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Structure and Dynamic Properties of Diunsaturated
1 -Palmitoyl-2-Linoleoyl-sn-Glycero-3-Phosphatidylcholine
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ABSTRACT Unsaturated fatty acid chains are known to be an essential structural part of biomembranes, but only
monounsaturated chains have been included in the molecular dynamics (MD) simulations of membrane systems. Here
we present a 1-ns MD simulation for a diunsaturated 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine (PLPC;
16:0/1 8:2A912) bilayer. The structural behavior of the phosphatidylcholine headgroup, the glycerol backbone, and the
hydrating water were assessed and found to be consistent with the existing information about similar systems from both
experimental and computational studies. Further analysis was focused on the structure of the double bond region and the
effects of the diunsaturation on the bilayer interior. The behavior of the diunsaturated sn-2 chains is affected by the tilted
beginning of the chain and the four main conformations of the double bond region. The double bonds of the sn-2 chains also
influenced the characteristics of the saturated chains in the sn-1 position. Furthermore, extreme conformations of the sn-2
chains existed that are likely to be related to the functional role of the double bonds. The results here point out the importance
of polyunsaturation for the biological interpretations deduced from the membrane MD simulations.

INTRODUCTION

Phospholipid molecules are the main building blocks of
biological membrane structures. It has become evident that
the phospholipid matrix is not simply a solvent for the
protein components but an independent regulator of the
function of many proteins (Mouritsen and Kinnunen, 1996).
The flexibility provided by varying lipid composition and
the saturation state of fatty acids characterize mono- and
bilayers in biological systems. It is interesting to note,
however, that some degree of unsaturation always seems to
be present (Cullis and Hope, 1985). This is undoubtedly a
sign of the crucial role of the double bonds for the structure
and function of biomembranes.
The effects of molecular composition on the general

physical properties, such as acyl chain order and phase
transition temperature, have been extensively studied, and a
lot of specific information exists, for example, about the
effects of different phospholipid species and cholesterol on
the membrane structure and dynamics (Seelig and Seelig,
1980). It is also clear that the variation in the physical
properties of membranes with different degrees of unsatura-
tion cannot simply be explained by the differences in the
transition temperatures (Lafleur et al., 1990). Recent studies
have also pointed out the importance of phospholipid poly-
unsaturation on the local properties of membranes, such as
specific lipid-protein interactions and lateral domain forma-
tion (Slater et al., 1996).
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It is thus becoming evident that understanding of mem-
brane functions calls for structural and dynamic information
about the membrane constituents at an atomic level, e.g., the
structural characteristics of double bonds and their effects
on the membrane interior. There are many difficulties that
limit experimental information on complex and dynamic
membrane structures. For instance, even though x-ray and
neutron diffraction methods are powerful tools to obtain
general structural information on biomembranes, they are
less suitable in revealing local structural details. In contrast,
the data obtained by deuterium nuclear magnetic resonance
(2H NMR) are much better suited for the analysis of atomic
level phenomena in the membranes, such as the local ori-
entational order parameters (SCD) of specific carbon seg-
ments in the fatty acid chains. However, the interpretation
of these parameters is not straightforward due to the orien-
tational dynamics. Thus, it is often problematic to figure out
the local conformations that may be responsible for the
observed SCD values. Due to the tedious nature of specific
deuteration experiments, many 2H NMR measurements of
membrane SCD values rely on perdeuterated phospholipid
compounds, in which all of the protons of a fatty acid chain
are replaced with deuterons. This leads to smoothed orien-
tational order profiles (Lafleur et al., 1989; McCabe et al.,
1994; Holte et al., 1995), which provide a good measure of
the general behavior but are not able to describe the local
variations due to heavily overlapping information and an
assumption about a monotonic decrease in the orientational
order profile of the fatty acid chain.
The experimental limitations have led to increased im-

plementation of computational methods into the studies of
biomembranes. Although molecular dynamics (MD) and
Monte Carlo simulations at the atomic level provide an
advanced tool to look at the local membrane structure,
simpler models can also be applied, for example, to char-
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acterize large-scale cooperative phenomena in membranes
(Merz and Roux, 1996). The MD simulations, using empir-
ical force fields to describe the atomic interactions, have
been extensively used in the investigations of proteins
(Brooks et al., 1988). Increased biochemical interest in the
behavior of lipid systems, together with the improvements
both in the methodology and in the computational re-
sources, have led to an increasing number ofMD studies of
biomembranes. Mostly, MD simulations have been applied
to pure phospholipid systems, including studies of mono-
and bilayers and micelles (Alper et al., 1993; Chiu et al.,
1995; Damodaran and Merz, 1994; Egberts et al., 1994;
Essmann et al., 1995; Heller et al., 1993; Robinson et al.,
1994; Shinoda et al., 1995; Stouch, 1993; Tu et al., 1995;
Venable et al., 1993; Wendoloski et al., 1989). Recently,
also studies in which cholesterol, model peptides, or pro-
teins have been incorporated into the phospholipid systems
have been carried out (Robinson et al., 1995; Roux and
Karplus, 1993; Damodaran et al., 1995; Edholm et al.,
1995). Additionally, simulation approaches have been used
to address the questions of diffusion across the bilayer
(Marrink and Berendsen, 1994; Wilson and Pohorille, 1996;
Bassolino-Klimas et al., 1993, 1995). The studies have
shown that many characteristic parameters produced by the
MD simulations are consistent with available experimental
data. As an important consequence, the novel results pro-
vided by the MD simulations can be considered as indepen-
dent information about the biomembrane structure and dy-
namics without direct comparison with experiments.
The simulated membranes have mostly been assembled

using saturated phospholipid molecules, except for the
simulations of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospha-
tidylcholine (POPC, 16:0/18:l19) (Heller et al., 1993), 1,2-
dioleoyl-sn-glycero-3-phosphatidylcholine and 1,2-dioleoyl-
sn-glycero-3-phosphatidylethanolamine (DOPC and DOPE,
18:l19/18:l1A69) systems (Huang et al., 1994). In this work
we present a detailed analysis for the 1-ns MD simulation of
a I-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine
(PLPC, 16:0/18:29,12) bilayer, which contains biologically
representative fatty acids (Op den Kamp et al., 1985; Es-
terbauer et al., 1990). The study is focused on the structure
of the double bond region of the sn-2 fatty acids and on the
effects of the two cis double bonds on the membrane char-
acteristics. Additionally, we provide specific information on
the atomic distributions and the behavior of hydrating water
molecules, phosphatidylcholine (PC) headgroups, and the
glycerol backbones. The simulation revealed novel charac-
teristics due to the two double bonds and pointed out the
importance of incorporating polyunsaturation into the bi-
omembrane simulations when aiming toward more realistic
biological interpretations.

METHODS

Modeling and computational details

A PLPC molecule, shown in Fig. 1, consists of a glycerol backbone
(Cgl-Cg3) into which the saturated palmitic acid chain (16:0), the diun-
saturated linoleic acid chain (I8:26912), and the PC headgroup are attached
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FIGURE 1 The structure of a single PLPC molecule together with the
identification of the dihedral angles and the numbering of the carbon
atoms. The partial charges (in units of e) of the double bond region are also
shown.

to the positions sn-i, sn-2, and sn-3, respectively. The PLPC was built up
with the two double bonds in cis and the other chain bonds in trans

configuration after which the energy was minimized. The layer construc-

tion was started by placing four identical PLPC molecules into a square-
like configuration with the headgroups pointing up along the y axis. Each
PLPC was given a different orientation in the x-z plane to avoid collective
tilting and to ensure the formation of a liquid crystalline phase. A surface
area of 8.4 X 8.4 A2 per PLPC molecule was used based on x-ray scattering
experiments for membranes with various lipid compositions (Lewis and
Engelman, 1983). The block of four PLPC molecules was stabilized by an

energy minimization and a dynamic heating-annealing cycle using periodic
boundary conditions (PBCs) in the x-z plane. Such blocks were added
together to form a 4 X 4 grid, which was stabilized in the above manner.

