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We construct a coarse-grained~CG! model for dipalmitoylphosphatidylcholine~DPPC!/cholesterol
bilayers and apply it to large-scale simulation studies of lipid membranes. Our CG model is a
two-dimensional representation of the membrane, where the individual lipid and sterol molecules
are described by pointlike particles. The effective intermolecular interactions used in the model are
systematically derived from detailed atomic-scale molecular dynamics simulations using the Inverse
Monte Carlo technique, which guarantees that the radial distribution properties of the CG model are
consistent with those given by the corresponding atomistic system. We find that the coarse-grained
model for the DPPC/cholesterol bilayer is substantially more efficient than atomistic models,
providing a speedup of approximately eight orders of magnitude. The results are in favor of
formation of cholesterol-rich and cholesterol-poor domains at intermediate cholesterol
concentrations, in agreement with the experimental phase diagram of the system. We also explore
the limits of the coarse-grained model, and discuss the general validity and applicability of the
present approach. ©2004 American Institute of Physics.@DOI: 10.1063/1.1803537#
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I. INTRODUCTION

Cell membranes are remarkably flexible and dura
structures enclosing and protecting the contents of cells
organelles.1–6 They are, however, by no means mere casin
but bustling hubs, where signaling, recognition, and transp
take place. The fact that a huge variety of cellular proces
are governed by membranes makes them a fascinating
biologically relevant example of soft and distinctly thin in
terfaces.

The complexity and biological relevance of membran
is largely due to the variety of proteins and lipids that a
their main building blocks. It is intriguing that there are typ
cally more than a hundred different lipid species in a giv
type of biological membrane, all assumed to have some
ticular purpose.1,3 Instead of being static, membranes a
highly dynamic and characterized by distinct phases and
ternal fluctuating structures, thus allowing proteins to fun
tion under nonequilibrium conditions.2 Understanding the
overall properties of membranes is therefore a major c
lenge involving studies over large scales in time and spa
starting from the atomistic and molecular regimes wh
small-scale processes such as ion flow through channel
teins takes place all the way to mesoscopic and macrosc
regimes where large-scale processes such as phase sepa
and membrane fusion are important.

a!Author to whom correspondence may be addressed. Electronic m
ilp@fyslab.hut.fi
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The present understanding of membrane systems
largely based on experimental studies, where techniques
as fluorescence spectroscopy, nuclear magnetic reson
and various scattering methods have been used.1–4,6 At the
same time, experiments have been complemented by the
ical and computational modeling.2,3,7–13Thanks to the inter-
play between the two fields, a more detailed understand
of membranes and their biological relevance is emerging

As for computational modeling of membrane systems
the atomistic regime, classical molecular dynamics~MD! is
the method of choice.8–13 It provides detailed information on
the structure and dynamics of individual lipid molecules,
well as insight into processes such as the complexation
hydrogen bonding properties of different lipid species or
effect of enzymes on membranes. The main limitation of
atomistic approach is the computational load. With curren
available computer power, the standard size for system
128 lipid molecules, corresponding to a linear system size
about 5–7 nm in the bilayer plane. The duration of such
simulation is typically limited to about 100 ns. A few mor
ambitious MD simulations on systems with a larger numb
of molecules have been reported,14–16 but the sizes are stil
rather modest: the largest MD studies of lipid bilayers co
tain of the order of 103 lipid molecules. The time scale
reached in such simulations are currently only tens of na
seconds.

The above limitations are problematic since many int
esting phenomena in lipid membrane systems occur at m
longer time and length scales. Examples of such phenom

il:
6 © 2004 American Institute of Physics
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are domain formation, bilayer fusion, and cooperative m
tions associated with phase changes. Domain formation
particularly interesting issue, since there is plenty of exp
mental evidence pointing to the formation of lateral doma
in many-component bilayers.2,3 The most topical issue ar
lipid rafts,17–20 which are thought to be dynamic, ordere
lateral domains comprised mainly of phosphatidylcholin
cholesterol, and sphingomyelin molecules. Rafts have b
suggested to be involved in a wide range of cellular p
cesses including membrane trafficking and sorting
proteins,17–20 which emphasizes the need to understa
large-scale properties of membrane domains. The dimens
of these dynamic domains are believed to range from ten
hundreds of nanometers, still beyond the limits of atomis
simulations. To reach the necessary length scales, i.e.,
dreds of nanometers, we therefore need to resort tocoarse-
grained modelsthat employ effective interaction potentia
for simplified molecular descriptions.2,21–23 To gain insight
into large-scale properties of lipid membrane systems,
main objective is hence to develop and employ coar
grained membrane models incorporating only the esse
properties of the underlying system.

