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The trans isomers of fatty acids are found in human adipose tissue. These isomers have been linked with delete-
rious health effects (e.g., coronary artery disease). In this study,we performedmolecular dynamics simulations to
investigate the structures and dynamic properties of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
(POPC) and 1-palmitoyl-2-elaidoyl sn-glycero-3-phosphatidylcholine (PEPC) lipid bilayers. The geometry of
the olefinic bond and membrane packing effects significantly influenced the conformations and dynamics of
the two C\C single bonds adjacent to the olefinic bond. For the PEPC lipid, the two C\C single bonds adjacent
to the olefinic bond adopted mainly nonplanar skew–trans and planar cis–transmotifs; although the cis confor-
mation featured relatively strong steric repulsion, itwas stabilized throughmembrane packing because its planar
structure is more suitable for membrane packing. Moreover, membrane packing effects stabilized the planar
transition state for conformational conversion to a greater extent than they did with the nonplanar transition
state, thereby affecting the dynamics of conformational conversion. The rotational motions of the first neighbor-
ing C\C single bonds were much faster than those of typical saturated C\C single bonds; in contrast, the rota-
tional motions of the second neighboring C\C single bonds were significantly slower than those of typical
saturated torsion angles. The packing of PEPC lipids is superior to that of POPC lipids, leading to a smaller area
per lipid, a higher order parameter and a smaller diffusion coefficient. The distinct properties of POPC and
PEPC lipids result in PEPC lipids forming microdomains within a POPC matrix.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Phospholipids are the main components of cell membranes. Their
structures and compositions regulate various properties of the mem-
brane, including fluidity and permeability. Phosphatidylcholines (PCs)
are the most abundant phospholipids in animal cell membranes;
among them, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
(POPC) is probably the most common naturally occurring PC [1]. POPC
[Fig. 1(a)] features two asymmetric acyl chains: a fully saturated sn-1
chain and a monounsaturated sn-2 chain with a cis olefinic bond. A cis
conformation for the olefinic bond is required in lipids for their biosyn-
thesis; it provides the stereoselective and regiospecific enzymatic activ-
ity of the desaturases [2]. The trans isomers of naturally occurring cis-
unsaturated fatty acids and phospholipids have traditionally received
less attention than their counterparts. With the development of ad-
vanced analytical methods, however, more new trans-unsaturated
lipids have been identified [3], mostly in themembranes of prokaryotes
and algal chloroplasts [4]. The enzymatic trans-to-cis conformational
conversion of unsaturated lipids in the membranes of some bacteria is
fax: +886 3 4227664.
thought to be a short-term strategy for adaption under different physi-
ologically stressful conditions. In themembranes of Gram-negative bac-
teria, the trans-to-cis ratio of unsaturated lipids increases in response to
increased temperature [5], starvation and desiccation [6], hypo-osmotic
shock [7], and the presence of organic solvents [8]. Inmembranes, mod-
ification in the trans-to-cis ratio of unsaturated lipids changes themem-
brane fluidity.

The trans isomers of fatty acid found in human adipose tissue are as-
sumed to derive from dietary intake. These isomers are present in foods
containing fats and oils, particularly those processed through partial hy-
drogenation, deodorization, or frying at high temperatures [9]. The trans
isomers of fatty acids have also been linked to deleterious health effects
(e.g., coronary artery disease) and risk factors for heart attacks. The trans
fatty acids can be incorporated into phospholipids constituting the cell
membrane. Similar to the naturally occurring lipid isomers, trans-
lipids can enter the cell metabolism process and give rise to various
compounds that influence cell properties and functions [10,11].

Experimental [12,13] and molecular dynamics [14–16] studies of
model membranes have revealed that the site of monounsaturation
and the conformation (cis or trans) of the olefinic bond affect the
order and packing of thehydrocarbon chains. The presence of cis olefinic
bonds in lipids increases the water penetration of themodel membrane
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a) POPC

b) PEPC

c) DMPC

Fig. 1. The chemical structure and labeling of (a). POPC lipid, (b). PEPC lipid, and (c). DMPC lipids.
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relative to that of trans olefinic bonds [11,17]. Moreover, the water per-
meability is mainly determined by the area per lipid [18]. Fluorescence
measurements [17] have revealed that the fluidity of cis lipids is higher
than that of trans lipids. In a mixed system of cis and trans lipids, the
trans lipids formed ordered and thermostable domains [19].

The presence of an olefinic bond in an alkyl chainwill affect the chain's
conformation—in particular, the conformation of the torsion angle next to
the olefinic bond. Fundamental studies of 1-butene using ab initio calcula-
tions [20] and microwave spectroscopy [21] have revealed that the tor-
sion angle next to the olefinic bond adopts a skew or cis conformation.
Thus, the torsion angles of single bonds next to olefinic bonds are unlikely
to form the transor gauche conformations that are usually observed in sat-
urated alkyl chains. For mono-cis-unsaturated chains, X-ray diffraction
experiments have indicated that the torsion angles next to the olefinic
bonds prefer to populate skew (120°) and skew′ (−120°) conformations
[22,23]. For better understanding, the skew and skew′ conformations of
the first C\C single bond neighboring an olefinic bond present in New-
manprojectionwere displayed in the Fig. S1. Earlier short-timemolecular
dynamics (MD) simulations (15 ns) of POPC lipid bilayers using united-
atom OPLS parameters have revealed that the torsion angles next to the
cis olefinic bonds are broadly distributed from gauche (60°) to gauche′
(−60°) with a maximum at trans (180°) conformation [16]. Recent MD
simulations of POPC lipid bilayers using the OPLS-AA force field [24],
and of 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) lipid
bilayers [25] using a force field with olefinic bond description by Bachar
et al. [26], have revealed that the torsion angles next to the cis olefinic
bond are mainly populated at skew conformations; these simulation re-
sults are in good agreementwith experimental observations of, for exam-
ple, area per lipid and order parameters.

When considering steric effects, we might expect that the torsion
angles of the single bonds next to trans olefinic bonds in monounsatu-
rated lipids or fatty acids would be different from those next to cis ole-
finic bonds. The crystal structure of mono-trans-unsaturated elaidic
acid has revealed that the torsion angles next to the trans olefinic
bond adopt skew and skew′ conformations [27,28]. Using the united-
atom force field OPLS, MD simulation [16] of 1-palmitoyl-2-elaidoyl
sn-glycero-3-phosphatidylcholine (PEPC) in lipid bilayers has revealed
that the torsion angles of single bonds next to trans olefinic bonds are
broadly distributed in the range from −180 to +180°, peaking at the
trans conformation. As noted in the previous paragraph, the united-
atomMD simulation does not describewell the conformation of the sin-
gle bonds next to the cis olefinic bond in POPC lipid [16]. Therefore, we
suspected that united-atom MD simulations would not produce the
conformations of the single bonds next to trans olefinic bonds, as well
as other significant properties (e.g., order parameters and areas per
lipid), of mono-trans-unsaturated lipids in lipid bilayers [25]. More
modern united atom force fields had been developed and had shown
to well predict the structure around the cis double bond [29–31].



