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Abstract

The transformation between a gel and a fluid phase in dipalmitoyl-phosphatidylcholine (DPPC) bilayers has been simulated
using a coarse grained (CG) model by cooling bilayer patches composed of up to 8000 lipids. The critical step in the transformation
process is the nucleation of a gel cluster consisting of 20—80 lipids, spanning both monolayers. After the formation of the critical
cluster, a fast growth regime is entered. Growth slows when multiple gel domains start interacting, forming a percolating network.
Long-lived fluid domains remain trapped and can be metastable on a microsecond time scale. From the temperature dependence
of the rate of cluster growth, the line tension of the fluid—gel interface was estimated te-BeBR. The reverse process is
observed when heating the gel phase. No evidence is found for a hexatic phase as an intermediate stage of melting. The hysteresi
observed in the freezing and melting transformation is found to depend both on the system size and on the time scale of the
simulation. Extrapolating to macroscopic length and time scales, the transition temperature for heating and cooling converges to
295+ 5K, in semi-quantitative agreement with the experimental value for DPPC (315 K). The phase transformation is associated
with a drop in lateral mobility of the lipids by two orders of magnitude, and an increase in the rotational correlation time of the
same order of magnitude. The lipid headgroups, however, remain fluid. These observations are in agreement with experimental
findings, and show that the nature of the ordered phase obtained with the CG model is indeed a gel rather than a crystalline
phase. Simulations performed at different levels of hydration furthermore show that the gel phase is stabilized at low hydration.
A simulation of a small DPPC vesicle reveals that curvature has the opposite effect.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Recently, we introduced a coarse grained (CG)
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an ordered phase is formed when cooled. Ordered do-

mains in lipid membranes are believed to be of bio-
logical importance, and much experimental effort is
devoted to the study of raft and gel domain forma-
tion in model lipid systems. The gel phase differs from
the fluid or liquid-crystalline |, phase by a number of
key featuregKoynova and Caffrey, 1998; Nagle and
Tristram-Nagle, 2000)(i) the area per lipid is lower;
(ii) the lipid tails are almost fully extended with few
gauche defects remaining; (iii) the lipids are hexago-
nally ordered; and (iv) the lateral mobility is strongly
reduced. The difference between the tiltegt land
untilted Lg gel phase is the presence of an average
tilt of the lipid tails with respect to the bilayer nor-
mal. At even lower temperatures, most phospholipids
adopt a crystal phase with the lipids packed in an (pre-
sumably) orthorhombic rather than hexagonal lattice
(Koynova and Caffrey, 1998)n the crystal phase, the
lipids are fully ordered and virtually immobile. Vari-
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diates, such as those associated with the nucleation and
growth mechanism. The process of phase transforma-
tion is studied by driving an initial phase into a region
of the phase diagram where it is metastable or unstable.
Hysteresis is usually observed during phase transfor-
mation. Phase transition refers to the equilibrium phase
diagram.

According to two-dimensional nucleation theory
(e.g.Abraham, 1974; Kashchiev, 200Q@he transfor-
mation from a disordered to an ordered phase requires
the formation of a so-called critical nucleus, or gel do-
main when we consider lipid bilayers. The free energy
AG to form a gel domain in the fluid phase is given by
the expression

AG = Aun + 2y[ron]*/? Q)

whereAu denotes the chemical potential of a lipid in
the gel with respect to the fluid phasgethe line ten-
sion between the fluid and gel phasdhe amount of

ous metastable long living subgel phases are found in lipids constituting the nucleus, amdhe area per lipid

between the crystal and gel phases.

Here, we present a detailed molecular dynamics
(MD) simulation study of the formation of the un-
tilted Lg gel phase in a CG lipid membrane. Although
the lipid modeled, dipalmitoyl-phosphatidylcholine
(DPPC), experimentally forms a tilted gel phase, such
tilt is not observed with the CG model. This is a direct

in the gel phase. Above the main phase transition tem-
perature, both terms are positive and only small nuclei
can form (so-called heterophase fluctuati@enkel,
1946; Kharakoz and Shlyapnikova, 20p@elow the
transition temperature, the chemical potential in the gel
phase becomes lower than that of a lipid in the fluid
phase, driving the transformation. However, this driv-

consequence of the coarse graining procedure whiching force is opposed by the line tension arising from

implicitly incorporates some of the tail entropy of the
lipid tails into the volume of the CG interaction sites.
Tilt can be induced by changing the volume of the
tails sites. However, the titled gel phase is less rele-
vant to biological processes. In this study, we focus on
the transformation between thg lnd Lg phases. Our
aims are two-fold: (i) to test the applicability of the CG
model when modeling ordered lipid phases; and (ii) to
provide insight into the molecular details of the lipid

the gel-fluid interface. There exists a critical nucleus
sizen*
nayz
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n —
Au?

@
for which the free energy exhibits a maximunG*

noy?
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order—disorder transformation on a nanosecond time Gel nuclei with a size < n* are unstable and will dis-

and a nanometer length scale.

There has been a lot of confusion in the general
biophysical literature regarding the relationship of the
kinetic versus the equilibrium aspects of phase transi-
tions. In the fields of statistical mechanics, the terms
‘phase transformation’ and ‘phase transition’ have dis-
tinct meanings which we will adopt in the current pa-

per. Phase transformation is used to describe the pro-

cess of conversion from one phase to another; this in-
cludes kinetic aspects and the identification of interme-

sipate. Nuclei with > n*, however, will grow thereby
transforming the entire system into the state of lower
free energy, i.e. the gel. The tim&required to over-
come this barrier will scale as

AG*
4
T (4)

For a system quenched to a temperature much lower
than the transition temperatue . becomes large and
AG* vanishingly small. In this case, there is almost

* o exp
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no impedement to the phase transformation process.persists over length scales greater than 290 nm. Analy-
On the other hand, at a temperature close to the phasesis of an experimental two-dimensional model system
transition temperature, both the critical cluster size and consisting of microsphergQuinn and Goree, 2001)

the time required to form the critical cluster diverge. If
cluster growth results from the (reversible) addition of
single lipids to the cluster boundary, the speed of gel
phase propagation is given gharakoz and Shlyap-
nikova, 2000)

A
U = Umax (l — exp—“)

T ®)

whereumax denotes the maximum achievable speed

when the probability of the reverse process can be ne-

glected. Direct experimental evidence for the nucle-
ation and growth mechanism in lipid bilayers is hard to
obtain. Within the framework of heterophase fluctua-
tions,Kharakoz and Shlyapnikova (200@re able to
derive a kinetic model explaining the ultrasonic anoma-
lies observed in experiments on multilamellar vesicles.
By fitting to the kinetic model, estimates of the line
tension and the thermodynamic driving force could be
obtained. Direct visualization of the initial stages of
cluster nucleation and growth has thus far only been
achieved for two-dimensional colloidal systems. Very

reveals that even though translational and orientational
correlation functions are in agreement with the theo-
retical predictions, the underlying structure is not. An
alternative theory of two-dimensional meltiti@hui,
1983) predicts melting to occur through the sponta-
neous generation of grain boundaries. This would give
rise to the same type of correlational behavior with-
out, however, the occurrence of an intermediate hexatic
phase.

In order to test the predictions of the theoreti-
cal models concerning the phase transformation pro-
cess in lipid bilayers, computer simulations are an
appropriate tool. Using atomistic models, the liquid-
crystalline phase has been studied extensively using
MD (Tieleman et al., 1997)The gel phase has only
been studied in a few MD studies, all based on pre-
constructed bilayerEssmann et al., 1995; Tu et al.,
1996; Venable et al., 2000The spontaneous forma-
tion of a gel phase has not been extensively studied in
atomistic detail as yet. An exception is the recent obser-
vation of the spontaneous formation of aripple phase in
DPPC bilayers when cooldde Vries et al., in press)

