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Abstract

Molecular dynamics simulations were used for a comprehensive study of the structural properties of saturated lipid bilayers, DPPC and DPPE,
near the main phase transition. Though the chemical structure of DPPC and DPPE are largely similar (they only differ in the choline and
ethanolamine groups), their transformation process from a gel to a liquid-crystalline state is contrasting. For DPPC, three distinct structures can be
identified relative to the melting temperature (7,,): below 7;,, with “mixed” domains consisting of lipids that are tilted with partial overlap of the
lipid tails between leaflet; near 7,,, with a slight increase in the average area per lipid, resulting in a rearrangement of the lipid tails and an increase
in the bilayer thickness; and above 7}, with unhindered lipid tails in random motion resulting in an increase in %gauche formed and increase in
the level of interdigitation between lipid leaflets. For DPPE, the structures identified were below 7}, with “ordered” domains consisting of slightly
tilted lipid tails and non-overlapping lipid tails between leaflets, near 7}, with minimal rearrangement of the lipids as the bilayer thickness reduces
slightly with increasing temperature, and above 7, with unhindered lipid tails as that for DPPC. For DPPE, most of the lipid tails do not overlap
as observed to DPPC, which is due to the tight packing of the DPPE molecules. The non-overlapping behavior of DPPE above T, is confirmed
from the density profile of the terminal carbon atoms in each leaflet, which shows a narrow distribution near the center of the bilayer core. This
study also demonstrates that atomistic simulations are capable of capturing the phase transition behavior of lipid bilayers, providing a rich set of

molecular and structural information at and near the transition state.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

From recent studies, it has become apparent that both
ordered and disordered lipid phases co-exist within eukaryotic
cell membrane [1]. From a biological standpoint, several
studies have suggested that ordered domains in cell mem-
branes are closely associated with their function, including
signal transduction [2,3], protein transport [2,4,5], and
membrane sorting [2,4]. Other studies of these ordered
domains have also suggested that they serve as a possible
binding site for various pathogens and toxins [6—8].
Structurally, ordered domains are enriched with phospholipids,
sphingolipids, and cholesterol. For example, several computa-
tional studies have shown a prominent role of cholesterol in
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membranes due to its introduced heterogeneity, creating
ordered lipid domains and lipid rafts [9—11].

The ordered (gel) and disordered (liquid-crystalline) lipid
phases have been a major focus in studies of the phase behavior
of biological membranes, which relates the overall structural
characteristics and dynamics of membranes to individual lipid
components. Several experimental phase behavior investiga-
tions have been reported to characterize structural and dynamics
properties of lipid bilayers in a gel, liquid-crystalline, and
transition states. Suurkuusk et al. provided quantitative analysis
based on calorimetric and fluorescent studies of uni- and multi-
lamellar DPPC vesicles [12]. Their heating scan of multi-
lamellar vesicles showed a transition process that closely
resembled a first-order phase transition, which was confirmed
by fluorescent measurements. For uni-lamellar vesicles, their
heating scan showed significantly different phase behavior as
two distinct endotherm peaks with subtle changes in the
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fluorescence measurement during the phase transition were
observed. Although these differences were identified between
uni- and multi-lamellar vesicles, no clear explanation was
provided to justify their findings. Davis used deuterium
magnetic resonance to study the liquid-crystalline, gel phase,
and phase transition of multi-lamellar labeled-DPPC vesicle
[13]. His work provided quantitative measurements based on
the deuterium spectra reported in term of the moments, which
showed a sharp drop in the moment values upon heating the
vesicle, a clear indication of a first-order transition. Huang and
Li reported an extensive summary of studies of the main phase
transition (gel to liquid-crystalline) of phospholipid bilayers
using high-resolution differential scanning calorimetry (DSC)
[14]. The lipids used in their investigation were saturated and
unsaturated PC, PE, and PG (phosphatidylglycerol) with
different acyl chain lengths. Based on their DSC measurements,
a clear identification of a first-order phase transition was
implied from the sharp endotherm peak in their heating scans of
the bilayers. Nagle and Tristram—Nagle compiled studies of
lipids at the liquid-crystalline state for DPPC, DMPC, DOPC,
and DLPE containing structural data based on X-ray diffraction,
NMR, and neutron scattering [15]. Their discussion also
included a brief review of structural properties of DPPC at the
gel, sub-gel, and ripple phases. Metso et al. provided an
extensive DSC analysis and timed-resolved fluorescence
spectroscopy to determine the nature of the phase transition of
uni-lamellar DPPC liposomes [16], obtaining similar results to
those by Suurkuusk et al. [12]. From their analysis, however,
they attributed the subtle changes in fluorescence intensity at the
phase transition for uni-lamellar bilayers to a second-order
rather than a first-order phase transition. More recently, Kusube
et al. investigated the phase transition of lipids at various
temperatures and pressures [17] using DSC and light-transmit-
tance to probe structural properties of DOPC, DOMe,PE,
DOMEePE, and DOPE. With the results obtained they were able
to produce various lipid phase diagrams along with enthalpy of
formation and lipid molar volume at the transition point. They
concluded that the difference in phase stability was mainly
caused by the hydration and structure of the lipid headgroups.