Table 1
System names, compositions, simulation times, and analysis times of the four studied systems.

System name POPC PEPC DMPC Total atoms Lipid atoms Water molecules Na+ ions Cl− ions Times of simulation Simulation time Analysis time

POPC 128 – – 30,790 17,152 4,538 12 12 3 250 ns 150- 250 ns
PEPC – 128 – 30,790 17,152 4,538 12 12 3 250 ns 150- 250 ns
DMPC – – 128 28,742 15,014 4,538 12 12 3 250 ns 150- 250 ns
3O1E 96 32 – 30,790 17,152 4,538 12 12 3 350 ns 250- 350 ns
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In this present study, we performed long-time-scale all-atom MD
simulations using an updated force field. Our aimwas to perform a sys-
tematic and comparative investigation of the geometrical effects of
phospholipid olefinic bonds (cis or trans) in the sn-2 chains of PC lipids
on the structures and dynamics of their membranes. Wemodeled three
pure lipid bilayer systems: two monounsaturated PC lipid bilayers
(POPC and PEPC; mono-trans-unsaturated) and one fully saturated
1,2-dimyristoyl-PC (DMPC) system. To further investigate the effects
of the interactions between the cis and trans olefinic bonds of the PC
lipids on the structures and dynamics of the membranes, we simulated
onemixed system (PEPC/POPC, 1:3). The DMPC lipid bilayerswere used
as a reference system. We performed relatively long MD simulations
(250 ns for the pure systems; 350 ns for the mixed system) to obtain
equilibrium states and better statistical results. We found that the ge-
ometries of the phospholipid olefinic bonds in POPC and PEPC and
membrane packing effects significantly impacted the conformations
and dynamics of the torsion angles of the first and second C\C single
bonds neighboring the olefinic bonds. Membrane packing effects stabi-
lized the planar conformations and the planar transition states (e.g.
trans-state) of the conformational conversion of the torsion angles of
the first and second C\C single bonds neighboring the olefinic bonds,
thereby affecting the populations of the conformations and the dynam-
ics of these two torsion angles.
2. Computational methods

Four lipid bilayer systems with different lipid compositions were
simulated: pure POPC, pure PEPC, pure DMPC, and mixed POPC and
PEPC [POPC/PEPC, 3:1 (mol/mol)]. Chemical structures and labeling of
the atoms of POPC, PEPC, and DMPC are provided in Fig. 1. For conve-
nience, the pure lipid bilayers systems are denoted herein by the abbre-
viation for their lipids. For example, the lipid bilayer system named
“PEPC” is that containing pure PEPC. The mixed POPC/PEPC system is
named “3O1E.” Each lipid bilayer system comprised 128 lipids (64 for
each leaflet), 4538 water molecules, 12 Na+ ions, and 12 Cl− ions (a
salt concentration of approximately 150 mM); the corresponding
water-to-lipid ratio was approximately 35. For the pure and mixed
lipid systems, 250- and 350-nsMD simulationswere performed, respec-
tively and each systemwas performed three times with different initial
configurations and velocities, yielding sufficiently converged results,
with the last 100-ns trajectory used for the statistical analysis.
Table 2
Average area per lipid bAN and average thickness bTN of the POPC, PEPC, DMPC, and 3O1E syst

System name Average area per lipid (bAN, Å2)

Total POPC

POPC 65.1 ± 1.2 –

PEPC 61.7 ± 1.3 –

DMPC 61.0 ± 1.3 –

3O1E 64.1 ± 1.3 64.3 ± 1.8
Exp. POPC 63 (297 K) [44]

62 (323 K) [46]
66 (310 K) [45]

–

Exp. DMPC 60.6 (303 K) [48]
A web-based program, CHARMM-GUI Membrane Builder, devel-
oped by Im and co-workers [32–34] was employed to construct the ini-
tial configurations of the pure POPC lipid bilayers. The initial
configuration of the mixed 3O1E system was constructed from the
pure POPC system. First, 16 POPC lipids in each leaflet were chosen
manually, where the shortest distance between two phosphorus
atoms of these lipids was greater than 10 Å; next, the cis-
conformation of the olefinic bonds of these chosen PEPC lipids were ro-
tated to the trans-conformation (PEPC lipids) in terms of VMD software
[35]. Therefore, the PEPC lipids in the mixed 3O1E system were dis-
persed in the POPC matrix. All MD simulations were performed with
an NPT ensemble under three-dimensional periodic boundary condi-
tions using parallel NAMD 2.7b3 [36] software. The lipids and counter
ions were modeled using the CHARMM36 [37] all-atom force field;
water molecules were modeled using the TIP3 model [38]. The simula-
tion temperature was controlled at physiological temperature (310 K)
in terms of Langevin dynamics. The pressure was controlled to 1 bar
using the Langevin piston Nosé–Hoover method [39]; the ratio of the
unit cell in the x-y plane was kept constant while allowing fluctuations
along all axes. The particle-mesh Ewald technique was used to treat the
long-range electrostatic interactions under the periodic boundary con-
ditions. The bond lengths of covalent bonds with hydrogen atoms in-
volved were constrained using the SHAKE algorithm [40], allowing the
application of an integration time step of 2 fs. The cutoff distances
used for pairwise interactions and for generation of the list of pairs
were 12.0 and 13.5 Å, respectively. The nonbonded neighboring list
was updated every 10 steps. A force switching function [41] was used
to smooth thenonbonded electrostatics and vanderWaals potential en-
ergy when the interatomic distance was between 9 and 12.0 Å.

Before the production simulation, energy minimization and heating
simulation were performed. To remove the bad contacts of the initial
configuration, energy minimization was performed first using a conju-
gate gradient algorithm. After 50,000 minimization steps, all simulated
systems had an energy tolerance reaching 0.0001 kcal/mol. Next, a
0.3-ns heating simulation was performed in terms of Langevin dynam-
ics [39]; a system is gradually heating to 100K in 15 ps and is equilibrat-
ed at 100 K during a 0.1-ns simulation, and then the temperature of the
system is gradually increased to 200 K in 15 ps and is equilibrated at
200 K during a 0.1-ns simulation. Finally, the system is heating to
targeted temperature 310 K in 15 ps and is equilibrated at 310 K during
a 0.1-ns simulation. For the production simulations, the trajectories
were saved every 5 ps. Table 1 summarizes the names, compositions,
ems.

Average membrane thickness (bTN, Å)

PEPC

– 38.9 ± 0.6
– 40.6 ± 0.7
– 35.9 ± 0.6
64.0 ± 1.4 39.3 ± 0.7
– 37.0 (303 K) [49]

35.3 (303 K) [48]
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simulation times, and time intervals for the statistical analysis of each
simulated system.