good agreement with the classical two-dimensional Coarse grained models, where some of the internal de-
nucleation theory was recently reported for colloidal grees of freedom are eliminated, offer an opportunity to
nucleation driven by an electric field, which allowed study the phase behavior and transformation processes
precise control over the thermodynamic driving force in a way not yet possible in atomic detail. CG simu-
(Zhang and Liu, 2004) lations of gel formation in lipid bilayers have been re-
Whereas the formation of a solid phase from a lig- ported recently biXranenburg et al. (2003Brannigan
uid can be described by nucleation theory, the reverse et al. (2004 andStevens (2004Kranenburg et al. used
process is usually described in terms of defect growth. dissipative particle dynamics to study qualitatively the
Theoretical argumen{¥osterlitz and Thouless, 1973;  phase behavior of coarse grained amphipilic systems.
Halperin and Nelson, 197&yedict that the transition  For lipid-like molecules, a chain ordering phase trans-
between a solid (crystal) and liquid state in two di- formation was observed at low temperature. The or-
mensions involves a so-called hexatic phase which is dered phase was found to be either interdigitated or
intermediate between the two. The hexatic phase is tilted depending on the composition of the lipid head-
characterized by the presence of defects called disloca-group. No attempt was made to distinguish between
tions which destroy the long-range translational order a gel or crystal phase. Brannigan et al. used a Monte
while preserving a quasi-long-range orientational or- Carlo scheme to study the phase behavior of highly
der. Whether or not the gel phase of lipid bilayers is simplified bilayers, consisting of spherocylinders rep-
hexatic in nature is still an open question. Experimen- resenting lipid molecules. Both a liquid phase (char-
tal evidence has been presentedmyith et al. (199Q) acterized by a large area per lipid and high mobility)
characterizing the lateral correlation in the gel phase and an ordered phase (small area, reduced mobility)
of DMPC (myristoyl tails) as relatively short-ranged were identified for this model. Based on a small regime
(~20 nm) suggesting a hexatic phaSan et al. (1994) with apparent intermediate mobility, the authors spec-
in contrast, report that order in the gel phase of DPPC ulated about the possible existence of a hexatic phase.
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Stevens reported MD simulations of the temperature 2. Methods
dependence of a CG lipid model adopted from a poly-
mer model. A low temperature, tilted, gel phase was 2.1. Coarse grained lipid model
found. A strong hysteresis was noted between the melt-
ing and freezing temperature of the model, attributed  In the coarse grained model, which is based on the
to kinetic trapping. Unfortunately, none of the studies pioneering work ofSmit et al. (1990)small groups of
cited above have reported any details about the phaseatoms (four to six heavy atoms) are united into sin-
transformation process itself. gle interaction centers. All particles interact through
Here, we use our recently developed coarse grainedpairwise short-range Lennard—Jones (LJ) potentials.
lipid model(Marrink et al., 2004)o simulate the order—  The strength of the interaction depends on the nature
disorder phase transformation in lipid membranes us- of the particles. The particles differ in their degree
ing the MD technique. Although the current CG model of hydrophilicity. Hydrophilic particles are attracted
was optimized for the liquid-crystalline phase, previ- more strongly to other hydrophilic particles than to hy-
ously it was shown that cooling of a 256 lipid DPPC drophobic particlesFig. 1 shows the coarse grained
patch below a temperature of 270K results in the for- representation of the DPPC lipid used in this study. In
mation of an ordered phase, resembling an untilted gel the coarse grained representation, the PC headgroup
phas€Marrink etal., 2004)Also in lipid mixtures con- consists of two hydrophilic groups, one for the choline
sisting of DLPC and DSPC (lauroyl and stearoyl tails, and one for the phosphate group. Two sites of interme-
respectively), using the same CG model, the formation diate hydrophilicity are used to represent the glycerol
of an ordered phase was obserygdller and Marrink, ester moiety. Each of the lipid tails is modeled by 4 hy-
2004) Based on the decay of the rotational correlation drophobic particles, representing 16 methylene/methyl
function and the lateral mobility of the lipids, it was units. The solventis modeled by individual hydrophilic
concluded that the ordered phase was gel-like rather particles each representing four ‘real’ water molecules.
than crystalline. The questions that we aim to address In addition to the LJ interactions, a screened Coulombic
in the current paper are: By what mechanism does the interaction is used to model the electrostatic interaction
phase transformation occur? Is it possible to determine between the zwitterionic headgroups. Bonded interac-
the phase transition temperature? How important are fi- tions are modeled by a weak harmonic potential. Har-
nite size effects? Can tilt be reproduced by the model? monic angle potentials provide the appropriate stiffness
Isthe ordered phase atrue gel phase, a crystalline phasdor the molecules. The force constant of the angle po-
or perhaps a hexatic phase? tentials are weak (25 kJ mot), allowing deviations of
The remainder of this paper is organized as follows. 25° atthe cost okT. All of the tail angle potentials have
Section2 provides details about the CG lipid model, an equilibrium value of 180 Full details of the coarse
the simulation procedure, and the tools used for anal- grained force field can be found in a previous publica-
ysis. The results are divided into a number of subsec- tion (Marrink et al., 2004)and at our websitéttp://
tions. First, the general phase transformation pathway md.chem.rug.nt¥marrink/coarsegrain.htmiThe CG
is shown, focussing on the transformation from the lig- model reproduces many of the structural, dynamic, and
uid to ordered state followed by a more condensed sec-elastic properties of both lamellar and non-lamellar
tion on the reverse process. Second, the effect of finite states of a variety of phospholipidMarrink et al.,
size and finite simulation length on the phase transition 2004)
temperature observed is evaluated. The effect of the
hydration level and curvature on the transition temper- 2.2. Simulation procedure
ature is also investigated. The third subsection shows
that the low temperature ordered phase is a gel as op- In order to estimate the transition temperature, two
posed to a crystalline phase, and illustrates how the CG sets of simulations were performed. The first set (‘cool-
model can be parametrized to obtain a tilted rather than ing’) consists of simulations of bilayer patches starting
an untilted gel phase. Discussion of the results is em- from an equilibrated liquid-crystalline configuration (at
bedded within each of these sections. Finally, the main T = 325 K) which were then cooled instantaneously to
conclusions are summarized. a given (lower) target temperature. The target tempera-


http://md.chem.rug.nl/~marrink/coarsegrain.html
http://md.chem.rug.nl/~marrink/coarsegrain.html

S.J. Marrink et al. / Chemistry and Physics of Lipids 135 (2005) 223-244 227

tained from lateral copying of a very small patch (64

lipids) equilibrated at low temperature during a multi-
microsecond simulation.
phosphate > > The amount of water in all systems was 32 water

molecules/lipid, close to the swelling limit of DPPC
l in the L, phase (30.1 water molecules/lipid at 325K;
° Nagle and Tristram-Nagle, 20p(Note, one aspect of
v the simulations not fully consistent with experiment is
‘ the fixed water/lipid ratio. The experimental swelling
] limit for the fluid phase differs considerably from that
of the gel phase (12.6 water molecules/lipid for DPPC
¥ at 293 K;Nagle and Tristram-Nagle, 2000n the sim-
ulations, the size of the system is too small for the water

6 ‘ to be able to phase separate. Therefore, the hydration

°
glycerol o

level remains constant. A separate series of cooling
simulations of a 128 lipid bilayer patch with a reduced
amount of water (down to 4 water molecules/lipid) was
performed to study the effect of the hydration level
J on the transition temperature. To investigate the role
of curvature, a small vesicle was also simulated. The
_ vesicle was obtained by taking a fluid bilayer consist-
ing of 2568 lipids, adding excess water in the lateral
directions (total amount of CG water: 88,100), and let-
Fig. 1. Coarse grained representation of DPPC. The choline and ting the bilayer spontaneously encapsulate water until
phosphate moieties are both modeled by a hydrophilic particle bear- g yesicle was formed. This procedure is the same one
ing a.positive and negative charge, rgspectiyely. Each of the palmitoyl as described iMarrink and Mark (2003)The vesicle
tails is modeled by four hydrophobic particles. The glycerol ester .
backbone is modeled by two particles of intermediate hydrophilic- was SUbsequ.ently quench?d to different temperatures
ity. The water particle is hydrophilic, representing four real water P€low the estimated transition temperature.
molecules. The molecule is kept together by harmonic bond poten-  All systems were coupled to standard heat and
tia_ls.AngIe potentials provide the appropriate stiffness for the lipid pressure bathgBerendsen et al., 1984p maintain
tails. constant temperature and pressure throughout the
simulations. The pressure of the lamellar systems
was coupled anisotropically, i.e. independently in all
ture was varied systematically to determine the range in directions at a value of 1 bar. This corresponds to zero
temperature for which the transformation to a gel phase surface tension conditions. For correct computation of
was observed. The second set of simulations (‘heating’) the lateral diffusion coefficient of the lipids, the center-
employed the opposite procedure, i.e. instantaneousof-mass motion per monolayer was removed at each
heating starting from a gel phase. To study the effect of step during the simulations. The box shape was fully
system size on the transition temperature, both sets offlexible (triclinic) in order to allow for the development
simulations were performed on bilayer patches of 128, of hexagonal chain packing in the gel phase. The vesic-
512, and 2048 lipids, in the temperature range 270— ular system was coupled isotropically (1 bar) using a
325K. The simulations of the largest patches (2048 cubic box. Periodic boundary conditions are applied
lipids) were also used to study the kinetics of the trans- to all systems. Simulations were performed with the
formation process in detail. Additional simulations on Gromacs simulation softwafgindahl et al., 2001)
even larger patches of 8192 lipids were performed to  The total simulation time for each of the systems var-
study long-range order and the possible existence of aied between 1 and 30s, depending on the system size
hexatic phase. These simulations were started from aand the time required to reach an equilibrium state. In
defect-free, perfectly ordered gel patch which was ob- general, the systems containing 128 lipids were run for
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10us, systems containing 512 lipids fop's, and sys-
tems containing 2048 or 8192 lipids fopk. The sys-
tems containing the vesicle were simulated for0s5
The time scale used in this paper is an effective time
scale. It is four times larger than the actual simulation
time. The effective time scale for the CG model has
been determined by relating the diffusion rate of the
solvent to the experimental self-diffusion rate of bulk
water and validated by examining other experimentally

accessible dynamical properties, such as the lipid lat-
eral diffusion rates in bilayers and the permeation rate

of water across a bilayer all of which were reproduced
at a semi-quantitative levéMarrink et al., 2004)

2.3. Cluster analysis

In order to determine lipid coordination numbers,
a Voronoi analysis was performed on the trajectories
using the Triangle proganiShewchuk, 2002)The
Voronoi cells were computed using the positions of
the C2 tail sites (se€ig. 1) in each of the monolay-
ers separately. From the Voronoi cells, the number of

neighbors of a C2 site can be determined. The Voronoi
analysis was used to identify lattice defects such as five-

and seven-fold disclinations (i.e. lipids having five or
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lection criteria used to define gel clusters are inevitably
somewhat arbitrary. Different combinations of cut-off
distances and number of neighbors were tested. Within
reasonable limits, different criteria led to clusters of
similar composition and size. The results which are
based on the cluster analysis are not very sensitive to
the exact definition.