Previous studies in this field have been few, althou
recent progress is very promising. As forsemiatomistic mod-
elsof bilayers, a number of interesting approaches have b
suggested.24–33The guiding principle is that small groups o
atoms are represented as single interaction sites, thus re
ing the computational complexity of the model. In the mod
by Marrink, de Vries, and Mark24 there are Lennard-Jone
harmonic, and electrostatic interactions between the coa
grained particles, and the interaction parameters have b
tuned to match experimental quantities such as heats of
porization or densities. The systems may be simulated u
classical MD. The approach by Lipowsky and co-workers
somewhat more phenomenological but similar in nature.25–27

Shelleyet al., in turn, have employed a large variety of di
ferent interactions between the coarse-grained particles,31–33

and the interaction parameters have been adjusted to m
results from both experiments and atomic simulations. Gr
and Rabone have employed the dissipative particle dynam
~DPD! technique and chosen soft potentials between
coarse-grained particles.28 The repulsive interaction param
eters have been derived from compressibility and so
bilities. The DPD studies by Groot and Rabone ha
been complemented by the simulations of Smit a
co-workers,29,30 and Ayton et al. have also employed th
DPD technique. They have used material properties fr
atomistic simulations to parametrize mesoscale and mac
cale models of lipid bilayers and unilamellar vesicles.34–37

Alternatively, one can designphenomenological model
where the number of degrees of freedom is as small as
sible. One of the best examples of this approach is the w
by Mouritsen and co-workers7,38–42 They have developed
and used an off-lattice model where lipid and sterol m
ecules are described as hard-core particles with inte
~spin-type! degrees of freedom. This approach has allow
them to design models whose phase diagrams are in qua
tive agreement with experimental ones for phosphatidylc
line ~PC!/cholesterol and PC/lanosterol systems.7,38–41Addi-
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tionally, the models have been successful in describ
lateral diffusion in PC/sterol bilayer mixtures.42 The work by
Mouritsenet al. demonstrates that purely phenomenologi
models can be very useful in accessing scales larger
those within reach of atomistic simulation techniques. On
other hand, due to their phenomenological nature, the sc
of these models may be limited.

In general, there is no single method of constructi
models for mesoscopic or macroscopic phenomena, and
case has to be considered separately. Hence, systemati
general approaches that simplify the construction of coa
grained models and reduce the number of phenomenolog
and tunable parameters would be of great interest. A ge
ally useful approach would be easily extendable or mod
able to describe different kinds of systems.

A promising candidate is the Inverse Monte Carlo tec
nique ~IMC!.43,44 It allows one to deriveall effective inter-
action potentials systematically from atomic-level inform
tion such that the most relevant structural properties of
atomic-level system are reproduced by the coarse-gra
model. This approach has been used in other soft ma
systems. For example Lyubartsevet al.43–45 have used IMC
for constructing a coarse-grained model for sodium and ch
ride ions in water, and for describing the binding of differe
alkali ions to DNA.46 The approach employed by Shelle
et al. is also, in part, based on the central ideas of the IM
method.31 Notably, IMC is not only systematic, but als
highly adjustable, as the level of coarse-graining and
number of degrees of freedom can be tuned. It is thus p
sible to choose how large scales are to be studied as we
how much detail is to be included.

In the present study, we apply the IMC approach43,44 to
construct a coarse-grained~CG! model for a lipid bilayer
containing dipalmitoylphosphatidylcholine~DPPC! and cho-
lesterol. This system was chosen because DPPC is one o
most studied phospholipids, and cholesterol is the most
portant sterol molecule found in plasma membranes of
karyotic cells. Further, the system has a rich and interes
phase behavior47 characterized by three main phases~see
Fig. 1!. It has been suggested that at certain temperatures
cholesterol concentrations the system might disp
cholesterol-rich domains48 or superlattice domains.49

We first performed extensive atomic-level MD simul
tions of the DPPC/cholesterol system at six different chol
terol concentrations.50 The results of these simulations agr
well with experiments and other simulations. Based on th
atomistic considerations, we construct a coarse-grai
model in which we describe each molecule by a single po
like particle moving in a two-dimensional plane. We use t
IMC technique to derive effective interaction potentials f
the coarse-grained particles. These interactions are
structed such that the CG model reproduces the radial di
bution functions~RDFs! calculated from the atomic-leve
MD simulations. Because the RDFs can be used to cha
terize the phase behavior, the model should also qualitativ
reproduce the phase behavior of the microscopic model.