3. Results

3.1. Area per lipid and membrane thickness

First, we calculated the average area per lipid bAN and membrane
thickness bTN of the lipid bilayers as a function of the simulation time
(Fig. S2) to investigate their dependence on the lipid type and composi-
tion. Moreover, we used the values of bAN to determine whether the
simulation systems had reached equilibrium. For the pure systems, we
calculated the values of bAN from the lateral surface area of the simula-
tion box divided by the number of lipids in a single leaflet. We applied a
polygon-based tessellation method [42,43] with a total of 10,000 grid
points (100 × 100) to calculate the value of bAN of a specific lipid in
the mixed membrane. We calculated the values of bTN in terms of the
shortest distance between the phosphorus atom of one lipid in a given
leaflet and all of the phosphorus atoms of the lipids in the other leaflet.
Thus, each lipid in one leaflet could defineonemembrane thickness. The
values of bTNwere averaged over the membrane thickness defined by
all of the lipids in one leaflet. The values of bAN of each simulation for
the POPC, PEPC, DMPC, and 3O1E systems remained stable after ca.
50 ns; For better statistical analyses, the last 100-ns equilibrium trajec-
tories for all of the systems, having the same number of data, were used
for the following statistical analyses.
Table 2 lists the average values of bAN and bTN for all of our studied
systems. The POPC system had the largest value of bAN (65.1± 1.2 Å2 at
310 K), in good agreement with experimental values (63 Å2 at 297 K
[44]; 66 Å2 at 310K [45]; 62Å2 at 323 K [46]). Recently, a systematicmo-
lecular dynamics simulation study of temperature dependent bilayer
structural properties has revealed that the values of bAN of PC lipid bi-
layerswere increasedwith temperature [47]. Experimentally, the small-
er bAN values observed at higher temperature [46] than the ones
observed at lower temperature [44,45] might be due to the experimen-
tal error or different experimental conditions. On the other hand, the
DMPC system had the lowest value of bAN (61.0 ± 1.3 Å2), in good
agreement with experimental values (60.6 Å2 at 303 K [48]); it was
4.1 Å2 lower than that of the POPC system. The value of bAN of the
PEPC system (61.7± 1.3 Å2)was 3.4 Å2 lower than that of the POPC sys-
tem. For the mixed system (3O1E), the overall value of bAN (64.1 ±
1.3 Å2) was between those of the POPC system (upper limit) and the
PEPC system (lower limit). The values of bAPOPCN of the POPC lipids
and the values of bAPEPCN of the PEPC lipids in the mixed system were
different from their corresponding values in their pure systems; the
value of bAPOPCN was less than that of the pure POPC system, while the
value of bAPEPCNwas larger than that of the pure PEPC system. Interest-
ingly, although the value of bAPOPCNwas slightly larger than the value of
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bAPEPCN, their difference (ca. 0.3 Å2) was much smaller than that for
their corresponding pure systems (3.4 Å2). The calculated value of bTN
of the POPC system was 38.9 ± 0.6 Å at 310 K, in good agreement
with the experimental value (37.0 Å at 303 K [49]). The calculated
value of bTN of the DMPC system was 35.9 ± 0.6 Å at 310 K, in
good agreement with the experimental value (35.3 Å at 303 K
[48]). The values of bTN for these systems followed the order
PEPC N 3O1E N POPC, opposite to that of their values of bAN. The good
agreement between our calculated values of bAN and bTN for the POPC
and DMPC systems with their corresponding experimental values sup-
port the accuracy of our simulation results.

3.2. Atom distribution

To investigate the structures of lipid bilayers, we analyzed their loca-
tions in terms of the number of atom distributions of the phosphate
groups (P, O11, O12, O13, O14 atoms), choline groups (N, C12, O13,
C14, and C15 atoms), carbonyl groups (C21, O22, C31, O32 atoms),
andwater molecules (oxygen atoms) from their corresponding lipid bi-
layers centers (Fig. 2). The head groups of the PEPC system protruded
more toward the aqueous phase with respect to those of POPC system.
These results are consistent with the calculatedmembrane thicknesses:
the PEPC lipid bilayer was thicker than the POPC lipid bilayer. Interest-
ingly, in the mixed 3O1E system, the atom distribution profiles of the
POPC and PEPC lipids are similar with those of their corresponding
pure systems.

3.3. Electrostatic potentials

The electrostatic potential determines the permeability of ionic sol-
utes through the lipid bilayer. The electrostatic potential across the bi-
layer was calculated by double integration of the Poisson equation as
implemented in the program GRPMACS [50],

Ψ zð Þ−Ψ 0ð Þ ¼ − 1
ε0

Z z

0
dz0

Z z0

0
ρ z″
� �

dz″;

where ρ(z) is the local excess charge density at point z, Ψ(z) is the po-
tential at point z, Ψ(0) is the potential in the middle of the bilayer,
and ε0 is the vacuum permittivity. Fig. 3 shows the electrostatic poten-
tial profiles contributed from lipid bilayers, water molecules, and
whole system of four studied systems. The electrostatic potential pro-
files of POPC and PEPC systems are significantly different. For the
POPC system, the potential drop due to the head groups of lipids is ca.
7 V and the total potential drop in the head group region is ca. 2.5 V.
However, for the PEPC system, the potential drop due to the head
groups is ca. 4 V and the total potential across the head group to the
membrane center is slightly increased by ca. 0.5 V, which are similar
to those of DMPC system.More interestingly, the electrostatics potential
profile ofmixed 3O1E system is similar to that of PEPC system indicating
that smaller portion (25%) of PEPC lipids could induce the electrostatic
potential of mixed system similar to the pure PEPC system. Similar phe-
nomena was also observed in the properties of lateral diffusion coeffi-
cients (vide infra): individual PEPC and POC lipids within 3O1E mixed
system have similar lateral diffusion coefficients and are similar to
that of pure PEPC system.

3.4. Order parameters of acyl chains

Fig. 4 displays the calculated order parameters and available exper-
imental data with respect to the carbon atoms as labeled in Fig. 4. We
define the deuterium order parameter of the lipid's acyl chains by the
function, SCD ¼ 1

2 3cos2 θið Þ−1
� �

, where θi is the instantaneous angle be-
tween the ith segmental vector of the carbon atoms of the acyl chain
and the membrane normal. The symbols b N denote the average over
time and the selected ensembles.
In all cases displayed in Fig. 4, the calculated and experimental order
parameters are lower than 0.25, which indicates than the aliphatic
chains are disordered. For the POPC system [Fig. 4(a)], the calculated
order parameters of C36 to C216 of the saturated sn-1 chain (filled square
symbols) show a continuous decrease, which are in good agreement
with the experimental data (empty square symbols) [51]; simulations
also reproduced the experimentally observed |SCD| values of C32 to C35
of the saturated sn-1 chain, where the C33 has a distinctive smaller
|SCD| value than those of its two neighboring carbons. The values of
|SCD| for the sn-1 chain of the POPC systemwere lower than those of cor-
responding carbon atoms of the PEPC system (filled circle symbols). On
the other hand, the calculated profiles of the sn-2 chains of POPC and
PEPC lipids have a characteristic dip, due to the olefinic bond between
C29 and C210 [Fig. 4(b)]. For the calculated |SCD| values for the unsaturat-
ed sn-2 chains, the POPC system (filled square symbols) followed a sim-
ilar trend as the experimental data (cross and empty diamond symbols)
[12,52]. The values for the PEPC system (filled circle symbols) deviated
considerably from the experimental data (empty circle symbols) [12];
nevertheless, the calculations and experimental data are consistent in
revealing that the sn-2 chains of the POPC system are less ordered
than those of the PEPC system. More interestingly, the cis olefinic bond
in the POPC lipid decreased the order parameters of C28 and C211 (adja-
cent to the olefinic bond). In contrast, the trans olefinic bond in the PEPC
lipid did not decrease the order parameters of C28 and C211.

