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Abstract Molecular dynamics simulations of two monoun-
saturated phosphatidylcholine (PC) bilayers made of 1-pal-

 

mitoyl-2-oleoyl-PC (POPC; 

 

cis

 

-unsaturated) and 1-palmi-
toyl-2-elaidoyl-PC (PEPC; 

 

trans

 

-unsaturated) were carried

 

out to investigate the effect of a double bond in the PC

 

�

 

-chain and its conformation on the bilayer core. Four nano-
second trajectories were used for analyses. A fully saturated
1,2-dimyristoyl-PC (DMPC) bilayer was used as a reference
system. In agreement with experimental data, this study
shows that properties of the PEPC bilayer are more similar
to those of the DMPC than to the POPC bilayer. The differ-
ences between POPC and PEPC bilayers may be attributed
to the different ranges of angles covered by the torsion an-
gles 

 

�

 

10 and 

 

�

 

12 of the single bonds next to the double
bond in the oleoyl (O) and elaidoyl (E) chains. Broader dis-
tributions of 

 

�

 

10 and 

 

�

 

12 in the E chain than in the O chain
make the E chain more flexible. In effect, the packing of
chains in the PEPC bilayer is similar to that in the DMPC bi-
layer, whereas that in the POPC bilayer is looser than that in
the DMPC bilayer.  The effect of the 

 

cis

 

-double bond on
torsions at the beginning of the O chain (

 

�

 

4 and 

 

�

 

5) is sim-
ilar to that of cholesterol on these torsions in a myristoyl
chain.

 

—Róg, T., K. Murzyn, R. Gurbiel, Y. Takaoka, A.
Kusumi, and M. Pasenkiewicz-Gierula.
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Phospholipids with two asymmetric hydrocarbon chains,
of which one is fully saturated in the 

 

�

 

 position and the
other is mono-

 

cis

 

- or poly-

 

cis

 

-unsaturated in the 

 

�

 

 position,

 

are the most common in nature (1). Among mono-

 

cis

 

-

 

unsaturated phosphatidylcholines (PCs), 1-palmitoyl-2-oleoyl-
PC (POPC) is the most abundant. In the past, phospho-

 

lipids with 

 

trans

 

-unsaturated hydrocarbon chains were
believed to be rare in nature. They were found in photo-

 

synthetic membranes of higher plants (2) and algae (3) as
well as in some marine bacteria (4). With advances in sep-
aration and quantification techniques, new 

 

trans

 

-unsatu-
rated lipids have been identified in membranes of pro-
karyotes (5) and algal chloroplasts (6). In membranes of
gram-negative bacteria, the relative proportion of 

 

trans

 

-
unsaturated lipids increases under physiologically stressful
conditions, such as increased temperature (7), starvation
and desiccation (8), and organic solvents (9). The in-
crease of the 

 

trans

 

-to-

 

cis

 

 ratio results from an enzymatically
controlled direct 

 

cis

 

-

 

trans

 

 isomerization that does not shift
the position of the double bond and occurs only at the 

 

�

 

position of the glycerol moiety (7). The 

 

cis

 

-

 

trans

 

 conver-
sion in the bacterial membrane is believed to be a fast and
inexpensive mechanism enabling the membrane to main-
tain constant fluidity (5).

Experimental (10–13) and molecular modeling (14)
studies of model membranes show that in the membrane, a
double bond in the 

 

cis

 

 conformation located near the mid-
dle of the chain interferes with the hydrocarbon chain
packing. This decreases the cooperativity of the chain inter-
actions and causes a substantial decline in the main phase
transition temperature (13, 15–18). The effect of a 

 

trans

 

double bond on the main phase transition temperature of
hydrocarbon chains is much weaker (13, 16, 18). A double
bond present in a PC chain increases the lateral PC-PC
spacing in the bilayer (13). Nevertheless, the order and re-
orientational motion of saturated and 

 

cis

 

-unsaturated (19,
20) as well as 

 

trans

 

-unsaturated (21) hydrocarbon chains in
model membranes are similar. In contrast, the translational
diffusion of lipids (21–23) as well as small lipid-soluble mol-
ecules (24, 25) is significantly lower in 

 

cis

 

- and 

 

trans

 

-unsatu-

 

Abbreviations: DMPC, 1,2-dimyristoyl-phosphatidylcholine; E, elai-
doyl; M, myristoyl; MD, molecular dynamics; O, oleoyl; PC, phos-
phatidylcholine; PEPC, 1-palmitoyl-2-elaidoyl-phosphatidylcholine; POPC,
1-palmitoyl-2-oleoyl-phosphatidylcholine; PSPC, 1-palmitoyl-2-stearoyl-
phosphatidylcholine; RAF, reorientational autocorrelation function;
RDF, radial distribution function; SA, surface area.
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rated bilayers than in saturated bilayers. The introduction
of a double bond into the alkyl chain decreases water pene-
tration of the bilayer; the effect is greater for 