Using the coarse-grained model, we study DPP
cholesterol bilayers with cholesterol concentrations vary
from 0% to 50%. We first validate the CG model by com
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



th
u

th
om
o

id
y-
s
oo
re
.
i

i
e.
ng
a

%
t
a

f t

om
e
d
ke

e
r
ns
ol-
ol-
fill
e-

uili-

re

ure

tatic
ald
s
tat
s-
of
ling
d be
and

n-
l bi-
dy

his
by

e
act
me
ated

on-
id
wo
one
er-

nd
ther.
the
ns

ed,
her

pa-
l-

on-
om
ther
the

ter
ns
ed
th
io
lid
s

lan

d
er
d
m
e

9158 J. Chem. Phys., Vol. 121, No. 18, 8 November 2004 Murtola et al.
paring its behavior to that of the atomic-scale model. As
degree of coarse graining is very high, the model allows
to study the properties of the bilayer on length scales of
order of 100 nm along the plane of the membrane. The c
putational gain can be approximated to be around eight
ders of magnitude compared to the atomistic MD case.

We find that the coarse-graining approach can prov
plenty of insight into large-scale properties of man
component membrane systems. In this case it allows u
observe formation of cholesterol-rich and cholesterol-p
domains at intermediate cholesterol concentrations, in ag
ment with the experimental phase diagram of the system47

We also explore the limitations of the model, and discuss
general validity as well as possible future applications.

II. MOLECULAR DYNAMICS SIMULATION DETAILS

The underlying MD simulations have been described
detail elsewhere,50 and only a brief summary is given her
We simulated fully hydrated lipid bilayer systems consisti
of 128 macromolecules, i.e., DPPCs and cholesterols,
3655 water molecules. The simulations were performed
six cholesterol molar fractions: 0%, 4.7%, 12.5%, 20.3
29.7%, and 50%. These concentrations are indicated in
phase diagram of Fig. 1. The duration of each simulation w
100 ns and the linear sizes of the systems in the plane o
bilayer were between 5 and 7 nm.

The starting point for the simulations was a united at
model for a fully hydrated pure DPPC bilayer that has be
validated previously.50–52 The parameters for bonded an
nonbonded interactions for DPPC molecules were ta

FIG. 1. Sketch of experimental phase diagram for the DPPC/choles
system~Ref. 47!. At high temperatures and low cholesterol concentratio
there is a liquid-disordered~ld! phase, which is a fluid-phase characteriz
by lipid acyl chains with a high degree of conformational disorder. When
temperature is lowered, the system goes through the main phase transit
TM'311 K to a solid-ordered~so! phase. The so phase is essentially a so
phase in which acyl chains are conformationally ordered and the position
the molecules are characterized by translational order in the bilayer p
Finally, at high cholesterol concentrations, there is a liquid-ordered~lo!
phase, characterized both by a high degree of acyl chain ordering an
lack of translational order found in the ld phase. At intermediate cholest
concentrations there are wide ld-lo and so-lo coexistence regions. The
represent the concentrations at which the atomic-scale molecular dyna
simulations have been performed. An additional MD simulation was p
formed at 50% cholesterol.
Downloaded 16 Feb 2006 to 130.233.243.228. Redistribution subject to A
e
s
e
-

r-

e

to
r
e-

ts

n

nd
at
,
he
s

he

n

n

from a study of a pure DPPC bilayer,54 and partial charges
from the underlying model description.53 The cholesterol
force field was taken from an earlier study.55

As an initial configuration for the pure DPPC bilayer w
used the final structure of runE discussed in Ref. 53. Fo
systems containing cholesterol, the initial configuratio
were constructed by replacing randomly selected DPPC m
ecules with cholesterols. The same number of DPPC m
ecules was replaced in each of the two monolayers. To
the small voids left by replacing DPPC molecules by som
what smaller cholesterol molecules, the system was eq
brated in several stages.50

The MD simulations were performed at a temperatu
T5323 K using the GROMACS molecular simulation
package.56 The main phase transition temperature for a p
DPPC bilayer isTM'314 K,57 indicating that the MD simu-
lations have been conducted aboveTM . The time step for the
simulations was chosen to be 2.0 fs. Long-range electros
interactions were handled using the particle-mesh Ew
method.58 After the initial equilibration we performed 100 n
of MD in the NpT ensemble with a Berendsen thermos
and barostat59 for each cholesterol concentration. For all sy
tems up to and including the cholesterol concentration
29.7%, a simulation lasting 100 ns guarantees good samp
of the phase space. The results for 50% cholesterol shoul
regarded with some caution as the diffusion of the DPPC
cholesterol molecules is already quite slow.50

III. COARSE-GRAINED MODEL

Using the MD simulations as a basis, we have co
structed a coarse-grained model for a DPPC/cholestero
layer. Since the main goal of the present project is to stu
the large-scale structural properties of the bilayer, the de-
gree of coarse graining must be high. A way to achieve t
goal is to describe each DPPC and cholesterol molecule
its center-of-mass~CM! position. The macromolecules ar
taken to be single pointlike particles that move and inter
in two dimensions with continuous coordinates. At the sa
time, the solvent degrees of freedom have been integr
out altogether, i.e., the model contains no explicit water.

