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Chapter 5

The molecular face of lipid rafts in model
membranes

H. Jelger Risselada and Siewert J. Marrink

PNAS 2008, 105, 17367–17372

C
ell membranes contain a large number of different lipid species. Such

amulti-componentmixture exhibits a complex phase behaviourwith

regions of structural and compositional heterogeneity. Especially do-

mains formed in ternary mixtures, composed of saturated and unsatu-

rated lipids together with cholesterol, have received a lot of attention as

they may resemble raft formation in real cells. Here, we apply a novel

simulation model to assess the molecular nature of these domains at the

nanoscale, information that has thus far eluded experimental determina-

tion. We are able to show the spontaneous separation of a saturated phos-

phatidylcholine (PC)/unsaturated PC/cholesterol mixture into a liquid-

ordered and a liquid-disordered phasewith structural and dynamic prop-

erties closely matching experimental data. The near-atomic resolution of

the simulations reveals remarkable features of both domains, and of the

boundary domain interface. Furthermore, we predict the existence of a

small surface tension between the monolayer leaflets which drives reg-

istration of the domains. At the level of molecular detail, raft-like lipid

mixtures show a surprising face with possible implications for many cell

membrane processes.
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5.1 Introduction

According to a recent definition, rafts are small (< 200 nm) heteroge-

neous, highly dynamic, sterol and sphingolipid-enriched domains that

compartmentalize cellular processes 97 and are believed to play an im-

portant role in cellular function.98 Although direct observation of rafts in

vivo remains complicated, in model membranes raft-like mixtures can

form domains that have been visualized directly for an increasing num-

ber of experimental systems and conditions.21, 99–102 At cholesterol levels

representative of biological membranes (10-30%), mixtures of saturated

and unsaturated lipids separate into macroscopic domains of a liquid-

ordered (Lo) phase and a liquid-disordered (Ld) phase. The first, raft-like,

phase is enriched in both cholesterol and the saturated lipid, the second,

non-raft phase consists mainly of the unsaturated lipid and is depleted

of cholesterol. In order not to confuse the reader concerning the mean-

ing and implication of the term raft, here and throughout the remainder

of this manuscript we use the term raft-like phase or domain to denote

the liquid-ordered phase observed in model membranes. Interestingly,

isolated plasma membranes have recently been shown to be capable of

forming such domains as well.103, 104 Yet it should be stressed that in real

cell membranes raft formation may not resemble macroscopic phase sep-

aration. For instance, other recent experiments on plasma membranes

demonstratemicrometer-scale composition fluctuations arising from crit-

ical demixing behavior.105 The focus of the current manuscript is on phase

segregation in model membranes.

To be able to interpret the experimental measurements performed on

model membranes, knowledge of the structure and dynamics of the do-

mains at the molecular level is essential. Here, we report molecular dy-

namics (MD) simulations of the spontaneous formation of raft-like do-

mains in ternary lipid mixtures by using a recently developed coarse

grained (CG) lipid model, the MARTINI force field 56, which combines
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the speed-up benefit of simplified models 41 with the resolution obtained

for atomically detailedmodels.106, 107 Our intermediate approach allows us

to study collective processes in mixtures of realistic, i.e. physiologically

important, lipids. We focus on fully hydrated mixtures of dipalmitoyl-

phosphatidylcholine (DPPC or diC16-PC), dilinoleyl-PC (DLiPC or diC18:2-

PC), and cholesterol, a model system containing both a saturated and a

poly-unsaturated lipid component (figure 5.1A). Linoleic acid is a repre-

sentative of the important class of ω6 fatty acids. Experimentally it has

been shown that the presence of poly-unsaturated tails increases the ten-

dency to form domains.81, 82

5.2 Methods

5.2.1 Simulation setup

The MARTINI model: All systems were simulated using the MARTINI

coarse grained force field 56, version 2.0. Parameters for poly-unsaturated

chains were not available, and have been optimized using all-atom sim-

ulations of Feller et al..77 More details about the MARTINI force field,

including some specific parameterization required for the current study,

are given in chapter 6.