Finally, five more blocks were added and the energy minimized. This
resulted in a monolayer of 36 PLPC molecules in a grid with an area of
50.4 x 50.4 2. The monolayer was solvated by placing an equilibrated
water box of 50.4 x 22.0 x 50.4A3 (density 1 kg/dm3) so that it
overlapped the headgroup region. This ensured that the void volume
between the headgroups was filled with water. The water molecules over-
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lapping the PLPC molecules were then removed, resulting in a model
system consisting of 36 PLPC and 1368 water molecules (in all, 8856
atoms). This monolayer system had the dimensions of 50.4 A x 36.75 A X
50.4 A in x, y, and z directions, respectively.

The 36-molecule piece of the monolayer was used to model an infinite
bilayer by applying suitable symmetry operations and PBCs. First, the
bilayer was modeled with a 180° rotation about an axis parallel to the x axis
and a further 90° rotation about the y axis, resulting in a rotary-reflection
S4 about the y axis (plus a redundant reflection). The first rotation axis was
chosen to result in a phosphorus-to-phosphorus distance of 37 A, which
was estimated from the experiments (Lewis and Engelman, 1983). Second,
at the x-z plane, conventional PBCs were used to model an infinite bilayer.
The final energy minimization was reached by first stabilizing the water
molecules and then the whole system. A 10-ps dynamic heating period up
to the temperature of 310 K was performed and followed by an equilibra-
tion period of 200 ps. Velocities were scaled once at t = 33 ps from the
start of the equilibration, because of a drift in the temperature. Furthermore,
the simulation was carried out for 1 ns to collect the data reported here. The
primary model system (i.e., the 36-molecule piece of the monolayer) is
shown as a snapshot from the simulation in Fig. 2. The simulation was
performed in a microcanonical (constant volume and energy) ensemble.
The temperature and the energies were monitored during the simulation to
ensure their stability and the adequate length of the equilibration. The
average temperature in the 1-ns simulation was 321 K, which is well above
the gel-to-liquid-crystal phase transition temperature of the PLPCs
(Niebylski and Salem Jr., 1994).

The simulation was performed applying the CHARMm software
(CHARMm version 22.2). Lipid force field parameters were used (Schlen-
krich et al., 1996, personal communication), except for the double bond
region of the linoleic acid, which was not available in the parameter set.
Thus, the partial charges of this region (shown in Fig. 1) were estimated
by an ab initio local density functional calculation (DMol, version 2.3)
(charges partitioned using the method of Hirshfeld, 1977) and adapted to
the charge distribution of the rest of the molecule. Other parameters for the
double bond region were obtained from the CHARMm parameter set for
amino acids. For water molecules, the TIP3P parameters (Jorgensen et al.,
1983) were used. All atoms were independently taken into account in the
MD simulation. The lengths of the bonds involving hydrogen atoms were
fixed using the SHAKE algorithm, which allowed using a 1-fs time step
(van Gunsteren and Berendsen, 1977). Long-range interactions were trun-

FIGURE 2 A snapshot from the end
of the simulation showing the upper
half of the bilayer (i.e., the primary
simulation box). The water molecules
are shown in cyan and the color cod-
ing of the PLPC molecules is as fol-
lows: green for carbon, red for oxy-
gen, yellow for phosphorus, and blue
for nitrogen. For clarity, the hydro-
gens of the PLPC molecules are not
shown. The y direction is along the
normal of the membrane.

cated using a group-based cutoff radius of 13 A with a shifting function for
the electrostatic and a switching function for the van der Waals interactions
(Brooks et al., 1983). The nonbonded interactions were updated every 25th
step (0.025 ps) during the heating and the first 80 ps of equilibration after
which update was performed every 10th step, which was enough to
maintain constant energy. Energies, coordinates, and velocities were saved
every 25th step. The simulation was carried out using SGI Power Chal-
lenge (5 h CPU/1 ps) and Cray C94 (9 min CPU/I ps) computers.

Data analysis

In the subsequent analysis, the averages have been calculated over all saved
time steps (40,000) and over all PLPC or water molecules, if not described
otherwise.

Atomic single particle distribution functions in the bilayer normal
direction were evaluated by calculating the total amount of each atom in
0.25-A-thick slices. The distributions were averaged over time. Further-
more, they were used to calculate the mass density profiles for the main
components of the bilayer and the total mass and electron density across
the bilayer. Radial distributions of the oxygen and hydrogen atoms of the
water molecules around the phosphorus and nitrogen atoms of the PC
headgroups were averaged from the last 10 ps of the simulation using the
SCARECROW software (Laaksonen, 1992). The mean cosine of the angle
between the water dipole moment vector and the bilayer normal in 0.25-A
slices along the bilayer normal was also calculated. A zero value is
obtained for a random orientation, and a negative value corresponds the
orientation of the dipole toward the bilayer center. Orientation angle of the
headgroup and glycerol backbone with respect to the bilayer normal as well
as the angle distributions were determined using 10 slices.

The fractions of gauche' (g+), gauche- (g-), and trans (t) states were
determined for the dihedral angles of the glycerol backbone, the head-
group, and both chains. The division into these three states was performed
using the ranges -120-0 and 0-120° for the g+ and g- states, respec-
tively, and the rest for the t states. Similar division was used in the
evaluation of the rate of isomerization between g+, g-, and t states for each
bond. The isomerization rate was averaged over molecules.

The orientational order is described by the order parameter Sj, which is
defined as

Sj = 1/2(3 cos2j-1), (1)
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where ,j is the angle between the orientation vector and the reference
direction. The brackets denote both the ensemble and time average. A 2H
NMR observable order parameter, SPD, is obtained by defining the orien-
tation vector along the CHj bond and the bilayer normal as the reference
direction. According to this definition we calculated the order parameters
from the PLPC simulation for the two CH bonds, CHaj and CHbj, at each
saturated carbon atom in the chains. As an error estimation, the standard
error of mean (SEM) of the 36 molecular averages is given. For each of the
molecules, the molecular average was evaluated from the whole time series
of 1 ns. In this way, the effect of high correlation between consecutive time
steps is eliminated, which results in more realistic error estimates. It is
conventional in MD simulations to define the orientation vector along the
normal of the HCjH plane or from Cj- to Cj+,, which leads to the
molecular order parameter Simr. When isotropic rotations around the HCjH
plane normal are assumed, the CH bonds and corresponding SIPD values
become equivalent, and S can be compared with the Sjm values accord-
ing to the relation -2SjC = SJ ol (Seelig and Niederberger, 1974). The

Sim°l may vary between -0.5 and 1 corresponding to the variation between
perpendicular (900) and parallel (00) orientation with respect to the bilayer
normal. Usually, the zero value of Sj indicates isotropic orientation distri-
bution but also, e.g., a single orientation angle of 54.70 in the sample results
in the zero value.

The reduced temperature 0, i.e., the temperature of a system with
respect to the gel-to-liquid-crystalline phase transition temperature Tm, is
defined as

T- Tm
0= TmTm (2)

where T is the temperature of the system.
The root mean square (RMS) fluctuations were calculated for each

carbon segment of the chains. In addition, the orientational angle distribu-
tions of varying bonds and vectors in the chains were calculated with
respect to the bilayer normal. Note that here the bilayer normal was
considered to point toward the bilayer center, in contrast to the determi-
nation of orientational distributions in the headgroup and glycerol back-
bone region. This was done to keep the numerical values mainly below 900.
For the two single bonds between the double bonds, the values of the
dihedral angles were monitored during the simulation and the angle dis-
tributions determined. The percentage fraction of conformations with dif-
ferent combinations of these angles was also determined.

