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Abstract

The capability of coarse-grained models based on the MARTINI mapping to re-
produce the gel-liquid phase transition in saturated and unsaturated model lipids
was investigated. We found that the model is able to reproduce a lower critical tem-
perature for 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) with respect to 1,2-
dipalmitoyl-sn-glycero- 3-phosphocholin (DPPC). Nonetheless, the appearance of a
gel phase for DOPC is strictly dependent on the intramolecular parameters chosen
to model its molecular structure. In particular, we show that the bending angle at
the coarse grained bead corresponding to the unsaturated carbon-carbon bond acts
as an order parameter determining the temperature of the phase transition. Struc-
tural analysis of the molecular dynamics simulations runs evidences that in the gel
phase, the packing of the lipophilic tails of DOPC assume a different conformation
than in the liquid phase. In the latter phase, the DOPC geometry resembles that
of the relaxed free molecule. DPPC:DOPC mixtures show a single phase transition
temperature, indicating that the observation of a phase separation between the two
lipids requires the simulation of systems with sizes much larger than the ones used
here.
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1 Introduction

Biomembranes are soft condensed matter assemblies that are crucial constituents of cells.

Apart from their structural role in defining the cell wall and in determining the boundaries

of organelles, biomembranes are directly involved in several biochemical processes associ-

ated to the cellular metabolism. For example, biomembranes can partition cellular spaces,

can create rafts that facilitate the localization of specific protein complexes, or can be

directly involved into the highly controlled trafficking and delivery of specific substances.

[1, 2, 3] Such complex and differentiated dynamic roles are associated to the ability of

biomembranes to change their morphology according to their chemical composition and

according to external physical or chemical conditions like temperature [4, 5, 6, 7], ionic

strength [8, 9], or lateral tension [10, 11, 12, 13, 14].

The complex chemical composition and the dynamics covering a multitude of time

scales hamper a straightforward experimental determination of the structure on a molecular

scale. The model on which the modern view of biological membranes is based is the fluid

mosaic model of Singer and Nicholson [15]. This model describes a biomembrane as a

fluid bilayer composed of a mixture of lipids, in which embedded or adhered proteins or

molecules are free to move on and into the bilayer plane.

Because of the complexity of biomembrane structures, experiments are usually con-

ducted on simplified model systems, e.g., so-called reconstituted lipid bilayers. These sys-

tems are composed of only very few lipid species (typically one or two), in which specific

proteins or lipophilic substances like sterols are eventually embedded. [2] These model sys-

tems show the typical phase behavior of membranes with a high temperature liquid phase

(Lα) and a gel phase (Lβ) for lower temperatures.[2, 16] However, due to their simple struc-

tures they can be rather easily investigated with a variety of techniques. These include

spectroscopic methods allowing to study their structure [17, 18, 19] and dynamics[20, 21].

As in many other areas of biological and chemical physics, computer simulations

can provide important structural and dynamical information about lipid bilayers at the

molecular scale.[2, 22, 23] However, despite the increasing growth of computing power

that allows the simulation of larger systems for longer times, simulations based on all-

atom models of lipid bilayers are still hampered by severe limitations. These include the

relatively limited size of the simulation box, which constrains the characteristic length of the

lipid bilayer deformations that can be investigated, the necessity to use periodic boundary

conditions that can introduce a finite-size bias on the aggregation states and the diffusion

properties, and the relatively short times accessible to the investigation, usually much

shorter than those required to observe large-scale events like membrane reorganization.[24]
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Coarse-grained (CG) modelling [25, 26, 27, 28, 29] thus offers a valid alternative

to all-atom based simulations for the description of lipid bilayers. In CG models the

chemical structure of the molecules is represented by so-called beads that are formed by

merging a given number of neighboring atoms into one unit. The beads act as effective

interactions sites during the simulation of the system. Both the choice of the mapping

of the molecular moieties onto the beads and the functional form used for the interaction

potential intrinsically define the CG model. [30, 31, 32, 33, 34, 35]

Starting with the very early studies using CG representations,[27] up to date, CG

simulations capturing important chemical details allowed to investigate large structures and

complex mixtures, and to address mechanical deformations and associated effects on both

structural and dynamical properties.[36] For example, CG simulations helped to obtain a

molecular description for the softening of gel-phase lipid membranes upon bending, and

thus to understand the formation and localization of curved areas.[37, 14, 13]