Simulation details: The simulations described in this paper were per-

formedwith the GROMACS simulation package 57, version 3.3. In all sim-

ulations the solvent molecules, the lipids, and cholesterol were indepen-

dently coupled to a constant temperature bath 59 with a relaxation time of

τT = 0.1 ps. Based on exploratory simulations, a target temperature of 295

K was chosen as an optimal value to observe clear phase separation on

an accessible time scale. A higher temperature brings the system closer

to the critical point, which might be more realistic for the state of mem-

branes in vivo, but prevents the clear analysis of domain properties as

presented here. Lower temperatures, on the other hand, slow down the
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Figure 5.1: Formation of Lo domains in ternary lipid mixtures. (A) Color coding of the lipid

components. Green is used for the saturated lipids, red for the poly-unsaturated ones. Choles-

terol is depicted in grey with a white hydroxyl group. (B) Time resolved phase segregation of a

planar membrane viewed from above, starting from a randomized mixture (t = 0), ending with

the Lo/Ld coexistence ( t = 20µs). (C) Phase segregation for the same lipid mixture in a small,

20 nm diameter, liposome. Initial (t = 0) and final (t = 4µs, both top view and cut through the

middle) configuration. The scale bar indicates 5 nm. (D-E) Multiple periodic images (2x2) of the

phase separated DPPC/DLiPC/cholesterol systems show (D) striped pattern formation in the

0.42/0.28/0.3 system and (E) circular domains in the 0.28/0.42/0.3 system.

equilibration of the two phases. The pressure was weakly coupled 59 to 1

bar with a relaxation time of τP = 0.5 ps. For the planar membranes the

pressure coupling used a semi-isotropic scheme in which the (x,y) plane

and the z direction are coupled separately. This approach results in a ten-

sionless bilayer. For the vesicular system, we used the MFFA-boundary

(Mean Field Force Approximation) approach as described in chapter 2.

All planar systems were simulated for 18x107 steps, and the vesicular
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system for 3.5x107 steps, using an integration time step of 30 fs and an

update of the neighbor list every 10 steps. Due to the smoothness of the

CG potentials, the effective time scale sampled is larger than the actual

simulation time. Based on a comparison of diffusion constants in CG sys-

tems and systemsmodeled at atomic detail, the effective time sampled by

the CGmodel was found to be two- to tenfold larger.56 When interpreting

the simulation results with the CG model, one can to a first approxima-

tion simply scale the time axis. The standard conversion factor we use is

a factor of four, which is the speed up factor in the diffusional dynamics

of CG water compared to real water. A similar scaling factor appears to

describe the general dynamics present in a variety of systems quite well.

The time scale quoted here and in the main manuscript is therefore an ef-

fective time scale, which should be interpreted with care. The total effec-

tive time sampled is slightly over 20 µs for each of the planar membrane

systems, and 4 ms for the vesicular system. Equilibration of the systems

was monitored by looking at the system energy and various structural

properties, including the domain perimeter and domain coupling. The

vesicular system did not reach a fully equilibrated state, and therefore

no attempts were made to analyze this system in more detail. For the

lamellar systems, during the last 4 µs simulation no significant changes

in system properties occurred, and therefore the system is considered to

be equilibrated (see figure 5.6A, showing the temporal evolution of the

domain perimeter and coupling).

Generation of starting structures and control simulations: Initially, a small

equilibrated patch of a binary DPPC/cholesterol mixture was obtained

from previous studies.56 This patch contained 38 DPPC and 16 cholesterol

molecules (0.3 mol fraction of cholesterol). The hydration level was 350

CG water beads, corresponding to 26 real waters/lipid. To construct the

ternary mixture 15 of the DPPC molecules were transformed into DLiPC

molecules. After short energy minimization to release the stress caused

by the different topology of some of the tails, the smallmembrane patches
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were equilibrated for 100 ns at an elevated temperature of 400 K to ran-

domize the lateral organization. Subsequently the system was copied six

times in both lateral directions to obtain the final systems, containing 828

DPPC, 540 DLiPC, 576 cholesterols and 12600 water beads. The molar

composition of this mixture is DPPC/DLiPC/cholesterol 0.42/0.28/0.3.

This was followed by a short 10 ns simulation at the target temperature

of 295 K with increased coupling to the temperature and pressure baths

to relax the overall system size close to its equilibrium value. This is

considered the starting point (t = 0) of the simulations presented in this

manuscript. The DPPC/DLiPC/cholesterol 0.28/0.42/0.3 ternary mix-

ture was obtained using the same procedure, replacing 23 of the DPPC

by DLiPC lipids initially.