Let us briefly list the assumptions we have made in c
structing the CG model. To start with, we consider a lip
bilayer as a purely two-dimensional sheet comprised of t
weakly interacting leaflets. For this reason, we focus on
monolayer only. This assumption is well justified since int
digitation in DPPC/cholesterol bilayers is minor.50 Conse-
quently, the friction between the two leaflets is weak a
they can be regarded as largely independent from each o
Furthermore, we neglect the out-of-plane fluctuations of
bilayer and assume it to be strictly planar. Such fluctuatio
decrease when the cholesterol concentration is increas15

making this a reasonable assumption especially at hig
cholesterol concentrations.

Due to its coarse-grained nature, our model is dissi
tive. This stems mainly from the fact that the water mo
ecules are not included in the CG model. Further, in c
structing the model the conformational degrees of freed
of the macromolecules have been integrated out. Yet ano
reason is that we consider one of the leaflets rather than
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whole membrane. If we were to study dynamical pheno
ena, the dynamics should be chosen such that there are
stochastic and dissipative force components describing th
degrees of freedom that have been excluded from the
model. As we will focus on structural quantities of the me
brane system, we will not have to worry about the choice
dynamics. Instead, we use the Metropolis Monte Carlo~MC!
technique.60 The question of implementing realistic dynam
ics to the model is considered in more detail at the end
Sect. VI.

As for the interactions between the pointlike DPPC a
cholesterol particles, we assume they can be adequately
scribed using pairwise, radially symmetric effective pote
tials. The effective interactions are computed as follow
From the atomistic MD simulations we calculate radial d
tribution functions for the CM positions of the molecules.
link our coarse-grained model to the atomic-level system,
require that the coarse-grained model accurately reprod
these RDFs. This is accomplished by constructing the ef
tive interaction potentials using the Inverse Monte Ca
method.43,44 In principle, also other canonical averages th
the RDFs could be used as an input. However, the RD
calculated from the atomic-scale MD simulations are eas
compute, and more importantly, give a detailed structu
description of the system in the plane of the bilayer at sh
length scales. Because the RDFs can be used for chara
izing the phase behavior of the system, the coarse-gra
model should at least qualitatively reproduce the phase
havior of the original atomic-scale system.

In addition to the above, we fix the area per molecule
the CG model to be the same as the average area per
ecule calculated from the atomistic MD simulations. The M
simulations will therefore be conducted in the canonical
semble.

IV. MODEL CONSTRUCTION AND VALIDATION

A. Radial distribution functions and areas
per molecule from atomistic MD simulations

For the construction of the coarse-grained model,
need to obtain the radial distribution functions for the cent
of-mass positions of the molecules. Figure 2 shows the R
calculated from the atomic-scale MD simulations. Befo
calculating the RDFs, the CM positions have been projec
to the plane of the bilayer. The two monolayers have b
considered separately and the resulting RDFs are averag
the two. The first 20 ns of the MD data have been discar
to allow the system to equilibrate fully.50 After 20 ns the area
per molecule has converged for all cholesterol co
centrations,50 and the radial distribution functions show n
systematic changes. The radial distribution functions w
calculated up to 2.5 nm for concentrations lower than 50
At the highest concentration of 50%, the linear size of
system in the bilayer plane is occasionally below 5 nm, a
therefore in this case the RDFs were cut off at 2.4 nm. T
errors of the RDFs can be estimated to be of the order
few percent, with somewhat higher errors at low choleste
concentrations for the RDFs involving cholesterol. To mi
Downloaded 16 Feb 2006 to 130.233.243.228. Redistribution subject to A
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mize the effect of random errors on the Inverse Monte Ca
procedure, we used a spline-fitting procedure designed
noisy data61 to smooth the RDFs.

