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The lipid membrane plays crucial roles in countless biologic processes, ranging from
cell motility, endo- and exocytosis, and cell division to protein aggregation and
trafficking. To gain a molecular insight in these biologic processes, the recently
developed mesoscale simulation technique, dissipative particle dynamics (DPD)
simulation, has become an invaluable tool. By providing a brief survey of existing
atomistic and popular coarse-grained models used today in studying the dynamics
(including vesicle formation and (protein-mediated) vesicle fusion) and phase
behavior of lipid bilayers, this review illustrates how mesoscopic DPD models can
be used to obtain a better understanding of these biologic processes currently
inaccessible to atomistic and most coarse-grained models.
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transformation

1 Introduction

It’s well known that the cells are the essential structural and
functional units of living organism [1]. To keep normal living
activity, the composition of cells must be stable and the inside
material should be maintained, therefore there should be some
kinds of barrier between cells and the environment. These
barriers are biologic membranes which play an important role
in organism and are constituted by phospholipids, proteins
and cholesterols. Today, biologic membranes are receiving
ever-increasing attention from both theoretical and practical
points of view. Phosphlipid is a class of natural amphiphiles,
which contains a hydrophilic head group and one or two
hydrophobic tails (hydrocarbon chains). Similar to surfactants
or special types of block co-polymers, phosphlipid can self-
assemble into a variety of interesting configurations in
aqueous solution, such as spherical or rod-like micelles,
bilayer membranes, vesicles, and even more complex
structures [2-9]. Among these structures, vesicle is an
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enclosed bilayer structure with solvent molecules encapsu-
lated inside. Because of their encapsulating ability, vesicle is
useful in many applications, from drug delivery [10] and
biosensor [11] to micro-reactor [12] and so on. More
importantly, because vesicles are closely analog to biologic
cells, they are studied widely as the model systems for
biologic membranes [13]. Thus, an important first step to
understand vesicle is to have a molecular-level understanding
of vesicle formation, vesicle fusion and its fission. Also,
among the major issue concerning the functions of the
biologic membranes, it is important to examine 2D phase
transformation in bilayer membrane. Now considerable
efforts have been devoted by experimental and theoretical
studies to deepen our understanding these relevant biologic
phenomena [13-32].

The motion of lipid membranes spans a broad range of
temporal and spatial scales, from femtosecond dynamics and
atomistic detail to real-time macroscopic behavior extending
to seconds [33]. Between these domains there is a gap at the
mesoscale level spanning spatial scales of hundreds of
nanometres to microns and temporal scales of hundreds of
nanoseconds to milliseconds, which are relevant for collective
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motions [34]. In a biologic context, many events essential for
biologic properties occur in the mesoscopic scale, i.e., domain
formation, phase transformation, membrane fusion and
fission, as well as membrane-protein interactions. However,
it is not easy to investigate these important phenomena
directly by conventional experimental methods [16]. On the
other hand, it is quite arduous to obtain molecular insight from
analytical theoretical approach [35-38]. With the aid of the
increase in computational power, molecular simulations have
become potential method to address the limitations of either
analytical or experimental approaches [13,15,17-26].
Although the straightforward molecular dynamic (MD)
simulations permit an atomic resolution, the computationally
demanding leads to a huge difficulty in addressing many
cooperative effects of biologic interest [21,22]. Therefore the
study of these important collective mesoscopic motions in
lipid membranes is eventually more amenable to coarse-
grained (CG) molecular models using mesoscale computer-
simulation techniques. Although some atomistic details are
sacrificed by the CG procedure, the CG models incorporate
most salient features (i.e. the tendency to unmixing and the
connectivity) of lipids, and are capable of reproducing many
essential physical characteristics in the targeted area of
interest. This reduction in the number of degrees of freedom
yields a tremendous computational speedup. More recently, a
mesoscopic simulation technique-disspative particle dynamic
(DPD) simulation that can treat much larger system sizes and
much longer time scales than full atomistic MD simulations
have been applied to the study of vesicle formation, 2D-phase
transition and vesicle fusion and fission [13,39-48]. In such
computer simulations, the molecules are allowed to move
based only on the essential molecular properties and on the
intermolecular interactions. In addition to this, the soft
interaction potential leads to a further effective speed-up in
simulation time. As such, the use of soft potentials and a
reduced number of interaction sites make DPD simulation a
valuable complement to both experimental and analytical
approaches, and hence play an important role in unraveling
the various dynamics, e.g., spontaneous vesicle formation,
phase transformation, and fusion and fission of the vesicles at
molecular level. In this paper, we describe the current progress
on molecular simulations, especially DPD simulations, of
vesicle formation and (protein-mediated) fusion, and 2D
phase transformation in lipid membrane. We believe that this
review may be helpful to provide a deep understanding of the
general principles in dynamics and phase behavior of lipid
membrane. The application of molecular simulation techni-
ques to biologic membranes has also been the subject of
several reviews [49-51], and a comparative reading of these
will provide the interested readers with a more complete
perspective on this field.