From the cluster analysis, two time-dependent func-
tions are derivech®@(r) which is the sum over all gel
clusters present at timigandn"2X(¢) which denotes the
largest cluster present at tirheThe functions are used
to calculate the critical time, size, and growth rate of the
gel clusters. The critical time?, which represents the
time required for the quenched fluid phase to nucleate
a gel cluster large enough to overcome the line ten-
sion (Eq.(4)) was estimated at the point wher8®(r)
starts increasing irreversibly. The critical cluster size,
n*, was obtained from the maximum of the function
n™M(r) over the interval O< ¢ < *, thus representing
the largest gel cluster that can be formed which is not
stable. The linear growth rateof the clusters was ob-
tained from

_dR o dy/(n'°?) ©)
B

seven neighbors). The Voronoi analysis was also usedwhereRdenotes the average radius of the growing clus-

to distinguish lipids in the fluid from lipids in the gel
phase. A lipid tail is considered to be in the gel phase
if: (i) the C2 site of the tail has exactly six neighbors;
and (ii) at least five of these neighbors lie within a dis-
tance smaller than a cut-off distan£&, = 0.75nm.
D2 ; corresponds to the distance of the first minimum
of the radial pair distribution functiog(r) of the C2 tail

beads in the gel phase. The first selection criterium se-

lects all lipids tails which have a six-fold coordination

ters.

Based on the temperature dependence of the gel nu-
cleation process, the formation rate and critical size of
the gel clusters can be used to obtain the line tension
and the entropy characterizing the phase transforma-
tion. Assuming that the enthalpy and entropy of lipids
in both the gel and the fluid phase are temperature in-
dependent over a temperature intenddl = Tr, — T
(whereTy, is the transition temperature), it follows that

number, a prerequisite for the gel phase. The secondthe driving potential

selection criterium filters out the tails in the fluid state
which are also six-coordinated from time to time, how-
ever, deviating considerably from a perfect hexagon. A

A = AsAT 7

whereAs denotes the entropy of a lipid in the gel phase

straightforward cluster algorithm was subsequently ap- with respect to the fluid phase. Combining E@, (4)

plied to connect the gel lipids into gel clusters. Here,
a second cut-off distance was usé,, = 0.51, cor-
responding to the distance of the maximum of the first
neighbor peak of(r). Two lipid gel tails belong to the
same cluster if the lateral distance lies within the cut-
off distanceD? .. The cluster size in terms of number

cut
of lipids is obtained simply by counting the amount of

C2 sites present in the cluster, divided by two. The se-

and (7) it follows that a plot of Int* versus YAT gives

a straight line with slope?ro/AskT. A plot of the
critical cluster radiuR* = v/n*o/m versus Y AT, us-

ing Eqs.(2) and (7) also gives a straight line with slope
yo/ As. Simultaneous fitting of the scaling of the critical
time and cluster size with the inverse temperature drop
allows for the determination of both the line tension and
the entropy difference. For smallsAT/ kT, the clus-
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ter growth rate is expected to increase linearly with the
temperature interval, following >~ —umaxAsAT/ kT
(combining Eqs(5) and (7).

3. Results and discussion
3.1. Liquid—gel transformation

3.1.1. Transformation process

Figs. 2 and 3show the time evolution of a 2048
DPPC bilayer patch quenched frdin= 325 to 283 K.
These figures represent one particular time series only,
however, the qualitative features are illustrative of the
transformation process observed in general as will be
discussed in more detail further on. Fig. 2, a cut
through the bilayer is shown at full resolution, reveal-
ing the tail ordering, whereas iRig. 3, only the C2
tail beads of the lipids are shown, viewed from above.
Before the quench, & = 325K, the bilayer is in the
L. phase, characterized by disordered lipid tails, fast
lateral diffusion, and the absence of long-range lateral
order. Within a few nanoseconds after the quench to
T = 283K, the bilayer relaxes to a state character-
ized by increased lipid tail order and a concomitant
decrease in lipid area. It is nevertheless still liquid (see
snapshot at = 0 ns inFig. 2). Note that here, and in
the remainder of this paper, time= 0 corresponds to
the time point immediately after the initial relaxation
process. The area/lipid relaxes from 0.64 to 0.56.nm
Experimentally, the area/lipid for DPPC is 0.64Hm
at T = 325K (Nagle and Tristram-Nagle, 200@nd
0.67 nntf at T = 338K (Petrache et al., 2000A lin-
ear extrapolation of the experimental temperature de-
pendence to a temperature &f= 283 predicts an
area/lipid of 0.55 nrh for the supercooled L phase,
close to what is obtained with the CG model. Soon af-
ter the initial relaxation, small gel domains form spon-
taneously (snapshot at= 1 ns inFig. 3). These small
gel domains, consisting typically of 10-20 lipids, are
metastable and quickly disappear after their formation.
After 25 ns, however, a small ordered domain is seen
to have formed that remains stable. This domain in-
volves both monolayers, involving 30—40 lipids per
monolayer. Subsequently, this domain grows rapidly
(snapshots at = 50-75ns) until at~100 ns the gel
domains have percolated in both lateral directions. A
few fluid domains now remain, trapped by the gel ma-
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Fig. 2. Liquid-to-gel transformation in a bilayer consisting of 2048
DPPC lipids. The bilayer is cut to reveal the interior. The lipids
are colored using the same color scheme dsign 1, but with the
terminal tail group depicted in a lighter shade of green. The bilayer is
quenched fronT = 325 to 283 K, about 15 K below the main phase
transition temperature of the coarse grained DPPC. Right after the
quench, at = 0, the bilayer is still in a disordered, fluid state. After
60 ns, almost half of the lipids have formed a gel domain (encircled)
characterized by highly ordered tails and a concomitant increase in
local bilayer thickness. Note the correlation in order of the lipid tails
between the leaflets. Eventually, the whole bilayer patch is converted
into a gel phase. The dashed lines indicate the approximate position
of the C2 tail sites which are shown kig. 3. (For interpretation of

the references to color in this figure legend, the reader is referred to
the web version of the article.)

trix. These fluid domains appear stable for a relatively
long time, eventually merging into one single domain
(snapshot at jLs). It takes another (Ls for this lig-

uid domain to disappear. The total time required for
the complete transformation from the liquid to gel
phase is close to j2s. Only small defects in the gel
lattice persist on longer time scales. The area/lipid of
the gel phase in the CG model is 0.465%mlose to
the experimentally determined area/lipid of 0.46nm
for DPPC(Nagle and Tristram-Nagle, 20Q0)he fi-

nal snapshot irFig. 2 reveals that the gel phase is
untilted, rather than titled as is observed experimen-
tally. This issue will be addressed in more detail
further on.
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Fig. 3. Top view of the same liquid-to-gel transformation process as depictédy.ir2. Here, the bilayer is viewed from above, with only

the two second tail (C2) sites being shown to highlight the formation of the gel phase (the first tail sites are the ones attached to the glycerol
backbone). Tail sites that are in a fluid state are colored light grey, tails in the gel state are colored either green (upper monolayer) or dark red
(lower monolayer). Small gel clusters are colored in a somewhat lighter shade compared to bigger clusters. The lateral box shape is indicatec
by dashed white lines in the first and last frame. Initially, only small, unstable gel domains are formed inside the fluid matrix. After 25ns, a
small gel domain has appeared that remains stable and grows rapidly, untiD@ns the gel matrix has percolated in both lateral directions.