A number of computational studies investigating the phase
behavior of phospholipids have been reported using various
modeling techniques, such as, Monte Carlo (MC) simulations
[18-21], mean field theory [22], dissipative particle dynamics
(DPD) simulations [23], atomistic [24—26] and coarse-grained
(CG) [27,28] molecular dynamics simulations. Mouritsen et al.
used MC simulations to study the first-order gel—fluid phase
transition of lipids [18]. Since at that time there was only a
limited number of thermodynamic properties at the transition
state, they were the first to report the average lipid chain cross-
sectional area, internal and free energies, coherence length,
lateral compressibility, and specific heat. Nielson et al. also
applied MC methods to investigate the phase behavior of single
and multi-component membranes containing cholesterol [19].
However, their model was developed based on an off-lattice
model with lipid and cholesterol molecules represented by hard-
spheres. Their simulations provided consistent interpretation of
a first-order phase behavior for pure lipid and lipid—cholesterol

bilayer systems. Using a similar approach, Polson et al. studied
the lateral diffusion of lipids across the main phase transition
[20]. Their results suggested a significant change in the lateral
diffusion of the lipids, which was found to be comparable to
available experimental results. Later, Brannigan et al. investi-
gated the phase behavior of a spherocylinder lipid model with
MC simulations [21]. Their simulations showed distinct
differences in the area per lipid and lateral diffusion coefficient
between the solid and liquid phases. They also observed a third
regime corresponding to a hexatic phase, a transition state
between gel and liquid-crystalline phases, exhibiting inter-
mediate values for the area per lipid and lateral diffusion
coefficient. Chen et al. applied a macroscopic model based on
the Gibbs potential to describe the transition state of lipids [22].
They reported the estimated values for phase transition
temperature, enthalpy, van der Waals energy, number of
gauche bonds, and chain orientational order parameter. The
prediction using their model provided excellence agreement
with experiment and thermodynamic properties such as internal
energy and entropy of the system, which are inaccessible from
experiments. Kranenburg et al. used DPD to study the phase
behavior of lipid bilayers using model surfactants [23]. This
technique allowed them to monitor the area per lipid and the
bilayer thickness, both of which drastically changed at the phase
transition from a gel to a liquid-crystalline phase.

Atomistic simulations of the phase transition for lipid
bilayers are scarce. Heller et al. [24] and Venable et al. [25]
performed MD simulations of lipid bilayers in both gel and
liquid-crystalline states. Despite the short duration of the
simulations, their results provided insight into several lipid
properties, such as, internal pressure, lipid self-diffusion
coefficient, order parameter, D-spacing (repeated spacing
normal to bilayer), chain tilt, and %gauche. Recently, de
Vries et al. performed a detailed MD study of the phase behavior
of lecithin (DPPC) using atomistic models [26]. Their
simulation showed a spontaneous formation of a ripple gel
phase upon cooling of a fully hydrate DPPC bilayer below the
main phase transition temperature. More recently, there have
been a number of studies based on CGMD models to investigate
the phase behavior of lipids. Stevens showed that DPPC
bilayers have tilted lipid chains at low temperatures [27].
Moreover, the simulations indicated a large hysteresis in the
area per lipid and bilayer thickness in heating and cooling cycles
of the lipid bilayer, resulting in conditions difficult to identify
the phase transition. In another CG study, Marrink et al.
investigated a gel phase formation for DPPC membranes [28].
They suggested a four-stage reversible process from a gel to a
liquid-crystalline phase: nucleation, growth, limited growth,
and optimization. Their simulations yielded a main phase
transition at about 295+5 K and a lateral diffusion coefficient in
the order of 1x10™° cm?/s.

Coarse-grained models are better suited to obtain insight into
the properties of order domains in relation to lipid rafts, as large
bilayers and long simulation times can be achieved to model
large-scale properties of membranes. This was the approach by
Marrink et al., in which a CG model clearly showed the
transformation process associated with a phase transition [28].
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However, CG models are unable to capture molecular features
and characteristics of the lipid molecules and more subtle
structural properties of bilayers. As such, atomistic simulations
for the transition state may establish additional information to
understand the properties of lipid domains. Here, we present a
series of MD simulations for DPPC and DPPE bilayers to
determine the possible mechanisms underlying the phase
transition process.