2 Vesicle formation

In general the discussion of vesicle formation and its further
shape change is based on the assumption that the membrane is
already formed [52-57], thus not allowing the molecular
description of the aggregation mechanisms of amphiphiles
forming vesicles. Until now this important feature is realized
by the use of molecular simulations [13,15,17,19]. It has been
proved that a bilayer structure is an important immediate for
the spontaneous vesicle formation, but why a bilayer curls to
form a vesicle is still a much-debated issue [13,17,19].
Bernardes studied the spontaneous vesicle formation using
lattice Monte Carlo simulation [17]. He found that the total
potential energy after the vesicle formation was higher than
that in the initial state. Thus, he concluded that the bilayer-
vesicle transition was driven by entropy. However, more
information can be obtained from a detailed study of these
energy curves. In the initial configuration, particles were
orderly setup, hence at a rather low energy state. Subse-
quently, the unnatural starting conformation was relaxed
during the thermo equilibration, which resulted in the
promotion of the system energy. In the later bilayer-vesicle
transition, energy curve displayed a small reduction (as shown
in Figure 4 in reference [17]). Thus, it is insufficient to
conclude that bilayer-vesicle transition was driven by entropy
based on just comparing the energy of an “artificial initial
state” with that of the final state. Later, Markvoort et al.
studied the same issue and came into the same conclusion that
the bilayer-vesicle transition is entropy driven [19]. Unfortu-
nately, similar to what Bernardes mesaured, the increasing of
energy only occurred in the earlier molecular relaxation stage
rather than in the later bilayer-vesicle transition stage.
Recently, Yamamoto investigated the spontaneous vesicle
formation of amphiphilic molecules in aqueous solution using
DPD simulation [13]. By monitoring the energy evolution, he
deduced that reduction of hydrophobic energy might be the
primary driving force for the bilayer-vesicle transition.

To further clear the driving force for vesicle formation, we
performed a series of DPD simulations [58]. The coarse-
grained model was constructed from the molecular architec-
ture of DMPC lipid, denoted here as hs(ts),, wherein the head
moiety is consisted of three hydrophilic beads (h, red) and two
tails are consisted of five hydrophobic beads (t, green) each.
Two initial configurations were adopted: a randomly dis-
persed solution and a tensionless bilayer. The pathway of the
spontaneous vesicle formation from a randomly dispersed
solution is shown in Figure 1. At the early stage, lipid
molecules quickly aggregate into many small micelles. These
small micelles then merge to form larger ones until a large
oblate micelle (or bilayer) is formed. Subsequently, the bilayer
curls to form a vesicle, with some water encapsulated inside
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Figure 3 Time dependence of total energy E. I: Bilayer thermal
Figure 1 Spontaneous vesicle formation from a randomly fluctuation stage. II: Bilayer curling and closing stage. III: Vesicle

dispersed solution [58].