For all concentrations the RDFs indicate liquidlike b
havior. At short length scales there are broad peaks an
larger r the functions approach unity. In other words, a
though there is short-range order, there are no signs of lo
range order characteristic to solidlike phases. This confi
that we are probing the region of the phase diagram wh
the system is in the ld, lo, or coexisting ld and lo phases~see
the points marked in Fig. 1!. As the cholesterol concentratio
is increased, the radial distribution functions change more
less systematically. The peaks in the DPPC-DPPC distr
tion become sharper, manifesting an increase in the lat
short-range ordering. Further, more peaks appear at largr ,
which means that the range of the ordering increases slig
Similar effects are observed in the case of the choleste
cholesterol RDFs, although the 4.7% concentration devia
somewhat from the general trend. For the DPPC-cholest
distribution the changes are not quite as systematic. No
theless, when the cholesterol concentration grows, the ra
of ordering seems to increase slightly and the peaks ge
ally become sharper.

A notable feature of the RDFs, especially for the DPP
cholesterol pairs, is the fact that some RDFs do not appro
zero at the origin. This is because the RDFs have been
culated for the CM positions of the molecules, which ha
been projected to the plane of the bilayer. It is not too di
cult to imagine a situation where the projected CM positio
of a rigid, short cholesterol molecule and a DPPC molec

FIG. 2. Radial distribution functions calculated from MD simulations for~a!
DPPC-DPPC,~b! DPPC-cholesterol and~c! cholesterol-cholesterol pairs
The RDFs are calculated from the center-of-mass positions of the molec
which have been projected to the plane of the bilayer.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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with long, flexible tails are essentially on top of each oth
In addition to the RDFs, we need the average area

molecule from the MD simulations to fix the area per m
ecule in the coarse-grained model. The average areas
molecule at different cholesterol concentrations have b
published previously,50 and are shown in Fig. 3 for referenc
The area per molecule for a given configuration has b
computed by dividing the size of the simulation box in t
bilayer plane by the number of molecules in one monolay
The area per molecule decreases monotonically with an
creasing cholesterol concentration, in agreement with o
simulations15,62 and related experiments.63

B. Constructing effective potentials

Based on the RDFs, we have constructed effective in
action potentials for our coarse-grained particles using
IMC method. For each cholesterol concentration, the RD
calculated from the MD simulations were given as an in
to the IMC procedure to obtain the effective interactions.

Due to finite size effects, in some cases the RDFs ca
lated from the MD simulations deviate from unity at th
cutoff. This results in discontinuities in the effective pote
tials at the cutoff. To handle these, we applied a simple sh
ing scheme from 2.0 nm to the cutoff distance to adjust
potentials such that they approach zero smoothly at the
off. The approach used is essentially similar to that presen
in Ref. 64. The main difference is that in the present c
shifting is applied to the potential rather than to the force

The IMC does not give reasonable estimates for the
fective potentials at short interparticle distances where
RDFs vanish. In these regions, we replaced the poten
given by the IMC method by polynomials such that the p
tential and its first derivative are continuous at the edge
the region. Finally, the effective potentials were smooth
using the same spline-fitting procedure61 as was used for the
RDFs to reduce statistical noise. We have verified that
potentials are not sensitive to the details of the proces
obtaining them. Thus the above changes can be made w
out seriously altering the resulting RDFs.

Figure 4 shows the computed effective interaction pot
tials. Due to the high level of coarse graining, the potent
are soft. The DPPC-DPPC and DPPC-cholesterol poten
become systematically more repulsive with an increas
cholesterol concentration, and the very small attractive co
ponent present at low concentrations is lost at higher con

FIG. 3. Average area per molecule as a function of cholesterol conce
tion, calculated from MD simulations~Ref. 50!.
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trations. For the cholesterol-cholesterol potentials, the beh
ior is more complex. For 29.7% and 50.0% concentratio
the interaction is mostly repulsive, but for 12.5% and 20.3
there is weak attraction forr *0.9 nm up to the cutoff. For
4.7%, the interaction is again repulsive forr *1.1 nm, but
now there is a weak attraction for small separations. In
dition, the cholesterol-cholesterol potentials have multi
minima, whereas the other potentials are much simpler.

C. Validation

As any model, the coarse-grained model should be v
dated. This can be done by comparing the results it gener
to the results from the MD simulations. By construction, t
CG model should reproduce the short-range structural p
erties of the atomic-scale model.

Figure 5 shows a comparison between RDFs calcula
from the MD simulations and those obtained from the C
model using canonical MC. The CG simulations contain
the same number of particles as the MD simulations.
show only a few, selected cholesterol concentrations, but
other concentrations the results are similar: the agreem
between the results from MD and CG is excellent at all co
centrations, as it should be. The minor differences near
cutoff arise from the use of a shifting function for the pote
tials. Without the shift, the lines coincide up to the cutoff, b
in some cases there is a small discontinuity in the RDFs
the cutoff.