 

cis

 

-unsatu-
rated than for 

 

trans

 

-unsaturated bilayers (26).
Among several reports on computer simulations of unsat-

urated PC bilayers (27–38), 

 

cis

 

- and 

 

trans

 

-unsaturated bilay-
ers were compared in two of them (27, 36). In a Langevin
dynamics simulation study, Pearce and Harvey (27) showed
that structural and dynamic properties of PCs with a 

 

trans

 

double bond are similar to those of saturated PCs, whereas
PCs with a 

 

cis

 

 double bond behave differently. In a compara-
tive molecular dynamics (MD) simulation study, Murzyn et
al. (36) showed that numbers of inter-lipid interactions via
water bridges and charge pairs in 

 

cis

 

- and 

 

trans

 

-unsaturated
PC bilayers are similar and that both are smaller than in a
saturated 1,2-dimyristoyl-PC (DMPC) bilayer.

Scarce experimental (10, 39) and molecular modeling
(40–42) studies of mixed-chain phospholipids indicate that
in mono-

 

cis

 

-unsaturated chains, torsion angles of the single
bonds next to the double bond are highly distributed
around 

 

skew

 

 (120

 

�

 

), 

 

skew

 

�

 

 (240

 

�

 

), and 

 

trans

 

 (180

 

�

 

) confor-
mations. The estimated distribution of angles ranges from
90 to 175

 

�

 

 and 

 

�

 

90 to 

 

�

 

175

 

�

 

 for the 

 

skew

 

 and 

 

skew

 

�

 

 confor-
mations (10). This follows from the steric energy profile
(41), which has two broad minima centered at 

 

�

 

110

 

�

 

, a rel-
atively narrow and low-energy barrier centered at 180

 

�

 

, and
a broad, higher energy barrier extending from 

 

�

 

60

 

�

 

(

 

gauche

 

�

 

) to 60

 

�

 

 (

 

gauche

 

�

 

) with a small maximum at 0

 

�

 

.
Thus, torsion angles of the single bonds next to the dou-
ble bond are unlikely to have conformations from the
range 

 

	

 

gauche

 

�

 

 to 

 

gauche

 

�

 




 

. Similar results were obtained
from quantum mechanical calculations of two model com-
pounds, each containing two 

 

cis

 

-unsaturated bonds, as well
as from MD simulations of the poly-

 

cis

 

-unsaturated docosa-
hexaenoic chain (32). Molecular modeling calculations in-
dicate that the 

 

gauche

 

 probability of the torsion angles sec-
ond next to the 

 

cis

 

 double bond is higher than that in fully
saturated chains (39, 40). Both experimental (43) and mo-
lecular modeling (40) studies indicate that a single 

 

cis

 

 dou-
ble bond in the phospholipid 

 

�

 

-chain has practically no ef-
fect on the fully saturated 

 

�

 

-chain. To our knowledge, the
effects of the 

 

trans

 

 double bond in the 

 

�

 

-chain on the
neighboring torsion angles or the 

 

�

 

-chain have not been
determined either experimentally or from simulations.

The aim of the present MD simulation study was to de-
termine the effect of PC monounsaturation and the con-
formation (

 

cis

 

 or 

 

trans

 

) of the double bond in the 

 

�

 

-chain
on hydrocarbon chain order, packing, and dynamics in
the membrane. Two PC bilayers were studied: POPC
(mono-

 

cis

 

-unsaturated) and 1-palmitoyl-2-elaidoyl-PC (PEPC;
mono-

 

trans

 

-unsaturated) together with a third, DMPC (fully
saturated), used as a reference system. It is true that a bi-
layer made of fully saturated 1-palmitoyl-2-stearoyl-PC (PSPC)
would constitute a better reference system for the POPC
and PEPC bilayers (the length of corresponding alkyl chains
of the three lipids is the same), but there is a serious prob-
lem in doing this. Unfortunately, there are very few exper-
imental data for a PSPC bilayer, and this makes the gener-
ation of a computer model for this bilayer uncertain and

 

unreliable and therefore unsuitable as a comparison. By
contrast, reliable data for the DMPC bilayer are available,
making this a safe reference system for comparative stud-
ies. The much lower temperature of the main phase tran-
sition of DMPC compared with PSPC is an additional ad-
vantage for this choice, because the three bilayers are all
now in the liquid crystalline phase at the physiological
temperature of 37

 

�

 