Simulations of binary DPPC/DLiPC systems in the range 6:1 to 1:3

were prepared starting from pure DPPC bilayer patches. To verify the

reproducibility of our results, control simulations were performed for

each of these systems, using four times smaller system sizes and different

starting conditions. In each case, the ternary mixtures completely phase

separate whereas the binary systems do not, at least at the temperature

of study (295 K). Cooled further, binary mixtures show gel/fluid coex-

istence (Risselada and Marrink, manuscript in preparation). To quantity

the lateralmobilites of the two populations for cholesterol in the Ld phase,

a separate simulation of a small bilayer patch approximately matching

the composition of the Ld phase has been performed. This system, com-

posed of 128 DLiPC lipids and 35 cholesterols, was simulated for 1 µs at

T = 295 K.

The vesicle used in this studywas formed by spontaneous aggregation

of the lipid components within the MFFA boundary set-up, as follows.

1250 DPPC, 730 DLiPC and 834 cholesterol molecules were randomly in-

serted, respecting the excluded volume of each bead, in a sphere with
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a 12.5 nm radius. The remaining volume of the shell was subsequently

filled with CG water beads. In total, 49003 CG water beads were added.

The system was initially run at a temperature of 323 K. Aided by the

molding effect of the spherical boundary, rapid formation of a vesicle

was observed. After 30 ns, when the overall shape of the vesicle had ap-

peared, but still several pores remained in the vesicle, the temperature

was quenched to the target temperature of 295 K allowing the vesicle to

equilibrate at the desired conditions. After ≈100 ns the vesicle had com-

pletely sealed. This state corresponds to t = 0µs in figure 5.1C.

5.2.2 Analysis

Analysis of structural properties: Local properties of the lamellarmembrane

system were computed by dividing the membrane into slabs of 1 nm

width in the direction perpendicular to the domain boundaries. Aver-

ages were taken over the final 4 µs of the simulation. The local mem-

brane thickness was defined as the average distance between the phos-

phate groups of both monolayer leaflets in a particular slab. The local

area per lipid is calculated as the average amount of lipids (including

cholesterol) in a slab divided by the area of that slab. The order parame-

ter represents the segmental order parameter averaged over all four tail

segments, and all lipid tails present in a particular slab. The local compo-

sition of a certain component was defined as the mol fraction of the total

amount of components in that slab. The radial distribution function of

cholesterol (figure 5.3B) was obtained by considering the distribution of

the cholesterol center-of-masses, for each of the monolayers separately.
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Analysis of dynamic properties: The local lateral diffusion constant was

calculated from the average lateral mean square displacement (MSD) of

a representative bead in the head group region of the molecule (the phos-

phate group was chosen for the PC lipids and the hydroxyl group in case

of cholesterol) in a slab. All motions were corrected for the overall center

of mass motion of the monolayers. Due to the non-local nature of the dif-

fusion process, only short time mobilities were taken into account (t < 4

ns) to prevent dominant contributions to the diffusion rate outside the

target slab. Distinction between the two cholesterol populations in the Ld

phase was based on the position of the cholesterol head group with re-

spect to themembrane normal, assigned to four separate bins (two for the

interfaces and two for the membrane interior). The average monolayer

residence time of cholesterol, or flip-flop time, was estimated by counting

the number of crossings. A crossing was defined as a tilt angle θ chang-

ing from a value θ > 1200 to a value θ < 600 or vice versa. The tilt angle

of cholesterol was defined as the angle between the bilayer normal, and

the vector connecting the head group site to the tail site that is directly

attached to the sterol body. To remove fast reorientations not necessarily

indicating a flip-flop, the time series were filtered by applying a running

average over 10 ns before counting the number of flip-flop events. For

the determination of the exchange ratios of lipids between the domains,

two small 1 nm wide slabs were defined in the middle of both the Lo and

Ld phase, based on the plateaus in the composition profiles (figure 5.2B).

An exchange event was counted when a molecule at time t = 0 appears

in the marked region of the Ld phase and at time t + ∆t (0 < ∆t < 4µs)

in the marked region of the Lo phase or visa versa. The exchange rate

per unit length is then defined as the total amount of exchange events

observed, divided by the time window of the analyzed trajectory and the

dimension of the simulation box in the direction along the domain inter-

face. The values reported in the main manuscript are averaged over the

exchange rates in the two directions.
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Analysis of domain area and perimeter: In order to compute the domain

area and perimeter of the Lo phase, the following procedure was used

to identify the Lo phase. The phosphate beads of DPPC in either one

of the two monolayers were projected on top of a 2D grid with a grid

size of 0.5x0.5 nm. Each grid point falling within a radius of 0.4 nm of

the projected bead was marked as a domain element. A cluster algo-

rithm based on the direct edge contact between two domain grid ele-

ments was used to subsequently identify the connectivity of the system.

