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Abstract

A phospholipid bilayer was modelled by duplicating a monolayer system of 36 1-palmitoyl-2-linoleoyl-sn-glycero-3-
phosphatidylcholine (PLPC) molecules (16:0/18:2) plus 1368 water molecules and simulated using molecular dynamics.
The analyses revealed distinct characteristics in the membrane structure due to polyunsaturation. The orientational behaviour
of the fatty acid chains in the PLPC bilayer was found to be seemingly different from that in monounsaturated or in saturated
phospholipid bilayers. The specific attributes responsible for the observed behaviour of the saturated and polyunsaturated

chains are discussed and their relative importance assessed.

1. Introduction

Phospholipids are the main components of cell
membranes, lipoproteins and other membrane struc-
tures in living organisms. There is accumulating
evidence that structural and dynamic properties of
lipid molecules are important to the overall be-
haviour and interactions of monolayers and mem-
branes [1-8]. It is also well known that the degree
and relative proportion of polyunsaturation varies
considerably in membrane systems and the saturation
state of the lipid fatty acid chains considerably influ-
ences the phase transition temperature and fluidity of
bilayers [2,4]. However, the effects of polyunsatura-
tion on the membrane structure and the exact roles of
the interactions controlling the phenomena are not
adequately known. This is understandable since ex-
perimental data from biomembranes (such as order

parameters by >H NMR) are laborious to obtain and
intricate to interpret [4,8].

Recent developments in computer simulation
methods and the increase in accessible computational
resources have made molecular level simulations
possible for biological lipid systems [9-15]. The
simulations do not only enable ‘computer experi-
ments’ for experimentally awkward systems or for
comparison with measurements, but are most impor-
tantly a tool to probe the exact physical mechanisms
causing the observed characteristics. However, the
majority of published phospholipid simulations have
been performed for biologically quite scarce systems
consisting of relatively short saturated fatty acid
chains. A recent simulation of a 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC) bi-
layer [15] has given detailed information about the
effects of one double bond on the membrane struc-
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ture, but neither experimental nor computational data
addressing directly the effects of polyunsaturation on
membrane structure appear to be available. In this
Letter we report novel structural and dynamical find-
ings from a molecular dynamics (MD) simulation
of a polyunsaturated bilayer made up of biologi-
cally widespread 1-palmitoyl-2-linoleoyl-sn-glycero-
3-phosphatidylcholine (PLPC) molecules.

2. Calculations
2.1. Modelling and computational details

A PLPC molecule (Fig. 1) containing a saturated
palmitic acid (16:0) and a polyunsaturated linoleic
acid (18:2) chain was built up with the two double
bonds in cis and other chain bonds in trans configu-
ration and the energy minimised. The layer construc-
tion was started by placing four identical PLPC
molecules into a square-like configuration with the
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Fig. 1. The structure of an individual PLPC molecule together
with the numbering of the carbon atoms. The partial charges (in
units of ¢) for the double bond region are also shown.

head groups 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 A? per PLPC molecule was used
based on X-ray scattering experiments for mem-
branes with various lipid compositions [16]. The
block of four PLPCs was stabilised by an energy
minimisation and a dynamic heating-annealing cycle
using periodic boundary conditions (PBC) in the x—z
plane. Such blocks were gradually added together
and stabilised in the above manner to construct a
monolayer of 36 PLPC molecules in a 6 X 6 grid
with an area of 50.4 X 50.4 A2. The monolayer was
solvated by placing an equilibrated water box of
50.4 X 22.0 X 50.4 A? (density = 1 kg/dm?) so that
it overlapped the head group region. The water
molecules overlapping the PLPCs were then re-
moved resulting in a model system consisting of 36
PLPC and 1368 water molecules (in all 8856 atoms).

A rotary-reflection (i.e. a reflection with respect
to the plane of the layer and a rotation of 90° around
the y axis) and PBC in the x—z plane were applied
to model an infinite bilayer. The reflection plane was
chosen to result in a phosphorus-to-phosphorus dis-
tance of 37 A, which was estimated from the experi-
ments [16). The final energy minimisation was
reached by first stabilising the water molecules and
then the whole system. A 10 ps dynamical heating
period up to a temperature of 310 K was performed
and followed by an equilibration period of 150 ps.
The actual simulation reported here was carried out
for 180 ps. The average simulation temperature was
318 K, which is well above the gel to liquid crystal
phase transition temperature of the PLPCs [17].