C. DMPC and POPC bilayers were sim-
ulated for 15 ns and the PEPC bilayer for 8 ns. Analyses of
the trajectories generated in the MD simulations con-
firmed that the 

 

cis

 

 double bond (torsion 

 

�

 

11) promotes
the conformational variability of the neighboring torsion
angles (

 

�

 

10 and 

 

�

 

12), consistent with both the experi-
mental and MD simulation data. In addition, they showed
that the 

 

trans

 

 double bond has a similar effect, although
the range of angles that 

 

�

 

10 and 

 

�

 

12 assume is broader.
Indeed, 

 

�

 

10 and 

 

�

 

12 of the oleoyl (O; 

 

cis

 

) chain cover an-
gles between 60 and 300

 

�

 

, whereas those of the elaidoyl
(E; 

 

trans

 

) chain cover the whole range of angles, i.e., be-
tween 0 and 360

 

�

 

.

METHODS

Simulation systems
POPC, PEPC, and DMPC bilayers used in this study consisted of

72 (6 � 6 � 2) PC molecules. POPC and PEPC bilayers were hy-
drated with 1,922 water molecules; the DMPC bilayer was hydrated
with 1,622 water molecules (in each bilayer, water constituted
�39% by weight). The structure, numbering of atoms, and torsion
angles in POPC, PEPC, and DMPC molecules are shown in Fig. 1.

The �-chain of POPC and PEPC has one double bond be-
tween C9 and C10 (Fig. 1). In POPC, the double bond is in the
cis conformation (O chain), and in PEPC, it is in the trans con-
formation (E chain), so the torsion angle for the double bond,
�11, is 0� for POPC and 180� for PEPC. The �- and �-chains of
DMPC [myristoyl (M) chain] and the �-chain of POPC and
PEPC are fully saturated. Details concerning the construction of
the POPC and PEPC molecules and subsequently bilayers, as well
as the initial simulations of these bilayers, were described in
Murzyn et al. (36). Details concerning the DMPC bilayer were
described in Pasenkiewicz-Gierula et al. (44, 45).

Simulation parameters
For PCs, optimized potentials for liquid simulations (OPLS)

parameters (46), and for water, TIP3P parameters (47), were
used. The united-atom approximation was applied to the CH,
CH2, and CH3 groups of PCs. The atomic charges on head
groups of DMPC, POPC, and PEPC were practically the same; de-
tails are given in Pasenkiewicz-Gierula et al. (45). Procedures for
supplementing the original OPLS base with the missing parame-
ters for the PC head group were described in Pasenkiewicz-Gier-
ula et al. (45), and those for the �-chain sp2 carbon atoms were
described in Murzyn et al. (36).

Simulation conditions
POPC and PEPC bilayers were simulated for 15 and 8 ns, re-

spectively, initially using the MD AMBER 4.0 (48) and then (last
5 ns) AMBER 5.0 (49) packages. Three-dimensional periodic
boundary conditions with the usual minimum image convention
were used. The SHAKE algorithm (50) was used to preserve the
bond lengths of the water molecule, and the time step was set at
2 fs (51). Restraints of a flat-bottom harmonic potential as de-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


328 Journal of Lipid Research Volume 45, 2004

fined and implemented in the AMBER package (49) were im-
posed on the double bond to prevent cis-trans isomerization. As
neither the POPC nor the PEPC bilayer contains charge mole-
cules, a residue-based cutoff with a cutoff distance of 12 Å was
used to calculate the nonbonded interactions. The list of non-
bonded pairs was updated every 25 steps. Other computational
details are given in Murzyn et al. (36).

The MD simulations were carried out at a constant pressure (1
atm) and at a temperature of 310 K (37�C), which is above the
main phase transition temperature for the POPC (�5�C) (18),
PEPC (26�C) (18), and DMPC (23�C) bilayers. The temperatures
of the solute and solvent were controlled independently. Both
the temperature and pressure of the systems were controlled by
the Berendsen method (52). The relaxation times for tempera-
tures and pressure were set at 0.4 and 0.6 ps, respectively. The ap-
plied pressure was controlled anisotropically, each direction be-
ing treated independently with the trace of the pressure tensor
kept constant for 1 atm. The DMPC bilayer was simulated for 15
ns under similar MD simulation conditions (44, 45).

RESULTS

Details concerning the equilibration and validation of
POPC and PEPC bilayers were described in Murzyn et al.

(36), and those concerning the DMPC bilayer were de-
scribed in Pasenkiewicz-Gierula et al. (45). For the analy-
ses described below, the last 4 ns fragments of the gener-
ated trajectories were used. Errors in the derived average
values are standard error estimates obtained from the
block-averaging procedure. Because the torsion angles �3
and �3 (Fig. 1) are not in well defined, stable conforma-
tions (trans or gauche) (53), when calculating conforma-
tion-related quantities, �3 and �3 as well as the third seg-
mental vector were not considered.