2. Simulation details

Two sets of lipid bilayers were considered here: one with 128
lipids (64 per leaflet) and another with 256 lipids (128 per
leaflet). Although the size of the bilayers remains relative small
compared to previous simulations with coarse-grained models,
they are significantly larger than those used in other atomistic
simulations studying phase transitions. Moreover, as it will be
shown in the discussion, the results seem insensitive to doubling
the bilayer size to 256 from 128 lipids. We also performed two
sets of simulations to investigate the changes occurring to the
bilayers as a function of temperature. To mimic experimental
phase transition studies, the first set of simulations initially
equilibrated the bilayer systems through a series of annealing
steps from 250 to 350 K (heating), followed by the reverse path
from 350 to 250 K (cooling), thus tracing the hysteresis curve of
melting. These temperature ranges were chosen to include the
main phase transition from a gel to a liquid-crystalline phase of
both DPPC and DPPE, which have experimental values of
~315 K and 337 K, respectively [29,30]. For these simulations,
the initial structures were obtained from previously equilibrated
bilayers at 250 K and 350 K for the heating and cooling
simulations, respectively. The heating and cooling rates used
were 2.5 K per ns. As it will be shown, the selected rate is
adequate to obtain a number of structural properties that allow
us to identify the transitional process from a liquid ordered to a
liquid disordered state, and vice-versa. The annealing runs were
performed with both small and large lipid bilayer systems.

In addition to the annealing runs, we performed separate
simulations of the lipid bilayers at fixed temperatures above and
below the phase transition, amounting to a total of 16
configurations, as summarized in Table 1. Each configuration
was processed through a series of heating and cooling steps
from the desired temperatures to 450 K and back to erase any
hysteresis of the systems prior to the start of each simulation.
Beyond the equilibration, a total simulation time of 50 ns were
collected for each system, of which the last 20 ns were used in
the evaluation of the equilibrium properties.

Because periodic boundary are imposed on the systems in
the simulations, the bilayer configuration is essentially that of a

Table 1
Composition and temperature for the bilayer systems considered in the fixed
temperature simulations

System Lipid/leaflet Water

DPPC 64
DPPE 64

Temperature (K)

5,120 250, 280, 290, 300, 310, 320, 330, 340, 350
5,120 290, 300, 310, 320, 330, 340, 350

A total of 128 lipids were used for all systems.

multi-lamellar system. It is known that uni and multi-lamellar
bilayers exhibit different phase behavior [12]. To minimize the
periodicity of a multi-lamellar systems, the systems considered
contained 40 water/lipid, which is above the swelling limit
proposed by Nagle and Tristran—Nagle [15], thus making the
systems to behave closer to uni-lamellar configurations.

The force field for DPPC, DPPE, and water are consistent
with those employed in a previous study [31], which includes
intramolecular parameters for bonds, angles, proper dihedral,
and improper dihedral [32,33]. The Ryckaert—Bellemans
potential was used for the torsion potential of the lipid
hydrocarbon chains [34]. Non-bonded interactions were
described by the parameters from Berger et al. [35-37] and
partial atomic charges were obtained from Chiu et al. [38]. The
single point charge (SPC) model was adopted for water [39].
The united-atom representation was used for the methyl/
methylene groups in the acyl chains of both DPPC and DPPE.

All simulations were performed in the NPT ensemble, at a
pressure of 1 bar and at various temperatures between 250 and
350 K. (see ref. [31] for more details on the parameters used in
the simulations). A time-step of 2 fs was used for all
simulations. Coulombic and van der Waals interactions were
cutoff at 9 A. Long-range electrostatic interactions were
corrected with the particle-mesh Ewald method (PME)
[40,41] (0.10 nm for the grid size, fourth-order spline
interpolation, and real-space cutoff at 9 A). Trajectories were
collected every 2 ps. All simulations were performed with the
GROMACS 3.3 software package [42,43] (single-precision
mode) in parallel using Virginia Tech’s System X (dual 2.3 GHz
Apple Xserve G5) [44].

3. Results and discussion

The main focus of this study is to obtain a better
understanding of the phase transition of DPPC and DPPE
bilayers. Note that the lipid force field employed here was
developed for the liquid-crystalline phase, and as such, it was
unclear at first whether it was suitable to represent gel phase
properties. In the first set of simulations, we considered the
small bilayer system (128 lipids) to validate the properties of the
bilayers near their transition state. To accomplish this task, we
performed a series of heating and cooling scans of each lipid
bilayer system starting from previously equilibrated structures
at 250 K and 350 K, respectively. Several annealing simulations
were conducted with different starting configurations and initial
velocities to improve the statistical analysis of the results. The
structural properties considered for this analysis were the area
per lipid and the bilayer thickness, both of which are sensitive to
the phase state of the bilayer [45]. The average area per lipid
was calculated from the cross-sectional area of the simulation
box (plane along the bilayer surface, xy-plane) divided by the
number of lipids per leaflet (64 lipids). The bilayer thickness is
quantified from the distance of the mean position of the
phosphorus atoms in each leaflet. Figs. 1 and 2 shows the
approximate area per lipid and bilayer thickness, respectively,
resulting from the heating and cooling scans of the DPPC and
DPPE bilayers. From Fig. 1, the heating scans of both DPPC
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Fig. 1. Area per lipid obtained from annealing and fixed temperature
simulations. Solid and dotted lines correspond to the heating and cooling
scans, respectively, for DPPC (top data) and DPPE (bottom data). Heating and
cooling rates of 2.5 K/ns were used to obtain the hysteresis loop. Circles and
squares are results for DPPC and DPPE, respectively, from the fixed temperature
simulations. Error bars are estimated standard deviation.