The simulation was performed applying the
CHARMm software [18]. Lipid force field parame-
ters were used [19], except for the partial charges of
the linoleic acid double bonds, which were estimated
by an ab initio local density functional calculation
[20] (charges partitioned using the method of Hirsh-
feld [21]) and adapted to the charge distribution of
the rest of the molecule. For water molecules the
TIP3P parameters [22] were used. All atoms were
independently taken into account in the MD simula-
tion, which was performed in a microcanonical en-
semble. The lengths of the bonds involving hydrogen
atoms were fixed using the SHAKE algorithm to



302 M. Hyvinen et al. / Chemical Physics Letters 246 (1995) 300-306

allow the use of a 1 fs time step [23]. Long-range
interactions were truncated using a cut-off radius of
13 A with a shifting function for the electrostatic and
a switching function for the van der Waals interac-
tions [24]. The nonbonded interactions were updated
every 25th step (0.025 ps) during the heating and the
first 80 ps of equilibration after which an update was
performed every 10th step. Energies, coordinates and
velocities were saved every 25th step. The simula-
tion was carried out on a SGI Power Challenge /10
+ 6 computer achieving a simulation time of 1 ps
with approximately 9 CPU h.

2.2. Simulation analysis

The local orientation of a chain segment associ-
ated with the carbon atom C; is defined by the
orientation of the H-C ;—H plane. The order parame-
ter profiles were calculated by

SJ'.“°'=—;-(3 cos’, — 1), )

in which j is the number of the carbon atom C; and
0 is either the angle between the normal of the
H-C j—H plane and the bilayer normal or, for the
unsaturated carbons, the angle between the vector
from C;_, to C;,, and the bilayer normal. The
standard error of mean (SEM) of the time averages
was calculated to estimate alterations in the S}""'
values. When isotropic rotations around the y axis
are assumed, order parameters Sep, from “H NMR
experiments can be compared with the calculated
values according to the relation —2Sq, = S}“°‘ [25].

The average gauche fractions were computed con-
sidering torsion angles between 20° and 100°, and
—100° and —20° as gauche bonds. The carbon atom
distributions along the bilayer normal were obtained
by calculating the number of individual carbons in
178 horizontal slices (height 0.25 A). The rms fluc-
tuations of the individual atoms were also calculated.

3. Results and discussion
3.1. General aspects
The calculated order parameter profiles of the

saturated palmitic acid (16:0) and polyunsaturated
linoleic acid (18:2) chains of the PLPC molecules
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Fig. 2. The calculated order parameter profiles of the palmitic acid
(sn-1) and the linoleic acid (sn-2) chains of the PLPCs (@). The
SEM s of the time averages range from 0.03 to 0.07. The 7H NMR
results (| $™!|) for the sn-1 chains of DPPCs (16:0/16:0) at 315
K [25] (¢) and of POPCs (16:0/18:1) at 315 K [25,26] (2 ), and
of POPCs in E. coli at 313 K [27] (O) are also given for
comparison.

are presented in Fig. 2. The values for the sn-2
carbons are regularly smaller than the corresponding
values for the sn-1 carbons and vary from —0.14 to
0.23 and from 0.22 to 0.39 in the case of the sn-2
and sn-1 chains, respectively. A general comparison
with ’H NMR based order parameters of DPPC
(16:0/16:0), POPC (16:0/18:1) and POPC in
Escherichia coli [26-28] is also presented in Fig. 2.
A detailed discussion of the points of similarity and
dissimilarity between the obtained PLPC order pa-
rameters and the different experiments and the theo-
retical order parameters for POPC [15] is given in
Sections 3.2 and 3.3. DePaked “H NMR based
smoothed order profiles [8,29], even though capable
of describing the general orientational behaviour for
the end of the chains, are intrinsically unable to
describe the variations of the order at the beginning
of the chains and cannot thus be used as a reference
material here.

Due to the lack of experimental and theoretical
data for direct comparison with the present results,
the quality and reliability of the PLPC simulation
were also assessed using alternative measures. The
properties of the PC head group region were exam-
ined and compared with both experimental and theo-
retical data available for other PC membranes. For
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instance, the radial distribution of water oxygens and
hydrogens around the head group atoms in this simu-
lation shows a similar behaviour as in a large-scale
simulation of a DMPC bilayer (14:0/14:0) [10,13].
Furthermore, corresponding to the experimental find-
ings [30], the average head group orientation of the
PLPCs is nearly parallel to the membrane surface.
These and other results of the PLPC simulation will
be discussed in detail elsewhere, but the good agree-
ment of the general characteristics with both experi-
ments and recent simulations of other phospholipid
systems gives a sound basis for the novel structural
information given here.