meanwhile. In a group of parallel simulations, it was found
that once a large enough bilayer was formed, it would quickly
curl to form a vesicle, confirming that bilayer is an important
immediate for the spontaneous vesicle formation. To facilitate
the study of molecular structures and pressure tensor changes
during the bilayer-vesicle transition, we started our simulation
from a circular tensionless bilayer directly, which was parallel
to the x-y plane of the simulation box. Figure 2 displays the
evolution pathway. The existence of the hydrophobic edge in
the initial bilayer drives these “uncovered” tail particles
quickly shielded by head particles in order to avoid the direct
contact with water. In the subsequent time, the bilayer adjusts
its conformation under the thermal fluctuation, but still keeps
nearly circular shape. Then subtle bending occurs, which
develops quickly, leading to the formation of a bowl-like
quasi-vesicle. At the same time the mass center of bilayer
moves out of the aggregate. At last, the pore in the quasi-
vesicle is closed and water is encapsulated to generate a
complete vesicle. By analyzing explicit interaction energy
changes, we find that the total potential energy decreases
during the bilayer-vesicle transition. As shown in Figure 3,
during the period of ¢=(200-400)t, FE. reduces

200

400 400(section view)

Figure 2 Pathway of spontaneous vesicle formation from a
tensionless bilayer [58].

steady stage [58].

significantly, correspondingly to the period of the bilayer-
vesicle transition. To further probe the relation between
energy changes and morphology evolution, the inter-particle
energies have been measured. In present system, there are
three types of particles: water (w), tail (t) and head (h),
corresponding to six types of interaction energies: Ey.,, Equ,
Ewn, Ey, Eg, and Ey,. Among them, E; contributes most to
the decreasing of £, and keeps pace with the change of E,
during the bilayer-vesicle transition as shown in Figure 4. The
decrease of E,,, is resulted from the reduction of number of w-t
interaction pair n,, indicating that the water-tail interaction is
weakened during the vesicle formation. Therefore the bilayer-
vesicle transition is caused by the minimization of hydro-
phobic interaction between water-tail. On the other hand, n,,,
decreases while n,, and ny, increase, suggesting that water
molecules have been redistributed during the transition: the
number of water in the proximity of the bilayer decreases but
it increases in the bulk. The phenomenological theory
assumes that, despite the bending energy increase upon the
bilayer curling, the decreasing of edge size causes the
reduction of edge energy, and finally leads to the reduction
of the free energy. From the above analysis, we see that the
reduction of free energy can be mainly attributed to the
reduction of the hydrophobic energy. It is well known that
thermodynamic observable like pressure is an important
ingredient to monitor the dynamics, especially for a hetero-
geneous phase system. The change of pressure is indeed in
one-to-one correspondence with that of E,,. Compared with
the initial state, pressure has descended to a certain extent. It
implies that the vesicle is at a lower free energy state
compared with a bilayer. The lower free energy is mainly due
to the minimization of the hydrophobic energy between water
and tail particles rather than the entropy growth caused by the
redistribution of water molecules. The self-assembled bilayers
exhibit stable fluid behavior. The derived structure properties
such as lipid area (61A2) and bilayer thickness, as well as the
measured area compression moduli K, = 428 x 10 3J-m 2
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Figure 4 Time dependence of Ey, Ewn, Eww, Enn and the corresponding particle interaction pair numbers [58].

and bending rigidity x = 22.35kg T are well comparable to the
lipid biologic membranes [59].