and DPPE show a transition point around 305 K and 320 K,
respectively, which corresponds to the temperature in which
there is a change in the slope of the heating curves. However, for
the cooling scans, the identification of a phase transition is not
as clear, as the area per lipid decreases more gradually with
decreasing temperature. Similar results are observed in Fig. 2
for the bilayer thickness: the phase transition can be easily
identified in the heating scans, but less clearly in the cooling
scans. The heating and cooling scans shown in Figs. 1 and 2
represent hysteresis loops, a prominent characteristic of any
system undergoing a first-order phase transition. This type of
behavior for lipid bilayer is actually seen from several
experimental [12—14] and computational [19,23,27] studies
which supports a first-order phase transition mechanism. One of
the reason the heating and cooling do not form a closed-loop is
because we used the same annealing rate for heating and
cooling, and the process from a disordered to ordered state is
much more susceptible to metastability than the reverse path.
Although the phase transition temperatures obtained for both
DPPC and DPPE are below the experimental values, the results
presented thus far are an affirmation of the phase behavior of
lipid bilayers and the molecular changes associated with phase
transformations. In a second set of simulations, we considered a
larger bilayer (256 lipids) to determine whether the results were
dependent on the system size, since phase transition is a
cooperative phenomena. To verify this, annealing simulations
were performed with the same settings for the small bilayer, that
is, heating and cooling scans with a rate of 2.5 K/ns (see Fig. S1
in the Supplementary material). The results of these additional
simulations demonstrated consistent results between the small
and large bilayers, thus assuring that the observations with the
small bilayer yielded acceptable properties for phase transfor-
mations. Based on these results, we proceeded to look more
closely the equilibrium properties of the lipid bilayer systems at
various temperatures near the phase transition.

Figs. 3 and 4 show a series of snapshots from the MD
trajectories of DPPC and DPPE bilayers, respectively, at
various temperatures (see Table 1 for more information). For
clarity, two separate views are shown, one corresponding to the
xz-plane and another to the yz-plane of the simulation box (z-
axis is along the bilayer normal). For DPPC, two distinct
domains are observed between 250 and 300 K, as shown in
Fig. 3. The first domain consists of lipids that are fully stretch
with no overlap between lipid tails from the adjacent leaflet,
which will be referred as the “ordered” domain. The second
domain is identified as the overlapping section of lipid tails
from each leaflet, and will be referred as the “disordered”
domain. We see from the snapshots that the lipid tails are
tilted in the “ordered” domain and partially overlap in the
“disordered” domain. This type of lipid alignment has been
previously reported as a ripple phase in lecithin by de Vries et
al. [26]. Since the bilayer systems presented here are too small
to form a ripple phase, we will refer them as a “mixed” domain.
To verify the stability of these structures, we instantaneously
heated and cooled the system in an annealing process to ensure
that the resulting structures were not in a metastable state. This
was accomplished by heating the system to 450 K and then
cooling it to the respective temperature in the NV7T ensemble.
At the desired temperature, systems were equilibrated for at
least 10 ns before production runs. At the higher temperatures
(T'=310 K), the lipid tails of DPPC are fully random, which is
characteristic of a liquid-crystalline phase. A similar procedure
was applied to DPPE. For DPPE, only the “ordered” domain
with tilted lipid chains was observed between 290 and 310 K,
as shown in Fig. 4. In these cases, all lipid tails are tightly
packed, with less interdigitation between them. Compared to
DPPC, the “mixed” phase behavior in DPPE is not observed
from the simulations because the “ordered/disordered” patterns
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Fig. 2. Bilayer thickness obtained from annealing and fixed temperature
simulations. Solid and dotted lines correspond to the heating and cooling scans,
respectively, for (a) DPPC and (b) DPPE. Heating and cooling rates of 2.5 K/ns
were used to obtain the hysteresis loop. Circles and squares are results for DPPC
and DPPE, respectively, from the fixed temperature simulations. Error bars are
estimated standard deviation.
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Fig. 3. Snapshots of DPPC bilayers at various temperatures. Views of the simulation boxes are shown for both xz- and yz-planes. z-axis is normal to the bilayer

interface. The bilayer core region is centered in the middle of the snapshots.

seem absent. This is consistent with the experimental study by
Yao et al. [46], in which they were unable to distinguish a
stable phase from a gel to a liquid-crystalline phase for DPPE
using X-ray scattering, unlike the case for DPPC. Even though
the experiments by Yao et al. were insufficient to provide
insight into the phase transition mechanism of DPPE, our
results suggest that DPPE undergoes a phase transition without
existing as a “mixed” domain. Further quantitative measure-
ments are given in the following sections to determine the
structural changes associated with each phase.