The effective potentials used in CG models have to take into account the loss of

structural and chemical information that result from the mapping procedure.[22, 38] Such

potentials are typically calibrated on data sets obtained either from experimental measure-

ments or from higher-resolution models. As a result, CG models may be biased toward

specific properties or thermodynamic conditions and may lack the universality required to

reproduce the behavior of a system within different regions of its phase diagram. [6, 39]

In the present study, we focus on the performance of the MARTINI force-field [25],

one of the most popular CG potentials used today for the description of the liquid-gel

transition in bilayers constituted by simple models of saturated and mono-unsaturated

lipids. We find that, while the transition is well reproduced qualitatively in saturated

moieties, the liquid-gel phase change in mono-unsaturated lipids strongly depends on the

geometrical representation of the fatty tails. In particular, our data show that the bending

angle at the unsaturated moiety is a key parameter that determines both the existence and

the location of the transition as a function of temperature.

2 Computational methods

System setup. We used 1,2-dipalmitoyl-sn-glycero- 3-phosphocholin (DPPC) and 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) as models for saturated and unsaturated

lipids. All molecules were represented using standard MARTINI coarse-grained parameters

[25]. The bonded parameters of these models are illustrated in Figure 1. The simulations

were performed using the GROMACS 4.6 program package.[40] For the short-range inter-
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actions a cut-off of 0.9 nm was used. The long-range Coulomb interactions and the van der

Waals interactions were treated using shifted potentials.[41, 42] The used simulation time

step was 40 fs which is possible because the bonded interactions were constrained to their

equilibrium values using the LINCS-algorithm [43]. The neighbor list was updated every

400 fs. The system was coupled to a Berendsen thermostat[44] (temperature coupling pa-

rameter τT = 4 ps) and to a Berendsen barostat[44] (pressure coupling parameter τp = 4 ps

and reference pressure p0 = 1 bar).

We investigated three independent lipid systems at two different sizes (small and

large). One contains only DPPC, one only DOPC, and the third one contains a 1:1 mixture

of DPPC:DOPC. The smaller system consists of 128 lipids and the larger one of 1152

lipids. The simulation boxes were set up according to the following protocol. First, the

simulated lipids were randomly distributed in the simulation box (8 nm × 8 nm × 8 nm

or 24 nm × 24 nm × 8 nm) and the energy of the system was minimized. Then, water

and the anti-freeze particles [25] were added and the energy was again minimized. After

that, a NVT simulation was performed until a regular bilayer was formed. Finally, a NPT

simulation using a semi-isotropic pressure coupling was run to equilibrate the system. This

equilibration run was stopped when both the pressure and the temperature reached the

desired value. The box sizes for the different systems at 323 K are 6.32 nm × 6.32 nm ×
10.19 nm (system containing 128 DPPC), 6.65 nm× 6.65 nm× 9.88 nm (system containing

128 DOPC), and 6.39 nm×6.39 nm×11.36 nm (system containing 64 DPPC and 64 DOPC).

The box size for the large systems is approximately 19.2 nm× 19.2 nm× 11.4 nm

The phase transition from the liquid-crystalline phase Lα to the gel phase Lβ was

investigated by starting from the well equilibrated systems at 323 K. The systems were

cooled down to a lower temperature and after equilibration for ≈ 200 ns (small system)

or ≈ 500 ns (large system) the properties of interest were measured over ≈ 200 ns (small

system) or ≈ 500 ns (large system) and averaged.
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4. Molecular dynamics simulations of phospholipid bilayers

Table 4.2.: Angle CDC ✓CDC = 132.5 � at di↵erent KCDC and their transition temperatures.
TDOPC

trans is the transition temperature for the pure DOPC lipid system.