Cross-sectional area per PC
The average surface area (SA) per PC is 64.3 � 0.6 Å2 in

POPC, 63.5 � 0.6 Å2 in PEPC, and 60.2 � 0.6 Å2 in DMPC
bilayers. The values for the POPC and DMPC bilayers are
in good agreement with those published in the literature.
SA/PC in the POPC bilayer was estimated to be 63 Å2

from POPC monolayer studies at the surface pressure of
30 mN/m (54) and 66 Å2 at the surface pressure of 20
mN/m (55). For the DMPC bilayer, the best estimate for
SA/PC is �60 Å2 (56). For the PEPC bilayer, there are no
published experimental data.

Molecular order parameter of PC alkyl chains
The molecular order parameter, Smol, profiles [for defi-

nition, see Róg and Pasenkiewicz-Gierula (53)] along the
�- and �-chains in the POPC, PEPC, and DMPC bilayers
are shown in Fig. 2. Shapes of the profiles for the O and E
chains agree well with those given in Seelig and Waespe-

ar evi  (18). For the POPC �-chain, the Smol profile
agrees with that of Holte et al. (43) and Seelig and
Waespe- ar evi  (18). As can be seen from Fig. 2, Smol pro-
files for �-chains as well as �-chains of POPC, PEPC, and
DMPC are similar, except for segments 10 and 11 of the O
chain (i.e., segments that include the cis double bond),
for which Smol values are substantially lower. Average Smol
values for the POPC and PEPC chains are only slightly
lower than those for the DMPC chains (Table 1), so satu-
rated, mono-cis-unsaturated, and mono-trans-unsaturated
chains are similarly ordered.

Tilt of PC alkyl chains
The tilt angle of a PC chain as well as the � segment

(C-C bonds 4–9 above the double bond) and the 
 seg-
ment (C-C bonds 10–17 below the double bond) of the O
and E chains were derived as shown in

(Eq. 1)

where � is the angle between the bilayer normal and the
average segmental vector (averaged over appropriate seg-
mental vectors � 4) (the nth segmental vector links n � 1
and n � 1 carbon atoms in the alkyl chain), and 〈 〉 de-
notes both the ensemble and the time average. The distri-
butions of tilt angles of �- and �-chains in the POPC,
PEPC, and DMPC bilayers are shown in Fig. 3A, B and
those of the � and 
 segments are shown in Fig. 3C, D. Av-
erage tilts of the PC chains, given in Table 1, are similar in
the three bilayers. Also, tilts of the � and 
 segments are

Ŝ ĉ ć

Ŝ ĉ ć

arccos cos
2θ〈 〉 

 

Fig. 1. Molecular structures with numbering of atoms and torsion
angles of 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) (A),
1-palmitoyl-2-elaidoyl-phosphatidylcholine (PEPC) (B), and 1,2-
dimyristoyl-phosphatidylcholine (DMPC) (C). The chemical sym-
bol for carbon atoms (C) is omitted.
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similar in the POPC and PEPC bilayers, but in both bilay-
ers, the � segment is significantly less tilted than the 
 seg-
ment (Table 1). A large difference between the O and E
chains is seen in distributions (Fig. 4) and average values

(Table 1) of tilt angles of the double bonds. The average
tilt of the cis double bond is 11� larger than that of the
trans double bond, which, on the other hand, is similar to
that of the single C9-C10 bond in the M chain.

Conformation of PC alkyl chains
Probability profiles of the gauche conformation for C-C

bonds along the �- and �-chains in the POPC, PEPC, and
DMPC bilayers are shown in Fig. 5A, B (the gauche proba-
bility for the double bond is zero). The cis double bond
has a strong effect on the torsion angles of single bonds at
the beginning (�4 and �5) and middle (�9, �10, �12, and
�13) of the �-chain. �4 and �5 have significantly higher
and lower gauche probabilities, respectively, than their
counterparts in the fully saturated M chain. A similar ef-

Fig. 2. Profiles of the molecular order parameter (Smol) along the
�-chain (A) and �-chain (B) in the POPC (closed squares), PEPC
(closed triangles), and DMPC (closed circles) bilayers. The error
bars indicate SEM. Average values of Smol are given in Table 1.

Fig. 3. Distribution of tilt angles of the �-chain (A) and �-chain
(B) of POPC (thick line), PEPC (dotted line), and DMPC (thin
line) as well as the �-segment (C) and 
-segment (D) of the
�-chain of POPC (thick line) and PEPC (dotted line). Average tilt
angles are given in Table 1.