A few fluid domains remain trapped and are seen to merge into one single domain which eventRaly) flisappears, thereby completing

the phase transformation. Only small defects in the gel lattice persist on longer time scales. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

3.1.2. Monolayer coupling 3.1.3. Characterization of intermediates

Next, we turn to the coupling between the two mono- The graphical images presented above show a liquid
layers during the transformation proceBgy. 2shows to gel transformation upon cooling of a DPPC bilayer
that a strong coupling exists between the ordering of patch atT = 283 K. Repeating the simulation starting
each of the two monolayers. Initially, however, this is from different starting structures reveal the same trans-
not the case. Before the critical cluster has formed, formation pathway on a comparable time scale. The
gel domains are seen to form independently in both pathway is very similar irrespective of whether the sys-
monolayers (see first snapshothig. 3). Formation tem is quenched to a temperature just within the gel
of the critical cluster, i.e. the cluster that will grow, phase regime or by a larger amount. The kinetics of the
seems to require the gel phase to involve both monolay- transformation process, however, depend very strongly
ers simultaneously (second snapshdgim 3). During on the temperature. This is illustratedkig. 4, which
the growth of the cluster, the coupling remains strong; shows examples of the time evolution of the number of
whenever lipids are triggered to adopt an ordered statelipids that are in the gel phase for systems quenched to
in one of the monolayers, the other monolayer fol- different temperatures. All systems consisted of 2048
lows quickly (on a time scale between 0 and 10ns). lipid molecules, starting from the same fluid state at
The coupling persists also during the final stages of 7 = 325K. The shape of the curves obtained at differ-
the transformation process. In the remaining fluid do- enttemperatures are found to be very similar. Based on
mains, both monolayers are fluid (last four snapshots this similarity, we identify four distinct stages of the
in Fig. 3). phase transformation process. During stage I, the bi-
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layerisina supercooled fluid state. Stage | is character- w7
ized by a low overall concentration of gel phase lipids, '
which remains essentially constant. Fast fluctuations
can be seen (especially noticeabl€ig. 4for the curve

atT = 285 K) which are due to small gel clusters form-
ing and disappearing on a nanosecond time scale. These
are so-called heterophase fluctuations. Do to their small
size, the line tension dominates the thermodynamic
driving force (Eq.(1)). Such domains therefore still
have a higher free energy than the surrounding medium, -
and the probability of their formation will scale with &

| optimization

800 | limited
1 growth
600

growth
400

200

area gel phase [# lipids per monolayer]

1 nucleation

the Boltzmann factor. Eventually, a gel domain forms —_—— e .
thatis large enough to overcome the critical energy bar-

rier (Eq.(3)). This is the so-called critical nucleus. The Fig- 4. Area of gel clusters as a function of simulation time for lipid

size of the critical nucleus also depends on the thermo- bilayer patches consisting of 2048 lipids quenched to different tem-
peratures below the main phase transition temperature. The differ-

dynamic driVing force (Eq(2)). A lower temperature ent stages of the transformation process (nucleation, growth, limited
increases the driving force, reducing the size of the crit- growth, and optimization) are indicated schematically as shaded ar-
ical nucleus. At = 270K, the size of the critical nu-  eas. Onthe ordinate axisindicates the temperature dependent criti-
cleusis ofthe order of 10 Iipids per m0n0|ayer, whereas caltime required t_o _nycleate a stable gel domain. At ti‘mes*, the_
atT = 285 K the size is around 40 lipids per monolayer. gel phase grows, |n|t|a||yfast_as long as the gel domains do not |nter-
. . act. Dashed lines represent fits to the curve based on the theoretically
The end of stagel, whichwe call the “nucleation” stage, predicted growth rate (E¢6)), distinguishing the fast growth stage
is reached once the critical nucleus has formed (see thefrom the limited growth stage. On the co-ordinate apisindicates
shapshot at= 25 nsinFig. 3). The critical nucleuscan  the percolation threshold of the gel phase which marks the onset of
lower its free energy by adding more gel lipids. This is the optimization stage. See text for details.
observed in stage Il, the “growth” stage, which is char-
acterized by arapid increase inthe fraction of gel lipids.
Initially, the growth rate of the cluster follows E(f), the gel clusters becomes much more difficult. The final
with the radius of the clusterincreasing intime linearly. stage of the transformation process, the “optimization”
Fits to Eq.(6) for each of the selected temperatures are stage (stage 1V), in which the remaining lipids in the
included inFig. 4. Gel lipids add to the growing cluster ~ fluid phase undergo the transition to a gel state. This
at a constant rate per unit length at the interface and therequires the largest amount of time. The stability of the
total amount of lipids that is added to the cluster (per liquid domains can be attributed to the low compress-
unit time) increases as the interface becomes larger.ibility of the gel matrix. The freezing of the trapped
The cluster growth rate follows E¢G) for some time, fluid domains is associated with a reduction in the lo-
after which a cross-over to a limited growth regime cal area per lipid. This requires a global reorganization
is observed. The point where the growth rate can no of the gel matrix. Simulations performed on smaller
longer be fitted to Eq(6) is defined as the beginning size systems show that the fluid domains indeed dis-
of stage Ill, termed “limited growth”. The reason for appear more rapidly; for the smallest systems studied
the deviation from the ideal growth law is the interac- (128 lipids), no metastable intermediate phase contain-
tion between the growing nucleus with either its own ing fluid domains was observed. Through diffusive mo-
periodic image, or with other growing nuclei that have tion, the fluid domains can merge into larger domains,
appeared independently. Multiple gel boundaries com- minimizing the line tension between the gel and fluid
pete for the same fluid lipids, or merge thereby reducing phase. The merging can be seefig. 4 (most clearly
the amount of gel boundary available to further lipid visible for the curves & = 270 and 283 K) as a step-
adsorption. The growth rate gradually decreases, until wise increase of the number of gel phase lipids right af-
the percolation threshold of the gel phase is reached. Aster the fusion of two fluid domains. The phase transfor-
soon as the gel cluster percolates in two dimensions, themation process is completed when the final remaining
remaining fluid phase is trapped and further growth of domain freezes.
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The general pathway observed in our simulations ation experimentgErbes et al., 2000)for instance,
can be summarized as a four-stage transformation show that the kinetics of the order—disorder transfor-
process: first nucleation, followed by growth, limited mation strongly depend on the cooling or heating rate.
growth, and finally optimization of the gel phas€g. Under non-equilibrium conditions, intermediate struc-
4 shows that the kinetics of the multiple stages are very tures may appear that cannot be detected close to equi-
much temperature dependent. Especially, the time re- librium. Moreover, the macroscopic completion of the
quiredfor nucleation is very temperature sensitive. This phase transition is often limited by the redistribution of
is a direct consequence of the height of the critical en- water, a kinetic aspect that is absent in the simulations
ergy barrier for nucleation (E¢3)), which is exponen-  which are performed at constant hydration level. From
tially related to the critical formation time (E¢f)). The the temperature dependent data of the cluster growth
height of this barrier is, approximatively, inversely pro- in the simulations, however, two important thermody-
portional to the magnitude of the temperature quench namic parameters can be derived that characterize the
(Egs.(3) and (7). Because of the exponential growth transformation process and which can be compared di-
in the barrier crossing time, a simulation quenched to rectly to results based on experimental measurements.
T = 290K never reaches the growth stage in a multi- These are the line tensignand the entropy difference
microsecond simulation, although in the next section As. The line tension is a measure of the energy cost
the actual transition temperature is shown to be in fact that arises from the packing frustration of a lipid in the
higher C = 295K). At 270K, the nucleation time is  gel phase bordering a lipid in the fluid phase. The en-
only a couple of nanoseconds. Consequently, the nucle-tropy difference measures the entropy loss of a lipid in
ation stage can hardly be distinguished from the growth an ordered, gel state, with respect to a disordered, fluid
stage. Some representative snapshots of the transforstate. According to Eq§2)—(4) and (7)both the critical
mation process at 270K are shownrfig. 5. The first cluster size and the logarithm of the critical time scale
snapshot indicates the appearance of multiple stablelinearly with /AT, with slopes given byo/As and
clusters within a period of ten nanoseconds. Due to the y?mo/ AskT, respectively (see Secti@). The scaling
high concentration of growing gel clusters, the stage of the critical time and cluster size with the inverse of
of unhindered growth is relatively short. Clusters are the change in temperature is showrFig. 6. The data
seen to merge within 20 ns, forming already a percola- points were obtained from simulations of gel formation
tive network after 40 ns. It is interesting to compare in patches of 2048 lipids, quenched to temperatures
the structure of the percolating clusterat= 270K ranging from 25 to 5K below the estimated macro-
to the structure obtained 4t = 283K (Fig. 3, snhap- scopic transition temperature (295 K). Multiple simu-
shot at 100 ns). AT" = 270K, the percolating cluster lations (typically in between three and five) using inde-
is more irregular, containing more defects, compared pendent starting conditions were analyzed to improve
to the structure af = 283 Kwhich appears denserand the statistics. The simulations discussed in the preced-
more spherical. The irregular shape at lower tempera- ing paragraph form part of the set used in this analysis.
ture can be explained by two effects. First, the perco- Fig. 6 shows the anticipated linear behavior observed
lating cluster is an assembly of independently formed for the critical time and cluster size. From a simultane-
clusters, second, the time to optimize its structure has ous fit of both curves, the following estimates for the
been relatively small. The difference is further illus- line tension and the entropy difference were obtained:
trated by the snapshot taken from the simulation at ¥ = 3+ 2pN andAs = —0.05+ 0.03kJ mot 1 K1,

T = 285K (Fig. 5, showing asingle growing clusterof ~ Note thatAs is defined as the difference of entropy
near spherical shape containing hardly any defects. Theof a lipid in the gel with respect to the fluid phase. A
coupling between the two monolayers appears equally negative value thus corresponds to a higher value of

strong both at low and high temperatures. the entropy in the fluid phase, as expected. Due to the
large spread in individual measurements, indicated by
3.1.4. Connection to experiment the error bars iffrig. 6, the estimates for the line tension