3 (Protein-mediated) vesicle fusion

Vesicle fusion is an important process in many biologic
events, such as virus infection, membrane traffic, and sperm-
egg binding and so on [60]. Due to membrane fusion
occurring on a length scale of tens of nanometers and a time
scale of submilliseconds [21], it is not easy to investigate the
intermediate structures directly using conventional experi-
mental approaches. Nowadays, computer simulations have
been used in membrane fusion study, because they can track
collective behavior at the molecular level [21,25,31,61-63].
Marrink et al. first investigated the mechanism of vesicle
fusion using molecular dynamics simulation method based on
coarse-grained lipid models [25]. Once the effective contact
was established between two approaching vesicles, two fusion
pathways were observed. The Pathway I is illustrated as
following: First, the contacting region expands radically,
giving rise to a so-called stalk intermediate. Then the center
region of stalk is ruptured, which results in the merging of
inner monolayers. This intermediate is termed as hemifusion
diaphragm (HD) phase, which is stable before a small fusion
pore appears. Eventually, the enlargement of the fusion pore
and the degradation of HD complete the full fusion. This
vesicle fusion pathway is in general agreement with the stalk-
pore hypothesis [64]. In an alternative fusion pathway, some

transient pores directly originate from the radically expanding
stalk. Different from the fusion pore, these pores are small
tunnels connecting the outer and inner monolayers. Conse-
quently, lipids originally located in outer leaflets can flip-flop
into the inner leaflet, leading to the mixing of monolayer
content. This pathway is named “modified stalk-pore”
mechanism.

Although the stalk model is well received, many different
hypotheses on the molecular mechanisms of vesicle fusion
exist as well [61,62,64,65]. Because these mechanisms cannot
be readily asserted experimentally, Smeijers and coworkers
addressed this problem using a coarse-grained molecular
dynamics simulation [66]. They demonstrated that the stalk is
initiated by lipid tails that extend spontaneously and evolve
into a hydrophobic bridge. The stalk is composed of the
contacting monolayers only, and never disintegrates once
established. In all simulations, the fusion process is
analogous, but the stalk evolution may differ. Typically, the
stalk expands radically to enlarge the contact region.
However, sometimes the stalk expands anisotropically into
an elongated stalk, which grows and folds to form a stalk ring.
However, what kind of stalk expansion is more favorable, the
radial one leading to an HD or the anisotropic one resulting in
an elongated connection? To answer this question, we studied
the vesicle fusion with the dissipative particle dynamics
simulation method. It is found that the whole fusion process in
small vesicles is in well agreement with the radial stalk
expansion route. Vesicle fusion is a process of energy
minimization, which is mainly caused by the reduction of
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water-amphiphile interaction energy. The decreasing of
pressure during vesicle fusion confirms that the fused vesicle
is at a lower free energy state. Typically, small vesicles fuse
faster than large vesicles. For the large vesicles, even if the
effective contacts are established, the fusion events seem to be
trapped at the HD stage. Figure 5 gives a typical snapshot of
HD stage. A fusion pore has not appeared within the observed
time. Perhaps more time are needed to accomplish the
“hemifusion-pore” transition. The difference may originate
from the small curvature of large vesicles. When the curvature
decreases, the contact zone becomes too large to direct an
elongated stalk into a tight ring, and the vesicles trap in a
hemifused state. The fusion events with large ones are
therefore hard to proceed forward. Even the subsequent
“hemifusion-pore” transition which is initiated by trigger
events have a small chance of happening for large vesicles.
Recently, Liang’s group explored the fusion and fission
pathways of vesicles composed by complex architecture
amphiphile A-B-A and A-B-C and found two pathways for
both fusion and fission processes [40,41].

Figure 5 Section view for vesicle fusion trapped at the HD stage.
(For clarity, water beads are omitted.) [39].