TABLE 1. Average values of parameters

PC

Smol � 0.01 Tilt � 1.0
gauche � 

0.05
Lifetime trans/
gauche � 4/2

� � � � 
 II � � � �a �

� n ps

POPC 0.24 0.22 25 26 41 49 28 3.2 3.0 180/65 180/60
PEPC 0.24 0.20 26 26 39 38 29 3.1 3.0 180/65 180/60
DMPC 0.33 0.26 27 — — 39b 28 2.5 2.4 180/55 180/55

The molecular order parameter (Smol); tilt angles of the �- and
�-chains, the �- and 
-segments, and the double bond (II); numbers of
gauche rotamers per phosphatidylcholine (PC) chain; and lifetimes of
trans and gauche conformations in 1-palmitoyl-2-oleoyl-PC (POPC),
1-palmitoyl-2-elaidoyl-PC (PEPC), and 1,2-dimyristoyl-PC (DMPC) bi-
layers. The errors in the average values are SEM estimates.

a Torsion angles �10 and �12 are not included.
b Average tilt of the single C29-C210 bond of the DMPC �-chain

(cf. Fig. 1).
Fig. 4. Distribution of tilt angles of the double bond in the
�-chain of POPC (thick line) and PEPC (dotted line).
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fect was brought about in the DMPC �-chain by choles-
terol (53). The gauche probability of �10 and �12 (next to
the double bond) is zero, and that of �9 and �13 (second
next to the double bond) is higher than that in the M
chain. The trans double bond does not influence torsion
angles at the beginning of the �-chain but, like the cis
double bond, increases the gauche probability of �9 and
�13, although to a lesser extent. The gauche probability for
�10 and �12 in the E chain is nonzero but is distinctly
lower than that in the M chain. The double bond (cis or
trans) has practically no effect on the gauche probability
along the �-chain.

Populations of conformations of torsion angles that are
first (�10 and �12) and second (�9 and �13) neighbors of
the double bond in the POPC and PEPC bilayers are illus-
trated in Fig. 6. �9 and �13 of both the O and E chains as-
sume discrete low-energy conformations (trans or gauche)
in 99% of cases (Fig. 6A, B, G, H), whereas �10 and �12 of
both the O and E chains continuously populate angles be-
tween 60 and 300� and 0 and 360�, respectively, with an ap-
parent single maximum at 180� (Fig. 6C–F). Detailed in-
spection reveals that the distributions of conformations of
�10 and �12 in the O chain have shoulders indicating
nonuniform populations of the angles. Indeed, time pro-
files of the �12 conformation in some cases have a bimo-
dal character (Fig. 7A).

Correlations between values of torsion angles for pairs
of angles neighboring the trans double bond in the PEPC
bilayer are shown as contour plots in Fig. 8. For compari-
son, a contour plot for a pair of “typical” torsion angles
(�7 and �8) in the �-chain is also shown (Fig. 8A). For the
�7-�8 pair, five regions on the plot can be recognized, one
for trans-trans conformations and four for trans-gauche con-
formations (Fig. 8A). Gauche-gauche conformations are
much less populated, so they do not appear on the plot.

Torsion angles �10 and �12 do not reside in the low-
energy conformations typical for single C-C bonds; there-
fore, they cover different regions on the plot. For discrete
trans, gauche�, and gauche� conformations of �9 and �13,
the values of �10 and �12 cover nearly the whole range of
angles (Fig. 8B, C) (relatively less populated conforma-
tions do not appear on the plot). The contour plot for the
�12-�10 pair shows that conformations of these torsion
angles are uncorrelated (Fig. 8D); the region covered on
the plot is a simple superposition of these angle distribu-
tions (cf. Fig. 6D, F). Similar results were obtained for tor-
sion angles next to the cis double bond (data not shown).

Conformation lifetimes
Figure 6C, D shows that �10 and �12 of the O and E

chains have a nonzero probability to populate any angle
in the range between 60 and 300� and 0 and 360�, respec-
tively. This means that these torsion angles do not have
stable conformations. Figure 7A, B well illustrates the in-
stability of the conformational states of �12 in the O and
E chains. Other single C-C bonds in PC hydrocarbon
chains assume low-energy trans and gauche conformations,
as illustrated in Fig. 7C. Lifetime profiles of these confor-
mations along the �- and �-chains in the POPC, PEPC,
and DMPC bilayers are shown in Fig. 5C, D. Lifetimes of
gauche conformations for POPC �10 and �12 were set to
zero because these angles are never gauche. Lifetimes of
trans conformations for POPC �10 and �12 as well as trans
and gauche conformations for PEPC �10 and �12 are very

Fig. 5. Probability profiles of the gauche conformation along the
�-chain (A) and �-chain (B) in the POPC (closed squares), PEPC
(closed triangles), and DMPC (closed circles) bilayers. Lifetimes of
the gauche conformation (open symbols) and trans conformation
(closed symbols) along the �-chain (C) and �-chain (D) in the
POPC (squares), PEPC (triangles), and DMPC (circles) bilayers.