A number of properties were analyzed to characterize and
quantify the changes in the bilayer structure with respect to the
phase transition temperature for DPPC and DPPE, including:
area per lipid, bilayer thickness, lipid tail tilt-angle, lipid tail
order parameter, hydrocarbon trans-gauche isomerization, and
level of interdigitation. These properties were obtained from the
ensemble average of the trajectories over the last 30 ns of the
simulations for each system listed in Table 1. The stability of
each system was monitored by the average area per lipid (see
Fig. S2 in the Supplementary Material).

For the lipid bilayer systems at the lower temperatures, we
observed that the bilayer surface showed abnormal defects
resulting from the rigidity and packing of the phospholipids. As
such, it was unclear that the area per lipid for those systems can
be quantified appropriately. Note that these defects were absent
at higher temperatures (see Figs. 3 and 4). As shown in Fig. 1,
the area per lipid of the bilayers at the different temperatures
showed consistent agreement with the annealing simulations,
with the exception of the data at 290 K for DPPC that deviated
from the expected value. The average area per lipid for DPPC
increases almost linearly with temperature above 310 K. A
similar linear relationship was reported by Sum et al. for DPPC
in the liquid-crystalline state [47]. At the lower temperatures,

the average area per lipid for DPPC is more scattered due to the
“mixed” domains exhibited by the many stable configurations
of the systems. That is, the average area per lipid significantly
increases when the lipid tails are predominantly tilted with large
tilt-angle and decreases when they are tightly packed with the
lipid tails aligned parallel to the bilayer normal. Our finding
agrees well with previous X-ray diffraction experiments on fully
hydrated DPPC by Ruocco et al. that observed a tilted lipid
arrangement in the gel phase and a more parallel alignment to
the bilayer normal near the transition point [48]. For DPPE,
because the “mixed” domains seem absent from the structures
(see Fig. 4), the average area per lipid obtained from the
individual simulations is between the values obtained from
annealing simulations. Further analysis, as presented below, is
needed to obtain a better understanding of the bilayer structures
near the phase transition.

As shown in Fig. 2, the bilayer thickness was also compared
between the annealing simulations and simulations of the
bilayers at different temperatures. The bilayer thickness was
calculated from the distance between the average position of
the phosphorus atoms in each leaflet. The results for both
DPPC and DPPE yield similar trends with a decrease in the
bilayer thickness accompanying the phase transition from an
ordered to a disordered state. This also verifies that the system
size and the heating rate chosen are sufficient to describe the
phase behavior near the main transition state. A closer
inspection of the results for DPPC in Fig. 2a indicates a slight
increase in bilayer thickness prior (at 290 K) to the phase
transition temperature. This increase in the bilayer thickness is
related to the change in the alignment of the lipid tails from a
“mixed” to an “ordered” phase, causing the bilayer to expand.
A similar behavior is not observed for DPPE (see Fig. 2b)
because a “mixed” phase seem absent. Additional analysis to



S. Leekumjorn, A.K. Sum / Biochimica et Biophysica Acta 1768 (2007) 354-365 359

xz-plane

yz-plane

290 K

Fig. 4. Snapshots of DPPE bilayers at various temperatures. Views of the simulation boxes are shown for both xz- and yz-planes. z-axis is normal to the bilayer

interface. The bilayer core region is centered in the middle of the snapshots.

verify the alignment of the lipid tails is given in the next
section.

In Fig. 3, we observed configurations with “mixed” domains
below the melting temperature (7}, ), which in turn resulted in a
bilayer with uneven thickness. As discussed in the previous
paragraph, the DPPC structure experienced a noticeable
increase in the bilayer thickness below 7}, , which corresponded
to a transformation from a cross-tilted (Fig. 5a) to a tilted lipid
arrangement (Fig. 5b). This rearrangement causes a slight
increase in the area per lipid near 7}, (see Fig. 2a), as the lipid
molecules align perpendicular to the bilayer surface at
temperatures near the phase transition, which in turn causes a
slight increase in the bilayer thickness upon heating the bilayer.
Once Ty, has reached, the lipid tails become interdigitated,
resulting in a decrease of the bilayer thickness and an increase in
the area per lipid (see Fig. 5c).

Although this cooperative phenomena is observed, the
analysis suggests that an increase in the area per lipid is an
essential step to induce a rearrangement of lipid molecules
before transforming to a liquid-crystalline phase. Unlike DPPC,
DPPE bilayers are predominantly in the “ordered” phase with
little tilt of the lipid tails below 7y, . Therefore, the
rearrangement of DPPE is minimal and the bilayer thickness
slightly reduces until it reaches the phase transition temperature.