Research on fusion has been intense in recent years, but we
are still far from a coherent molecular picture. For two
vesicles to fuse, they must get close to establish an initial
contact, which necessitates considerable energy to remove the
water and dehydrate the polar head groups of lipids [27]. This
is why membranes do not fuse spontaneously under normal
circumstances, which requires special proteins and is subject
to selective control [28]. These proteins mediate the initial
recognition of the membranes destined for fusion, pull them
together, destabilize the lipid/water interface, and trigger
mixing of the lipids [29]. Several phenomenon models for
protein-mediated membrane fusion have been proposed, such
as Proteinaceous fusion pore model, Fence model, Scaffold
model and Local perturbation model [30]. To get a full
molecular understanding of the roles of fusion protein (i.e.,
SNARE, soluble N-ethylmaleimide-sensitive protein attach-
ment protein receptor) in intracellular fusion reactions, we
employed dissipative particle dynamics (DPD) simulation
to study the complicated protein-mediated
fusion involving extensive and cooperative molecular

vesicle

rearrangement. Model proteins (here termed as 7 and V-
proteins localizing in apposing vesicles) are designed
according to the function of fusion proteins “SNAREs,” in
which the formation of a SNARE complex establishes
membrane proximity, leading to complete fusion [67].
Following the model formulation of Venturoli et al. [68], the
model protein is built from a bundle of seven amphiphile
chains. Inclusion of a cap bead at the tip is for better coupling
of #- and V-proteins. Furthermore, model proteins featured by
multiblocks and self-defined interactions are imposed on the
corresponding block pairs between ¢- and V-proteins. The
interactions introduced here are just simply mimicking the
specific interactions (i.e., helical hydrogen bonds, electrostatic
interaction between charged residues) between multiple
distinct binding sites of fusion protein pairs to form protein
complexes.

The protein-mediated fusion is illustrated in Figure 6. The
assembly of #- and V- protein pairs in the separate vesicles
begins at the contacted caps down toward the membrane
anchors, and forms into a parallel bundle like a zipper, which
acts as the trans-SNARE complex to bridge apposed vesicles
and supply the free energy needed for removal of water. More
than one protein-complex is formed so as to generate large
enough dragging force. By gradually binding the specific
blocks one another in the pairing proteins, complexes tightly
drag the apposing vesicles proximally. The subsequent route
is completely consistent with the stalk-pore hypothesis [64]: at
first, the initial contact between proximal monolayers grows
outwards to form a so-called stalk intermediate. Second, the
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Figure 6 Pathway I of protein-mediated vesicle fusion (Scaffold
model). (a) 0z, starting state; (b) 3557, outer leaflets contact;
(c) 3851, stalk; (d) 400#, inner leaflets contact; (¢) 430¢,
hemifusion diaphragm; (f) 495¢,, fusion pore appears; (g) 565¢,,
full fusion. Upper part: Section view. Different colors distinguish
between lipid tail beads in the outer (blue and magenta) and the
inner (green and yellow) monolayers for the two vesicles.
Additionally, head beads of lipids in outer and inner monolayers
are painted black and red respectively. Lower part: Perspective
view. For better visibility, water and tail particles are omitted and
head particles are shown in smaller size [42].
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stalk expands radially and evolves into a hemifusion
diaphragm (HD), in which two distal monolayers connect.
Third, HD is degraded and a fusion pore appears. At last, the
enlargement of water pore completes full fusion. Simulta-
neously the transmembrane segments (TMSs) of fusion
protein complex in separate vesicles are coalesced into the
same bilayer, and forms into cis-protein complex in the fused
vesicle. These findings indicate that the fusion proteins serve
as scaffolds to draw two membranes into close contact.
Therefore this pathway is termed Scaffold model (pathway I).
It is notable that the hemifusion intermediate and the fusion
pore in this pathway are purely lipidic. Recent studies suggest
that the TMSs of fusion proteins might contribute to the stalk-
pore transition [32]. Our simulations show that if self-defined
interactions are also imposed on TMSs, their association gives
rise to an unstable protein-lined pore in hemifusion inter-
mediate. As shown in Figure7(c), this fusion pore is partly
composed of TMSs. Lipids and water can be incorporated into
the pore, which allows the pore to expand instantly to
accomplish membrane fusion. We name this pathway Protein-
pore model (pathway II). For comparison, some parallel
simulations with pure vesicles are performed. Several
successful fusion events suggest that without the participation
of proteins, the averaged fusion time is 150z, close to that for
pathway I, 140¢,. Obviously pathway I and pure vesicle fusion
undergo almost same fusion intermediates. The averaged
fusion time for pathway II is ~ 25¢,, shorter than that through
the pure lipidic pore intermediate. It indicates the formation of
protein-lined pore promotes the stalk-pore transition and
accelerates the fusion process. It is noted that due to a series of
simplifications in our simulations, the fusion times cannot be
transferred into real physical time directly. Additionally, there
is no directly experiment evidence to support Pathway II.
However we expect Pathway II is a new mechanism for
protein-mediated membrane fusion, which needs further
experimental confirmation.