KCDC/kJ/mol TDOPC
trans / K

25 260
40 252.5
45 250
50 252.5
60 252.5
90 250

Even though there are no big changes in the order parameter hP2i, the structure of the DOPC
still depends on the di↵erent values for KCDC. This is shown in Figure 4.16 (b) for the mean
measured angle h\CDCi. For temperatures T < Ttrans, the mean measured angle h\CDCi for
KCDC  45 kJ/mol can be higher than h\CDCi = 137 � which is the found angle at the transition
temperature for all KCDC. The h\CDCi angles for KCDC � 50 kJ/mol are smaller than 137 � for
temperatures T < Ttrans.
One can therefore conclude that the lipid chains for KCDC � 50 kJ/mol in the gel phase L� are
bent more than the ones with KCDC  45 kJ/mol. This steric e↵ect should have an influence on
the packing of the chains and the thickness of the bilayer. For a dense packing of the chains the
APL should be comparably small and the thickness �dP�P larger. In Figure 4.17 the APL and
the thickness �dP�P are shown as function of T . Even though there are a lot of fluctuations, the
lowest values in the phase L� for the APL are found for KCDC = 25 kJ/mol and the highest values
for KCDC = 90 kJ/mol. The thickness �dP�P in Figure 4.17 (b) shows according behavior with
KCDC = 25 kJ/mol reaching values up to ⇡ 5.5 nm in the ordered phase L� and for KCDC = 90 kJ/mol

only a maximum value of ⇡ 5.2 nm. One can clearly see that the found values for KCDC = 25 kJ/mol

shows divergent behavior from the other discussed force constants.
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Figure 4.17.: Area per lipid APL and thickness �dP�P as a function of the temperature.

For KCDC = 25 kJ/mol, the measured quantities hP2i, APL and h\CDCi are shown in Figure 4.18.
The jump in APL, hP2i and h\CDCi are all well defined at Ttrans = 260K which is ⇡ 10 K higher
than the transition temperatures observed with the other force constants. The lipid is also more
stretched in the gel phase. The h\CDCi is here ⇡ 158 � and therefore as high as for the DOPC
model with ✓CDC = 145 � (cf. Figure 4.15 (a). The same angle is also found for h\CCCi of the
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Table 4.1.: Equilibrium angle ✓CDC and transition temperature Ttrans.

✓CDC / � Ttrans / K

132.5 250
138.0 270
145.0 280

To further investigate the influence of the set equilibrium angle ✓CDC on the structure and tran-
sition temperature, the measured CDC angle h\CDCi is analyzed. In Figure 4.15 (a) h\CDCi
is shown as a function of T . Furthermore the bilayer thickness �dP�P is shown in Figure 4.15
(b). Here, one can see that the value of h\CDCi is approximately proportional to the thickness
�dP�P.
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Figure 4.15.: Mean CDC angle and bilayer thickness as a function of the temperature for di↵erent
✓CDC and KCDC = 45 kJ/mol .

Jumps in the measured angle h\CDCi can also be observed when quenching the system to lower
temperatures. In the gel phase the h\CDCi angle is significantly higher than in the liquid
phase. The DOPC with the highest angle ✓CDC = 145 � even reaches h\CDCi = 160 � in the gel
phase. For high temperatures h\CDCi approaches the set equilibrium angle ✓CDC. The bilayer
thickness �dP�P shows according behavior to the observed trends in hP2i, APL and h\CDCi.
Here, the jump in thickness is much more pronounced for the higher angles ✓CDC = 138 � and
✓CDC = 145 �. The measured mean angle in the gel phase ranges here from ⇡ 150 � to ⇡ 160 �

which allows closer packing of the lipid chains. This results in a significant increase in �dP�P of
⇡ 1 nm when undergoing the phase transition.
In conclusion, the DOPC model with an angle of ✓CDC = 132.5 � describes the liquid-to-gel tran-
sition in a semi-quantitative way. It shows with 250K the best agreement with the experimental
transition temperature of T exp

trans = 256 K [80] of all the tested angles. Furthermore, the transi-
tion temperature di↵erence �Ttrans between this DOPC model and the MARTINI DPPC model
(TDPPC

trans = 295 ± 5 K) is ⇡ 45 K which is consistent with the experimental di↵erence of ⇡ 60 K.
This agreement is important for the analysis of a two-component system consisting of DOPC and
DPPC in section 4.1.3.
Another important aspect is the kink in the lipid tail which should be still pronounced in the gel
phase. With a measured angle in the gel phase of h\CDCi ⇡ 140 � for the DOPC model with
✓CDC = 132.5 �, this structural property is present for this modified model.
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3 Results and discussion

One-component DPPC system. The DPPC MARTINI model is known to reproduce

the liquid-gel transition from the fluid or liquid-crystalline phase Lα to the gel phase Lβ

at a temperature of Ttrans = 295 ± 5 K, and this has already extensively been described

in [45]. The obtained transition temperature is in semi-quantitative agreement with the

experimental data for DPPC of T exp
trans = 314 K. [16] While the simulations presented in [45]

provided detailed information about the dynamics of the liquid-to-gel transition, our focus

is on the temperature dependence of the order parameter and other important variables.