For the mixed system, the calculated order parameters for the sn-1
chains of the POPC (filled left-pointing triangle symbols) and PEPC
(filled right-pointing triangle symbols) lipids were nearly identical
[Fig. 4(c)] and were positioned between those of the POPC system
(upper limit) and the PEPC system (lower limit) (Fig. S3). Interestingly,
the order parameters of the sn-2 chains of the POPC lipid (filled left-
pointing triangle symbols) were almost identical to those in the pure
POPC system (for clarity, the data are plotted together in Fig. S3). On
the other hand, the sn-2 chains of the PEPC lipids (filled right-pointing
triangle symbols)were less ordered than those of the pure PEPC system
(Fig. S3). These results reveal that, in the mixed system, the POPC lipids
become more ordered; in contrast, the PEPC lipids become less ordered
than they were in their corresponding pure system. The values of |SCD|
of the lipids correlated with their values of bAN. For example, the
POPC lipid provided a lower value of SCD and a larger value of bAN.

3.5. Conformations of acyl chains

Fig. 5 presents the probability profiles for the gauche conformations
of the four successive carbon atoms along the sn-1 and sn-2 chains in the
POPC, PEPC, and DMPC lipids within the four studied lipid bilayers. The
probability profiles of the trans conformations are provided in the SI
(Fig. S4). We denote the C31–C32–C33–C34 torsion angle in the sn-1
chain as γ4 and label it as torsion number 4; the C21–C22–C23–C24 tor-
sion angle in the sn-2 chain is denoted as β4 and it is labeled as torsion
number 4.We define the gauche conformations as having torsion angles
of 60± 30° (gauche, g) or−60± 30° (gauche′, g′), and trans conforma-
tion as having torsion angles of 180 ± 30°. The conformation profiles of
themixed lipids are very similar to those of the corresponding pure sys-
tems. Thus, we use the conformational profiles of the pure systems for
our following discussion. For the sn-1 chains [Fig. 5(a) and (c)], the
probabilities of gauche conformations in the POPC, PEPC, DMPC lipid
were almost identical except for the γ14, which DMPC lipids have a
larger probability of gauche conformation than those of POPC and
PEPC lipids. However, the probability of gauche conformation of the
γ14of DMPC lipids is similar to those of theγ16 of POPC and PEPC lipids.
γ14 and γ16 are the last torsion angles of the sn-1 chain of DMPC and
POPC lipids, respectively.

Fig. 5(b) and (d) presents the probabilities of gauche conformations
(zero for theβ11with the central C_C olefinic bond) of the sn-2 chains.
The presence of olefinic bonds in the POPC and PEPC lipids alters the
probability of gauche conformations for the single bonds in the sn-2
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values of |SCD| for the POPC sn-1 (□) [51] and sn-2 (×) [12] chains at 300 K, for the POPC sn-2 chain (◊) [52] at 303 K, for PEPC sn-2 chain (○) [12] at 319 K, and for DMPC sn-2 chain (□) at
303 K [63].
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chains relative to those of their counterparts in the sn-1 chains. The
probabilities of gauche conformations for theβ4–β8 andβ14–β18 single
bonds in the POPC and PEPC systems are similar indicating that the cis/
trans olefinic bond geometries did not affect the conformations of these
single bonds significantly. In addition, their probabilities of gauche con-
formations (except for β4 and β18) were less than 0.3; therefore, their
conformations were dominated by trans conformations (ca. 0.7),
which were similar to those of their corresponding saturated sn-1
chains.

For the β10 and β12 torsion angles (first neighbors of the olefinic
bonds) of the POPC and PEPC lipids, their total probabilities of gauche
and trans conformations were less than 0.3. Further analysis revealed
that they had other stable conformations. Fig. 6(a) displays the free en-
ergy profile of the POPC system at 310 K plotted with respect to the β10
and β12 torsion angles derived from theMD simulations.We calculated
the free energy using the equation

ΔG q1; q2ð Þ ¼ −kBT lnP q1; q2ð Þ;

where q1 and q2 are the β10 and β12 torsion angles, respectively, and
P(q1,q2) is a canonical probability distribution function, at temperature
T, of q1 and q2. We observe four low energy minima located at the
skew conformations [120 ± 30° (skew, s) or −120 ± 30° (skew′, s′)];
in particular, the (skew, skew) and (skew′, skew′) conformations of
(β10, β12) in the POPC lipids are the two most stable, whereas the
(trans, trans) conformation is relatively less stable. Because the skew
conformation is not an energy minimum for a saturated alkyl chain,
we performed quantum chemical calculations to further examine
these results. We employed density functional theory (DFT) to calculate
the rotational energy profile of a C-C single bond adjacent to a cis C= C
double bond in the gas phase, using cis-oct-4-ene as the model [SI,
Fig. S5(a)]. The rotational energy profile was calculated using Becke′s
three-parameter exchange functional [53], the Lee–Yang–Parr
gradient-corrected correlation functional [54], and the 6-31G(d,p)
basis set [55], as implemented in the program Gaussian 09 [56]. The ro-
tational energy profile was derived from the energies of full optimized
geometries of cis-oct-4-ene except for the two fixed dihedral angles,
β10′ and β12′. The DFT data revealed that the (skew, skew) and (skew
′, skew′) conformations of (β10′, β12′) were the most stable, consistent
with the MD simulations.

Fig. 6(b) presents the free energy profile of the PEPC system as a
function of the β10 and β12 torsion angles at 310 K, derived from MD
simulations. For the PEPC lipids, the β10 and β12 torsion angles are
mainly populated by cis (0 ± 30°, c), skew, and skew′ conformations;
a) POPC system