Due to the symmetry operations used to model the bilayer, the tails of
the PLPC molecules may occasionally be close to their images at the center
of the simulation box. To check that there was no significant bias between
the inner and outer regions, the average atomic distributions of represen-
tative atoms in the head group (N, P), glycerol backbone (Cg2), sn-I (C8,
C15), and sn-2 chain (C8, C17) were calculated separately from equal
volumes, which were determined by dividing the area in the x-z plane
equally into an inner square and an outer part. The orientational order
parameters for C8 and C15 of the sn-l chain and for C8 and C17 of the sn-2
chain were also calculated from these inner and outer volumes. No signif-
icant differences were noticed between the corresponding averages (data
not shown).

RESULTS AND DISCUSSION

General aspects

There are many reports of simulations for saturated phos-
pholipid bilayers in the literature, but surprisingly, the un-
saturation has been taken into account only in the simula-
tions of phospholipids with monounsaturated sn-2 chains
(Heller et al., 1993) or both chains (Huang et al., 1994). The
current work is, to our knowledge, the first simulation of a
bilayer consisting of biologically common polyunsaturated
phospholipids with saturated sn-1 and diunsaturated sn-2

chain. The main focus of this study was the structure of the
double bond region and the effects of the diunsaturation on
the bilayer interior. As the structure of the PC headgroup,
the glycerol backbone, and the hydrating water has been
widely investigated both experimentally and computation-
ally, the evaluation of these properties and the comparison
with existing information provided a sound basis for the
further investigation of the diunsaturated chains and their
effects on the sn-I chain, for which reference data are more
difficult to find.
The atomic single particle distribution functions and av-

erage positions in the bilayer normal (y) direction were
calculated and are shown in Fig. 3. They provide general
information on the structure of the system. The glycerol
backbone and the beginning of the sn-2 chain have the
narrowest distributions, implying that they are the most
rigid parts when motions in the y direction are considered.
In general, the width of the distributions for the chain

0 10
y (A)

20 30

FIGURE 3 Atomic distributions along the bilayer normal (y). In the
upper panel are shown the sn-1 chain carbons, water (--- -) and glycerol
backbone carbons (Cgl-Cg3); in the lower panel are the sn-2 chain car-

bons, phosphorus and nitrogen. The distributions of the sn-2 double bond
region carbons (C9-C13) are drawn in bold together with the carbons
C6-C9 of the sn-I chain, which lie approximately at the same height in the
layer with the double bonds. Also, average positions for each atom are

shown (C). Note that the center of the bilayer is at zero and that the scales
are the same in both figures.
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carbons increase toward the center of the bilayer. The dis-
tribution of the nitrogen atoms is also slightly wider than the
one for the phosphorus atoms. These observations are con-
sistent with the x-ray and neutron diffraction results of
DOPC (Wiener and White, 1992), which indicate the glyc-
erol region to be the most rigid part of a liquid crystalline
phospholipid bilayer. Generally, the distributions are wider
in the simulation than the ones based on the x-ray and
neutron diffraction results of DOPC. This is possibly due to
the relatively low hydration of the DOPC bilayer in the
experiments; along the hydration, the effective size of the
polar headgroup increases, the lateral packing of the chains
loosens, and the thermal motion increases (Wiener and
White, 1992; Lehtonen and Kinnunen, 1994).
The average phosphorus-phosphorus distance across the

bilayer during the simulation was 41.6 A. There was no
quantitative value for the P-P distance in the case of the
PLPC system in the literature, and thus for the construction,
the initial value of 37 A was estimated based on experimen-
tal data from a selection of PC systems (Lewis and En-
gelman, 1983). The final value for the average P-P distance
was achieved during the equilibration. An experimental
value of approximately 40.4 A for a DOPC system (Wiener
and White, 1992) would imply that the PLPC bilayer in our
simulation could be slightly too thick. However, this is a
complex matter depending on the hydration, temperature,
and degree of unsaturation, and furthermore, quantitative
experimental data that would systematically assess the con-
tribution of these factors seem not to exist. Of course, in the
simulation, many of the approximations used can have an
effect, but currently it is difficult to assess their individual
contribution on the bilayer thickness.
The distributions reveal the nonparallel average orienta-

tion of the glycerol backbone and the P-N vector of the
headgroup with respect to the bilayer surface. The vertical
displacement of the average positions for the Cgl and Cg2
carbons of the glycerol backbone was 0.8 A. Interestingly,
the same average value has been concluded by Eklund et al.
(1992) from fluorescence spectroscopic measurements (us-
ing pyrene labels in both chains of PC species). It is also
notable that, as the atomic distributions at the double bond
region (C9-C13) overlap with the distributions of the sn-I
carbons C6-C9, these fragments in the sn-I chains are most
directly affected by the double bonds. Furthermore, in the
sn- I chains the spacing between the average positions of the
fragments remains almost constant toward the end of the
chains, but in the sn-2 chains the spacing decreases after the
double bonds. This is an indication of the existence of tilted
conformations at the end of the sn-2 chains.
The total mass density and electron density profiles can

be approximated with good accuracy as the atomic positions
are known. They were calculated from the distributions of
atoms in the bilayer normal direction and are shown in Fig.
4 together with the mass density profiles for the main
components of the system. The mass (electron) density
maximum of 1.35 kg/di3 (0.44 e/A3) at -20-22 A is
approximately at the height of phosphorus and nitrogen, and
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FIGURE 4 Density profiles along the bilayer normal (y). The top panel
shows the total mass ( ) and electron density (- - -) profile; in the
middle are the mass density profiles for the methylene carbons of the sn-I
chain (--- -), together with the methylene (... ) and double-bonded carbons
( ) of the sn-2 chain; on the bottom are the mass density profiles for the
nitrogen (... ), phosphorus (- -), glycerol backbone carbons ( ), and
the methyl carbons of the sn-i (- - -) and sn-2 ( * ) chains. The center of
the bilayer is at zero.

the minimum of 0.28 kg/dmi3 (0.09 elA) in the center of the
bilayer. From 20 A to 13 A the mass density steadily
decreases toward the short plateau of 0.73 kg/dm3 at the
height of the sn-I carbons C5-C7 and the sn-2 carbons
C7-C9. Interestingly, the plateau density is very close to the
density of liquid hexadecane (0.77 kg/dm3 at 20°C) espe-

cially when thermal expansion is taken into account. A
similar plateau density was observed in the mass density
profile of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC) in a MD simulation (Egberts et al., 1994). Approx-
imately at the height of the beginning of the PLPC chains
the density is 1.10 kg/dm3, which is consistent with the
findings of Egberts at al. (1994) for DPPC. However, in the
bilayer center they reported a density of 0.60 kg/dm3, which
is much higher than what is observed here for the PLPC
bilayer. The shape of the profiles for the PLPC from the
simulation is remarkably similar to the x-ray density pro-

files of DPPC and POPC (McIntosh and Simon, 1986;
Wiener and White, 1992).

Lateral packing of the headgroup and fatty acid chains
was also assessed. The PC headgroups had a tendency to
arrange in pairs or chains to compensate the headgroup
dipoles (data not shown). Litman et al. (1996) have sug-

gested for highly unsaturated phospholipids that the chains
would pack nonrandomly to maintain maximal saturated
sn- I chain interactions. To test this in our system with lower
unsaturation state, the radial distribution for the intermolec-
ular atom pairs C2(sn-l)-C4(sn-2), C2(sn-l)-C2(sn-l), and
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C4(sn-2)-C4(sn-2) were determined (data not shown). How-
ever, all three distributions had the first peak at -5.5 A and
thus gave no indication of preferential interactions.