Figure 7 Pathway II of protein-mediated vesicle fusion (Protein-
pore model). Protein-lined pore (encircled) originates directly from
the radially expanding stalk, which allows lipid and water penetrate
into it. Then the pore expands to accomplish vesicle fusion.
(a) 225t, outer leaflets contact; (b) 2451, stalk; (c) 250 ¢, protein-
lined fusion pore appears; (d) 2754, full fusion. For clarity, water
beads are omitted [42].

4 2D phase transformation in lipid bilayer

It’s well known that lipid bilayers are the structural basis of all
biologic membranes. Understanding the physics of lipid
bilayers can yield insight into their biologic function, help to
understand the cause of diseases, and eventually lead to the
development of new therapeutics [69]. It have been proved
that the lipid bilayer is the most useful model system to study
the interactions of lipid membranes with other molecules,
e.g., lipid-polymer interactions [70], lipid-protein interactions
[71,72], lipid-DNA interactions [73,74]. Since the lipid
molecules are restricted in membrane plane, the lipid bilayer
is also a significantly perfect model of two-dimensional phase
transition. As we known, the phase transition in two-
dimension is quit different from that in three-dimension,
which makes it rather attractive to researchers. It is found that
lipid bilayers possess rich phase structures [75,76]. Although
most biomembranes in living organisms are maintained in the
fluid phase, both the pre-transition temperature and the main-
transition temperature of some common bilayer lipids (such as
DPPC) are close to the body temperature (35°C and 41°C),
which make these phase transition has presumably some
relevance for vital phenomena. Therefore the study of the
phase transition in lipid bilayers is not only essential on
theoretical research, but also on life science.

Lipid bilayers show various phase structures, even as the
simplest model system is composed by only one kind of
molecule [75,76]. As presented in Figure 8, the stable phase at
low temperature is the sub-gel phase (L¢). With the increasing
of temperature, it turns to the gel phases Lg or Ly, which are
differed by the tilt of the tail chains. The transition from the
sub-gel phase to the gel phase is generally called as sub-
transition. If head groups are large and weakly interacted, such
as ether-linked phosphatidyl- cholines, the system adopts a Lg;
phase (Figure 8(c)), where both opposing lipid layers are fully
interdigitated [75, 77-80]. On the one hand, both Ly and L
phases are characterized by having a very low lipid mobility
in the bilayer plane accompanied with the ordered tail chains,
which can also be tilted with respect to the lipid bilayer
normal. On the other hand, the head groups in the Ly phase
are more hydrated than in the Lo phase, leading to some
degree of disorder of tail chains in the Ly phase but a
pronounced long range hexagonal lattice arrangement in the
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Figure 8 Schematical representations of the phase structures of
the lipid bilayer [85].
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bilayer plane in the Lc phase. Increasing temperature further
results in the formation of the rippled (Pg) phase which is
characterized by a one-dimensional periodic height modula-
tion of the bilayers [81-84]. The transition is denoted as the
pre-transition. Finally, the bilayer undergoes a transition to the
liquid crystalline or fluid L, phase, which is called the main
transition or the chain order/disorder transition. In this phase,
the bilayer is a two-dimensional fluid, meaning that the lipids
are free to move in the plane of the bilayer. The hydrocarbon
chains become disordered and therefore the transition to the
L, phase is regarded as the melting of bilayers. A schematic
illustration of these phase transition process is shown in
Figure 9.