To further verify the structural transformation of DPPC and
DPPE during the phase transition, we analyzed the lipid tail tilt-
angle with respect to the bilayer normal. Note that for this
analysis, we used the single temperature simulations listed in
Table 1. One measure of a lipid bilayer in a liquid-crystalline

state is that the lipid tails are fully random and unhindered to
take any orientation within the bilayer. If the bilayer exhibits a
preferred orientation (ordered domains), as the low temperature
structures shown in Figs. 3 and 4, it is considered to be in a gel
state. We calculated the angle distribution of each carbon
segment in the lipid tails with respect to the bilayer normal to
determine the orientation of the lipids in the bilayer. The carbon
segment, in this case, refers to a vector between alternate carbon
units along the lipid tail, as shown in Fig. 6. Note that the angle
can be either positive or negative depending on the alignment of
lipid tails (a zero degree corresponds to a vector pointing along
the bilayer normal direction). As seen in Figs. 3 and 4, the
alignment of the lipid tails are significantly different whether

“disordered”

o}

“ordered” phase
cross-tilted tilted

AAAN
s

a) b) c)

Fig. 5. Schematic representation of the lipid alignment in the “ordered” and
“disordered” phases: (a) cross-tilted, (b) tilted, and (c) random. Both tilted and
cross-tilted alignments are observed in the gel phase (see Figs. 3 and 4). Black
and gray spheres represent the lipid headgroup and water, respectively.
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Fig. 6. Pictorial representation of the vector formed by alternating carbon units
along the lipid tails. The positive (+) and negative () tilt-angles are measured
with respected to the z-axis (zero degree). Note that only the xz-plane is shown
in the figure for clarity. A similar tilt-angle can be defined in the yz-plane.

viewed from the xz- or yz-plane, and as such, the angle
distributions are calculated for both planes. Fig. 7 shows the
normalized tilt-angle distribution for DPPC and DPPE. There
are three distinct structural alignments of the lipids that can be
used to determine the phase transition point. In the gel phase, we
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observe two of these structures: one produces the double peak in
the distribution and the other shows a narrow angle distribution.
In the liquid-crystalline phase, we observe a wide distribution
centered around zero degree. Our analysis indicates that the
double peak refers to the cross-tilted lipid arrangement shown in
Fig. 5a. The narrow distribution implies that the lipid tails are
predominantly tilted to some degree, as illustrated in Fig. 5b. A
wide distribution centered at around zero degree indicates that
the lipid tails are fully random (Fig. 5c). To quantify the phase
change from the distribution curves, we calculated the full-
width of the distribution at half-height of the peak maximum
(FWHH). The systems with the double peaks were not
considered in this calculation as they introduce biased results;
these include DPPC at 250 K (Fig. 7a and b) and DPPE at 290 K
(Fig. 7¢). Fig. 8 shows the calculated FWHH of the distributions
with respect to the temperature. For DPPC, there is a significant
jump in the FWHH value from 300 to 310 K (see Fig. 8a). This
shows that the tilted alignment of the lipids significantly reduces
in this temperature range. Again, this is consistent with our
previous analysis and we conclude that the phase transition
temperature for DPPC occurs between 300 and 310 K. For
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Fig. 7. Normalized angle distribution for all the carbon segments in the lipid tails of DPPC (a and b) and DPPE (c and d). Calculations were performed with respect
to the view plane of the simulation box: xz-plane (a and c) and yz-plane (b and d). Angle is measured with respect to the bilayer normal. For DPPC, the lines
correspond to: 250 K (solid), 280 K (dot), 290 K (dash), 300 K (dot-dash), 310 K (dot-dot-dash), 320 K (dot-dash-dash), 330 K (bold-solid), 340 K (bold-dot), and
350 K (bold-dash). For DPPE, the lines correspond to: 290 K (solid), 300 K (dot), 310 K (dash), 320 K (dot-dash), 330 K (dot-dot-dash), 340 K (dot-dash-dash), and

350 K (bold-solid).
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Fig. 8. Calculated full-width at half-height (FWHH) of the distribution curves
shown in Fig. 7 for (a) DPPC and (b) DPPE. Close and open symbols correspond
to the xy- and yz-planes, respectively, of the simulation box.

DPPE, since we do not observe a significant jump in the FWHH
value at any temperature interval, we conclude that the phase
transition for DPPE is related to lesser changes in the lipid
configuration in the vicinity of T,

The deuterium order parameter, a measure of the orientation
and ordering of the lipid tails in the bilayer with respect to the
bilayer normal was also calculated to verify the structural
changes of the lipid bilayers near the phase transition. The
ordering of the tails is expected to change significantly at the
phase transition, that is, the alignment of the lipid tails in a gel
state is more ordered (higher |Scp| value) than those in a liquid-
crystalline state. Fig. 9 shows the average order parameter of the
two lipid tails for DPPC and DPPE (see Fig. S3 in the
Supplementary Material for a plot with the mean order
parameter at each temperature). For DPPC (Fig. 9a), we
observe a decrease in the order parameter from 280 to 250 K,
which is in part caused by the tilt of lipid tails at 250 K. Between
280 and 300 K, the lipid tails have high values for the order

parameter suggesting that these systems are well aligned with
the bilayer normal. This is in agreement with the structures
shown in Fig. 3 which explains the lowering of the area per
lipid. For systems above 310 K, the ordering of the lipid tails
decrease with increasing temperature; this is in part due to the
increase movement of the lipid tails at high temperature. Note
that there is a drastic jump in the order parameter in the
temperature range between 300 and 310 K, leading us to
conclude that the change is associated with a phase transition for
DPPC. Similarly to DPPC, the order parameter for DPPE
decreases with increasing temperature; however, the decrease is
uniform (see Fig. 9b), which is related to slight changes in the
ordering of DPPE due to the tight packing of lipid tails near the
transition temperature.