We have also calculated the static structure factors c
puted over all pairs of particles on a two-dimensional gr
To this end, consider a set of particlesi 51,...,N whose po-
sitions arerW i . Then the static structure factor defined as

a-

FIG. 4. Effective potentials for different pairs of coarse-grained particl
~a! DPPC-DPPC,~b! DPPC-cholesterol, and~c! cholesterol-cholesterol.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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S~kW !5
1

N2 K (
i 51

N

(
j 51

N

exp@2 ikW•~rW j2rW i !#L ~1!

is given in terms of the reciprocal vectorkW . The S(kW ) have
been calculated for a system whose linear size varies
tween 120–160 nm. This is 24 times the size of the origi
system studied by MD. In all cases the structure factors w
found to be radially symmetric. The circularly averag
structure factorsS(k) for different cholesterol concentration
are shown in Fig. 6. These curves are discussed in deta
Sect. V. At this point it is sufficient to note that these calc
lations confirm that the system is isotropic at all concen
tions and that there is no long-range solidlike order. T
system is in a fluidlike state as it should be.

V. BEHAVIOR AT LARGE LENGTH SCALES

When the system size is increased from that of the M
simulations, several new phenomena are observed.
simulations described below were mostly performed on s
tems containing 36 864 particles, corresponding to lin
sizes 24 times those of the original MD simulations. Hen

FIG. 5. Comparison between radial distribution functions calculated fr
MD simulations~solid black lines! and from CG model~dashed gray lines!.
Two different cholesterol concentrations are shown:~a! 12.5% and~b!
29.7%. The results for the other concentrations are similar.

FIG. 6. Total circularly averaged static structure factors computed from
simulations at different cholesterol concentrations. The curves are label
in Fig. 2.
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the linear sizes of the systems were 120–160 nm, depen
on the concentration. A typical simulation required 50–1
CPU hours on a desktop computer.

When the system size is increased, there are some m
changes in the radial distribution functions. These are ill
trated in Fig. 7 for the 20.3% cholesterol concentration. F
other concentrations the results are similar. These chan
are most probably a finite-size effect caused by the sm
sizes of the original atomic-scale systems. It is very like
that if the MD simulations could be performed on larg
systems, similar changes in the RDFs should take place.
figure also shows that the RDFs rapidly approach unity
large distances.

To study possible large-scale organization, we ha
looked at the static structure factors calculated at differ
cholesterol concentrations. They are shown in Fig. 8 toge
with snapshots of the system at each concentration.
structure factors have been calculated over all pairs of m
ecules, and also separately for DPPC-DPPC, choleste
cholesterol, and DPPC-cholesterol pairs. To ensure that
static structure factors do not depend on the initial confi
ration, we have rerun the calculations using several differ
initial states. We find that different initial configurations lea
to results that are consistent with each other.

At 12.5% and 20.3% cholesterol, the snapshots in Fig
suggest that there are domains where the local concentra
of cholesterol is higher than in other regions. At these c
centrations the cholesterol-cholesterol structure factor sh
a rather wide peak at smallk, supporting our interpretation
of the presence of cholesterol-rich and cholesterol-poor
mains. The maximum of the peak corresponds to len
scales of the order of 20 nm or more. A more precise anal
is difficult, since even for the largest systems we have st
ied, with linear sizes of'280 nm, the peak is rather broa
and the smallk side of the peak is not fully clear due t
fluctuations at large length scales.

We have, however, studied how the peak behaves if
system size is varied by calculating the static structure f
tors for four systems with linear sizes 6, 12, 24, and 48 tim
that of the original MD simulations. In this finite size scalin
analysis, we found no clear change in either the position
shape of the peak.

The formation of cholesterol-rich and cholesterol-po
domains at intermediate cholesterol concentrations is

G
as

FIG. 7. Changes in radial distribution functions when the size of the sim
lation box is increased at 20.3% cholesterol. Black solid lines correspon
a small system with 64 particles and dashed gray lines to a system w
linear size 24 times larger.
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FIG. 8. Static structure factors calculated for differe
cholesterol concentrations:~a! 4.7%, ~b! 12.5%, ~c!
20.3%, and~d! 29.7%. In addition to the total structure
factor computed over all pairs of particles~solid line!,
structure factors calculated over DPPC-DPPC~dotted!,
cholesterol-cholesterol~dashed! and DPPC-cholestero
~dot-dashed! pairs are shown. Also a snapshot of th
system is shown for each concentration. In the sn
shots, each cholesterol molecule is represented a
single dot, while DPPC molecules are not shown.
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agreement with the phase diagram, see Fig. 1. Accordin
the phase diagram we should, atT5323 K, expect both the
MD and the CG model to display coexisting ld and
phases. In the present case, we cannot directly disting
between the ld and lo phases, since we have not included
ordering of the DPPC tails in the model. However, we mig
argue as follows to establish that the cholesterol-rich pha
should be lo, while the cholesterol-poor must be ld. The
dering effect of cholesterol on the phospholipid tails h
been clearly demonstrated: the higher the cholesterol con
tration, the more ordered the tails.15,50It is thus plausible that
the tails should be more ordered in the cholesterol-rich
gions.