The use of two different DPPC bilayer systems (a small patch consisting of 128 lipids and

large one with 11552 lipids) allowed us to rule out system-size effects [46, 47] and to validate

the use of the smaller system. To induce a phase transition a well equilibrated system was

cooled down to a lower temperature from a starting temperature of T = 323 K. The phase

Lβ differs from the phase Lα by the following points: (i) the lipid tails are almost fully

extended with a few gauche defects remaining and (ii) the area per lipid (APL) is smaller

than in the liquid phase.

The conformational transition from a more disordered to an ordered orientation of

the lipid tails was characterized by a change in the order parameter 〈P2〉 = 1
2
〈3 cos2 ϕ− 1〉

where ϕ is the angle between the long molecular axis (cf. inlay Figure 2 A) and the

normal vector to the bilayer plane. A value of 〈P2〉 = 1 points to the existence of a perfect

alignment of the lipid tail with the bilayer normal vector, a value 〈P2〉 = 0 corresponds

instead to a random orientation.

Figure 2 A reports the order parameter 〈P2〉 as a function of temperature for the

two systems of different sizes. The transition is manifested by a sharp change of ∆ 〈P2〉 ≈
0.17 (see figure 2 A). The obtained values for the large system (red symbols) and the

small system (black symbols) are in quantitative agreement in the regions of stability of

both phases. The smaller system predicts the liquid to gel transition at a slightly lower

temperature (290 K) than what is observed for the larger system (293 K). This discrepancy

lies within the uncertainty reported in the original study[45]; therefore, we conclude that

the small system captures the relevant physics of the transition.

Together with the 〈P2〉 parameter, we determined the angle θ̄CCC (see Figure 1)

at different temperatures. In the Lα-phase we found θ̄CCC ≈ 160 ◦ and in the Lβ-phase

θ̄CCC ≈ 145 ◦. This indicates that the local packing of the lipid tails affects their molecular

structure, i.e., the averaged structure is the result of a compromise between the tendency

to increase intermolecular contacts and the cost for the deformation of the intramolecular

geometry induced by that. In the liquid Lα-phase, the reduced intermolecular packing
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allows a relaxation of the molecular structure to values closer to the equilibrium structure

of the individual molecule.

The lateral box length at T = 240 K (Lβ-phase) is 86% of the width in the Lα-phase.

From the knowledge of the box lengths the area per lipid (APL) can be calculated as

APL = dxdy
Nlipid/2

where dx and dy are the lateral box lengths and Nlipid is the number of

lipids. Figure 2 A shows the area per lipid as a function of the temperature. As expected,

we observed a sudden decrease in the APL at the transition temperature T = 290 K. This

sudden decrease of roughly 0.8 nm2 is consistent with the closer packing of the lipid chains

expected in the gel phase Lβ (cf. Figure 2 B and C).

Apart from the structural parameters just discussed, we determined the lateral diffu-

sion coefficients Dxy in both phases and find a decrease of about two orders of magnitude

in the gel phase (Lα: Dxy ≈ 10−7 cm2/s and Lβ: Dxy ≈ 10−9 cm2/s, independent of system

size). We attribute this decreased mobility to the rigid structure in the Lβ-phase.
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One-component DOPC system. As already noted in the introduction, the original

MARTINI model of DOPC does not predict a liquid-to-gel transition in the relevant tem-

perature range of T ≥ 240 K. Recently, a modified DOPC model characterized by an

equilibrium value of 145 ◦ for θCDC was introduced.[48] This value was obtained as the

result of a different mapping procedure. In the present work, we repeated the study on the

liquid-to-gel transition for DOPC models with different values for the same angle, ranging

from the original θCDC = 120 ◦ value [25] to θCDC = 145 ◦ [25]. In Figure 3 A 〈P2〉, APL

and θ̄CDC are shown as a function of the temperature. A clear discontinuity for the prop-

erties monitored is observed for the models with θCDC = 132.5 ◦ (C), θCDC = 138 ◦ (D)

and θCDC = 145 ◦ (E). The obtained transition temperatures Ttrans are displayed in Figure

1 C. Ttrans ranges from 250 K to 280 K and is increasing with increasing θCDC-value. In

the ordered phase Lβ the measured angles θ̄CDC are roughly 145 ◦ (C), 155 ◦ (D) and 160 ◦

(E). For D and E the measured angle θ̄CDC is similar to the θ̄CCC-angle in the gel phase of

the DPPC MARTINI model (cf. Figure 2). The DOPC model with an equilibrium angle

θCDC = 132.5 ◦ is able to reproduce the liquid-to-gel transition and additionally models the

kink in the gel phase in a chemical meaningful way.