The hydrocarbon frans-gauche isomerization has also been
used to determine the phase transition of various lipids [49]. In
general, the lipid tails in the gel state are predominantly as
trans conformers, whereas both trans and gauche conformers
are present in a liquid-crystalline state. At low temperatures, the
trans conformations are preferred because they are energeti-
cally more favorable for the lipids in the bilayer arrangement.
As the temperature increases to above the phase transition
point, the carbon atoms in the lipid tails are less restricted to
move, thus creating defects in the hydrocarbon tails (gauche
formation). As the bilayer transitions from a gel to a liquid-
crystalline phase, one expects a significant change in the
number of trans and gauche conformations, reported as %
gauche. The %gauche was analyzed according to the criteria
suggested by Tu et al. [50]. The criteria sets a limit between 0
and 360° in the axial rotation of the second bond of a dihedral,
starting from a cis conformer at 0° to a frans conformer at
180°. Based on this criteria, a gauche conformation would
consist of angles ranging from 0 to 120 and 240 to 360°. Fig.
10 shows the average %gauche formed along the lipid tails
for DPPC and DPPE at various temperatures (see Fig. S4
in the Supplementary Material for more information on the
%gauche formed along the lipid tails). As seen in the figure, the
Y%gauche increases with increasing temperature. For DPPC, we
identified three regions corresponding to the temperature ranges
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Fig. 9. Lipid tail deuterium order parameter for (a) DPPC and (b) DPPE. Lines representation are described in the caption of Fig. 7.
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Fig. 10. Average %gauche formed along the lipid tails for (a) DPPC and (b)
DPPE. Error bars are estimated standard deviation.

0f250-280 K, 280-310 K, and 310—-350 K (see Fig. 10a). Since
the DPPC bilayers are in a “mixed” phase between 250 and
300 K (see Fig. 3), we can discard the possibility that the
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discontinuity at 280 K in the %gauche distribution corresponds
to a phase transition. Therefore, the discontinuity from 300 to
310 K is most likely associated with the main phase transition.
Again, this is consistent with the previous analysis. For DPPE, a
large discontinuity occurs between 310 and 320 K, which is a
reasonable estimate for the phase transition temperature, which
is again consistent with the findings discussed previously.

The last quantity we considered to characterize the bilayer
systems is the transformation from partial (gel phase) to mixed
(liquid-crystalline phase) interdigitation near the phase transi-
tion, as described by Chen et al. [22]. Partial interdigitation
refers to the chain mismatch of the two leaflets that is, at most,
three methylene units from the terminal carbon of the lipid tail
(the bilayer thickness is approximately the sum of the acyl chain
length of each leaflet [51,52]). This is seen from DPPE at 290 K
in Fig. 4, where the terminal carbon of the lipid tails of each
leaflet do not overlap one another. Note that the bilayer
thickness in this configuration is about the sum of the fully
stretched lipid molecules in the two leaflets. On the other hand,
mixed interdigitation refers to more overlap, which is
commonly seen in lipid bilayers in a liquid-crystalline state.
To verify this, we measured the overlap between the lipid tails
from opposite leaflets by computing the density profile of the
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Fig. 11. Density profile for each carbon segment in the Sn-2 tail for DPPC at (a) 300 K and (b) 310 K and for DPPE at (c) 310 K and (d) 320 K. Profiles are centered
with respect to the middle of the bilayer core. Solid and dash lines represent density profiles for each leaflet.
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individual carbon atoms in the acyl chains, as described by
Flack et al. [10]. Fig. 11 shows the acyl chain density profiles of
DPPC from 300 to 310 K and DPPE from 310 to 320 K. These
temperature ranges were chosen because we identified them to
cover the phase transition region for DPPC and DPPE. For
clarity, we only consider the alternating carbon atoms of the Sn-
2 tail (the density profile for the Sn-1 tails are nearly identical
— data not shown here). As seen in the plots, the density
profiles are very distinct above and below the phase transition
temperature. For DPPC below T;, (Fig. 1la), the density
profiles are broad away from the center of bilayer and become
narrower near the center. A broad density profile suggests that
DPPC has a “mixed” phase with partial and mixed interdigita-
tion co-existing. A narrow density profile of the terminal carbon
atoms indicates that lipid tails are not predominantly over-
lapping. Above Ty, (Fig. 11b), the density profiles for all carbon
atoms are uniform, suggesting that the lipid tails are fully
random and the lipid molecules are evenly distributed in the
bilayer. Note that the density profile for the terminal carbon
atoms does not show a narrow distribution, unlike the structure
below T, , indicating overlap between the lipid tails of opposite
leaflets. Similar results were observed for DPPE above and
below T, . For the density profiles below T, the distributions
are relatively narrow (Fig. 11c), suggesting an absence of a
“mixed” phase. Above T,,, the density profiles show limited
overlap of the lipid tails, as indicated by the distribution of the
terminal carbon atom (Fig. 11d).