To study domain formation in more detail, we have co
puted probability distribution functions for finding squa
domains with a linear size,. Several different system sizes,
were considered. If there were domains of clearly differ
compositions, the distribution should display two pea
These studies do not provide direct support for formation
domains~data not shown!. At each concentration, and fo
each,, the distribution is very close to a Gaussian. Howev
with 12.5% and 20.3% cholesterol the variance of the dis
bution is clearly larger than for 4.7% or 29.7% cholester
Thus, it is possible that the observed domains are cause
large-scale fluctuations in the cholesterol concentration. F
thermore, at 12.5% the distribution is not quite symmetric
,&20 nm. This may be due to two peaks that are loca
very close to each other.

We have also investigated the local concentrations
different types of molecules in the vicinity of a given type
molecule as in a study by de Vries, Mark, and Marrink65

More specifically, we have studied the respective number
different types of molecules among then nearest neighbors
of DPPC and cholesterol molecules, for different values
n. The average number of molecules of typeA among then
nearest neighbors of a molecule of typeB was compared to
the value in a purely random configuration. In all cases
average number of cholesterol molecules in the vicinity
another cholesterol molecule was somewhat smaller tha
should be in a random configuration. Forn56, there were no
Downloaded 16 Feb 2006 to 130.233.243.228. Redistribution subject to A
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significant differences between different cholesterol conc
trations. For largern, say n515 or n530, the difference
between the value from an actual simulation and the va
from a random configuration was clearly smaller at the c
centrations where we observe cholesterol-rich a
cholesterol-poor domains than at other concentrations. T
observation may be interpreted as support to the existenc
domains. The reason why the difference is not visible in
case ofn56 is probably that such a small neighborho
represents the area from which other cholesterol molec
are largely excluded by the repulsive interactions betw
the cholesterol molecules.

Based mainly on fluorescence measurements, it has b
proposed that at certain cholesterol concentrations the
lesterol molecules could adopt a regular arrangement in p
of the bilayer.66 We have studied whether or not our coars
grained model shows such organization for a few of the p
posed ‘‘magical’’ concentrations. The nearest-neighb
analysis described above suggests that finding a choles
molecule in the immediate vicinity of another choleste
molecule is lower compared to a random configuratio
whereas the probability of finding a cholesterol molecu
next to a DPPC molecule is higher. Such a situation wo
occur if there were superlattices in the system. Neverthel
we have seen no evidence for any regular latticelike orde
of cholesterols. Despite this conclusion, we are looking f
ward to further studies using other models. In our model
DPPC particles are radially symmetric, while in reality th
two hydrocarbon tails of the molecules may be important
the occurrence of superlattices, if they do exist.

In the case of 50% cholesterol the situation is more co
plex. Visual inspection of snapshots clearly indicates that
DPPC and cholesterol molecules phase separate. All o
studies we have performed support this view. There are
least two alternative explanations for this phenomenon. F
it is possible that the atomistic MD simulations do not, at th
high cholesterol concentration characterized by a very sm
lateral diffusion coefficient, adequately sample the ph
space. If this is the case, it may lead to errors in the RD
extracted from the atomic-level simulations. As a con
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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quence, the effective potentials given by the IMC meth
would not describe the true behavior. On the other ha
there is experimental evidence for the formation of crys
line cholesterol domains at very high cholesterol co
centrations.67 Also this could be the reason for the observ
phase separation. Based on the current simulations, it is
ficult to say which of these, if indeed any, is the case.

VI. DISCUSSION

The coarse-graining approach described here has se
advantages. It is a systematic method to generate a meso
model that is linked to atomic-scale information. It is adju
able, as it allows the user to control the level of coar
graining and the number of degrees of freedom to be
cluded in the model. The approach is general in the se
that it can be applied to a wide range of systems. The o
prerequisite is that we should somehow acquire radial dis
bution functions for pairs of the coarse-grained particl
These are available from atomic-scale simulations, bu
certain cases also experiments could be used to derive
RDFs.