The Lo phase is defined as being the biggest cluster of connected grid el-

ements. A perimeter element is defined, as each element of the cluster

which has less than four neighbours belonging to the same cluster. The

criteria used in this algorithm such as the grid size and the radius of the

overlap circle were optimized empirically by overlapping the identified

Lo domain with the real structure. The area of the Lo domain is defined

as the total number of grid elements multiplied by the area of a grid ele-

ment. The perimeter/area ratio (Figure 5.6C) is defined as the number of

perimeter grid elements dived by the total number of grid elements in the

Lo domain. The overlap is determined by counting the number of corre-

sponding grid elements of the Lo domain in each monolayer. The overlap

fraction is defined as the total number of corresponding grid elements di-

vided by the average number of grid elements of the two Lo domains. At

the start of the simulation, the overlap fraction is 0.75, corresponding to

the expectation value for completely uncoupled monolayer leaflets. The

final overlap fraction is close to 0.85. The clustering procedure was also

used to identify the cholesterol cluster size distribution (inset figure 5.3B).

The random distribution, used for comparison, was obtained from a sim-

ulation of a 2D hard sphere fluid with an overall density equivalent to

that of cholesterol in the raft phase.

Analysis of line tension: The domain line tension was estimated from
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the shape fluctuations of the perimeter of the Lo phase (Figures 5.6A and

5.6B). From the work of Esposito 108 it was shown that the line tension σ

for a stable domain can be estimated as,

σ =
3kTR0

4π < (∆ry)2 >
, (5.1)

with ∆ry = ry− < ry > and R0 = 1
2
A/Lx. Here ry denotes the dis-

tance between a point on the perimeter and the center of the Lo domain

measured along the direction perpendicular to the domain interface. The

brackets represent an average over all perimeter points. A is the aver-

age area of the domain, and Lx the simulation box length in the direction

along the domain boundary. Since we calculated the fluctuations of the

perimeter for each of the two monolayers independently, the line tension

obtained by this method as reported in the main manuscript is the line

tension for a single monolayer. An independent measure of the line ten-

sion was obtained from the pressure difference between the two lateral

membrane directions.61 For a percolating domain along the x direction,

the line tension is given by σ = 1
2LxLy(Pb − Pyy) where Pb = Pxx = Pzz

denotes the pressure in the bulk water and Pyy is the pressure tensor com-

ponent along the domain interface. Assuming independent fluctuations

of the domains in both monolayers, the line tension per monolayer inter-

face is 0.5σ. Both estimates of the line tensionwere found to be equivalent

within the statistical error.

Analysis of monolayer-monolayer surface tension: The surface tension driv-

ing the Lo domain-domain coupling was estimated from the probability

distributionP (∆A) of themismatch area∆A = (1−α)A0 between the two

domains, with α denoting the overlap fraction (see ’Analysis of domain

area and perimeter’ section above) and A0 (= 313 nm2) the equilibrium

Lo domain area. The histogram was constructed from the fluctuations in

the area overlap fraction over the last 10 microseconds (after macroscopic

phase separation had occurred) of the simulation. The resolution for dis-
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tinction of two nearest states was chosen to be 0.01 overlap fraction. As-

suming that, for large mismatch areas, the dominant contribution to the

free energy of the system arises from the surface tension γ between the Lo

and Ld phases, we can write P (∆A) ∝ e−
γ

∆A . Fitting of ln P in the regime

of large mismatch area (Figure 5.6D) gives an estimate of the surface ten-

sion.

Error estimates: The statistical error in the structural and dynamic prop-

erties was assessed by using a block averaging procedure, considering

blocks of 500 ns as independent. The last 4µs was used for the analysis.

Together with the separation of the results for both monolayers, 16 mea-

sures were obtained on which the standard error estimate was based.