Water, PC headgroup, and glycerol backbone

Distribution of the water molecules

From the distribution of the water molecules shown in Fig.
3 it is seen that the water molecules do not usually penetrate
further than the glycerol backbone. It is also seen that the
water molecules and the double bond carbons have slightly
overlapping distributions. This is in accordance with the
x-ray and neutron diffraction results of the DOPC bilayer
(Wiener and White, 1992). Due to the wider distributions in
the simulation (see above), the overlap is more pronounced
according to the simulation than indicated by the experi-
mental results of DOPC. Wiener and White (1992) have
also speculated that the overlap may be relevant for the
permeability of water molecules and water-soluble small
molecules through the bilayer. The water molecules may
have transient contacts with the double bonds, which may
have contacts over the bilayer center (the distributions range
to the bilayer center); the movements of the double bonds
can thus be seen to provide a ferry mechanism that could
help the water molecules to permeate across the bilayer.
Indeed, there is some evidence for enhanced permeability of
small molecules due to the incorporation of double bonds
into the sn-2 chains (Demel et al., 1972; van Deenen et al.,
1972; Fettiplace and Haydon, 1980; Petersen, 1983). In the
current simulation, however, no water molecules were ob-
served below 9.4 A. Some water molecules were observed
to penetrate to the height of approximately Il A as a result
of hydrogen bonding to a PLPC molecule that moved to-
ward the center of the bilayer. These water molecules were
transiently hydrogen bonded to each other and to the sn-2
carbonyl of the particular PLPC molecule. This PLPC mol-
ecule had the sn- I chain carbonyl at a lower height than the
sn-2 chain carbonyl, and briefly, one water molecule visited
also at the height of the sn-I carbonyl at 9.4 A.

Radial distribution of water around the PC headgroup

Radial distributions of the oxygen and hydrogen atoms of
the water molecules were calculated around the phosphorus
and nitrogen atoms of the PC headgroup and are shown in
Fig. 5. The water molecules are found to be strongly ori-
ented around the phosphorus atom due to hydrogen bonding
between the oxygens of the phosphatidyl group and the
hydrogens of the water molecules. The first hydrogen and
oxygen layers are at 2.8 A and 3.8 A, respectively. Only a
weak orientation can be noticed around the nitrogen atom
despite the positive charge of the choline group. This is
most likely due to the hydrophobic nature of the surround-
ing methyl groups, which causes the water molecules to
form hydrogen bonds among themselves. However, a slight
preference for the water oxygens to orient toward the nitro-
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FIGURE 5 Radial distribution functions for the oxygen ( ) and hy-
drogen (--- -) atoms of water molecules around the PLPC phosphorus (top)
and nitrogen (bottom) atoms. The data were averaged from the last 10 ps.
Due to the anisotropic system the radial distribution function does not
approach one at the long separation limit and therefore it is shown here in
arbitrary units.

gen is seen; the first peak for the oxygens is at 4.2 A
whereas for the hydrogens it is at 4.4 A.
A very similar arrangement of the water molecules

around the PC headgroup has been observed also in other
MD simulations (Alper et al., 1993; Damodaran and Merz,
1994; Essmann et al., 1995). However, an even slighter
preference of the water oxygens to orient toward the nitro-
gen was observed by Essmann et al. (1995), and Damodaran
and Merz (1994) did not observe any preference. The slight
differences between the results are likely due to the different
water models used in the simulations.

Orientation of the water dipole with respect to the
bilayer normal

The profile for the mean cosine of the angle between the
water dipole moment vector and the bilayer normal was
calculated and is shown in Fig. 6. It is seen that at the
bilayer surface the water dipoles tend to orient toward the
bilayer interior. This is due to the strong orientation of the
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FIGURE 6 The mean cosine of the angle between the water dipole
moment vector and the bilayer normal (y). The center of the bilayer is at
zero.

water hydrogens toward the phosphorus atoms, as indicated
by the radial distribution functions (Fig. 5); as the amount of
water molecules is larger toward the water phase, the dom-
inating orientation of water dipoles is toward the bilayer
center. Similar orientational behavior of the water mole-
cules at the bilayer surface has been observed in the MD
simulations of DPPC (Marrink et al., 1993) and 1,2-dimy-
ristoyl-sn-glycero-3-phosphatidylcholine (DMPC) systems
(Chiu et al., 1995). Only a few water molecules penetrate
toward the hydrocarbon region, which results in poor sta-
tistics and the spiky profile. The mean orientation of the
water dipole toward the bilayer center at the bilayer surface
has also been concluded by Gawrisch at al. (1992) based on

NMR and x-ray investigations. They suggested the first
layer of water molecules at the lipid water interface to make
the major contribution to the dipole potential. This contri-
bution has also been proposed by Alper et al. (1993) based
on the MD simulations of water hydrating a DMPC mono-

layer.

Orientation of the PC headgroup and glycerol backbone

To monitor the orientation of the PC headgroups during the
simulation, the angle of the phosphorus-nitrogen vector
with respect to the bilayer normal was determined. The
average angle distribution is shown in Fig. 7 together with
a time series, as an example, for one of the PLPC molecules.
The average orientation angle with respect to the bilayer
surface was 140 toward the water region, and the most
prevailing angle was 170. It is also seen that even for an

individual PLPC molecule the phosphorus-nitrogen vector
may orient variably between the water phase and the interior
of the bilayer, which implies a dynamically rough interface
for the membrane.

Various experimental methods have been used to esti-
mate the average orientation angle of the headgroup. The

FIGURE 7 The averaged distribution of the orientation angle between
the phosphorus-nitrogen vector and the bilayer normal (left) together with
the time series of the orientation angle for one of the PLPC molecules
(right).

main conclusion has been that, on average, the headgroups
lie almost parallel to the bilayer surface (Akutsu and Naga-
mori, 1991; Buldt and Wohlgemuth, 1981; Hauser et al.,
1981; Seelig et al., 1977; Seelig and Seelig, 1980). Some
values have also been given, for instance, 180 estimated
from the NMR and laser Raman studies of DPPC (Akutsu
and Nagamori, 1991). In all, the average orientation of the
headgroup in the simulated PLPC bilayer is in agreement
with the estimations from the experiments.
The orientational order parameters SCD were determined

for the headgroup carbon segments Ca and C13 to get
information on the local orientation and to enable compar-
ison with 2H NMR experiments. A value of 0.087 ± 0.021
for Ca and 0.024 ± 0.019 for C,3 was obtained. Experi-
mentally the deuterium quadrupolar splittings have been
measured for different phospholipid species with varying
hydration and temperature (Bechinger and Seelig, 1991;
Gally et al., 1975; Tamm and Seelig, 1983; Ulrich and
Watts, 1994). The values of C,B decrease with increasing
temperature and are very similar between different lipid
species at approximately the same temperature relative to
the phase transition temperature Tm (Gally et al., 1975;
Tamm and Seelig, 1983). For instance, the SCD values of
0.023 for DPPC (Gally et al., 1975) and 0.027 for DOPC
(Ulrich and Watts, 1994) at high temperatures relative to
their Tm are in good agreement with the value calculated for
PLPC. For Ca the experimental values vary between 0.046
and 0.049 for different species in varying temperatures
(Bechinger and Seelig, 1991; Gally et al., 1975; Seelig et al.,
1977; Tamm and Seelig, 1983; Ulrich and Watts, 1994).
Although the simulation-based value of Ca for PLPC dif-
fers from the experimental ones, the difference corresponds
to only <20 change in the CD orientation angle /3 (Eq. 1).
The orientation angle distributions of the glycerol back-

bone vectors Cgl-Cg3, Cg2-Cg3, and Cgl-Cg2 are shown
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with respect to the bilayer normal in Fig. 8. The most
prevailing orientation angle of the whole glycerol backbone
was approximately 250 from the bilayer normal, but the
distribution ranges even to 900; i.e., also orientations par-
allel to the surface were present. Similar orientational be-
havior has also been observed in the MD simulations of a
DMPC bilayer (Stouch, 1993). Furthermore, in the present
simulation the bond Cg2-Cg3 was, on average, found in a
more upward and a more restricted orientation than the
Cgl-Cg2 bond.