Besides altering the equilibrium angle θCDC also the corresponding force constant

KCDC ([KCDC] = kJ/mol due to the cosine based angle potential) was changed. For θCDC =

132.5 ◦ different values for KCDC ranging from 25 kJ/mol to 90 kJ/mol were tested with KCDC =

45 kJ/mol being the standard MARTINI value. The tested KCDC-values and the resulting

transition temperatures are displayed in Figure 1 C (lower panel). Except for the lowest

value of KCDC = 25 kJ/mol, a variation of KCDC in the range from 40 kJ/mol to 90 kJ/mol does

not change the transition temperature. Even though the order parameter in the Lβ-phase

is not changing significantly, the structure of the different DOPC models still depends on

the chosen value for KCDC. For temperatures T < Ttrans, the measured mean angle θ̄CDC

for KCDC ≤ 45 kJ/mol can be larger than θ̄CDC = 137 ◦ which is the angle found at the

transition temperature for all tested KCDC-values. The θ̄CDC angles for KCDC ≥ 50 kJ/mol

are smaller than 137 ◦ for temperatures T < Ttrans. From these observations we conclude

that the lipid chains for KCDC-values larger than 50 kJ/mol in the Lβ-phase are bent more

than the ones with KCDC-values smaller than 45 kJ/mol.
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Figure 3: Left panel, A: 〈P2〉, APL and measured angle θ̄CDC as function of the temperature
for different equilibrium θCDC-angles. Right panel: Snapshots of the DOPC bilayer patches
at T = 240 K for different DOPC models. B: Standard MARTINI model for DOPC
[25], θCDC = 120 ◦, C: θCDC = 132.5 ◦, the dotted lines illustrate the observed kink, D:
θCDC = 138 ◦, E: θCDC = 145.5 ◦ as used in [48]. The force constant for all shown angles is
KCDC = 45 kJ/mol.
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Two-component system DPPC/DOPC mixture. In order to test the general ap-

plicability of the one-component models DPPC and DOPC, we investigated the phase

behavior of the two-component DPPC:DOPC mixture in a 1:1 stoichiometric ratio. Two

simulation boxes consisting of 64 DPPC and 64 DOPC and one of 576 DOPC and 576

DPPC were used for the simulations. Here, the DOPC model with an equilibrium angle of

θCDC = 132.5 ◦ and a force constant of KCDC = 45 kJ/mol was used. Like for the previously

discussed one-component systems of DPPC and DOPC, the results obtained for the large

system consisting of 1152 lipids agree with the results for the smaller system with 128

lipids. Therefore, only the smaller system will be discussed in the following.

The left panel of Figure 4 (A) compares the properties 〈P2〉, APL, and θ̄CXC (X

= C, D) plotted as a function of temperature, for the one-component systems and the

two-component mixture. The single discontinuity for the order parameter 〈P2〉 and the

measured angle θ̄CXC in the 270−280 K temperature range marks the phase transition in the

1:1 DOPC:DPPC two-component system. This temperature is roughly at the midpoint of

the transition temperatures of the pure DPPC and DOPC systems. The same discontinuity

is seen for the APL, and is also consistent with the behavior of the measured mean angles

θ̄CXC shown in the lower graph (Figure 4 A). In particular, DOPC exhibit a larger value

for θ̄CDC in the mixture than in the pure system. In the Lβ phase no tilt is visible and the

lipid chains of DOPC seem to be perfectly stretched. This allows a denser packing of the

lipid tails and therefore leads to a reduced value of the APL.

The individual DPPC and DOPC components forming the mixture exhibit the gel-

liquid transition at the same temperature, indicating that our model system is not under-

going a phase separation. [49] By looking at the bilayer surface in the Lβ-phase (Figure

4 D) and Lα-phase (Figure 4 E), it is possible to observe that DOPC and DPPC start

building some patches, but there is still a significant degree of mixing between the two

types of lipids. This observation can be quantified by estimating the average number of

neighboring lipids of the same kind residing in the proximity of a lipid. For this type

of analysis for each DPPC the number of neighboring DPPC was counted and averaged.