4. Conclusions

Ordered and disordered domains co-exist within biological
membrane for many reasons. These domains are structural
components that are associated with several biological pro-
cesses, such as, signal transduction, protein transport, mem-
brane sorting, and membrane binding site. Recently, the study
of phase behavior of lipid bilayers has become more apparent
with computational methods, especially through the develop-
ment of coarse-grained models. Coarse-grained models remove
some systems size and simulation time limitations that are often
associated with atomistic simulations, and as such, they are
attractive to study phase separation and domain formation.
While coarse-grained models are computationally efficient, they
lack in detail to describe important features and characteristics
of lipid bilayer at the atomistic scale that contribute to the
overall properties of lipid bilayers. This study addresses that
missing gap with a comprehensive evaluation of lipid bilayers
properties, in particular pertaining to their phase behavior.

MD simulations were performed to investigate the structural
properties of DPPC and DPPE bilayers, two of the most
abundant lipid components found in living organisms. We
considered two sets of lipid bilayer sizes, one containing 256
lipids (128 per leaflet) and another with 128 lipids (64 per
leaflet). Even though these bilayers are much smaller than
previous study with coarse-grained models, we demonstrate that
they are sufficient to yield a wealth of structural information on
the bilayers and insight into the mechanism of phase transition
from a gel (“ordered”) to a liquid-crystalline (“disordered”)

state. Two sets of simulations were carried out: annealing
simulations with continuous heating and cooling, and fixed
temperature. The annealing simulations provided a first measure
of the structural changes of the bilayers by tracing the hysteresis
loop from an ordered to a disordered state. The area per lipid
and bilayer thickness were used to obtain an estimate of the
first-order phase transition temperature, which was identified at
about 305 K and 320 K for DPPC and DPPE bilayers,
respectively, compared to the experimental values of 315 K for
DPPC and 337 K for DPPE.

In the second set of simulations at fixed temperatures,
equilibrium properties were calculated for temperatures above
and below the estimated 7}, from the annealing simulations.
The area per lipid and bilayer thickness measured from the fixed
temperature runs were in consistent agreement to those
observed in the annealing simulations, with values within the
bounds of the hysteresis loop. The resulting equilibrium
structure for DPPC below 7, showed “mixed” domains,
which consist of lipids that are tilted in the “ordered” domain
and partially overlapped in the “disordered” domain. Near 7}, a
cooperative transformation of the bilayer structure is observed.
First, the average area per lipid slightly increases with
increasing temperature, followed by a rearrangement of the
lipid tails, resulting in a more “ordered” state and a slightly
increase in the membrane thickness. The alignment of lipid tails
in this state is predominantly tilted with small tilted-angles, in
support to the findings by Ruocco et al., in which a tilted lipid
arrangement was reported in the gel phase and a more parallel
alignment to the bilayer normal near the transition temperature
[48]. Above T, the bilayer structure was characterized by the
lipid tails able to freely move in random motion, resulting in an
increase in the %gauche formed and an increase in the level of
interdigitation between lipids in opposite leaflets.

The phase transformation for DPPE was similar to that of
DPPC, except that, because of its structural property (smaller
headgroup), bilayer below T}, consisted primarily of “ordered”
domains. The smaller area per lipid of DPPE is reflected in the
tight packing of the lipids, and in turn, with small tilted-angles.
In agreement with the hysteresis loop from the annealing
simulations, the DPPE bilayer structure experienced minimal
rearrangement of the lipids, as the bilayer thickness gradually
decrease near the phase transition. These results support the
study by Yao et al. in which they were unable to distinguish a
stable phase from a gel to a liquid-crystalline phase for DPPE
[46]. Near T, , cooperative structural changes were observed
with a decrease in the ordering of the lipid tails and an increase
in the %gauche formation and level of interdigitation. Because
the DPPE molecules remain closely packed at above T, , the
lipid tails do not overlap, which is confirmed by the density
profile of the terminal carbon atoms.

In summary, the mechanism for phase transition from a gel
to a liquid-crystalline phase for DPPC and DPPE bilayers
involves cooperative changes of bilayer structure that can be
quantified with the area per lipid, bilayer thickness, lipid tail
tilt-angle, lipid tail order parameter, hydrocarbon trans-gauche
isomerization, and level of interdigitation. The implication of
all the structural changes observed supports a first-order phase
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transition for DPPC and DPPE that are in reasonable agree-
ment with experimental values.

This study demonstrates that one can use atomistic
simulations to obtain important information of lipid bilayers
at and near the main transition state (gel to liquid-crystalline).
This study also provides insight into the structural changes that
DPPC and DPPE bilayers undergo in the phase transition from a
gel to a liquid-crystalline state. Moreover, the properties
analyzed give valuable structural data to understand the
mechanism underlying phase transitions, which may not be
readily accessible from experimental measurements.

Supplementary material

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bbamem.2006.11.003.
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