Dihedral angle isomerization: gauche and trans states

The fractions of gauche+ (g+), gauche- (g-), and trans (t)
states were determined for the torsion angles 01-04 of the
glycerol backbone, a1-a5 of the headgroup, and Y1-Y3'11-133
of the sn-1/sn-2 chain beginnings and are shown in Fig. 9.
The most probable states were t g+ t g-It g+ g+ t g- for

each dihedral angle 01-04/a1-a5, respectively. The occur-
rence of these dihedral angles in a single conformation
would lead to a structure in which the sn-I chain begins
straight downwards, the sn-2 perpendicularly, and the head-
group straight upwards from the glycerol backbone. Fur-
thermore, in the point of the phosphorus, the headgroup
would bend onto the top of the beginning of the sn-2 chain.
This is similar to one of the reported crystal structures of
DMPC: t g+ t g-It g+ g+ t g- (type B) (Pascher et al.,
1992). However, in the simulation only 5.8% of all the
conformations had this type of sequence, and the other
crystal structure, g- t t g-It g- g- t g+ (type A), was
observed to an even lesser extent (1.0%). This indicates that
in the liquid crystalline phase the structural states of the
glycerol backbone and the headgroup are highly dynamic,
but still a relationship with the crystal structures can be
found. Especially the glycerol backbones appeared in the
crystal-like structures: 37.9% in type B and 21.6% in type

0
.8 0 . .. .......
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FIGURE 8 The distributions of the angles between the bilayer normal
and the glycerol backbone vectors. , Cgl-Cg3; - - -, Cgl-Cg2; - -,
Cg2-Cg3.
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FIGURE 9 The fraction of conformations in gauche' (white), gauche-
(gray), and trans (black) states for the dihedral angles 01-04, a1-a5, Y1-Y3'
and 11-(3. The angles are defined in Fig. 1.

A. In the headgroup conformations the crystal-like struc-
tures were not seen that frequently; only 13.5% of the
headgroup conformations had the torsion sequence of type
B and 1.9% of type A.
The headgroup structures have been studied in the liquid

crystalline phase using NMR and laser Raman experiments.
Based on the NMR results, Seelig et al. (1977) have sug-
gested t g+ g+ t g- and t g- g- t g+ sequences for the
dihedral angles al-a5 of the headgroup in the liquid crys-
talline DPPC bilayers. They also suggested rapid transitions
between these two conformations. In the simulation the
situation was far from being so clear, as these sequences
accounted for only 15.4% of all the conformations. Skarjune
and Oldfield (1979) could not point out any particular
conformations in their study of liquid crystalline DPPC but
found families of conformations. Akutsu and Nagamori
(1991) proposed, based on 2H NMR and laser Raman stud-
ies, the sequences g+ t g- and g- t g- for the angles a3-a5
as the most reasonable liquid crystalline structures of the
choline headgroup. In our simulation they were represented
in fractions of 17.1 and 6.8%, respectively. For comparison,
the fraction of sequence g- t g+ was 6.9%. Taken together,
the suggestions based on experiments seem not to converge
toward any unique model for the headgroup conformation,
but rather give an idea of a variety of prevailing sequences.
This kind of behavior is also supported by the results from
the present simulation. However, Seelig et al. (1977)
stressed that the headgroup structure is characterized by the
gauche-gauche conformation of a2-%3, and Akutsu and
Nagamori (1991) pointed out the gauche state for a5. These
features clearly coincide with the results from the PLPC
simulation.

Hauser et al. (1988) have investigated liquid crystal states
of the 03/04 angles using 1H NMR and have concluded that
the backbone switches mainly between two conformations

. _~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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t/g+ and g-/g+, of which the t/g+ is the dominating one.
The g+/t was also detected but with a low population
(<10%). In the simulation these three possible conforma-
tions were found in the populations of 60.3, 8.1, and 31.6%
for the t/g+, g-/g+, and g+/t, respectively. Thus, the dom-
inating conformation is consistent with the NMR results,
but the proportions of the other populations differ from the
experimentally observed ones.
The angles 'Y1-Y3 of the sn-I chain beginning were all

mainly in the trans states; i.e., the beginning of the sn-I
chain is mostly straight continuation of the glycerol back-
bone. The ,1 angle was generally in gauche state, which
indicates that the sn-2 chain beginning was mostly in per-
pendicular orientation to the glycerol backbone. The down-
wards bending of the sn-2 chain was then mainly caused by
the gauche states of the other dihedrals in the beginning of
the chain.
The average time period between the transitions was

shortest, on the order of 0.5-0.7 ps, for the dihedral angles
over the C-O bonds. Transitions over the P-O bonds oc-
curred approximately every 2.0 ps. In comparison, the C-C
bonds rotated relatively slowly. The most rigid bond of the
glycerol backbone was 03, which changes state approxi-
mately every 50 ps. These results are consistent with the
observation that the major conformational flexibility in the
phospholipids is in the C-O and P-O bonds (Sundaralingam,
1972) and that the C-O bonds are more flexible than the P-O
bonds (Bicknell-Brown et al., 1982).

Taken together, the present MD simulation results for the
PLPC bilayer suggest that the glycerol backbone is more
rigid and more crystal-like than the headgroup, for which a
variety of dihedral angle sequences were observed. These
features are also consistent with the MD simulation results
reported for a liquid crystalline DPPC bilayer (Egberts et
al., 1994).

sn-1 and sn-2 chains

Orientational order parameters

The averages of the SCD order parameters for each carbon
segment of PLPC (16:0/18:29 12) are shown in Fig. 10 for
the sn-I and sn-2 chains. DePaked 2H NMR-based
smoothed order profiles (Lafleur et al., 1989; Holte et al.,
1995) of the saturated sn-I chains cannot be used as a
reference material here, because they describe only the
general orientational features and cannot account for de-
tailed local characteristics, particularly for the carbons C2-
C8. We are unaware of any reported order parameters for
the sn-I chain of PLPC. So, for comparison, the 2H NMR
order parameters of the sn-I chains in the monounsaturated
POPC (16:0/18:1A) (Seelig and Seelig, 1977) and saturated
DPPC (16:0/16:0) (Seelig and Browning, 1978) are shown.
Here we have assumed that the phase transition temperature
Tm of PLPC is - 15°C; i.e., the reduced temperature is 0 =
0.24. This is likely to be near the actual one, because the Tm
of I-palmitoyl-2-isolinoleoyl-sn-glycero-3-phosphatidyl-

0.25

0.20k

o 0.15
0c})

0.10

0.05k

0.15

0.10p
C(cl

' 0.05

0.00

-0.05

2 4 6 8 10 12
carbon atom j

14 16 18

FIGURE 10 The average of the -Sc0 orientational order parameters
along the sn-i (-) and sn-2 (*) chains of PLPC. For comparison, also the
2H-NMR-based values are shown for the sn-I chains of a DPPC system

(EO) (Seelig and Browning, 1978; for the details of the approximation, see

text) and of a POPC system (O)(Seelig and Seelig, 1977) together with the
values for the sn-2 chains of a PLPC (K>) and PiLPC system (A) (Baen-
ziger et al., 1991). The SEMs of the molecular averages are shown as error

bars for the values from the simulation.