§- - g5-m

Figure 9 Schematical representations of the lipid bilayer phases
during a heating process [86].

From an experimental point of view, studying the phase
transformations of biomembranes on a molecular scale in situ
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is not an easy task [87,88]. As the dissipative particle
dynamics simulation has been proved an efficient approach
for bilayer simulation, Smit’s group carried out a series of
pioneering work on the phase behaviors of lipid bilayers with
various architectures and compositions [43—48,68,85]. By
varying the tail length, he first studied the influence of the tail
length on the phase diagram. Three main phase regions appear
on the phase diagrams: L,, Lg and Lg. As the tail length
increases, it is found that the gel phases are stabilized and the
transitions of Ly — L, and Lg — L, are shifted to higher
temperatures. More significantly, they found that at a higher
head-head repulsion the head group became more hydrated,
the resulted larger projected area per head group makes the
interdigitated phase Lp; more stable. Later they tested on the
double-tail lipid system, and built the phase diagrams for
double-tail lipids with different tail lengths. As presented in
Figure 10, at low values of the head-head repulsion parameter
app, With increasing temperature the bilayer undergoes the
transitions from the subgel phase L via the flat gel phase Lg
to the fluid phase L,. While at higher values of a;;, the
transformation from the L to the L, phase occurs through the
tilted gel phase Ly and the rippled phase Py . Furthermore the
Ly phase only exists for the long tail lipids. Although the

nature of the rippled phase is not yet clear, it can be seen from
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Figure 10 Phase behavior as a function of the temperature and head group interactions for (a) h;(t4),, (b) hs(ts),, and (c) hs(ts),. The
transition temperatures as a function of tail length for the typical head-head interactions (ay, = 35) are shown in (d) [85].
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Figure 10 that the rippled structure (Pp) is expected when the
head groups are sufficiently surrounded by water. In
agreement with experimental observations that rippled phase
is a coexistence phase between Lc or Ly and Ly, it exhibits an
asymmetric sawtooth with a difference in thickness between
the long and the short arm [84]. Similar to the single-tail
lipids, at high ay, the head groups prefer to be hydrated
strongly, the resulted larger area per lipid drives those tilted
tails phases (L or Lg') more stable. In contrast, at low apy, the
head-head contacts become favorable, water is expelled from
the head group region, the resulted smaller area per lipid drive
the tails more ordered and straighter, consequently the Lg
phase is evolved. It is worthy to note that the phase diagrams
in Figure 10 do not include any interdigitated phases, although
they were found in several systems experimentally [75,77—
80]. Inspired by the results from the single-tail lipids that the
interdigitated phase could be stabilize by increasing distance
between neighboring head groups, Smit’s group built an
ingenious approach to locate them. They added small
molecule alcohol into the double-tail lipid systems and
recovered the experimentally observed interdigitated phase
Ly, at high alcohol concentrations [46].

Despite the large number of thermodynamic as well as
composition parameters, among the major issue concerning
the phase behavior of lipid bilayers are the architecture of lipid
molecule. Given this, we investigated the phase behavior of
the double-tail lipid bilayers we previously employed [89]. As
presented in Figure 11, the main difference lies in the linkage
of the head groups to tails comparing with Smit’s model.
Although the primary motivation of the previous two sections
is the study of fluid phases, by building the phase diagram we
can map out regions of fluid behavior within the studied
parameter space. The derived phase diagram is exhibited in
Figure 12. Distinctions between Figure 12 and the corre-
sponding phase diagram of Figure 10(b) done by Smit are
rather significant. First, we obtain an interdigitated structure.
As expected from Figure 11, our lipid model has an obviously
larger area of head-group than Smit’s model, the appearance
of interdigitated structure in our system is surely reasonable
because the interdigitated phase is well stabilized by larger
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Figure 11 Models of the lipids used in our simulation and Smit’s.
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Figure 12 Phase diagram of hjs(ts), as a function of reduced
temperature 7" and head-head repulsion parameter ayy,.