Neighboring lipids were determined via a distance criterion rneigh defined via the radial

distribution function. The distance criterion rneigh itself is the position of the first min-

imum in the radial distribution function between the P-beads of the same lipid. rneigh

was determined at the temperatures (240 K and 323 K) for the DPPC/DOPC system and

the one-component systems. For the small and the large variation of the mixed system,

there are on average the same amount of DOPC and DPPC lipids within the neighboring

distance at both investigated temperatures. This means that a for a small finite-sized
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simulation box most of the lipids are at the DPPC/DOPC interface. This is exactly what

one would expect for a well-mixed two-component system. In this way we conclude that

there is no phase separation for the small system as well as the large system.

This discrepancy from the experimental data indicates a finite size bias present in

the simulated systems. In fact, although a small degree of separation is observed, both the

small and large simulation boxes are characterized by substantial mixing between the two

phases. As a consequence, the sequestration of a sufficiently high number of lipids into

single-component patches does not occur.

Finally, we studied the impact of the force constant KCDC on the transition tempera-

ture of the mixture. As before, values for KCDC ranging between 25 kJ/mol and 90 kJ/mol were

investigated and the resulting transition temperatures are listed in Table 1. It is evident

that the observed transition temperature is more or less constant and is about 10 K higher

than the corresponding temperature in the neat DOPC system (see Figure 1 C).

Table 1: Angle CDC θCDC = 132.5 ◦ at different KCDC and their transition temperatures
for a mixed DPPC/DOPC system.

KCDC/kJ/mol T
DPPC/DOPC
trans / K

25 270
40 265
45 270
50 265
60 270
90 270
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Figure 4: Left panel, A: 〈P2〉, APL and θ̄CXC as function of the temperature for the
two-component DPPC/DOPC system and the one-component DPPC and DOPC systems.
For the measured angle θ̄CXC (X = C, D) the color coding is as follows: θ̄CCC for DPPC
is shown in green and θ̄CDC is shown in purple. The open symbols represent the one-
component system and the full symbols the two-component system. Right panel: Snapshots
of two-component DPPC/DOPC at different temperatures (323 K and 240 K) and different
perspectives. B and C: side view of the bilayer patch. D and E: bilayer surface.
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4 Conclusion

In the present work we performed studies on different lipid models based on the MARTINI

models for DPPC and DOPC with respect to the description they provide for the liquid-gel

transition and the phase separation of a DPPC:DOPC mixture. These phospholipids are

the standard examples for a saturated (DPPC) and an unsaturated (DOPC) lipid. The

already well studied DPPC MARTINI model [45] was used to introduce the simulation

techniques and the differences between the gel phase Lβ and the liquid crystalline phase

Lα. The properties of DOPC were studied as a function of various model parameters, with

a particular focus on the CDC equilibrium angle θCDC and its associated force constant

KCDC. For increasing values of θCDC the phase transition temperature Ttrans increases. A

value of θCDC = 132.5 ◦ gives semi-quantitative agreement with the experimental transition

temperature whereas the original MARTINI model of DOPC fails to describe the liquid-

to-gel transition at all. The phase transition temperature shows little or no dependence

on the force constant KCDC in the interval studied (25− 90 kJ/mol). On the contrary, KCDC

has a marked effect on the structural properties of DOPC in the gel phase and therefore

on the observed kink in the lipid tail. For values KCDC ≥ 50 kJ/mol the lipid tails are more

bent than for KCDC ≤ 45 kJ/mol.

Furthermore, the liquid-gel transition and the phase separation in DPPC:DOPC mix-

tures were examined. It is found that the presence of DPPC has a strong impact on DOPC

in the gel phase Lβ, as if the DOPC lipid chains are now significantly more stretched. This

leads to a denser packing of the lipid chains and in a smaller APL and is accompanied with

an increase in the order parameter 〈P2〉. The influence of DPPC on DOPC in the liquid

phase is still existent but not as strong as in the gel phase. A variation of the force constant

KCDC does not result in a change of the transition temperature nor in the structure of the

lipid tails. While mixtures of different lipids with significantly different Ttrans are known

experimentally to undergo phase separation, this could not be observed for the systems

studied here, indicating that a critical number of lipids, much larger than the ones used

here, is necessary to study such aggregation phenomena.
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