choline (PiLPC, 16:0/18:2,669) is approximately - 15°C
(Baenziger et al., 1991), and the Tm of SLPC(18:0/18:
2A9 12) is - 16.20C (Coolbear et al., 1983). Measurements at
the same reduced temperatures were not available, but to
allow for the comparison we chose the experiments with the
nearest possible 0. For POPC this meant 0.18, but for DPPC
the order parameter had been measured at 900C (0 = 0.16)
only for C2. Thus, the rest of the profile has been approx-

imated based on the measurement at 600C. It should be
emphasized that this approximation can be used only to
assess the general behavior of the order parameters as the
decrease in the order parameters due to a higher temperature
is not expected to be uniform along the chain.
The calculated order profile of the sn-2 chain of PLPC is

compared with the 2H NMR profile of PiLPC(16:0/18:2A6,9)
(Baenziger et al., 1991). PiLPC has the double bonds three
carbons higher in the chain than the PLPC. Interestingly, at
the position C6 of the sn-2 chain the comparison is possible
with the measured order parameter of PLPC, because in the
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synthetization of PiLPC specifically deuterated at C6, some
PLPC was also formed, which gave its own resonance in the
NMR spectra (Baenziger et al., 1991). It should be noted in
the comparison that the experimental order parameters have
been measured at lower 0 than the one used in the simula-
tion. Hence, the experimental order parameters might be
somewhat smaller at the same 0 as in the simulation, al-
though it should be noted that this is not necessarily the case
for all of the carbon segments (Baenziger et al., 1991).
The comparison of the order parameter profiles of the

sn-I chains at the approximately similar reduced tempera-
tures (Fig. 10) suggests that, in general, the order increases
with unsaturation. This has also been observed by 2H NMR
when comparing saturated and monounsaturated systems
(Seelig and Seelig, 1977; Seelig and Browning, 1978;
Paddy et al., 1985) and in the studies of polyunsaturated
systems (McCabe et al., 1994). The major differences in the
profiles appear in the region C2-C10, after which all profiles
decrease monotonically.
The behavior of the C2 of the sn- I chain in the simulation

differs from the behavior generally observed in the experi-
ments. Usually the order parameter for C2 is higher than the
one for C3; this was also observed in the beginning of the
simulation (Hyvonen et al., 1995). The continued simula-
tion allowed us to assess the convergence behavior of the
order parameters (Hyvonen et al., 1997), indicating that the
rate of convergence slightly varied for the different carbon
segments.
The shapes of the order parameter profiles in the begin-

ning of the sn-I chains (C4-C10) have been observed to be
slightly different in the case of DPPC and POPC (Seelig and
Seelig, 1977; Seelig and Browning, 1978). The difference in
the profile shapes from DPPC to POPC reaches its maxi-
mum around C6, which has been interpreted as a local
stiffening effect caused by the cis double bond (Seelig and
Seelig, 1977; Seelig and Browning, 1978). From POPC to
PLPC the effect tends to increase as the plateau extends. We
interpret this to be due to the incorporation of one additional
cis double bond, which causes the stiffening effect to influ-
ence more carbons in the sn-I chain due to their occurrence
at the same height in the bilayer (see Fig. 3). A similar idea
has also been put forward based on the 2H NMR experi-
ments of lipid systems with varying degrees of unsaturation
(Paddy et al., 1985; McCabe et al., 1994).

Comparison of the calculated order parameter profile of
the sn-2 chains of PLPC (16:0/18:2"912) with the experi-
mental profile of PiLPC (16:0/18:2,669) shows notable dif-
ferences due to the different positions of the double bonds.
If the three-carbon shift in the double bond positions is
taken into account, the profiles of the regions C4-CII and
C7-C14 in PiLPC and PLPC, respectively, are remarkably
similar. It is also interesting to note that the orientational
order parameters for the methyl ends of the sn-2 chains for
PiLPC and PLPC are almost equal. These comparisons
suggest that the double bonds have very similar effects on
the chain behavior despite the different positions. The cal-
culated order parameter at the position C6 of PLPC is also

in good accordance with the measured parameter, especially
when the difference in 0 is taken into account.
As already shown and discussed in more detail (Hyvonen

et al., 1997), we have observed differences for some carbon
segments between the orientational order parameters calcu-
lated as the average of SjD parameters and the SmJ-based
-S5D parameters. The differences indicated that the rota-
tion of the carbon segments in the diunsaturated chains is
remarkably restricted, but for the saturated chains only
slight restrictions take place. The differences were noticed
to be related to the inequivalence between the-SCD values
for the CHaj and CHbj. The experimental observations of the
inequivalence support these findings. In the sn-I chains the
inequivalence at the beginning of the chain is likely due to
the connection to the rigid glycerol backbone, and the effect
may also be enhanced by the double bonds. The relatively
large inequivalence at carbons C6-C7 of the sn-I chains is
most likely due to the presence of the double bonds at the
same height in the layer. The inequivalence in the beginning
of the sn-2 chain is likely due to the tilted beginning
conformation and at the double bond region by the restricted
motional freedom caused by the rigid cis double bonds
(Hyvonen et al., 1997).

Dihedral angle isomerization: gauche and trans states

The fraction of gauche states in the dihedral angles of the
hydrocarbon chains was determined and is shown in Fig. 11.
These fractions at the positions C4, C6, and ClO of DPPC
have also been determined experimentally by infrared spec-
troscopy (Mendelsohn et al., 1989) and are shown for com-
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parison. In addition, the bond isomerization rate is given for
each bond.

In the sn-I chain, the C2-C3 bond has the largest fraction
of gauche states, but interestingly, the same bond has the
slowest isomerization rate. The smallest fraction of gauche
bonds for the sn-I chain is seen at the bond C6-C7, which
together with the C4-C5 and C5-C6 bonds has also a

slightly slower isomerization rate than the bonds at the end
of the chain. It is seen that at C4 and CIO the gauche
fractions in DPPC and PLPC are remarkably similar. At C6,
which mostly resides at the same height in the PLPC bilayer
as the double bonds, a considerable difference is found. This
finding supports the idea that the region of the sn-i chain
lying at the same height with the double bonds is directly
affected. The double bonds seem to reduce the fraction of
gauche bonds and slightly slow down the isomerization
rate. Both of these cause the order parameters of the respec-
tive segments to increase, as seen in Fig. 10.

Similar behavior as noticed for the C2-C3 bond of the
sn-I chain is also seen at the bonds C2-C3, C7-C8, and
Ci14-Ci15 of the sn-2 chain; in the beginning of the chain and
at both sides of the double bonds the gauche states are
relatively common, but the isomerization rate is slow. Thus,
the relatively small order parameters at C2 and C 14 and the
decrease from C7 to C8 are most likely structural effects
due to the large fraction of gauche states and not due to the
increased flexibility of the bonds. On average, 9.7 and 9.4%
of the dihedral angles in the sn- I chains were in g+ and g-
states, respectively. Corresponding values for the sn-2
chains were 12.6 and 13.6%. The biggest differences be-
tween the fractions of g+ and g- states were at the dihedral
angles C7-C8 and C8-C9 of the sn-I chains and C2-C3,
C6-C7, C7-C8, and C14-C15 of the sn-2 chains (data not
shown).
The average fraction of gauche states from the measure-

ments for C4, C6, and CIO in DPPC is 24.2% (Mendelsohn
et al., 1989). The corresponding value for the PLPC from
the simulation is 19.1%. The smaller value for the PLPC
system is in accordance with the relatively high order pa-
rameters for the palmitoyl chain of PLPC and can be related
to the existence of the two rigid double bonds. Similar
effects have been noticed in the saturated chains of the PC
molecules when cholesterol molecules are added. Thus, the
effects of the double bonds of the sn-2 chains on the
adjacent sn-I chains may be comparable with the experi-
mentally and theoretically noticed ordering effect of cho-
lesterol molecules on the surrounding saturated chains,
caused by the rigid ring system of the cholesterols (Dufourc
et al., 1984; Davies et al., 1990; Scott, 1991; van der Sijs
and Levine, 1994; Robinson et al., 1995). This is supported
by the findings of Demel et al. (1972), that in a highly
unsaturated system, (16:0/22:6)PC, the condensing effect of
cholesterol was weak whereas in systems with lower unsat-
uration state, the condensing effect became more evident.
These findings can be understood by an ordering effect of
the double bonds on the saturated sn-I chains that competes
with the ordering effects caused by the cholesterol mole-

cules. However, the analogy between unsaturation and cho-
lesterol molecules does not hold in the case of permeability.
The increased cholesterol content reduces the permeability
of small molecules but only in systems where cholesterol
causes condensation (Demel et al., 1972) whereas the in-
corporation of double bonds increases the permeability (De-
mel et al., 1972; van Deenen et al., 1972; Fettiplace and
Haydon, 1980; Petersen, 1983; Stillwell et al., 1993). This is
likely to be related to the direct role of double bonds in the
permeation of small molecules, i.e., the possible ferry mech-
anism (Wiener and White, 1992; see above).