The temperature dependent kinetics as observed forand the entropy difference show a considerable range
the simulated systems does not tell the whole story. of uncertainty. It is tempting, however, to compare the
Combined X-ray diffraction and pressure-jump relax- simulation results to the experimental results reported
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Fig. 5. Representative snapshots of the phase transformation process from the liquid to gel phase @t4o2/e0 K, leftmost three) or

higher temperatureT{ = 285K, rightmost) with respect to the gel formation showrfFig. 3 (7 = 283K). At T = 270K, 25K below the

phase transition temperature, cluster nucleation occurs much faster, with multiple clusters starting to grow simultanedishs). The

growing clusters start merging £ 20 ns), forming a percolating cluster of highly irregular shape 40 ns). AtT = 285K, only 10K below

the transition temperature, the nucleation process takes much longer. The snapshot shows the growing cluster at the end of the growth regime.
The shape of the cluster is more regular compared to the shape of the clusters obtained at lower temperatures. Coloring and viewing direction
as inFig. 3 (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

by Kharakoz and Shlyapnikova (200Q@)sing a com- (6). The growth rate represents the average speed at
bination of different experimental techniques (calori- which the cluster radius expands during the fast growth
metric, densitometric, and acoustic), these authors an-stage, i.e. the stage where the clusters grow without
alyzed the behavior of small gel clusters appearing in feeling the presence of other clusters (or its periodic
DPPC vesicles at temperatures close to the main phasdmage). For smalAsAT/ kT, the cluster growth rate is
transition temperature. Within the framework of het- expectedtoincrease linearly with the temperature inter-
erophase fluctuation@~renkel, 1946; Kharakoz and val, following u >~ —umaxAsAT/kT (combining Egs.
Shlyapnikova, 2000 kinetic model was derived from  (5) and (7). A linear fit to the data points, usinys =
which the line tension and entropy difference could —0.05kJmottK~1 as derived previously, results in
be obtained. The values reported are= 4 pN and an estimate for the maximum growth ratg,ax =
As = —0.14kImot1K—1. As the experimental data  0.35+ 0.2nmns®. According to the kinetic model
were obtained from microscopically small clusters, the of Kharakoz and Shlyapnikova (200@he maximum
results should be directly comparable to the results ob- growth rate is reached when the lipids add irreversibly
tained from the simulations. Within the error bars, the to the growing gel cluster. The apparent overshooting
estimate of the line tension is identical for the simulated of the maximum growth rate at the lowest tempera-
and the experimental system. The entropy difference, tures studied in our simulationa{" > 20 K) points to
although of the same order of magnitude, appears sig- a different mechanism of growth in supercooled bilay-
nificantly smaller in the simulation model. Atleast part ers. A likely explanation is that, instead of individual
of this difference can be explained as a direct conse- lipids, small clusters that nucleate in the vicinity of the
quence of the coarse graining nature of the underlying growing gel cluster are adsorbed. For instancé;ign
lipid model in the simulations. For real lipids, the en- 5, the snapshot at= 20 ns for the system quenched
tropy loss during the phase transformation is associatedto 7 = 270K, 25K below the transition temperature,
with ordering of each of the tail segments. As each CG shows multiple small clusters close to the growing,
site represents a group of four methylenes, the inter- larger cluster(s). The estimategfax = 0.35 nmns?t
nal entropy within each of these groups is incorporated is about an order of magnitude larger than the value
implicitly. During the phase transformation, this part reported byKharakoz and Shlyapnikova (200Q)n-
of the total entropy remains constant in the CG model, der the assumption that the maximum growth rate is
leading to an underestimation of the entropy difference. limited by the time scale of the rotational reorientation
Apart from the scaling of the critical time and clus- of the fluid lipids at the gel-fluid boundary, the over-
ter size, the cluster growth rate is also showrfig. estimation of the growth rate in the CG model could
6. The growth rate was obtained from fitting of the be caused by relatively fast rotational dynamics. The
time-dependent cluster size (as showFig. 4) to Eq. dynamics of the lipids will be discussed later.
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3.2. Gel-iquid transformation than six neighbors, and dislocations consist of a bound
pair of a five- and seven-fold disclination. During the
3.2.1. Transformation process first melting step, the disclination quadrupoles unbind
Fig. 7 shows an example of the stages observed in resulting in free dislocations. Free dislocations can be
the reversed process, i.e. the melting of the ordered interpreted as an extra lattice row inserted, and have
gel phase to a disordered fluid phase. The process ofthe effect of destroying the long-range translational or-
melting appears to follow the same stages as observedder while preserving a quasi-long-range orientational
during freezing, but in reverse orddtig. 7 may be order. The second step consists of subsequent unbind-
compared tdrigs. 3 and 5time reversed, to see the ing of these dislocations into free disclinations, which
similarity of the transformation process. When heated would destroy any remaining long-range order lead-
to 310K, the gel phase remains metastable for abouting to a fluid phase. The intermediate phase is called
5ns. Seeded by defects present in the gel lattice, smallhexatic. In a strict sense it is limited to a phase with
fluid patches start to appear as a consequence of thefree dislocations, but in general it is applied to phases
clustering of these defects. The relationship between which show long-range orientational order and short-
these defects and the hexatic phase is discussed belowange translational order. Melting along grain bound-

in more detail. The fluid domains immediately start
growing (snapshot at 10ns), condensing into larger
fluid patcheslftig. 7, snapshots at 15 and 20 ns). After

aries, an alternative theory proposed®iui (1983)
involves the formation of strings of dislocations rather
than their unbinding. To explore the nature of lattice de-

~25ns, the fluid phase has percolated, leaving essen-fects presentinthe CG DPPC gel phase, we performed a

tially one large gel patch surrounded by the fluid phase.
The gel patch melts further over the next 10 ns, until
the fluid phase is recoveredrat 40 ns. Depending on

Voronoi analysis (see Secti@. Based on the Voronoi
analysis, the number of neighbors for each of the lipid
tails was calculated. The results of this analysis are

the gap between the temperature at which the systemshown inFig. 8 for gel patches at temperatures in the
was simulated and the actual transition temperature, thevicinity of the estimated macroscopic phase transition
fluid domains can appear metastable on much longertemperature T = 295K). In order to study the long-

time scales (microsecondsfat= 300 K), similarto the
“optimization” stage of the freezing transformation. At
even lower temperature®, = 290 K, the gel phase is

range order, the system size was extended to measure
50 nmx 50 nm, consisting of 8192 lipids. The simula-
tions were started from a perfectly ordered (i.e. defect-

not observed to melt on the microsecond time scale of free) gel phase.

the simulation. As was discussed in the previous sec-

tion, at this temperature a fluid patch remains fluid.
The hysteresis that we observe in the simulations of
the main phase transformation is quantified further in
Section 3.3.1.

3.2.2. Hexatic phase

In this section we discuss the hypothesis that the
lipid gel phase might be of hexatic nature, or more
generally, that two-dimensional melting is a two-stage
process governed by the unbinding of dislocations.
According to the theoretical predictions of Koster-
litz, Thouless, Halperin, Nelson, and Young (KTHNY)
(Kosterlitz and Thouless, 1973; Halperin and Nelson,
1978)melting in two dimensions occurs in two steps. In

the solid phase, the only lattice defects that can be sup-

ported at finite temperature are so-called disclination
quadrupoles, consisting of pairs of tightly bound dislo-
cations. Disclinations are any lattice sites having other

At 295 K, the lattice remains almost perfectly hexag-
onal, with only a few defects present. Defects only oc-
cur as tightly bound pairs of dislocations (disclination
quadrupoles), which preserve the long-range order. As
the temperature is increased to 300 K, more defects are
seen to appear in the lattice. In the course of time, how-
ever, these defects tend to aggregate into higher order
clusters of disclinations. Eventually, a clear phase sep-
aration can be seen between a small area of high discli-
nation density surrounded by an area of low disclina-
tion density. The area of high disclination density is
in fact a region of fluid DPPC, corresponding to the
metastable intermediate stage of the phase transforma-
tion as depicted ifrig. 3 (snapshots at 250 ns opk)
or 7 (snapshots at 15 or 20 ns). Unbinding of discli-
nation quadrupoles into dislocations, and subsequent
unbinding of dislocations into free disclinations, as
predicted by KTHNY(Kosterlitz and Thouless, 1973;
Halperin and Nelson, 1978¥ not observed. Free dis-
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Fig. 6. Temperature dependentscaling of cluster growth. The left panel shows the scaling of the critical nucleatiavittiimyerse temperature
difference YAT, the middle panel shows the scaling of the critical radttigleft axis) or sizex* (right axis) with %/ AT, and the right panel

shows the cluster growth ratevs. AT. The data points were obtained from simulations of gel formation in patches of 2048 lipids, quenched to
temperatures ranging from 25K to 5K below the estimated macroscopic transition temperature (295K). The error bars indicate the spread of
values obtained from multiple independent simulations. The solid lines are linear fits to the data points. See text for details.