Fig. 6. Populations of the torsion angles �9 (A, B), �10 (C, D),
�12 (E, F), and �13 (G, H) in the POPC (A, C, E, G) and PEPC (B,
D, F, H) bilayers. Angles around 60, 180, and 300� correspond to
gauche�, trans, and gauche� conformations, respectively.
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short, which indicates that these conformations are very
unstable. For �9 and �13 of the O and E chains, lifetimes
of the gauche conformation increase by the same amount
relative to those of the M chain, whereas lifetimes of the
trans conformation increase for �9 and �13 of only the E

chain. This is the likely reason why the probability of
gauche for �9 and �13 of the O chain is higher than that of
the E chain (Fig. 5A). For torsion angles other than �9,
�10, �12, and �13, lifetimes of both the trans and gauche
conformations are similar in all three bilayers.

Fig. 7. Time profiles of conformations of the torsion angles �12 of arbitrarily chosen POPC (A) and PEPC
(B) molecules and �12 of an arbitrarily chosen PEPC molecule (C). Trans, gauche�, and gauche� are indi-
cated at right as t, g�, and g�, respectively. The dashed lines indicate the ranges of angles that characterize a
given conformation.
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Chain packing in the hydrophobic core
Radial distribution functions (RDFs) calculated for the

center of mass of the PC alkyl chains belonging to differ-
ent PC molecules in the POPC, PEPC, and DMPC bilayers
are shown in Fig. 9A. A broad first maximum and the lack
of a second maximum in the RDF for the POPC bilayer in-
dicate that the cis double bond disrupts a regular chain
packing observed in the DMPC and PEPC bilayers (Fig. 9A).

The RDFs were decomposed into RDFs for the �-chains
(a �-� RDF; Fig. 9B), �- and �-chains (a �-� RDF; Fig. 9C),
and �-chains (a �-� RDF; Fig. 9D). As indicated in Fig. 9B,
saturated �-chains pack much better than unsaturated
�-chains, but trans-unsaturated chains pack better than cis-
unsaturated chains. The �-� RDFs in Fig. 9D show that the
�-chains in the DMPC and PEPC bilayers are arranged
regularly, whereas the �-chains in the POPC bilayer are
not. In contrast, as the �-� RDFs in Fig. 9D show, the ar-
rangement of the unsaturated �-chains relative to �-chains
in both the POPC and PEPC bilayers is more regular than
that of the saturated �-chains relative to �-chains in the
DMPC bilayer. One can conclude that in the vicinity of a

cis-unsaturated �-chain in the POPC bilayer, there are
mainly saturated �-chains, whereas in the DMPC bilayer, a
�-chain is surrounded by �-chains and a �-chain is sur-
rounded by �-chains.

Rotational diffusion
Reorientational autocorrelation functions (RAFs) were

calculated for the Legendre polynomial P1 for �-chain
and �-chain vectors (Fig. 10A, B) in the POPC, PEPC, and
DMPC bilayers. The �-chain (�-chain) vector is a vector
linking the middle of the C21-C22 (C31-C32) bond (Fig.
1) and the center of gravity of the chain. The RAF curves
could not be satisfactorily fitted to a sum of exponentials;
thus, the results presented are only qualitative. The effect
of the double bond on the alkyl chain rotation is weak, in-
dependent of the bond conformation. A similar conclu-
sion was drawn from spin-label studies of bilayers made of
saturated, cis-unsaturated, and trans-unsaturated PCs (21).
In those studies, however, the effects of unsaturation on
the chain reorientational motion were monitored indi-
rectly via the reporter group of the spin-label molecule.

Fig. 8. Contour plots showing correlations between values of torsion angles for the pairs of angles �7 and
�8 (A), �9 and �10 (B), �12 and �13 (C), and �10 and �12 (D) in the PEPC bilayer. In A, contours are plot-
ted at intervals of 10, and in B–D, they are plotted at intervals of 2.
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DISCUSSION

In our previous paper (36), no significant effect of the
conformation (cis or trans) of the double bond in the PC
�-chain was found on the organization of the bilayer-water
interface. In this paper, details of the effect of the double
bond and its conformation on the organization of the
bilayer core were investigated. In the MD simulation
study, properties of the hydrocarbon core of the mono-cis-
unsaturated (POPC), mono-trans-unsaturated (PEPC), and
fully saturated (DMPC) bilayers were compared.