Root mean square fluctuations

The RMS fluctuations of the chain carbon segments as a
function of the position in the y direction are shown in Fig.
12. A steepening increase of the dynamic fluctuations can
be noticed toward the ends of both chains. Comparison of
the segments of the sn-I and sn-2 chains residing at the
same height in the layer reveals that the sn-2 segments have
larger dynamic fluctuations. It is notable, as seen in Fig. 3,
that the beginning of the sn-2 chain has a narrower distri-
bution than other chain segments in the bilayer normal
direction, which reflects the fact that the fluctuations of
these segments occur more in the directions of the bilayer
plane than for the beginning of the sn- I chain. For the sn-I
chain, the steepening increase is curvilinear, but for the sn-2
chain some slight variations take place at Ci -C2 and C7 as
well as C 12-Cl13. These variations are likely to result from
the tilted beginning and the double bonds, respectively.
However, the variations are small compared with the gen-
eral behavior of the RMS fluctuations in the sn-2 chains and
were notable only at times during the simulation. Thus, they
do not explain the small order parameters at the beginning
and at the double bond region of the sn-2 chains.
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Orientational distributions

The distributions of angles between a vector, e.g., a bond,
and the bilayer normal were determined. The overall behav-
ior of the chains is well described by the distributions of the
angles between the vectors Cl-C3 and the bilayer normal
and between the vectors Cl-C16 and Cl-C18 and the bi-
layer normal. These distributions are shown in Fig. 13. The
beginning of the sn-2 chain (CI-C3) has a narrower distri-
bution than the sn-1 chain, which has more variety in the
possible starting orientations. The most prevailing angle
was approximately 24° for the sn-1 and 600 for the sn-2
chains, suggesting more parallel orientations with respect to
the bilayer normal for the beginnings of the sn- 1 than for the
sn-2 chains.
The orientation distribution of the Cl-C16 vector for the

sn- 1 chains is slightly narrower than the Cl-C1 8 vector for
the sn-2 chains. The most prevailing angle was 27° for the
sn-l and 38° for the sn-2 chains. It is interesting to note,
however, that some chain conformations exist for which
these vectors are almost perpendicular to the bilayer normal
(Fig. 13); i.e., the chain end is close to the bilayer water
interface. It is appealing to relate this observation to a
general model for the peripheral attachment of proteins to
lipid membranes based on the extended lipid conformations
(Rytomaa and Kinnunen, 1995). The conformations where
the chain end comes close to the water phase, as seen in the
simulation, may provide a preliminary stage for the ex-
tended conformations and thus generally play a role in
allowing interactions between the hydrophobic fatty acid
chains and water-soluble molecules.
A more detailed picture of the orientational behavior in

the chains is obtained from the distributions of the orienta-
tion angle for the CHaj and CHbi bonds. It was noticed that
the CHaj and CHbi distributions differ more for the sn-2
chains than for the sn-I chains, which is clearly related to
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FIGURE 13 The distributions of the orientation angle between the
C1-C3 (left) or C1-C16/C1-C18 (right) vectors and the bilayer normal for
the sn-i ( ) and sn-2 (- - -) chains of the PLPC molecules. Note that
here the direction of the bilayer normal is toward the bilayer center.

the observed inequivalences between the SCD values for the
CHaj and CHbj (Hyvonen et al., 1997).

Structure of the double bond region

To monitor the orientation of the double bond region, the
average distributions of the orientation angle were deter-
mined for the vectors C9-C10 and C12-C13 and are shown
in Fig. 14. The time series of the orientation angle of these
vectors for one of the PLPC molecules are also presented as
an example. For the whole double bond region, the vector
C9-C13, the tilt angle may vary from 0° to over 100°, and
the most prevailing angle is -37° (data not shown). The
most common orientation angle of both double bonds is
-30°, but both can be found also in orientations near 900;
the second double bond has more of these perpendicular
orientations than the first one. The time series of the orien-
tation angle of the double bonds for the individual PLPC
molecule reveal that in the 1-ns time scale the double bond
orientation is able to change several times from a nearly
parallel to a perpendicular orientation with respect to the
bilayer normal (Fig. 14).

The angle distributions and time series of the dihedral
angles C9-C1O-Cl1-C12 and C1O-C11-C12-C13 were de-
termined for each PLPC molecule to monitor the internal
structure of the double bond region. The angle distributions
averaged over all molecules are shown in Fig. 15, in which
the time series of one PLPC molecule is also given as an
example. A jump movement between the angles of approx-
imately ± 1200 is noticed for both dihedral angles. How-
ever, it is seen that the angles are not strictly ± 1200 but
fluctuate by approximately ±400. To determine the prevail-
ing angles from the simulation, three classes of angles were
used: + 120 ± 600 (P), 0 ± 60° (intermediate), and -120 ±

- 0.0
distribution

0.4 0.6
time (ns)

FIGURE 14 The distributions of the orientation angle (left) between the
double bonds C9-C10 or C12-C 13 and the bilayer normal together with the
time series of the angle for one of the PLPC molecules (right). Note that
here the direction of the bilayer normal is toward the bilayer center.
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FIGURE 15 The distributions of the dihedral angles (left) over the bonds
C0O-CI 1 and C1 1-C12 of the sn-2 chains together with the time series of
the dihedral angles for one of the PLPC molecules (right).

600 (M). The values of the dihedral angles determine the
approximate angle between the double bond planes; the
combinations +120 and +120 or -120 and -1200 (PP/
MM) end up with a nearly perpendicular orientation be-
tween the double bond planes whereas the combinations
+ 120 and -120 or -120 and + 1200 (PM/MP) end up with
the angle of .600 between the double bond planes. In the
simulation, 32.1% of the structures had the PP and 39.0%
the MM combination. Furthermore, 9.3 and 19.0% of the
conformations had the PM and MP combinations, respec-

tively. The remaining 0.6% were in the intermediate states.
The resulting structures are shown in Fig. 16, which also
illustrates that the values of the dihedral angles between the
double bonds determine whether the second double bond
has the same orientation with respect to the bilayer normal

PP: 32.1%

PM: 9.3%

MM: 39.0%

MP: 19.0%

>1 3

3

FIGURE 16 The four possible model conformations of the double bond
region together with the percentage fraction of each conformation as found
in the simulation of the PLPC bilayer.

as the first one or not. With the combinations PP and MM
the orientation remains almost the same (71.1%), whereas
with the PM or MP combinations the orientation changes
90-100° (28.3%). This explains the observed difference in
the orientation angle distributions between the first and the
second double bond (in Fig. 14). Applegate and Glomset
(1986) have suggested four minimal energy conformations
for 1,4-pentadiene (based on MM2 refinements), which had
the dihedral angles of ± 1180 between the double bonds.
These structures are in good accordance with the ones found
in the present simulation for the double bond region. They
also found the MM2 minima to be rather broad, which is
consistent with the relatively large fluctuations observed in
the simulation.