Fig. 7. Gel-to-liquid transformation in a DPPC bilayer. A gel phase DPPC bilayer composed of 2048 lipids was h#&ate@10 K, about

15K above the main phase transition temperature of the coarse grained DPPC. Same viewing and color coBiggaaiB810K, the gel

phase appears metastable for about 5 ns, although many small defects are visible. The defects subsequently concentrate, forming small patche:
of the fluid phase inside the gel matrix within 10 ns. These patches rapidly grow, and merge into large fluid domains, ur@baftethe

fluid phase has percolated, leaving a large gel domain. This gel domain requires another 10 ns to fully melt, thereby completing the gel to fluid
transformation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 8. Voronoi analysis of a bilayer consisting of 8192 lipids simulated at different temperatures close to the phase boundary. Based on the
Voronoi analysis of the positions of the C2 tails atoms, the number of neighbors is calculated. Normal hexagonal ordering, i.e. six neighbors, is
indicated as green. The other color codes indicate four-fold (white), five-fold (yellow), seven-fold (red), and eight-fold (purple) disclinations
The green lines illustrate the long-range translational order present in each of the systems. The arrow points at an isolated dislocation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

locations do form occasionally (see arrowHiy. 8), close to the phase boundary such an intermediate stage
but appear only at very small concentrations. Forma- might be long lived, giving rise to an apparent hexatic
tion of grain boundaries, as predicted Gfiui (1983) lipid gel phase. The experimental measuremenguof

is not observed either. The melting process observed inet al. (1994)on gel DPPC indicate long-range trans-
the simulations appears to proceed via the concentra-lational order exceeding 290 nm. Our results point to
tion of defects into small regions, which adopt a fluid translational order over length scales of at least 50 nm,
like character. When the density of fluid regions ex- in agreement with these measurements.

ceeds some critical threshold, the transformation to the

fluid phase is triggered. Throughout the melting pro- 3.3. Transition temperature

cess, long-range translational order still persists as is

shown inFig. 8 Experimental evidence has been pre- 3.3.1. Effect of hysteresis

sented bySmith et al. (1990)characterizing the lat- It was shown in the preceding sections that melt-
eral correlation in the gel phase of DMPC (myristoyl ing and freezing of the bilayer follow similar stages,
tails) as relatively short-ranged-0 nm), suggesting  but do not occur at the same temperature. A consider-
a hexatic phase. The interpretation of this observation able amount of hysteresis is observed. Experimentally,
remains unclear. One could argue that the periodicity of the formation of ordered lipid phases is also subject
the systems simulated prevents the formation of inde- to strong hysteresis. Gel phases can be observed to re-
pendently oriented subdomains, requiring system sizesmain stable well beyond the transition temperature, and
exceeding the correlation length by at least an order of the liquid phase can be supercooled. The major reason
magnitude. Hexatic type ordering is seen in our simu- for hysteresis is kinetic trapping. Furthermore, local
lations, but only as an intermediate stalig. 5shows  overheating or undercooling may give rise to so-called
that independently formed gel domains which startin- van der Waals loops, if the system is unable to conduct
teracting and fusing can form an intermediate structure the heat required (melting) or produced (freezing) fast
in which orientational correlation is enforced buttrans- enough(Esselink et al., 1994)f the rates of cooling
lational order limited. Rearrangement of these separate or heating are slow enough (quasi-static), the hysteresis
gel domains into a fully ordered gel lattice is, however, will narrow. To study the effect of time scale on the hys-
observed on the nanosecond time scale. It is possibleteresis in our simulations, both heating and cooling runs
that on macroscopic length scales and at temperaturesof |ipid bilayers were performed over a range of tem-
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peratures and the time required to observe the onset ofphase (B) at the main phase transition temperature
the phase transformation measured. Note that, insteadTain = 315 K. The ripple phase is stable over a nar-
of a quasi-static cooling, the simulated bilayers experi- row temperature range only, and converts to a tilted gel
ence a sudden temperature drop. The right sidagf phase (lz') at the so-called pre-transition temperature
9 shows the apparent transformation time as a function at Tpre = 307 K. Although tilt cannot be reproduced
of the temperature. As expected, the observed hystere-by the standard CG model (the simulated phase tran-
sis between the transformation temperature from gel to sition is L, to Lg), the phase transition temperature of
liquid and the transformation temperature from liquid the CG model compares favorably to the experimen-
to gel becomes smaller as the time window increases. tal transition temperature. Depending on which of the
In other words, the transformation temperatures con- two transition temperatures to compare to, the temper-
verge to the ‘real’ transition temperature which would ature difference between the fluid-to-gel transition in
only be observed on macroscopic time scales. Extrap- the CG model versus real DPPC is 10-20 K. Note, the
olation of the results indicate a macroscopic transition CG model is unable, by its very nature, to distinguish
temperature of around 300 K. However, a true macro- between lipids that differ in tail length by only one or
scopic system also exceeds the length scale of the simutwo methylene units. The same CG set-up as depicted
lated systems by many order of magnitudes. The effect in Fig. 1 would be used to model DMPC. The exper-
of system size on the transformation temperatures is imental transition temperatures for DMPC are about
shown in the left panel dfig. 9. Increasing the system 20K lower than DPPCKoynova and Caffrey, 1998
size has the same qualitative effect on the hysteresis agputting the CG model somewhere in between of DMPC
increasing the time scale, i.e. narrowing it. The effects and DPPC.
of time and length scales are in fact strongly related.
As we have shown in the preceding section, the trans- 3.3.2. Effect of hydration
formation is triggered by a critical fluctuation which Apart from differences in system size and time scale,
becomes more likely iflonger time scales or larger sam- there is another important difference between the ex-
ples are considered. The variation in length scale has perimentally observed order/disorder transformation in
another, secondary effect. Decreasing the size of thelipid bilayers and the one simulated. Under experi-
system suppresses undulations and enforces the spatiainental conditions, the hydration level decreases dur-
correlations through the periodic replicas of the simu- ing the transformation from the fluid to ordered state.
lation box. Both these effects tend to stabilize the gel In the simulations, the size of the system is too small
phase. For the cooling simulations, this effect dimin- for the water to be able to phase separate and there-
ishes the likelihood of forming a gel domain of critical fore the hydration level remains constant (at 32 water
size, giving rise to a lower system size dependency of molecules/lipid). In order to test the effect of the hy-
the phase transformation temperature. For the heatingdration level onthe observed phase transformation tem-
simulations, on the other hand, the effects combine to peratures, a series of simulations of small samples (128
a more pronounced system size dependency. Extrap-lipids) was performed, subsequent samples containing
olation of the system size towards infinity suggests a less water molecules. The results are depictelgign
macroscopic transition temperature in the range 290- 10. Within the statistical accuracy, the transformation
300K. To further pinpoint the transition temperature, temperature remains constant over the hydration range
the system depicted iRig. 3atr = 75ns (i.e. half gel 15-48 water molecules/lipid, largely covering the dif-
half liquid) was taken as a starting configuration and ference between the experimental swelling limits of
simulated at 290, 295, and 300 K. At 290 K, the gel do- the gel and the fluid phase. The neglect of dehydration
main keeps on expanding, whereas at 300 K it melts. At during the simulated phase transformation is therefore
295K, the gel domain appears stable duringua sim- not expected to be very important. At hydration lev-
ulations, indicating close vicinity to the phase bound- els below the swelling limit of the gel phase, a strong
ary. The estimated transition temperature of the coarseincrease in the phase transformation temperature is ob-
grained DPPC i§" = 295+ 5K. served, however. This behavior is in agreement with the
ExperimentallyKoynova and Caffrey, 1998; Nagle experimentally observed dependence of the transition
and Tristram-Nagle, 2000DPPC forms a rippled gel  temperature on the level of hydratiggoynova and
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Fig. 9. Gel-liquid transformation temperature of DPPC bilayers as a function of system size (left) and simulation time (right). Data points
labeled as ‘cooling’ and ‘heating’ indicate the temperature to which the bilayer needs to be cooled (starting from the fluid phase) or heated
(starting from the gel phase) before a spontaneous phase transformation is observed. Between the cooling and heating lines, the bilayer can exi
either as a metastable gel or supercooled fluid. The data displayed in the left panel were obtained from 100 ns simulations, the data displayed ir
the right panel on systems consisting of 128 lipids. The dotted lines denote the estimate of the macroscopic phase transition temperature for ¢
coarse grained DPPC bilayét,= 295K.