According to Eq. (1) the order parameter can vary
between 1 and —1/2 corresponding to fully, or-
dered chains parallel and perpendicular to the bilayer
normal, respectively. Values in between are affected
by different contributions such as preferred local
orientation, distribution of local geometries (long-
scale dynamics) and short-scale dynamic fluctua-
tions. A preferred local orientation means that a
particular carbon segment orients similarly in all
PLPC molecules. The decrease of the order parame-
ter from 1 to —1/2 can thus be interpreted as a
change in the preferred local orientation angle from
0 to 90° (the zero value of the order parameter
corresponds to an angle of 54.7°). However, varia-
tions in local geometries lead to distributions of local
orientations allowing to interpret the decrease of the
order parameter from 1 to O also as a disappearance
of the parallel order of the chains towards complete
disorder. Accordingly, a further decrease of the order
parameter from O to —1/2 can be interpreted as an
appearance of perpendicular chain order towards a
fully ordered situation. On the other hand, the short-
scale dynamic fluctuations tend to decrease the or-
der. Thus, the order parameters always contain a
mixture of different contributions and must be as-
sessed with care.

3.2. Palmitic acid chain

The order parameter profile of the saturated sn-1
chains is characterised by a small dip in the begin-
ning for carbon C;, an increasing trend from C; to
C,, and an evenly decreasing end part (Fig. 2). It is
interesting to note that despite the general success of
recent POPC [15] and DMPC [14] bilayer simula-
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Fig. 3. The calculated carbon atom distributions along the PLPC
bilayer normal for the sn-1 carbons Cs-Cg and for the sn-2
double bond region carbons Cy—C,+ (y =0 in the centre of the
bilayer).

tions, they did not reproduce the experimentally
observed dip for carbon C;. Comparison of the
PLPC order parameters for carbons C,—C with the
experimental values obtained at approximately the
same temperature shows a clear decrease along the
increase in the number of double bonds, i.e. in the
chain DPPC(16: 0/16 : 0)-POPC(16:0/18 : 1)-
PLPC(16:0/18:2). This probably reflects differ-
ences in the gel to liquid crystal phase transition
temperatures of the bilayers: PLPCs have the lowest
transition temperature, and accordingly, the lowest
order parameters. For other parts of the chain the
comparison is hampered due to missing experiments
but for carbons C3;—C s the trend seems to be that
the order parameters for DPPC are the highest and
those for the POPC the lowest.

The y-distributions of sn-1 carbons C;—C; and
sn-2 carbons C4~C 5 of the PLPCs are illustrated in
Fig. 3. The double bond region is seen to have an
almost exactly overlapping distribution with carbons
C,—C;, which should reflect close interaction of
these parts in the interior of the membrane. In fact,
the double bond distribution overlaps partly with all
the sn-1 carbon distributions indicating that the whole
sn-1 chain may be affected by the presence of the
double bonds. The distributions also indicate that a
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marked proportion of the double bond regions lies
closely parallel to the membrane surface. Compared
to the situation with one or no double bonds in the
sn-2 chain, this is an obviously different situation for
the sn-1 carbons Cs—C, which are situated at the
same depth in the membrane. This is most likely one
reason for the clear increase from C; to C, in the
order parameter profile. This is also supported by the
fraction of gauche bonds in the sn-1 chains of the
PLPCs and DPPCs (Fig. 4). The experimentally
estimated percentage of gauche bonds for the sn-1
carbons C, in a DPPC bilayer [31] is twice that
obtained from the PLPC simulation although the
fraction of gauche bonds from the DPPC experi-
ments and from the PLPC simulation for the carbons
C, and C,, are almost identical.

As discussed by Seelig and Seelig [26], the incor-
poration of one rigid cis double bond between the
sn-2 carbons Cg4 and C,, probably reduces the
number of available rotational isomeric states in the
sn-1 chain and causes a stiffening and accordingly
slight increase in the sn-1 order parameters. The
incorporation of an additional cis double bond be-
tween the carbons C,,. and C,; would thus probably
extend the region of stiffening towards the end of the
sn-1 chain and also limit the possible orientations of
the end part. This matches well with the observed
increasing trend in the order parameter profile for the
carbons C;—Cg as well as with the higher order
parameters for the PLPC carbons C;—C,5 than for
those of the POPC.