Based on 2H NMR measurements, Baenziger et al. (1992)
have suggested a model for the double bond region structure
of PiLPC (16:0/18:2A6,9). The model consists of two con-
formations between which a rapid movement takes place
(correlation time of -100 ps). The two model conforma-
tions are consistent with the main structures, PP and MM, of
the simulation. It is interesting to note that they suggested
the orientation of the double bond axes of PiLPC with
respect to the bilayer normal to be similar to the orientations
of the double bond axes in the crystal structure of linoleic
acid (l8:26912; Ernst et al., 1979), i.e., 450 (when the
saturated segments of the chain are aligned parallel to the
bilayer normal). This tilt is in reasonable agreement with the
average tilt angles of the double bonds in the simulation,
namely, 42.90 and 48.80 for C9-C10 and Cl 1-C 12, respec-
tively. However, Baenziger et al. did not mention the pos-
sible occurrence of the PM and MP structures, which are
seen in the simulation. As the model of Baenziger et al. for
PiLPC did not achieve an exact fit with the experimental
data, and still the SCD parameter profiles of PiLPC and
PLPC are remarkably similar at the double bond regions, the
relatively rare occurrence of the PM and MP structures may
also be found in real systems. In fact, the occurrence of the
tilted conformations might be important for the permeability
of small molecules; the tilt heavily disturbs the packing of
the chains and may provide sufficient void volumes for
small molecules to permeate. This leads to an idea that the
main conformations in the membranes are vital for the
stability of the system whereas the rarer ones offer oppor-
tunities for local events.

SUMMARY

Double bonds are known to play a crucial role in biomem-
branes. Our MD simulation for the diunsaturated PLPC
(16:0/18:2A912) bilayer is the first work that uses this bio-
logically frequent fatty acid content of the phospholipids in
a PC bilayer simulation. The results provided new structural
and dynamic information on the effects of polyunsaturation
on biological membranes. The given broad comparison of
the computational results with existing experimental data
corroborates the increasingly common conclusion that MD
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simulations are able to reproduce consistent and valid in-
formation. Thus, they provide independent means to study
biological macromolecular assemblies and, perhaps most
importantly, a way to understand structure and function at
the atomic level, a goal often far beyond experimental
approaches.

It should be kept in mind, however, that the MD simu-
lations on biomembranes are restrained with severe approx-
imations both in the modeling and in the methodological
side of the work. Particularly from the biochemical point of
view, a simple PC bilayer is a rather naive description of a
biological membrane. Thus, a lot of endeavor is needed to
be able to build up computational model systems that more
resemble their real counterparts, not only paying attention to
the degree of unsaturation but also incorporating other
structurally and functionally important lipid molecules as
well as increasing the size of the system and the length of
the simulations. From the methodological point of view,
application of constant pressure and temperature algorithms
together with improved treatment of the electrostatic inter-
actions are important. As simulation of biomolecular sys-
tems is a new field of research, the techniques and algo-
rithms are in a stage of continuous assessment and
development. Together with the prosperous boost in the
computational power by parallel architectures, biochemi-
cally more realistic and methodologically more advanced
MD simulations on biomembranes are expected in the near
future.

In all, the information content provided by the MD sim-
ulation data is enormous. Therefore, even though we have
presented an extensive analysis of the 1-ns simulation, ad-
ditional aspects still remain that have not been studied in
detail, including such phenomena as hydrogen bonding net-
work at the bilayer surface, motional correlations, electronic
dipole potential across the bilayer, and the diffusion of lipid
and water molecules. Those aspects were not included in the
present analysis as we considered it necessary to first ensure
the consistency of the model and focus on the structural
effects of the double bonds, an area that has mostly been
unexplored by computational methods operating at the
atomic level. A brief summary of the present results is given
below.
The hydrating water molecules appeared to be strongly

oriented around the PLPC headgroup phosphorus atoms due
to hydrogen bonding, but only weak orientation was ob-
served around the nitrogen atoms. The dominating orienta-
tion of the water dipole moments at the bilayer surface was
toward the bilayer interior. The most prevailing orientation
of the phosphorus-nitrogen vector was 170 from the bilayer
surface toward the water, which is in agreement with the
general conclusion from the experimental studies that, on
average, the PC headgroup is oriented almost parallel to the
surface (Akutsu and Nagamori, 1991; Buldt and Wohlge-
muth, 1981; Hauser et al., 1981; Seelig et al., 1977; Seelig
and Seelig, 1980). The most prevailing orientation angle of
the glycerol backbone was 250 from the bilayer normal.

backbones and the PC headgroups had a variety of possible
orientations. The most probable states for each dihedral
angle, 01-04/a1-a5, were t g+ t g-It g+ g+ t g-. It is
interesting to note that, when these dihedral angles occur in
a single molecular conformation, one of the reported crystal
structures of a DMPC molecule (Pascher et al., 1992) re-

sults. However, in the simulation only 5.8% of all the
conformations had this type of sequence, and another crystal
structure, g- t t g-/t g- g- t g+, was even less prevalent
(1.0%). This implies that in a liquid crystalline phase the
glycerol backbones and the PC headgroups are apparently
dynamic but not totally free; i.e., a relationship with the
crystal structures still exists. Generally, the overall structure
of the simulated PLPC bilayer was consistent with both
experiments and membrane simulations for other systems.

Comparison of the orientational order parameter (SCD)
profile of the PLPC sn-I chains with the experimental ones

for DPPC and POPC systems at approximately the same

reduced temperature suggested that the unsaturation in-
creases the orientational order. Differences in the profile
shapes were seen especially at the region C4-C10 and were

interpreted as a stiffening effect due to the rigid cis double
bonds approximately at the same height in the bilayer. The
stiffening was also noticed from the inequivalence in the
SCD values of the methylene hydrogens at C6-C7 as well as

in the low fraction of gauche bonds around C6 compared
with a DPPC system and in the relatively low bond isomer-
ization rate. It is notable that the SCD values resulting for the
sn-2 chains from the PLPC simulation are remarkably sim-
ilar with the experimental ones for a PiLPC (16:0/18:216,9)
membrane when the three-carbon shift of the double bond
region is taken into account. Comparison with the experi-
mental SCD value at C6 of PLPC was also possible and was

in good agreement with the corresponding parameter from
the current PLPC simulation. Moreover, in the beginning of
the sn-2 chain, and at the vicinity of the double bonds, the
SCD inequivalence of the methylene hydrogens was remark-
able, the fraction of gauche states large, and the isomeriza-
tion rate low. The RMS fluctuations had a steepening in-
crease toward the bilayer center for both chains and cannot
explain the low SCD values, particularly at the beginning
and at the double bond region of the sn-2 chain. Therefore,
the low SCD values are most likely mainly caused by the
local effects of the rigid cis double bonds and of the tilted
chain beginnings on the bond isomerization.
The most prevailing orientation angle of the double bond

region with respect to the bilayer normal was 37°. The
internal structure of the double bond region was investi-
gated in detail to find out whether the conformations pro-
posed by Baenziger et al. (1992) in a case of a PiLPC
system would be observed in the simulation. It was found
that the conformations of the two-state model of Baenziger
et al. represented the populations of 32 and 39% of all the
conformations in the simulation. These two conformations,
PP and MM, are characterized by the two torsion angles
between the double bonds, + 120 and + 1200 and -120 and

However, the distributions revealed that both the glycerol
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tions, PM and MP, also existed but with lower populations
of 9 and 19%, respectively. In the two dominating confor-
mations the orientation of the two double bonds with respect
to the bilayer normal is approximately the same. In the other
two, the orientation of the second double bond is nearly
perpendicular to the first one, thus affecting the packing of
the layer quite dramatically. However, the existence of such
conformations might be necessary to explain the role of
double bonds in the increased permeability of the small
molecules. Based on these findings it is also tempting to
suppose more generally that the main conformations will
typically function to stabilize the membrane structure, but
the rarer ones are likely to have a prominent role in the
proper (local) functioning of the membrane.
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