarbon chains only. Some solvation of backbone at-
oms of Leu>, Leu’, and Leu'®~'® was observed. The side
chains at both termini exhibited a high degree of solvation
by water molecules. The hydrophobic side chains of
leucines were mainly in contact with hydrocarbon chains.

CONCLUSION

An MD simulation of a system composed of a synthetic
peptide, acetyl-Lys,-Gly-Leu,¢-Lys,-Ala-amide, and a fully
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hydrated DMPC bilayer was carried out for 1060 ps. The
initial configuration of the system was constructed using a
protocol developed by Woolf and Roux (Woolf and Roux,
1996; Roux and Woolf, 1996). The calculated properties are
characteristic of the system at the temperature of 336 = 9 K.
The primary points of interest in this simulation were the
peptide’s structural and dynamic properties. The analyzed
structural properties of the peptide included the average
backbone dihedral angles, the C,, torsion angles, the trans-
lation per residue along the helix axis, and the formation and
duration of peptide intramolecular hydrogen bonds. On av-
erage, the peptide residues 6-15 and 18 stayed in the
a-helical conformation, whereas both peptide ends exhib-
ited more fluctuations. This finding agrees with experimen-
tal work showing the predominant secondary structure of
peptide-n to be a-helical (Davis et al., 1983), and showing
possible extensions of the peptide-n terminal residues
(Zhang et al., 1992a). A long-lived disruption of the peptide
structure between Leu'®~'? observed midway through the
simulation may have been initated by conformational
change of the backbone dihedral angles ¢ and i of Leu'®
and Leu'’. Consequently, the region of the helix between
residues 17 and 19 was disrupted, and two regular intramo-
lecular hydrogen bonds were lost.

The dynamics of the peptide involved local peptide mo-
tions, such as the NH bond dynamics and the side-chain
dynamics, and global peptide motions, characterized by
tilting and bending of the helix. The NH bond dynamics
were analyzed in terms of the autocorrelation functions of
the NH bond angles with respect to the helix axis. The
autocorrelation times of residues at both termini differed
from those in the stable portion of the peptide, because of a
different degree of peptide “order” in these regions. The
peptide exhibited considerable fluctuations at both peptide
termini, whereas its hydrophobic core was stable. The mo-
tion of the side chains was investigated in terms of the
transitions of x; and x, dihedral angles between their po-
tential minima. All four lysine side chains were not very
mobile, spending most of the simulation in one state. In
contrast, the leucine side chains displayed a large variety of
dihedral motions, from no large changes to frequent transi-
tions between two or three potential minima. The most
probable state for both x, and x, dihedral angles was the
trans state. The evolution of the shape of the peptide was
monitored, and it was observed that the overall shape of the
helix remained virtually unchanged throughout the simula-
tion. However, during the simulation the peptide became
shorter and its cross-sectional area increased slightly. The
evolution of the rms difference between the helix backbone
and the ideal a-helix backbone confirmed that the backbone
structure underwent a change after ~500 ps of the simula-
tion. This is closely connected to changes in the backbone
dihedral angles of Leu'® and Leu!”, which were correlated
with the breakage of the hydrogen bonds and the deforma-
tion of helix region between residues 17 and 19. The global
bend of the peptide was quantitatively defined as the angle
determined by the centers of mass of the three helix turns,
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2, 3, and 5. For most of the simulation it was very close to
180°, as expected for an ideal a-helix. When the unstable
first and the last peptide turns were taken into account, we
found that the helix underwent a significant bend in the
second half of the simulation at the C-terminus. This bend
in the helix produced the shortening and the slight changes
in overall shape monitored by the three principal moments
of inertia of the peptide. In addition to the bend in the helix,
the peptide tilted with respect to the bilayer normal. The
average tilt angle of the helical axis, calculated from the
simulation, is similar to that deduced from NMR relaxation
measurements on gramicidin D (Prosser and Davis, 1994)
and to that of the simulation of an all-alanine a-helix in
DMPC (Shen et al., 1997).

Analysis of the peptide solvation showed that lysine side
chains extended to maximize their contact with the water
phase, whereas the hydrophobic leucine side chains were
mainly in contact with hydrocarbon lipid chains. The radial
distribution function of water oxygens about the oxygen of
Leu!” showed a first hydration shell. This indicated that
some water molecules penetrated quite deeply into the hy-
drophobic region of the lipid bilayer. However, no water
was observed to cross through the hydrophobic region of the
bilayer from one side to the other.

Molecular dynamics simulations, such as the current tra-
Jjectory, still cover a relatively short time compared to ex-
periment. Nonetheless, the simulation provides a chance to
closely examine the short time dynamics of the system.
Even with this time limitation, valuable insights into the
molecular behavior of complex systems may be obtained.
The present investigation shows that the structure and dy-
namics of the transmembrane helix change according to the
variations in the membrane environment. The a-helical
backbone hydrogen bonds of the residues embedded in the
hydrocarbon core are stable, whereas those near the mem-
brane-bulk interface exhibit larger fluctuations. On the other
hand, the leucine side chains buried in the nonpolar envi-
ronment are more mobile than the solvated lysine side
chains. Future work will explore the influence of the peptide
on the structure and dynamics of the membrane.
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the Natural Sciences and Engineering Research Council of Canada for
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