β

β

Fig. 6. Free energy profiles (in kcal/mol) of the (a) POPC and (b) PEPC systems, plottedwith res
theses near an energy basin indicate the conformations of the β10 and β12 torsion angles and
the (cis,cis) basin of (β10, β12)was themost stable, by 0.7 kcal/mol rel-
ative to the secondmost stable basin, (skew′, skew) or (skew, skew′). Al-
though the cis conformation is the most stable, the skew conformation
was the most populated because it had two nearly degenerate energy
minima, the skew′ and skew conformations; the probabilities for the
skew, cis, gauche, and trans conformations of the β10 and β12 torsion
angles are 0.44, 0.33, 0.18, and 0.05, respectively (Table 3). Interestingly,
the cis conformation, the highest-energy conformation in a saturated
alkyl chain, was significantly populated by the β10 and β12 torsion an-
gles of the PEPC lipids; in contrast, the trans conformation of the β10
and β12 torsion angles in the PEPC lipids was relatively less stable. To
further validate these results, we employed DFT at the B3LYP/6-
31G(d,p) level of theory to calculate the rotational energy profile of a
C\C single bond adjacent to a trans C_C double bond in the gas
phase, using trans-oct-4-ene as the model molecule [SI, Fig. S5(b)].
The DFT data revealed nine energy minima, similar to those derived
from MD simulations [Fig. 6(b)]. The DFT calculations predicted the
(trans, trans) basin of (β10′,β12′) to be less stable than the other energy
minima, consistent with the MD simulations. On the other hand, the
DFT results suggested that the (cis, cis) basin of (β10′, β12′) in trans-
oct-4-enewas less stable, by approximately 1.6 kcal/mol, than the glob-
al minimum of (skew, skew), whereas our MD simulations suggested
that the (cis, cis) basinwould be themost stable. Notably, our DFT calcu-
lations were performed based on the optimized geometry of a single
molecule of trans-oct-4-ene in the gas phase, which the lipid–lipid in-
teractions and membrane packing effect were not taken into consider-
ation; whereas the energy profiles derived from MD simulations were
calculated from simulations of 128 PEPC lipid chains within lipid bilay-
ers at 310 K. Both the MD simulations of the PEPC lipid bilayers and the
DFT calculations of trans-oct-4-ene validated that a single C\C bond ad-
jacent to a trans olefinic bond can adopt a cis or skew conformation.

Fig. 7(a) shows the free energy profile of the POPC systems in terms
of the β12 andβ13 torsion angles (first and secondneighbors of the ole-
finic bond). It reveals that the (skew, trans) basin of (β12, β13) is the
most stable and that the (skew, gauche) basin is almost as stable as the
(skew, trans) basin. Although the β9 and β13 torsion angles adopted
mainly gauche and trans conformations, their gauche/trans ratio of
1.18 indicates that the gauche conformation was more populated than
the trans conformation (Table 3).

Fig. 7(b) displays the free energy profile of the PEPC systems in
terms of the β12 and β13 torsion angles, revealing that the (cis, trans)
and (skew, trans) basins were the two lowest energy basins. The β9
and β13 torsion angles of the PEPC system were populated mainly by
trans and gauche conformations. The gauche/trans ratios of β9 and β13
b) PEPC system

β

β

pect to the β10 and β12 torsion angles. The two letters and one number within the paren-
the lowest energy of the energy basin (s: skew; s′: skew′; c: cis).



Table 3
The probabilities of conformation for β9/ β13 and β10/ β12 in POPC and PEPC systems.

Torsion angle POPC system PEPC system

Trans Skew Gauche Cis Trans Skew Gauche Cis

β10 0.17 0.71 0.12 0.00 0.05 0.44 0.18 0.33
β12 0.16 0.71 0.12 0.00 0.05 0.44 0.18 0.33
β9 0.44 0.04 0.52 0.00 0.71 0.03 0.26 0.00
β13 0.45 0.04 0.51 0.00 0.67 0.03 0.29 0.00
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torsion angles were 0.37 and 0.43, respectively, similar to those of the
saturated alkyl chains of the PEPC lipids (with the exception of β10
and β12). Taken together, these data suggest that the cis olefinic bond
in the POPC lipids results in the skew conformation being the most sta-
ble for the adjacent C\C single bond, and increases the probability of a
gauche conformation for the next C\C single bond along. In contrast,
the trans olefinic bond in the PEPC lipids leads to skew and cis conforma-
tions being the most stable in the adjacent C\C single bonds.
Torsion Number

Fig. 8. Lifetime profiles of the torsion angles in the (a) sn-1 and (b) sn-2 alkyl chains of the
POPC and PEPC systems. Inset: lifetimes of the β10 and β12 torsion angles in skew and cis
conformations.
3.6. Conformational lifetimes of the acyl chains

In the previous sectionwedemonstrated that various torsion angles in
the acyl chains of the POPC and PEPC systems formed stable conforma-
tions. This feature implies that the torsion angles in various conformations
have different lifetimes and stabilities. Therefore, we calculated their life-
times of populated conformations to determine their relative stabilities.
Fig. 8 displays the lifetime profiles of the gauche and trans conformations
of the acyl chains in the POPC and PEPC systems. The inset to Fig. 8 pre-
sents the lifetimes of the β10 and β12 torsion angles of the POPC lipids
in their skew conformations and of the PEPC lipids in their cis and skew
conformations. Fig. S6 provides the lifetime profiles for the trans and
gauche conformations of the acyl chains in the DMPC and mixed system.
For the sn-1 chains, the corresponding torsion angles of the POPC and
PEPC lipids had similar lifetimes for their trans and gauche conformations.
As expected, the lifetimes of the trans conformations of the POPC and
PEPC lipids were longer than those of their gauche conformations.

For the sn-2 chains, the trans and gauche lifetime profiles of the
β4–β8 and β14–β18 torsion angles of the POPC and PEPC lipids were
similar, and they were also similar to their counterparts in the sn-1
chains. The lifetimes of the gauche and trans conformations of the β9
and β13 torsion angles (second neighbors to the olefinic bonds) of the
POPC and PEPC lipids were, however, longer than those of their corre-
spondingβ4–β8 and β14–β18 torsion angles. In particular, the lifetimes
β

β

a) POPC system

Fig. 7. Free energy profiles (in kcal/mol) of the (a) POPC and (b) PEPC systems, plottedwith respe
nearby an energy basin represent the conformations of the β12 and β13 torsion angles and the lo
of the trans conformations of the β9 and β13 torsion angles in the PEPC
lipids reached as high as 146 and 130 ps, respectively.

Fig. 9 displays the one-dimensional free energy profiles of the POPC
and PEPC systems in terms of β13 torsion angles derived from the MD
simulations. It reveals energy barriers for the trans to gauche conforma-
tional conversions of the β13 torsion angles of the POPC and PEPC lipids
of 3.46 and 3.87 kcal/mol, respectively. These energy barriers are higher
than those of the other single bond torsion angles in the sn-2 chains of
the POPC and PEPC lipids (e.g., the energy barrier was 2.95 kcal/mol
for the β15 torsion angle in the POPC lipid).

On the other hand, the lifetimes of the most-populated conforma-
tions for the β10 and β12 torsion angles of the POPC (skew) and PEPC
(skew and cis) lipids were much shorter than those of other single
bond torsion angles having trans conformations. The lifetimes
(21.0 ps) of themost-stable skew conformation of the β10 and β12 tor-
sion angles of the POPC lipidswere similar to those of less-stable gauche
conformations of other single bonds. Moreover, the lifetimes of the cis
and skew conformations of the β10 and β12 torsion angles in the
PEPC lipids were approximately 10.0 and 12.0 ps, respectively. Fig. 10
presents one-dimensional free energy surfaces of the POPC and PEPC
β

β

b) PEPC system

ct to the torsion angles β12 and β13. The two letters and one numberwithin the parentheses
west energy of the energy basin (g: gauche; g′: gauche′; t: trans; s: skew; s′: skew′; c: cis).
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β β

Fig. 9.One-dimensional free energy profiles (in kcal/mol) of the (a) POPC and (b) PEPC systems, plotted with respect to their β13 torsion angles. The letter and number within the paren-
theses near each energy basin indicate the conformation of the β13 torsion angle and the energy, respectively.
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systems, plottedwith respect to theβ12 torsion angles derived from the
MD simulations. The energy barrier for the skew to skew′ conformation-
al conversion of the β12 torsion angle in the POPC lipid was 0.73 kcal/
mol; that for the cis to skew (or skew′) conformational conversion of
the β12 torsion angle for the PEPC lipid was approximately 1.24 kcal/
mol.