The evenly decreasing order parameter profile for
the carbons C4—C,; is in accordance with the steep-
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Fig. 4. The calculated fraction of gauche bonds for the carbon
segments in the sn-1 (M) and sn-2 (@) chains of the PLPCs. The
experimental results for the sn-1 palmitic acid chains of DPPCs at
312 K [29] () are shown for comparison.
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Fig. 5. The calculated atomic RMS fluctuations of the carbon
segments in the sn-1 (solid line) and sn-2 (dashed line) chains of
the PLPCs. The bars represent the SEMs.

ening increase of the dynamic fluctuations illustrated
in Fig. 5. This also suggests that within the end part
of the sn-1 chain the sn-2 double bonds hardly affect
the rotational freedom of the torsion angles. Interest-
ingly, the values of the order parameters for the sn-1
carbons C,, and C,, obtained from the POPCs at the
E. coli membranes are closer to the simulated values
of the PLPCs than those of pure POPCs (Fig. 2).
This most likely reflects the existence of polyunsatu-
rated chains in the real cell membranes and their
effect on the saturated sn-1 chains of the investigated
POPCs.

3.3. Linoleic acid chain

The order parameter profile of the polyunsatu-
rated sn-2 chains is characterised by a steep increase
from the value of —0.14 for the carbon C, to the
value of 0.22 for the carbon Cy, a short plateau at
C4-C,, dips at C;—C, and at C,, and decreasing
values at the end (Fig. 2). Since ’H NMR reveals
only | Scp | there is no experimental verification for
the negative order parameters of C, and C, re-
vealed by the PLPC simulation. However, the calcu-
lated distributions of the angles between the vector
from the first to the third carbon and the bilayer
normal peak relatively sharply at 29° for the sn-1 and
at 70° for the sn-2 chain explain the negative order
parameters in the beginning of the unsaturated chain
(see also Fig. 1). On the basis of this conformational
model [27,32] it is also likely that the order parame-
ters for the first sn-2 carbons in the DPPC and POPC
bilayers behave in a qualitatively similar manner as
in the PLPC bilayer. In fact, the average of the two
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’H NMR values (reflecting the motional non-equiv-
alence of the C, deuterons [33]) shown in Fig. 2 for
the order parameter of the sn-2 carbon C, of a
POPC bilayer is close to the corresponding absolute
value obtained for the PLPCs.

The sn-2 chains bend downwards after carbon C,.
which causes the change of the order parameter from
negative to positive (corresponding to a change of
the angle 6 from over 60° to below 50°). This
bending is also reflected by the large 42% gauche
fraction in the bond C;~C, (Fig. 4). The plateau
region in the order parameter profile at C4—~C., is in
accordance with the relatively small gauche fraction
between the bonds C;~C and C4,—C,: trans bonds
keep the distribution of local structures relatively
uniform in this region. The order parameter for
carbon Cg is only half that for carbon C,, which
reflects more variability in the local orientations as
implied by the high 42% gauche fraction for the
bond C,—Cyg.

Comparison of the order parameters for the sn-2
linoleic acid carbons of the PLPCs with the available
experimental values for the sn-2 oleic acid carbons
of the POPCs reveals remarkable differences (Fig.
2). In the order parameter profile of the oleic acid
chain the dip is at C,, but for the linoleic acid chain
the dips are at C4—Cy and at C,,. The dip in the
oleic acid profile is also much more pronounced than
the dips in the linoleic acid profile. According to
Gally et al. [28] and Heller et al. [15] the observed
dip in the oleic acid order parameter profile is more
likely a geometric effect than due to increased fluc-
tuations. The increase in the RMS fluctuations of the
sn-2 carbons of the PLPCs (Fig. 5) is not revealed in
the double bond region of the order parameter profile
(Fig. 2), which points out the importance of geomet-
ric effects for the linoleic acid chains as well. These
effects are probably even enhanced in the case of
two double bonds, a high proportion of which lies at
the same depth in the membrane (Fig. 3). At the end
of the linoleic acid chain the effect of increased
RMS fluctuations becomes noticeable although a
kind of end plateau at C,;—C,,» seems to occur as a
result of strong local orientations in relation to the
large gauche fraction in the bond C,,~C,s.

The results discussed above give evidence that the
geometrical constraints of the sn-2 double bond re-
gions induce structural changes especially into the

parts of the saturated sn-1 chains which are at the
same depth in the layer. This suggests that (poly)un-
saturation does not only induce changes to the co-op-
erative properties of membranes, but can also cause
direct local effects in the vicinity of the double
bonds.

4. Conclusions

The reported MD simulation of a bilayer consist-
ing of biologically abundant polyunsaturated PLPC
molecules reveals a considerable difference in the
structure of the hydrocarbon interior of the mem-
brane compared to other PC systems containing only
saturated or saturated and monounsaturated chains.
These novel results indicate that marked changes in
the membrane structure can arise from slight changes
in the unsaturation state, which elucidates the crucial
role of the double bonds in membrane functions.
Hence it will be of great interest to investigate and
compare structural properties of membranes with
different degrees of polyunsaturation.
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