Statistical errors in the case of the composition, the order parameters,

the area/lipid, and the thickness are small, comparable to the size of the

symbols in figures 5.2B and 5.2C. In the calculation of the local lateral

lipid diffusion constants the non-local nature of the diffusive process in-

troduces a systematic error. The size of this error (displayed in figure

5.2D) was estimated from the spread of values obtained within a specific

slab. For the flip-flop rate no accurate error bars could be derived, es-

pecially toward and inside the Lo phase, due to the limited number of

events observed. The flip-flop profile in figure 5.2D is therefore of more

qualitative nature. The error estimates for the line and surface tensions

are also based on a division of the simulation trajectory, in this case using

somewhat larger block lengths of 1 µs. The choice of the exact resolution

with which the raft-like phase and perimeter were characterized proved

insignificant compared to the spread in values obtained for the individ-

ual blocks.
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5.3 Results and discussion

5.3.1 Ternary mixtures phase separate on microsecond time scale

Figure 5.1B shows the process of domain formation at the molecular level

as revealed by our MD simulations for a DPPC/DLiPC/cholesterol 0.42/

0.28/0.3 ixture, containing about 2000 lipid molecules. Initially, the lipid

components are randomized, mimicking high temperature conditions.

Subsequent quenching of the mixture to T = 295 K, well below the mix-

ing temperature, leads to the rapid formation of nanoscale domains on a

sub-microsecond time scale. Eventually the ternary mixture completely

phase separates into two domains spanning the simulation cell (figure

5.1D). Note that the formation of the striped pattern is an effect of the

finite system size, which allows the domain to connect to itself across the

(periodic) boundaries. Ternary mixtures of DPPC/DLiPC/cholesterol

0.28/0.42/0.3 also completely phase separate, however, here a circular

raft-like domain is formed completely surrounded by the other domain

(figure 5.1E). The larger area occupied by the poly-unsaturated lipids pre-

vents in this case the formation of the striped pattern observed for the

other mixture. In accordance with the general raft hypothesis, the ’green’

domain contains most of the saturated lipids together with cholesterol

(the raft-like, Lo domain), while the other, ’red’ domain is mainly com-

posed of the poly-unsaturated lipid (the non-raft, Ld domain). To mimic

in-vitro experiments performed on liposomes more closely, simulations

have also been performed on small unilamellar vesicles, consisting of

close to 3000 lipids in a 0.42/0.28/0.3 DPPC/DLiPC/cholesterol ratio.

Within a few µs a large Lo domain assembles near one of the poles (fig-

ure 5.1C). Qualitatively, the properties of the Lo and Ld phases are similar

for each of the three systems presented in figure 5.1. Since analysis of the

lamellar systemwith the striped domain pattern is most straightforward,

we focus the remaining analyses on this system.
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Figure 5.2: Structural and dynamic properties of the two domains. (A) Side view of the pla-

nar DPPC/DLiPC/cholesterol 0.42/0.28/0.3 system at the end of the simulation, revealing the

molecular organization in both the Lo and Ld phase. The white arrow points at a cholesterol

oriented in between the monolayer leaflets. (B-D) Various properties of the membrane along

the direction perpendicular to the phase boundaries. The Lo phase is centered, flanked by two

periodic halves of the Ld domain. A transition zone separating the two phases is tentatively

indicated by dashed black lines. Green, red, and grey color is used to distinguish properties of

DPPC, DLiPC, and cholesterol. (B) Composition of the membrane, expressed as mol fraction of

each of the three components. Thin lines represent the two monolayers separately, the thicker

line the average. (C) Average tail order parameter for PC lipids (left axis), and membrane thick-

ness (black curve, right axis). (D) Lipid lateral diffusion rate (left axis), and cholesterol flip-flop

rate (black curve, right axis).

5.3.2 Structure of the Lo and Ld phases match experimental data

Figure 5.2B presents a cut through the planar DPPC/DLiPC/cholesterol

0.42/0.28/0.3 membrane at the end of the simulation, revealing the struc-

ture, at near atomic resolution, of the two phases in equilibrium. The

mol fraction of each of the components is quantified in figure 5.2B. The

final composition of the raft-like Ld domain is 0.61/0.01/0.37, almost a
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pure binary mixture of the saturated lipid and cholesterol with only a

trace amount of the poly-unsaturated lipid present. The cholesterol mol

fraction of 0.37 implies a moderate enrichment compared to the overall

fraction of 0.3 and is still well below the solubility limit of 0.66 for choles-

terol in DPPC membranes.109 The final composition of the Ld domain is

0.08/0.75/0.17, indicating that the cholesterol mol fraction is reduced al-

most twofold with respect to a homogeneous mixture. On a qualitative

level, these results agree remarkably well with the compositional anal-

ysis performed for phase separated DPPC/diC18:1-PC/cholesterol vesi-

cles, based on NMR measurements, from which it was concluded that

the Lo phase is strongly enriched in the saturated lipid and moderately

enriched in cholesterol.20 A more quantitative comparison is difficult, as

the precise composition of the domains is highly state-dependent, espe-

cially on the vicinity of the critical point.