3.7. Dynamics of torsion angles

The chain dynamics of lipids consist primarily of dihedral angle rota-
tions and other local motions, such as overall translation and/or rotation.
A previous study revealed that the fast relaxation of alkyl chains arises
mainly from isomerization [57]. In the previous section, we reported
that cis and trans olefinic bonds can affect the lifetimes of their neighbor-
ing C\C single bonds, in particular their β12 and β13 torsion angles. To
understand the intramolecular dynamics of the acyl chains, we calculated
the dihedral angle autocorrelation function (DACF) of the β12 and β13
torsion angles of the POPC and PEPC lipids (Fig. 11). We also calculated
the DACF of the β15 torsion angle of the POPC lipid for comparison. The
DACF [58] is defined as

Rϕ tð Þ ¼
cosϕ 0ð Þ cosϕ tð Þh i− cosϕ 0ð Þ2

D E� �

cos2ϕ 0ð Þ� �
− cosϕ 0ð Þ2� �� � ;
a) POPC

β

Fig. 10. One-dimensional free energy profiles (in kcal/mol) of the (a) POPC and (b) PEPC syste
rentheses nearby each energy basin indicate the conformation of the β12 torsion angle and th
where ϕ(t) is the dihedral angle at time t, ϕ(0) is the dihedral angle at
time zero, and the brackets denote ensemble averages. In Fig. 11, the re-
laxation times descend in the following order: β13 of PEPC lipid N β13
of POPC lipid N β15 of POPC lipid N β12 of POPC lipid N β12 of PEPC
lipid. These results indicate that thedihedral anglemotions of theβ13 tor-
sion angle of the PEPC lipid and theβ13 torsion angle of the POPC lipid are
slower than those of other single bond dihedral angles (e.g., the β15 tor-
sion angle of the POPC lipid). In contrast, the motions of the β12 torsion
angle of the POPC lipid and the β12 torsion angle of the PEPC lipid were
relatively fast. These DACF results are consistent with the rotational ener-
gy barriers discussed above.

3.8. Lateral diffusion coefficient

We have demonstrated that the POPC and PEPC lipids within lipid
bilayers have distinct conformations and thus have different packing
and fluidity. To understand the fluidity of the lipids, we calculated the
lateral diffusion coefficient of the lipids in themembrane. The lateral dif-
fusion coefficients of the lipids in the xy-directionsDxy, can be calculated
from the mean-square-displacement as

Dxy ¼
1
4
limt→∞

b r to þ tð Þ−r toð Þ½ �2N
t

;

b) PEPC

β

ms, plotted with respect to their β12 torsion angles. The letter and number within the pa-
e energy, respectively.
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Fig. 11.DACFs of theβ12,β13, andβ15 torsion angles of POPC and theβ12 andβ13 torsion
angles of PEPC.
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where Dxy is the lateral self-diffusion coefficient, r! tð Þ2 is the mean
square displacement, and t is the elapsed time. The angled brackets b
N indicate an ensemble average, which is an average over all lipids in
the simulations and all origins. Fig. 12 shows themean square displace-
ment of lipids as a function of elapsed times (dashed lines). The solid
line in Fig. 12 is the fitted results of the above equation. The Dxy values
of the pure POPC and DMPC systems are 12.5 × 10−8 and
16.0 × 10−8 cm2/s, respectively. which are in good agreement with
their corresponding experimental values, 12.6 × 10−8 cm2/s at 308 K
[59] and 14.3 × 10−8 cm2/s at 313 K [60]. For the pure systems, the
Dxy value is in the order: DMPC N POPC N PEPC (9.0 × 10−8 cm2/s). For
the mixed system, the lateral diffusion coefficients of POPC
(8.0 × 10−8 cm2/s) and PEPC (8.3 × 10−8 cm2/s) are nearly indistin-
guishable and are close to that of pure PEPC system.
3.9. PEPC microdomain formation in the mixed system

A previous study revealed that PEPC and PSPC can form ordered and
thermostable domains [19]. In this study, we found that the POPC and
PEPC lipids have different structural and dynamical properties. Thus,
we suspected that they might form different domains when mixed.
Fig. 12. Themean square displacement in the xy direction of the center of mass of lipids in
POPC, PEPC, DMPC and 3O1E systems are shown in dashed lines. Solid lines indicate the
linear fitting slopes.
Therefore, we examined whether the PEPC lipids could form microdo-
mains within the POPC matrix. Fig. 13 displays the radial distribution
functions g(r) of the phosphorus–phosphorus distances of the PEPC
lipids in the 3O1Emixed systems, plottedwith respect to the simulation
time derived fromone of three simulations. The g(r) of the phosphorus–
phosphorus distances of other two simulationswere provided in Fig. S9.
The values of g(r) were calculated using the equation

g rð Þ ¼ N rð Þ
4 π r2ρδr

whereN(r) is the number of two chosenphosphorus atoms at a distance
r, δr is a spherical shell of thickness at a distance r of two chosen atoms,
and ρ is the number density. The initial model of the 3O1E system was
constructed with the PEPC lipids dispersedwell within the POPCmatrix
[Fig. 14(a)]; the first peak centered near 6.5 Å has low intensity at the
simulation time period of 0–50 ns. Its height increased upon increasing
the simulation time to 250 ns, thereafter fluctuating during the period
250–350 ns. These results indicate that the PEPC lipids in the 3O1E sys-
tem tended to aggregate during the simulation time. Table 4 lists the
calculated PEPC domain sizes and their populations for the 3O1E sys-
tem, with respect to the simulation time (derived from the same simu-
lation of Fig. 13). When the distance between two phosphorus atoms of
two given PEPC lipids was within 7.5 Å, we considered them to have
formed one PEPC domain with size 2; similarly, we calculated other
larger domains [61]. We observed that PEPG dimers were predominant
during the early stages of simulation,with largermicrodomains forming
(e.g., pentamers, hexamers), albeit with relatively lower populations,
during the later stages. A snapshot at t = 50 ns [Fig. 14(b)] reveals
sets of two and three PEPC lipids having aggregated together; a snap-
shot at t = 250 ns [Fig. 14(c)] reveals the formation of a larger PEPC
lipid microdomain (comprising nine PEPC lipids); these structures
were calculated using a polygon-based tessellation method [42,43].
Our simulations reveal that PEPC lipids can form microdomains within
a POPC matrix.