area of head-group. Second, in contrast to Smit, we have not
obtained a tilt gel phase L. Smit attributed the occurrence of
Ly phase to the long tail effect. Therefore, as shown in
Figure 10, Ly diminishes at the tail length less than 5, and
only appears in a very narrow region at the tail length of 5. In
our model the low aspect ratio resulting from the larger head
area will further reduce the chance of Ly phase even at the
same tail length of 5. Third, the phase transition to L occurs
at a lower temperature. Fourth, we observe a very wide region
of the P’ ripple phase, almost twice the size of the Py’ region
shown in Figure 10(b). The larger head projection area in our
model is susceptible to the strong head-water contact. The
phenomenon of preference to the ripple phase confirms the
fact that the ripple phase is related with the head-water
contact. Detailed calculations show that each phase possesses
the distinguished structural properties such as chain con-
formation and membrane size, which helps us to locate the
phase boundary. By applying the quasi-heating or quasi-
cooling process, we explore the kinetic path of both Lo —
Lg — L, transition at weak head-head repulsion and Lc —
Py — L, transitions at strong head-head repulsion.

Since the ripple phase is intermediate between the fluid and
gel phases, study of its properties will improve the under-
standing of coupling between the lipid matrix and the resulted
molecular organization. These insights are likely to be
relevant to the order-disorder transition in a broad sense.
But there is still a question about how to distinguish the ripple
phase from coexistence phase. For example, we cannot differ
the ripple phase (presented in Figure 13(b)) from the
ordinarily coexistence phase (presented in Figure 13(a)) by
configuration observations. Because both the normal coex-
istence phase and the ripple phase show an inconsistency of
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Figure 13 (a) Lg + LpatT "=0.2and ann = 40; Left: thickness of the membrane as a function of the position in the plane where the color
coding gives the thickness of the bilayer membrane. Right: side view in which the head groups are red and the tails blue or green
dependent on different layer. (b) Py at T " = 0.4 and ay;, = 40; Left: thickness profile. Middle: side view of lipid bilayer. Right: thickness

profile for the 4-fold system size of the left one).

structure and thermodynamic properties, it is not easy to
accurately define them from structure data and thermody-
namic observables. Therefore, to characterize the ripple phase
and to signify its nature of a one-dimensional periodic height
modulation of the bilayers, we measure the height distribution
profiles for bilayers.

5 Conclusion

Both the lipid bilayer and its enclosed partner-vesicle are the
satisfactory models for the cellular membrane from a biologic
point of view. In this paper we have reviewed the current
simulation progress on vesicle dynamics including vesicle
formation and (protein-mediated) vesicle fusion, as well as the
phase transition in lipid bilayers. We find that the minimiza-
tion of hydrophobic energy is the main driving force for the
bilayer-vesicle transition. Then we make the first attempt
using a simple model system to mimic the complicated
protein-mediated vesiclefusion involving extensive and
cooperative molecular rearrangement. Fusion proteins are
introduced as the fusion machines. The “zippering” of protein

complexes brings separate vesicles into close proximity and
catalyzes their fusion. The subsequent fusion pathway
generally follows the stalk-pore mechanism, in which the
stalk intermediate and the fusion pore are purely lipidic.
However, if the protein pairs “zipper” through their TMSs, the
fusion pore originates directly from the radially expanding
stalk, which promotes the stalk-pore transition and speeds up
fusion further. At last the phase diagram of lipid bilayers is
built. Among the large number of thermodynamic and
composition parameters, the phase structures are most
sensitive to the architecture of lipid molecule. By comparing
the two different double-tail lipid models, it is found that the
experimentally observed interdigitated phase and ripple phase
are well stabilized by larger area of head-group.
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