As a consequence of the compositional differences between the two

domains, both structural and dynamic properties of the domains differ

significantly. Figure 5.2C shows the average lipid tail order parameter

and the membrane thickness as a function of the position with respect

to the domain boundary. The order parameter indicates disorder of the

Ld domain whereas the Lo domain is characterized by a strong order ap-

proaching that of a gel phase. The unsaturated lipids which are occa-

sionally present in the raft domain are also seen to adapt more ordered

conformations. As a result of the increased order in the raft-like domain,

a concomitant increase in bilayer thickness is observed, from 4.0 nm in

the disordered phase to 4.6 nm in the ordered phase. The increase in bi-

layer thickness of 0.6 nm between the Lo and Ld phase is in quantitative

agreement with AFM 110 and NMR 82 data as well as with results from

atomistic simulations.106 The area/lipid (not shown) follows the opposite

trend, increasing from 0.4 nm2 in the Lo phase to 0.58 nm2 in the Ld phase.
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5.3.3 Dynamic properties show relative fast mobility of cholesterol

The lateral diffusion rates in both phases are of the order of 10−7-10−8

cm2s−1 (figure 5.2D), typical for lateral diffusion rates of lipids in the

fluid phase.111 Based on the above analysis it is concluded that the sys-

tem shows the characteristic Lo/Ld phase coexistence. The difference

in lipid mobility between the Lo and Ld phase is about a factor of five

(averaged over the PC lipids), in agreement with experimental findings
81, 100, 112 which report factors of 2 to 10 depending on system details. In our

simulations, the individual components can be easily traced. Whereas

both PC lipids show very similar diffusion rates across the entire sys-

tem, cholesterol appears to have a relative high diffusion rate in the dis-

ordered phase, which we attribute to its ability to readily flip-flop be-

tween the two leaflets. In the Ld phase, cholesterol flip-flop takes place

on a sub-microsecond time scale at a rate of k = 5µs−1 (figure 5.2D). As

a consequence, there is a non-negligible density of cholesterol residing

in the membrane interior. This is in line with recent combined data 78

from simulation and neutron scattering experiments in which the choles-

terol head group was found to be located embedded in between the two

leaflets for lipids containing two poly-unsaturated tails. The apparent

fast diffusion of cholesterol in the disordered domain arises from this

membrane embedded population, which experiences the relative lower

friction of the membrane interior (see figure 5.4). Diffusion of lipids and

cholesterol is thus partly decoupled in the Ld phase. In the raft-like Lo

phase, on the other hand, cholesterol flip-flops do not occur on the time

scale of the simulations implying a strong coupling of the lateral mobil-

ity between the constituents. Flip-flop of lipids is not observed in either

phase on the microsecond time scale. Exchange of lipids between the

Lo and Ld phases, however, is observed frequently. Normalized per unit

length of the interface between the two phases, the exchange flux J is

of the order 1012 cm−1s−1, corresponding to 10-50 actual exchanges ob-

served per lipid species (over the last 4 µs of the simulation across a total
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length of the interface ≈40 nm). Rates for the saturated lipid (JdiC16−PC =

1.4x1012 cm−1s−1) are approximately three times as high as for the unsat-

urated lipid (JdiC18:2−PC = 0.4x1012 cm−1s−1), mainly as a result of their rel-

ative concentration difference. Cholesterol exchanges significantly faster

(JCHOL = 3.3x1012 cm−1s−1), which we attribute to its enhanced diffusion

rate.
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Figure 5.3: Lateral organization of cholesterol in the Lo phase. (A) Top view of the planar mem-

brane illustrating the typical instantaneous cholesterol organization across the raft-like phase

and the boundary zone. The green and red background represent the positions of the saturated

and unsaturated lipids. (B) Cholesterol-cholesterol radial distribution function, with a solvent

separated peak at a distance of 1 nm (arrow). Results obtained from the current study are dis-

played by the solid line, results based on all-atom simulations 106 are shown by the dashed line

for comparison. Inset: frequency distribution of cholesterol cluster sizes obtained from the sim-

ulation (solid bars) compared to a random distribution (open bars).