Caffrey, 1998) For almost dehydrated samples, chain

melting takes place at 342 lentschel et al., 1989)

an increase of close to 25 K. The simulations show an
increase between 15 and 20 K. The reason for the in-

crease in the phase transition temperature is likely to » | ' ' |
be the suppression of both small scale protrusions and

larger scale undulatory modes. 00 % ]

ﬁ

15— \\ -

3.3.3. Effect of curvature - :

Related to the effect of undulations is the effect of _ jo|- i _

curvature. Both increased undulations and increased ¥ | N J

curvature will tend to stabilize the fluid phase over the = s N B

gel phase. In order to study the effect of curvature on the \
phase transformation process, a small vesicle (diameter
20 nm) consisting of more than 2500 DPPC lipids was
cooled to a temperature of 283 K, well below the esti-
mated phase transition temperatur&cE 295 K. Dur- N
ing the time course of the simulation (Q.5S), no gel i 1
formation was observed. Note that a lamellar system
of similar size and at the same temperature starts form-
ing gel patches within tens of nanoseconds, and almost
SEQIF:)Iitler:);l:reeteezn?l;\eerz’;[l?LIJ?elltso(zsgzll(gdlszl:(;Jtr::rglz(zz-the h_ydratk_)n level. The transformation t?r_nperature was obtain_ed‘from
simulations of small samples (128 lipids). The error bars indicate

formation of a gel phase. Only at 265K, patches of the amount of hysteresis observed. The transition temperature is es-
gel could be seen to develop, a process stopped by thetimated as the midpoint.

0 10 20 40

30 50
hydration level (waters/lipid)

Fig. 10. Shift in transformation temperature as a function of the
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uated. Apart from subtleties in lateral packing, for
which it is doubtful that they can be reproduced by
a coarse grained model, the major distinction between
a gel and a crystal phase is in the nature of the lipid
dynamics. Whereas the lipids are essentially frozen
in a crystalline phase, the gel phase is characterized
by fast rates of lipid lateral diffusion, which are only
one or two orders of magnitude lower than those of
the liquid-crystalline phase. The lipid lateral diffusion
rate can be calculated from an MD trajectory from the
slope at long times of the mean squared displacement
(MSD). Fig. 12shows the MSD curves for the center-
of-mass of the lipids, averaged ovep$ of simula-
tion and 512 lipids. Both in the fluid and in the gel
phase, the MSD curves scale linearly with time, in-
dicative of true Brownian diffusive motion. The dis-

_ _ , tances covered by the lipids in the fluid phase are al-
Fig. 11. Snapshot of a srnall_vesw}ezo nm dla_me_zter)_cooled to most two orders of magnitude higher than those in
265 K. Only half of the vesicle is shown to reveal its interior. Whereas
lamellar DPPC rapidly (within 10 ns) adopts a gel phase at 265K, the the gel phase. At a temperature close to the macro-
vesicle remains fluid on a time scale of hundreds of nanoseconds. The SCOpiC phase transition temperatufe=£ 295 K), the
strong curvature apparently suppresses global gel formation although nearest neighbor distance, around 0.7 nm, is covered
small patches oforderedlipidsdoform IocaI‘Iy(arrow).The snapshot in 10ns in the fluid phase, whereas it requires close
shows the structure after 400 ns of simulation, the moment that the . - . . .
interior water freezes. to 1ps in the gel phase. During a typical simulation

run of 5us, an area of 250 nfrwould be covered on
freezing of the interior water. A snapshot of the vesi- average by the lipids in the fluid phase, while only
cle at the end of the simulation is shownHhig. 11 2.5nn? in the gel phase. Thus, whereas the lipids in
Ordered domains, characterized by a larger membranethe fluid phase are able to sample the entire box area
thickness and strong alignment of the terminal methyl during a simulation (the box area of a bilayer patch
groups, can be seen clearly. Freezing of the interior wa- of 512 lipids would be around 300y in the gel
ter, but not of the exterior water, can be explained by the phase movements are limited to a few nearest neigh-
Laplacian overpressure inside the vesicle. Experimen- boring distances. It appears that the rate of diffusion
tally, depression of the phase transition temperature isin the gel phase is very sensitive to the number of
also observed for strongly curved vesicles. For vesicles lattice defects present. MSD curves obtained using
smaller than~70 nm in diameter the phase transition systems containing various numbers of such defects
temperature gradually decreases with decreasing vesi-show lateral mobilities up to five-fold larger than the
cle size(Biltonen and Lichtenberg, 1993; Koynovaand ones shown inFig. 12 The results plotted irFig.
Caffrey, 1998)For vesicles with a diameter 6135 nm, 12 were obtained using an ideal defect-free gel bi-
the transition temperature decreasesmK. Vesicles layer, and therefore serve as an estimate of the lower
as small as the one simulated here (diameter 20 nm)bound of the lateral diffusion rates at the different
cannot be formed experimentally. Itis reasonable, how- temperatures.
ever, that the effect of curvature on the transition tem-  The diffusion coefficients obtained from the slope
perature will be even larger in the vesicle simulated.  of the MSD curves are plotted in the insert Big.
12 as a function of inverse temperature. In the fluid

3.4. Nature of the ordered phase phase, the diffusion coefficients are in the range 14
10~"cmPs ! for the temperature rang@ = 285—
3.4.1. Lateral diffusion 350K (where the lowest temperatures apply to the su-

To assess the nature of the ordered phase, first thepercooled fluid state). Experimentally, reported values
lipid lateral and reorientational dynamics were eval- for DPPC are -2 x 10~7 cm? s ! betweer?” = 315
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Fig. 12. Mean squared displacement of DPPC lipids at different temperatures in the fluid (left) and gel (right) phase as a function of time. Note
the difference in the co-ordinate scale between fluid and gel phase. The solid lines are linear fits to the data points, from which the diffusion
constant is obtained. The MSD curves apply to different temperatures. From top to bottom: 350, 325, 300, and 287 K for the fluid phase, and 315,
310, 293, and 275K for the gel phase. The insert shows the diffusion constant on a logarithmic scale as a function of the inverse temperature.
Assuming Arrhenius type behavior, the solid lines are linear fits corresponding to an activation energy of 16'kd thelfluid and 35 kJ mott

in the gel phase.
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Fig. 13. Rotational autocorrelation function of the glycerol backbone vector in the fluid (left) and gel (right) phase. Note the difference in the
ordinate scale between fluid and gel phase. The solid lines are double exponential fits to the data points. The inset shows the longer decay tim
on a logarithmic scale as a function of inverse temperature, where the solid line denotes a linear fit corresponding to an activation energy of
13 kI mot in the fluid and 35 kJ mai in the gel phase.
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and 335K (pulsed NMRKuo and Wade, 197%9nd 3.4.2. Rotational motion

1x 10" cns tatT = 321K (spin-label technique; Next, we turn to the rotational correlation timegg.
Sheats and McConnell, 19)8although lower val- 13 shows the decay of the rotational autocorrelation
ues are also reported~(08crm?s 1 at 325K by function (ACF) for the glycerol backbone vector (i.e.
NMR; Lee et al., 1995 More recent measurements on the vector connecting the two glycerol sites; §ég.

DMPC samples give ¥ 10" cnm?s 1 at 7 = 300K 1). The same systems were used as for the computation
(pulsed NMR; Oradd et al., 200R and on POPC  of the lateral diffusion coefficient. The rotational ACFs
(palmitoyloleoyl-PC) samples 2 10~ "cnPs™! at can be fitted to a double exponential, with a short corre-

T = 322K (pulsed NMR of multilamellar liposomes; lation time describing the restricted rotational motion
Gaede and Gawrisch, 2003The range of diffusion  within the cage formed by the neighboring lipids, and
rates obtained from the simulations appears to overlap a long correlation time required for full relaxation of
with most of the experimental measurements. From the the glycerol backbone vector.

temperature dependence of the diffusion rate, the Ar-  The non-zero residual value originates from a pre-
rhenius activation energy for lipid lateral diffusion can ferred orientation of the glycerol backbone with respect
be determined. In the fluid phase, the activation en- to the bilayer normal, with the: — 1 chain (in the CG
ergy is found to be 16 2kJmol L. This appears sig- model: the chain attached to the glycerol bead not at-
nificantly lower compared to most recent experimen- tached to the headgroup) buried slightly deeper into
tal estimates which range from 28 kJ mbl(Filippov the membrane. The short correlation time is of the or-
et al., 2003)and 31 kJmot! (Gaede and Gawrisch, der of 500+ 200 ps, not very temperature dependent,
2003)for POPC to 49kJmof! (Oradd et al.,, 2002)  and similar in both the fluid and the gel phase. The
for DMPC. A value as low as 15 kJ miol for DPPC difference of the long time rotational behavior in the
has also been reportdtlee et al., 1995)however, gel vs. the liquid-crystalline phase, however, is large.
making the interpretation of the experimental num- Whereas the ACFs in the fluid phase decay rapidly
bers difficult. In the gel phase, the range of diffu- (tens of ns) to their long time residual value, in the
sion rates obtained from the simulations i&-&4 x gel phase correlation times extend to the microsecond
10 %cm?s ! over a temperature range 275-315K time scale. The long time correlation times obtained
(where the highest values apply to a metastable gel from the double exponential fits are plotted in the in-
phase). Experimentally, individual measurements are set of Fig. 13 From the temperature dependence of
scattered widely, with values reported in the range the long time correlation, the predicted activation en-
0.04-16x 10~ cn? s~ L attemperatures around 300K ~ ergies obtained from a linear fit are 331 kJ mol-tin
(seelee et al., 1995for an overview). A drop of  the fluid, and 35t 3kJ mot1 in the gel phase. Thus,
about two orders of magnitude in the lateral diffu- it appears that for the CG model the activation ener-
sion rates going from the liquid to the gel phase, gies for rotational and diffusional motion are similar.
as is observed in the simulations, seems reasonableNote, the rotational correlation time of the lipid head-
Again we note that the values obtained for the dif- groups is short (nanoseconds), both in the fluid and
fusion constants in the gel phase are very sensitive the gel phase (data not showR)g. 2 also shows that