4. Discussion

The conformations and dynamics of the acyl chains of POPC and
PEPC lipids are affected by the geometry of their olefinic bonds. Within
the membrane environment, the conformations and dynamics of the
acyl chains of POPC and PEPC lipids can affect the packing of the mem-
brane, and vice versa. MD simulations have revealed that the presence of
an olefinic bond in the acyl chain of the lipid alters the conformations
Fig. 13. Radial distribution functions g(r), calculated using a 50-ns time interval, of the
phosphorus–phosphorus distances between PEPC lipids in the 3O1E system.



a) Snapshot of 3O1E system at 0ns b) Snapshot of 3O1E system at 50ns c) Snapshot of 3O1E system at 250ns

Fig. 14. Snapshots of the locations of the phosphorus atoms in the 3O1E system after simulations for (a) 0, (b) 50, and (c) 250 ns. The snapshots were calculated using a polygon-based
tessellation method. The blue areas and red circles indicate the PEPC domains; and white areas and black circles indicate POPC lipids.
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and dynamics of the first and second C\C single bonds neighboring the
olefinic bond, with respect to those of other C\C single bonds. Previous
MD simulations of POPC lipid bilayers, using a united-atom force field,
revealed that the torsion angles of the saturated C\C bonds next to
the cis olefinic bond were distributed broadly in the range between 60
and 300°, peaking at 180° (trans) [16]. In contrast, X-ray diffraction ex-
periments of cis-monounsaturated fatty acids [22] and diacylglycerols
[23] have revealed that the C\C single bonds adjacent to the cis olefinic
bond prefer skew conformations. In this study, we found that in the
POPC lipid, theβ10 andβ12 torsion angles (first neighbors to the cis ole-
finic bond) exist predominantly in skew conformations (ca. 70%), in
good agreement with X-ray diffraction data [22,23]. Our MD simula-
tions revealed that in the POPC lipid, the trans conformation, which
commonly occurs in the saturated alkyl chains, becomes a transition
state (TS) in the skew⇌skew′ conversion of the β10 and β12 torsion an-
gles. Moreover, the gauche conformation is not an energyminimum. Re-
cent MD simulations of POPC lipid bilayers characterized the skew
conformation as being the most stable conformation for the β10 and
β12 torsion angle [24]. Consequently, the β10, cis, and β12 torsion an-
gles of the POPC lipid form a stable skew–cis–skew motif, which has a
nonplanar kink structure. As expected, the geometry of the cis olefinic
bond in the POPC lipids results in the acyl chain having a kinked
boomerang-like shape. Furthermore, the skew conformations of the
β10 and β12 torsion angles of the POPC lipids result in the acyl chain
adopting a twisted boomerang-like shape [62], which is less favorable
for the packing of acyl chains than is a planar motif (e.g., trans–cis–
trans). Interestingly, the β9 and β13 torsion angles of POPC lipids have
slightly higher gauche populations than they do trans conformations—
a situation that differs from that typically found for saturated alkyl
chains. This phenomenon arises because when the cis olefinic bond
and the β10 and β12 torsion angles adopt a cis–skew motif, there is
less repulsion between C213 (sp3 carbon atom) and C210 (sp2 carbon
atom; more localized electron density) in the gauche conformations of
Table 4
Populations of PEPC domain sizes in the 3O1E system.

PEPC
domain
size

Time interval

0–50
ns

50–100
ns

100–150
ns

150–200
ns

200–250
ns

250–300
ns

300–350
ns

2 2.007 2.980 3.921 3.784 4.025 3.885 3.798
3 0.086 0.415 0.545 0.677 0.769 0.910 0.685
4 0.002 0.004 0.027 0.097 0.111 0.239 0.049
5 0.003 0.014 0.014 0.011 0.009
6 0.001 0.001 0.017 0.001
7

the β9 and β13 torsion angles than there is in the saturated C\C
bonds (sp3 carbon atoms).

Microwave spectra have revealed that 1-butene exists in two rota-
tional isomers: the cis and the skew conformations [21]. Ab initio calcu-
lations (MP3/6-31G*) of 1-butene have indicated that the skew
conformation is slightly more stable than the cis conformation [20].
The skew conformation of the C\C single bond adjacent to the olefinic
bond has been observed in the POPC lipid in our and other MD simula-
tions [24]. As expected, the cis conformation has not been observed in
the POPC lipid, due to strong steric repulsion restricted by the cis olefinic
bond. A rare study of the crystal structure of a trans fatty acid has re-
vealed that elaidic acid (trans-9-octadecenoic acid) has a twisted skew
conformation of the C\C single bond next to the trans olefinic bond
[27,28]. Our present MD simulations have revealed that the β10 and
β12 torsion angles of the PEPC lipids can adopt both skew and cis confor-
mations. Moreover, our DFT calculations of symmetric trans-oct-4-ene
in the gas phase revealed that the cis and skew conformations of the
C\C single bonds adjacent to the trans olefinic bond are both energy
minima, further supporting the findings from our MD simulations of
PEPC lipid bilayers. Previous MD simulations of PEPC lipid bilayers,
using a united atom force field, suggested that the skew conformation
of the C\C single bond adjacent to the trans olefinic bondwas not a sta-
ble state, and that the cis conformation was an energy maximum [16].
Our long-timescale MD simulations, using an all-atom force field with
consideration of the olefinic bond, describe well the conformations of
the C\C single bonds adjacent to the olefinic bond.

The conformations of the β10 and β12 torsion angles, as well as the
trans olefinic bond, of the PEPC lipid alter the conformations of its β9
and β13 torsion angles. Our MD simulations revealed that when the
β10 andβ12 torsion angles adopt cis conformations, theβ9 andβ13 tor-
sion angles strongly favor the adoption of trans conformations over
gauche conformations; these MD simulations revealed that the free en-
ergy difference between (cis, trans) and (cis, gauche) motifs for (β12,
β13) in the PEPC lipids within lipid bilayers was as high as 1.1 kcal/
mol—larger than the energy difference between gauche and trans con-
formations (e.g., 0.94 kcal/mol in β15) in other saturated torsion angles.
This result can be understood by considering that when the β12 and
β13 torsion angles of the PEPC lipid adopt cis and gauche conformations,
the gauche conformation of the β13 torsion angle experiences steric re-
pulsion not only between C213 and C210 but also between C213 and
C29.

A comparison of the free energy profiles of the β12 and β13 torsion
angles of PEPC lipids within a membrane (Fig. 7b) and of a single PEPC
lipid in vacuum (Fig. S7a) revealed that the planar trans conformation
of the β13 torsion angle is stabilized to a greater extent than the
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nonplanar cis form when the PEPC lipids are embedded within the
membrane matrix. In particular, the free energy difference between
the (cis, trans) and (cis, gauche) motifs of (β12, β13) for the PEPC lipid
in vacuum is 0.65 kcal/mol; this value is 0.45 kcal/mol lower than the
corresponding difference (1.1 kcal/mol) when the PEPC lipids are posi-
tioned within the bilayers. These results further suggest that the planar
trans–cis–transmotif of the olefinic bond–βb12–βb13 grouping is suit-
able for the packing of acyl chains with enhanced van der Waals inter-
actions. Our MD simulations revealed that the value of bAN of the
PEPC lipid bilayer is smaller than that of the POPC lipid bilayer. Conse-
quently, the PEPC lipids have larger order parameters for the acyl chains
than those for the POPC lipids. These results for the PEPCmembrane in-
dicate that the PEPC lipids are packedmore tightly in their lipid bilayers
than are POPC lipids in theirs. Therefore, the trans, cis, and trans confor-
mations of the olefinic bond and theβ12 andβ13 torsion angles, respec-
tively, in PEPC lipids provide a coplanarmotif that allows better packing
of the acyl chains of the PEPC lipids within bilayers.