5.3.4 Cholesterol’s preference for saturated tails drives phase separa-

tion

According to the literature, cholesterol is a key molecule in the formation

of rafts, both in vivo and in vitro. Below ≈ 10 mol% cholesterol fluid-

fluid phase separation is not observed in model ternary systems. Simu-

lations of binary lipid mixtures without cholesterol indeed do not result
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Figure 5.4: Two cholesterol populations in Ld phase differ in lateral mobility. The lateral mean squared

displacement (MSD) of cholesterol molecules in the Ld phase is shown as a function of time, sep-

arated into the contribution from cholesterol molecules embedded in between the monolayer

leaflets (’interior’) and cholesterol molecules oriented with their headgroup near the interface

(’normal’). From the slope of the MSD curves (solid lines), the lateral diffusion coefficient is

found to be Dinterior = 41±3x10−8 cm2s−1 for the interior population, and Dnormal = 14±1x10−8

cm2s−1 for the normal population. The average rate is Dtotal = 20±1x10−8 cm2s−1, dominated

by the larger fraction of the normal population (normal:interior ≈ 4:1). The value of Dnormal

is close to that obtained for the DLiPC lipids in the Ld phase (compare figure 5.2D of the main

manuscript), implying that the faster average mobility of cholesterol is due to the small inte-

rior population. The circles/diamonds indicate individual data points for the interior/normal

cholesterol populations, separated into two sets arising from the two interfacial slabs (normal)

or two interior slabs (interior) that were used for the analysis.

in macroscopic fluid-fluid phase separation at the same state conditions,

although the mixing of the two components is non-ideal (figure 5.5A).

Simulations of mixtures of DPPC/DLiPC/cholesterol 0.28/0.42/0.3, on
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Figure 5.5: Cholesterol is required to induce formation of large domains. (A) A binary DPPC /DLiPC

3:1 mixture shows no domain formation, although the mixing is non-random. The domain sizes

are similar to those present in the ternary mixture 1 µs after the quench (see Figure 5.1B of

the main manuscript). Note that both domains remain in the fluid phase at T = 295 K (7). (B)

Complete phase separation is observed in the DPPC /DLiPC /cholesterol 0.28/0.42/0.3 and (C)

0.42/0.28/0.3 ternary mixtures at T = 295 K. Green is used for the saturated lipids, red for the

poly-unsaturated ones. Cholesterol is depicted in grey with a white (B) or grey (C) hydroxyl

group.

the other hand, show similar behavior as the 0.42/0.28/0.3 mixture de-

scribed above (figure 5.5B). These results strongly suggest that the pres-

ence of cholesterol in this sytem is a prerequisite for coalescence of the

nanodomains, resulting in macroscopic phase segregation. In connec-

tion to the special role of cholesterol, it is interesting to look in more de-

tail at the lateral organization of cholesterol in the Lo phase. In figure

5.3A a close up of the system is shown revealing a typical cholesterol pat-

tern, characterized by maximization of the contacts between cholesterol

and the (saturated) lipid tails. The radial distribution function, shown

in figure 5.3B, quantifies this behavior. A strong second peak is seen

at a cholesterol-cholesterol distance of 1 nm, corresponding to a solvent

separated cholesterol pair. A smaller peak at 0.5 nm represents choles-

terols in direct contact with each other. The occurrence of such choles-

terol pairs, or higher order aggregates, is suppressed compared to what

is expected for a random distribution (inset figure 5.3B). The ratio of the
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first and second peak of the radial distribution function, 1:1.6, closely

corresponds to that observed in atomistic simulations of pre-assembled

raft-like mixtures.106 Due to the fluid nature of the Lo phase, at distances

exceeding a few nanometers any correlation is lost, as illustrated by the

absence of long-range order in the radial distribution function.

5.3.5 Domain boundary between Lo and Ld phases is diffuse at the

molecular level

Although our simulations do not answer the question why cholesterol

and saturated lipids are attracted to each other, their co-condensation

leads to domains differing strongly in both structural and dynamic prop-

erties. Apparently sharp on a macroscopic level, at the molecular level

the domain boundary interface is rather diffuse. Restricting ourselves to

the compositional measure (figure 5.2), this interfacial region is about 5

nmwide, characterized by a composition in between that of the Ld and Lo

phase. The broadness of the interface is largely a result from thermally in-

duced capillary waves along the domain boundary. Based on fluctuation

analysis 108 we estimate the associated line tension as 3.5±0.5 pN, which

is within the range of experimental values reported for ternary diC18:1-

PC/sphinghomyelin/cholesterol mixtures at room temperature.21 Note

that our estimate of the line tension is based on microscopic fluctuations

which may also include contributions from the natural mixing gradient

which exists between phase separated domains. Especially close to the

miscibility critical point the line tension vanishes and the compositional

mixing correlation length diverges. The large value of the line tension in

our system implies that we are far from the critical point. An indepen-

dent estimate of the line tension based on the pressure anisotropy in the

system indeed gives a similar value compared to the fluctuation-based

value, indicating that the dominant contribution arises from the capillary

broadening.