to the number of defects. If such defects also ex- whereas the lipid tails become highly ordered in the gel
ist in macroscopic systems, they may explain some phase, the lipid headgroups remain disordered. This is
of the scatter observed in the experimental measure-in agreement with the picture that arises from X-ray
ments. The activation energy for lipid lateral diffusion scattering measuremer(Sun et al., 1994and from

in the simulated gel phase is 355kJmol1, about simulations of gel formation in DPPC bilayers using
twice as large as in the fluid phase. The higher acti- an atomic mode{de Vries et al., in press)

vation energy reflects the much higher energy costto ~ The main conclusion from the evaluation of the
create the necessary voids in the gel matrix with re- lateral and rotational dynamics of the ordered DPPC
spect to the fluid matrix. Doubling of the activation phase is that itis clearly a gel, and not a crystal phase.
energy across the main phase transition is in qual- Itisimportantto note that, although the dynamicsinthe
itative agreement with experimental measurements gel phase are sensitive to the presence of defects, our
(Lee et al., 1995) results show that even in a perfectly ordered lattice the
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lipids still possess diffusional and rotational freedom.
Additional simulations in which the gel patches were
cooled to temperatures below 270K resulted in freez-
ing of the water layer. It therefore remains unclear if a
transformation to a true crystal phase can be observed
with the CG model.

3.4.3. Tilt

A clear discrepancy with the available experimental
results is the absence of tilt of the lipid tails with re-
spect to the bilayer normal (séé&g. 2). DPPC, as well
as DMPC and few other lipids are well known to form
the tilted Ly phase rather than the untilteg [phase
which is formed by PEs (phosphatidylethanolamines )
for instance. The rationale for the formation of a tilted
gel phase rather than an untilted one is the imbalance
between the headgroup size and the optimal packing
distance of the lipid tails. PCs have a relatively bulky
headgroup and are unable to pack at the area preferred
by the lipid tails. Consequently, the tails collectively tilt
to optimize the interchain interactions. Experimentally,
the tilt for DPPC is around 3Gdepending on the hydra-
tion conditiongKatsaras et al., 1992; Sun et al., 1994)
In principle, tilt can be reproduced by CG models, as
was shown byKranenburg et al. (2003nd Stevens
(2004) The reason for the inability of the current CG  Fig. 14. Snapshot of a tilted gel phasgy(Lat low hydration. Re-
model to form a tilted gel phase originates from the duction of the size of the tail beads by 10% induces tilting of the tails
fixed size of the tail sites, which were modeled to repro- overan angle of 30with respect to the bilayer normal. The same
duce correct densities in liquid alkane pha@éarrink color scheme is usgd as lﬁ1gs 1 and 2(For interpre.tation of the

. . references to color in this figure legend, the reader is referred to the

et al., ZQOA_L) Some _of the entropic disorder present in | .,/ ersion of the article.)
an atomistic chain is therefore captured by the volume
of the tail sites. Lowering the temperature cannot re- tilting of the lipids (it is not observed for lipids which
move this volume, and therefore prevents the tilting of form untilted gel phases). The structure of tilted gel
the chains. In order to study tilted gel phases, the vol- phases and the connection to the ripple phase has re-
ume of the tail sites should be reduc€&t. 14shows cently been studied by MD simulations in atomistic
an example of the formation of a tilted gel phase for detail(de Vries et al., in press)
DPPC which is obtained using a slightly different force
field in which the size of the tail beads is decreased
by 10%. Now the tails prefer to pack at a somewhat 4. Conclusion
smaller area, which can only be achieved through col-
lective tilting. The tilt angle is close to 30In fact, a We have shown that a coarse grained model for
tilted gel could only be obtained at very low hydration. DPPC can be used to simulate the main phase transfor-
At higher hydration levels, the system spontaneously mation of a lipid bilayer. The cooling of bilayer patches
buckles, forming a ripple-like phase. This corresponds below the transition temperature triggers the formation
to the experimental situation for DPPC, which exhibits of small gel domains, typically consisting of 20-80
aripple phase at temperatures and hydration levels in- lipids in both leaflets simultaneously. The time scale re-
termediate of the liquid-crystalline and the gel phase. quired for the formation of the initial cluster of ordered
The structure of the ripple phase is likely linked to the lipids depends strongly on both the system size and
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the temperature. Once formed, these domains rapidly Berendsen, H.J.C., Postma, J.P.M., van Gunsteren, W.F., DiNola,
grow converting the fluid phase into a gel phase. A A., Haak, J.R., 1984. Molecular dynamics with coupling to an
strong coupling is observed between the two monolay- __€xternal bath. J. Chem. Phys. 81, 3684-3689. _

e . . Biltonen, R.L., Lichtenberg, D., 1993. The use of differential scan-
ers. Sm_a” remaining fluid domains apPear metastable ning calorimetry as a tool to characterize liposome preparations.
up to microseconds. The transformation process can  chem. Phys. Lipids 64, 129-142.
be summarized as a four-stage process: nucleation,Brannigan, G., Tamboli, A.C., Brown, F.L.H., 2004. The role of
growth, limited growth, and optimization. The reverse molecular shape in bilayer elasticity and phase behaviour. J.
process, the melting of the gel into a fluid bilayer, fol- Chem. Phys. 121, 3259-3271. o _
lows the reverse pathwav. A considerable hvsteresis ChUI‘, S.T., 1983. Grain-boundary theory of melting in two dimen-

. . p Yy - y ” sions. Phys. Rev. B 28, 178-194.
is observed in the transformation temperature, which ge vries, A.H., Yefimov, S.. Mark, A.E., Marrink, S.J. Molecu-
is reduced upon system enlargement or upon increas- lar structure of the lecithin ripple phase. Proc. Natl. Acad. Sci.
ing the time scale of the simulation. Extrapolation to a U.S.A., in press. _ o
macroscopic bilayer suggests a transition temperature E™Pes J.. Gabke, A., Rapp, G., Winter, R., 2000. Kinetics of phase
. . . transformations between lyotropic mesophases of different topol-
of 295#: 5K, in between the eXpe”mental main phase ogy: a time-resolved synchrotron X-ray diffraction study us-
transition temperature of DPPC and DMPC. Simula- ing the pressure-jump relaxation technique. Phys. Chem. Chem.
tions of dehydrated samples and of a vesicular system  Phys. 2, 151-162.

show that both undulations and curvature stabilize the Esselink, K., Hilbers, P.A.J., van Beest, B.W.H., 1994. Molecular
fluid phase dynamics study of nucleation and meltingwélkanes. J. Chem.

. Phys. 101, 9033-9041.
The nature of the ordered low temperature phase 1S Essmann, U., Perera, L., Berkowitz, M.L., 1995. The origin of the

clearly a gel, and not crystalline. Lipid lateral diffusion hydration interaction of lipid bilayers from MD simulation of di-
rates are of the order of £ 10-°cn?s1, a drop of palmitoylphosphatidylcholine membranes in gel and crystalline
about two orders of magnitude with respect to the fluid  phases. Langmuir 11, 4519-4531. _ o
phase, in agreement with experimental measurementS_FaHer, R., Marrink, SJ 2_004. Slmulatlon_ of domain formation in
The lipid headgroups remain disordered and fluid-lke. o b oo oer 309l 20, 7686~ 7693,

F_) ) 9 p ) . Filippov, A., Oradd, G., Lindblom, G., 2003. The effect of cholesterol
No evidence is found for the existence of hexatic order  on, the lateral diffusion of phospholipids in oriented bilayers.
in the gel phase. Unbound dislocations disrupting the  Biophys. J. 84, 3079-3086.
|ong_range translational order cannot be Supported by Frenkel, J., 1946. Kinetic Theory of Liquids. Dover, New York.
the ge| matrix, at least not on the Iength scale studied Gaede, H.C., Gawrisch, K., 2003. Lateral diffusion rates of lipid,

. . water, and a hydrophobic drug in a multilamellar liposome. Bio-
(up to 50 nm). Instead, as temperature increases, dislo- phys. J. 85, 17341740,

cations are found to aggregate, thereby forming small pajperin, B.1., Nelson, D.R., 1978. Theory of two-dimensional melt-

fluid domains. Due to the implicit entropy present in ing. Phys. Rev. Lett. 41, 121.
the coarse grained lipid tails, the gel phase remains Hentschel, .M., Miethe, P., Meyer, H., 1989. The phase djagram
untilted. Tilt, however, can be induced by a small re- of 1,2-dipalmitoylsn-glycero-3-phosphocholine/sucrose in the

dry state. Sucrose substitution for water in lamellar mesophases.
Biochim. Biophys. Acta 980, 169-174.

Kashchiev, D., 2000. Nucleation: Basic Theory with Applications.
Butterworth—Heinemann, Oxford.
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