The presence of an olefinic bond in the acyl chain also alters the dy-
namics of the adjacent torsion angles. For the POPC lipid, our MD simu-
lations revealed that the lifetimes of the skew–skew′ conformations (the
most stable) of the β10 and β12 torsion angles were significantly
shorter than that of the trans conformation in other saturated C\C sin-
gle bonds, and even shorter than those of gauche conformations of other
saturated C\C single bonds. Consequently, the energy barrier for the
skew–skew′ conversion (0.73 kcal/mol) of the β10 and β12 torsion an-
gles is lower than that of the corresponding trans-to-gauche conversion
of other saturated C\C bonds (ca. 2.95 kcal/mol). These results arise be-
cause the transition state (trans state) of this conversion features less
steric repulsion than that found in the transition state (skew state) of
the common trans-to-gauche conversion for a saturated C\C single
bond. Moreover, the MD simulation of a single POPC lipid in vacuum
(Fig. S7b) revealed an activation energy of 1.06 kcal/mol for this conver-
sion, suggesting that membrane packing stabilizes the transition state
for the planar trans form to a greater extent than it does for the nonpla-
nar skew form. These results indicate that the membrane packing en-
hances the rate of skew–⇌skew′ conversion of the β10 and β12
torsion angles of the POPC lipid. We also observed membrane packing
effects in the PEPC system. For the β10 and β12 torsion angles of the
PEPC lipid, within the membrane, the planar cis form was 0.25 kcal/
mol more stable than the nonplanar skew conformation; in vacuum,
the cis form was only 0.08 kcal/mol more stable than the nonplanar
skew conformation (Fig. S8a). For the β9 and β13 torsion angles of
the PEPC lipid, membrane packing stabilized the planar trans form
(Fig. S8b).

DACF analysis revealed that the rotational motions of the β10 and
β12 torsion angles in POPC and PEPC lipids were faster than those of
other saturated C\C bonds, due to their lower energy barriers for con-
formational conversion. The rotational motions of the β10 and β12 tor-
sion angles of the PEPC lipids were broader than those of the β10 and
β12 torsion angles of the POPC lipids, due to the cis conformational dis-
tributions of the β10 and β12 torsion angles of the PEPC lipids being
highly populated, but were forbidden in the POPC lipids. On the other
hand, the rotational motions of the β9 and β13 torsion angles in the
POPC and PEPC lipids were slower than those of other saturated C\C
bonds.

A comparison of the olefinic bond–β12–β13 torsion angles of the
POPC and PEPC lipids revealed that the PEPC lipids probably formed pla-
nar trans–cis–transmotifs, which favored packing of the acyl chains. On
the other hand, this motif for the POPC lipids was cis–skew–trans or cis–
skew–gauche (i.e., nonplanar). Our MD simulations revealed that the
order parameters of the acyl chains in PEPC lipid bilayers were higher
than those of POPC lipids. These simulations also revealed that the
area per lipid of the PEPC lipid bilayers was smaller than that of the
POPC lipids. This result arose because of the better packing of the PEPC
lipids, due to the conformation of the trans olefinic bond and also the
planar cis conformation of the first neighboring C\C single bond
adjacent to the olefinic bond. Experimental investigations of PCs have
revealed that trans-containing PCs have smaller areas per lipid, lower
fluidities, and lower permeabilities than do corresponding of cis-
containing PCs [17]. OurMD simulations have also revealed that the dif-
fusion coefficients of PEPC lipids are smaller than those of POPC lipids.
Our simulations are consistent with experimental observations.
5. Conclusion and Summary

In this study, we performed long-timescale all-atomMD simulations
of POPC and PEPC lipid bilayers, as well as their mixed system, to inves-
tigate how their structural and dynamic properties are affected by the
geometry of the olefinic bonds. We draw the following main
conclusions:

(1) In the POPC lipid, the two C\C single bonds adjacent to the cis
olefinic bond prefer to adopt skew–trans or skew–gauche motifs.
The rotational motions of the first C\C single bonds adjacent to
the cis olefinic bond are much faster than those of the saturated
C\C bonds. On the other hand, the second C\C single bond ad-
jacent to the cis olefinic bond that similar probabilities of existing
in trans and gauche conformations, with rotational motions sig-
nificantly slower than those of saturated C\C single bonds.

(2) In the PEPC lipid, the two C\C single bonds adjacent to the trans
olefinic bond can adopt various conformations, including skew–

trans and cis–trans motifs; the olefinic bond–β12–β13 grouping
adopts a planar trans–cis–trans motif suitable for membrane
packing; thus, it is stabilized throughmembrane packing. Similar
to the situation for the POPC lipid, thefirst C\C single bond adja-
cent to the trans olefinic bond experiences fast rotationalmotion;
this rotationalmotion is broader, however, than that of the corre-
sponding C\C bonds in the POPC lipids. Again, the second C\C
single bond adjacent to the cis olefinic bond mainly populates
the trans conformation, and has rotational motion slower than
that of typical saturated C\C bonds.

(3) Membrane packing effects stabilize the planar conformations to
greater degrees than they do nonplanar conformations, affecting
the conformational populations of the two C\C single bonds
next to the olefinic bond. Similarly, membrane packing effects
also stabilize the planar transition states of the conformational
conversion to a greater extent than they do the nonplanar transi-
tion states, thereby affecting the dynamics of conformational
conversion.

(4) The packing of PEPC lipid bilayers is superior to that of the POPC
lipids. Thus, PEPC lipids have higher order parameters, larger
areas per lipid, and smaller diffusion coefficient than do the
POPC lipids. The improved packing of the alkyl chains in PEPC
lipid bilayers arises not only from the conformation of the trans
olefinic bond but also from the planar cis conformation of the
first C\C single bond adjacent to the olefinic bond.

(5) The distinct properties of POCP and PEPC lipids lead to the PEPC
lipids forming microdomains within the POPC matrix.

Our study provides new and detailed conformational and dynamic
information for the two C\C single bonds adjacent to the olefinic
bonds of PEPC and POPC lipids within bilayers, and provides insight
into how these properties are affected by the geometries of the olefinic
bonds and the effects of membrane packing.
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per lipid; membrane thickness as a function of time; order parameters
of pure and mixed systems; probability profiles of the gauche and
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jacent to the C_C double bond (β10′ and β12′) of a model molecule;
lifetime profiles for the gauche and trans conformations of DMPC and
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