Our simulations further reveal that the domain boundary interfaces
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Figure 5.6: Driving forces for domain formation. (A) Image showing the overlap of the two raft

domains at the end of the simulation (t = 20 µs). Only the coarse grained beads corresponding

to the phosphate group (PCs) or hydroxyl group (cholesterol) are shown as green solid spheres

for the lower monolayer and transparent yellow spheres for the upper one. The direction across

the domains is indicated by ’x’, along the domains by ’y’. (B) Overlaying instantaneous config-

urations of the domain interfaces in the upper (yellow) and lower (green) monolayer leaflets,

during the last 4 µs of the simulation. Note the difference in fluctuations for the two innermost

interfaces, which oppose the Lo phase versus the outermost interfaces opposing the Ld domain.

(C) Minimization of the perimeter of the domain interface for each of the two monolayers (yel-

low and green curves, left axis), and increase in registration between the domains formed in

both monolayer leaflets, expressed as the surface overlap fraction (black curve, right axis). (D)

Logarithmic probability of the area mismatch versus area mismatch. The solid line denotes a lin-

ear fit of the data in the highmismatch regime, from which the effective surface tension between

the monolayer leaflets is estimated.
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opposing the raft-like domain exhibit larger fluctuations (figure 5.6A,B),

therefore, are energetically less costly. In terms of a line tension, the dif-

ference between the two types of interfaces is significant, 2.5±0.3 pN ver-

sus 4.5±0.6 pN for the domain boundaries opposing the Lo and Ld phase

respectively. The existence of two types of interfaces is unanticipated,

and arises from the slight asymmetric registration of the domains (figure

5.6A,B). Based on the compositional profiles for the individual monolay-

ers (figure5.2B), the difference in the average position of the boundaries

is found to be about 2 nm. These results predict the existence of a small

repulsive effective interaction between the domain boundary interfaces,

possibly of entropic origin.

5.3.6 Domain registration is caused by the existence of a small do-

main surface tension

In addition to this domain interface repulsion, there must exist a counter-

acting driving force leading to the inter-leaflet co-localization (i.e. regis-

tration) of the domains as seen in figures 5.1C and 5.2A and further quan-

tified in figure 5.6C. Experiments on fluid-fluid phase separated bilayers

also show this domain registration.19 A plausible mechanism for mono-

layer coupling is the presence of a small surface tension between the two

leaflets when the two different phases are in contact.95 Assuming that, for

large mismatch areas, the dominant contribution to the free energy of the

system arises from the surface tension γ between the Lo and Ld phases,

we can write P (∆A) ∝ e−γ∆A, with probability distribution P (∆A) of the

mismatch area ∆A. Fitting of ln P in the regime of large mismatch area

(figure 5.6D) gives a surface tension γ = 0.15±0.05 kT nm−2. Even such

a small tension effectively suppresses overhang fluctuations larger than

≈20 nm2 and therefore explains the registration of the domains on the

macroscopic level probed experimentally. On the other hand, in real bi-

ological membranes the coupling is necessarily weaker due to the asym-

metric lipid distribution, offering a possible explanation for the limited
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domain sizes seen in-vivo.

5.4 Conclusions

In summary, we showed that the phase coexistence of a liquid-ordered,

raft-like domain, and a liquid-disordered, non-raft domain can be real-

istically simulated using a recently parameterized coarse grained model.

We should keep in mind, however, that the simulation model used here

is a simplified one, lacking atomistic detail. It would be interesting to

back-transform our equilibrated system to a fine grained representation,

in order to verify our predictions. Our predictions include the existence

of a small surface tension between the domains, driving their registra-

tion, and a short ranged line repulsion between the domain boundaries.

Although many questions remain, simulations such as presented in the

current manuscript will hopefully aid in our understanding of the nature

of lipid rafts, and to many related cell membrane processes such as the

self-assembly of functional protein complexes.