Average parameters characterizing monounsaturated
PC bilayers in the liquid crystalline state obtained in this
study are similar to those derived experimentally, in spite
of the limited size of the computer models. In particular,
the mean SA per PC in the POPC (and PEPC) bilayer of
�64 Å2 agrees with experimental estimates (54, 55) and,
as the experiments predict (13), is greater than that in the
DMPC bilayer of �60 Å2. Profiles of the order parameter
for the O and E chains have shapes similar to those ob-
tained from NMR spectroscopy (18). In accord with the
experimental data of Subczynski and Wisniewska (21),
saturated, mono-cis-unsaturated, and mono-trans-unsatu-
rated chains are similarly ordered, and as Holte et al. (43)
showed, mono-cis-unsaturation in the �-chain has a minor
effect on the order of the �-chain.

The effect of the cis double bond on the �4 and �5 tor-
sions angles in the pure POPC bilayer is similar to that of
cholesterol in the DMPC-cholesterol bilayer (53). In both
bilayers, the gauche probability of the �4 is significantly
higher and that of the �5 is significantly lower than the re-
spective probabilities for the DMPC �-chain in the pure
DMPC bilayer. This is a very interesting but puzzling re-
sult, because in the first case, the effect is caused by an in-
trinsic molecular factor, whereas in the second case, it is
driven by intermolecular interaction. The changes in the
gauche probability of �4 and �5 are most likely attributable

to steric effects, but in the framework of the present study,
their origin cannot be clearly indicated. Similar effects of
the cis double bond and cholesterol may explain why wa-
ter penetration through the POPC and DMPC-cholesterol
bilayers is decreased similarly compared with that in the
pure DMPC bilayer (26). The trans double bond has no ef-
fect on the �4 and �5 torsions angles.

Detailed conformational analyses of mono- and poly-cis-
unsaturated chains indicate that torsion angles of satu-
rated C-C bonds next to the double bond have broad dis-
tributions around the skew, skew�, and trans conformations,
with a low probability of conformations between gauche�

and gauche� (10, 32, 41). On the other hand, molecular
mechanics calculations indicated that the gauche probabil-
ity for the second next torsions to the double bond is
higher than that in a fully saturated chain (39–41). To our
knowledge, the effect of the mono-trans-unsaturated bond
on the conformation of the neighboring single bonds has
not been described in the literature.

Our MD simulation study demonstrated that both cis
and trans double bonds strongly modify conformational
states of the next (�10 and �12) and second next (�9 and
�13) torsion angles. The distributions of �10 and �12 are
continuous and broad, with maxima at 180� (Fig. 6). The
range of angles covered by �10 and �12 depends on the
conformation of the double bond. The values of �10 and

Fig. 10. Reorientational autocorrelation functions (RAFs) for the
�-chain vector (A) and the �-chain vector (B) in the POPC (thick
line), PEPC (dotted line), and DMPC (thin line) bilayers.

Fig. 9. Radial distribution functions (RDFs) calculated for the
centers of masses of the phosphatidylcholine (PC) alkyl chains be-
longing to different PC molecules for all chains (A), the �-chains
relative to a �-chain (B), the �-chains relative to a �-chain (C), and
the �-chains relative to a �-chain (D) in the POPC (thick line),
PEPC (dotted line), and DMPC (thin line) bilayers.
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�12 in the O chain are between 60 and 300� (Fig. 6C, E),
whereas in the E chain, they cover the whole range of an-
gles between 0 and 360� (Fig. 6D, F). The result for the O
chain is in accord with results from single crystal studies
by Keneko, Yano, and Sato (10) and molecular mechanics
calculations by Li et al. (41). The result for the E chain is
an evidently new result of the present study; unfortu-
nately, no experimental data are available to verify it.

Different ranges of angles covered by �10 and �12 in
the O and E chains are the most likely explanation for the
experimentally observed differences in the properties of
the POPC and PEPC bilayers. A wider distribution of �10
and �12 in the E chain makes the chain more flexible.
Moreover, the distribution of gauche rotamers along the E
chain and the inclination of the C9�C10 bond are more
similar to those of the M than of the O chain (Fig. 5A).
Thus, the E chain is more adaptive than the O chain and,
in many respects, displays properties similar to those of
the M chain. This result is in agreement with the reported
similarity in the subcell structure and the occurrence of
polytypic structures of mono-trans-unsaturated and fully
saturated fatty acid crystals (57). Also, it is in agreement
with the conclusion drawn from experimental observation
that cholesterol mixes well with saturated and mono-trans-
unsaturated phospholipids but not with mono-cis-unsatur-
ated phospholipids (24, 58).

A greater similarity of the E chain to the M than to the
O chain is also reflected in chain-chain RDFs (Fig. 9). The
RDFs indicate that both mono-trans-unsaturated and fully
saturated chains pack more regularly in the bilayer than
the less adaptive mono-cis-unsaturated chains (Fig. 9A).
Thus, the generally higher main phase transition temper-
atures of saturated and mono-trans-unsaturated bilayers
than mono-cis-unsaturated bilayers may be attributed
mainly to the observed differences in the chain packing.
The RDFs shown in Fig. 9B, D indicate that, in contrast to
the DMPC and PEPC bilayers, the �-chains as well as the
�-chains in the POPC bilayer are not arranged regularly
relative to each other. Nevertheless, spatial ordering of
�-chains relative to �-chains is more apparent in the POPC
and PEPC bilayers than in the DMPC bilayer (Fig. 9C).

Our MD simulation study confirmed an earlier Lan-
gevin dynamics simulation study of Pearce and Harvey
(27) that showed that structural and dynamic properties
of PCs with a trans double bond are similar to those of sat-
urated PCs. Most likely, as a result of this similarity, phos-
pholipids with trans-unsaturated hydrocarbon chains are
much less abundant in nature than those with cis-unsatu-
rated hydrocarbon chains.

In membranes of some bacteria, the relative proportion
of trans-unsaturated fatty acids increases under physiologi-
cally stressful conditions (7–9). The increase results from
an enzymatically controlled direct cis-trans isomerization
of the double bond (7). Cis-trans isomerization was pro-
posed as a biological mechanism of the regulation of bac-
terial membrane fluidity (5). The cis bond would increase
fluidity, whereas the trans bond would decrease it. Unfor-
tunately, experimental results (21–23) and the MD simula-
tion results presented here do not support this hypothesis.

They indicate that the lateral self-diffusion of cis-unsatu-
rated lipids in the bilayer is slower than that of trans-unsat-
urated lipids, whereas the rotational diffusion is similar.
Furthermore, Smol profiles for cis- and trans-unsaturated
chains have similar overall shapes. Thus, at temperatures
above the main phase transition temperature for trans-
unsaturated chains, the double bond in either the cis or the
trans conformation has little effect on membrane fluidity
and order. However, the biological role of cis-trans isomer-
ization of the double bond in bacterial fatty acids might
stem from differences in the interactions of other mem-
brane components with cis- and trans-unsaturated chains.
It has been demonstrated that membranes of bacteria liv-
ing in extreme conditions contain polar carotenoids (59,
60). Carotenoids and cholesterol have similar effects on
alkyl chains of phospholipids (61, 62) and both affect cis-
unsaturated chains less strongly than saturated chains (26,
61, 62); in the case of cholesterol, the effect is also less
strong than that of trans-unsaturated chains (26). Because
of the similarity of saturated and trans-unsaturated chains
discussed above, one can expect that the effect of carot-
enoids on these chains is similar to that of cholesterol.
Therefore, environmentally induced cis-trans isomeriza-
tion of the double bond should result in a stronger effect
of carotenoids (or similar molecules) on the hydrocarbon
chains in the bacterial membrane whenever it contains ca-
rotenoid-like molecules. The structure of the lipid matrix
of the membrane would then become more rigid and hy-
drophobic and thus less permeable for polar molecules
and ions. In this way, bacterial cell membrane integrity
would be better preserved and the cell could better sus-
tain stressful external conditions.

CONCLUSIONS

This MD simulation study confirmed numerous experi-
mental results, particularly that the order and rotational
diffusion of mono-cis-unsaturated, mono-trans-unsaturated,
and saturated chains do not differ significantly from one
another. This study also confirmed both experimental and
computer simulation results that torsion angles of satu-
rated C-C bonds next to the cis double bond are broadly
distributed (in the range between 60 and 300�) and the
gauche probability for the second next torsions to the cis
double bond is higher than in a fully saturated chain.

This study provided the following new results: (1) Tor-
sion angles of saturated C-C bonds next to the trans dou-
ble bond continuously populated the whole range of
angles between 0 and 360�. This makes the mono-trans-unsat-
urated chain more adaptive than the mono-cis-unsatu-
rated chain and in many respects similar to a fully satu-
rated chain. (2) The intrinsic effect of the cis double bond
on �4 and �5 torsions angles is very similar to the extrinsic
effect of cholesterol on these angles in a fully saturated
chain. Both in the POPC and DMPC-cholesterol bilayers,
the gauche probability of �4 and �5 is much higher and
lower, respectively, than that in the pure DMPC bilayer.
(3) The packing of the alkyl chains in a mono-trans-unsat-
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urated bilayer is similar to that in a saturated bilayer,
whereas the packing of the alkyl chains in a mono-cis-
unsaturated bilayer is significantly looser.
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