The most important advantage, however, is speed. Mo
Carlo simulations using the coarse-grained model are sev
orders of magnitude faster than MD simulations of the ori
nal atomic-scale model. The speedup can be estimate
considering the decay time of the fluctuations in the area
single molecule, where the area is calculated, thro
Voronoi analysis.50,52 For the atomic-scale model, this deca
time is '0.7 ns,52 whereas in the case of the CG mod
similar decay is observed after one MC step. The CPU t
required for generating a 0.7 ns trajectory for the atom
scale system using MD is around 70 h, whereas for a
model of the same linear size as the atomic-scale sys
'25 000 Monte Carlo steps can be taken during a min
Thus the speedup can be estimated to be eight order
magnitude.

Despite all advantages, there are limitations. An imp
tant point is that any problems in the atomic-scale molecu
dynamics simulations are transferred to the coarse-gra
model. In particular, if there is any artificial ordering in th
atomic-scale simulations, either due to a small system s
poor sampling of the phase space, or sloppy treatmen
electrostatic interactions,51,52 the radial distribution functions
will be erroneous. As a consequence, the effective interac
potentials will be affected.

Another limitation may be the concentration depende
of the effective potentials, see Fig. 4. It is not trivial in wh
concentration ranges the effective potentials are valid.
worst case scenario is that when the cholesterol conce
tion is altered ever so slightly, the interaction potentials m
be rederived starting from time-consuming atomic-scale m
lecular dynamics simulations. We have investigated whe
the effective potentials can be used at concentrations o
than those at which they were determined. The results s
gest that they may be used at nearby concentrations, b
phase boundaries are crossed, problems will arise. Fo
stance, when using the effective potentials determined for
system with 29.7% cholesterol, a system in the lo phase
simulate a system at 20.3% cholesterol, which should b
Downloaded 16 Feb 2006 to 130.233.243.228. Redistribution subject to A
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the coexistence region, no long-range structure appe
When, on the other hand, potentials determined at 20
cholesterol are used with 29.7% cholesterol, the long-ra
structure is still present at the higher concentration, altho
the peak is more shallow. The situation is similar when
compare the 4.7% and 12.5% concentrations. When the
tentials determined at 12.5% are used for 20.3% cholest
or vice versa, i.e., both concentrations are in the coexiste
region, we still observe domains. The detailed form of t
static structure factor will, however, be altered. We m
therefore conclude that the effective potentials cannot
used for mapping the precise phase boundaries of a g
system. Similar conclusions can be drawn from a study
the temperature dependence of the effective interaction
tentials.

An additional problem is the implementation of dynam
ics. In this study, we considered only structural quantiti
and needed not to worry about the choice of dynamics.
study lateral diffusion it is necessary to incorporate realis
dynamics into the system. It is well known that this can
very difficult in the case of coarse-grained models. In ad
tion to the MC studies reported here, we attempted to st
lateral diffusion and include dynamics into our model.
choosing the dynamics, the following criteria should be m
First, as explained in Sect. III, the dissipative nature of
system should be taken into account. In addition, the sim
lations should be run in the canonical ensemble. We tes
several thermostats that comply to the above requireme
standard and generalized Brownian dynamics,68 and an ap-
proach similar to Andersen’s thermostat for temperat
coupling.68 None of these could be tuned to give realis
dynamics for the system with rattling-in-the-cage movem
and separate jump events. Both the standard Brownian
namics approach and the Andersen scheme require very
friction or coupling parameters to give diffusion coefficien
of the same order of magnitude as those obtained from
molecular dynamics simulations, or alternatively, to ma
the decay times of velocity autocorrelation functions. Su
high values of the parameters completely determine the
namics at short time scales, and the interactions between
particles only give rise to small corrections at long tim
scales. The generalized Brownian dynamics can be use
force the short time dynamics to match that of molecu
dynamics simulations, but this does not mend the problem
unrealistic dynamics at longer time scales. We thus found
simple way of implementing realistic dynamics into th
coarse-grained model. Reducing the degree of coarse g
ing and introducing more detail into the model, e.g., by
cluding the tails of DPPC and cholesterol molecules, mi
help to solve the problem. The presence of tails wo
greatly increase the friction between the molecules, and p
sibly allow for entanglements. Both effects would help
slowing down the unrealistically fast dynamics.

The results motivate further studies of the coar
graining approach. There are several possible direction
which the model could be developed. Several of these co
be realized without additional MD simulations. A possib
line of development is the inclusion of the conformation
degrees of freedom of the DPPC molecules in the mo
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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This could be done in the spirit of the model by Niels
et al.,39 i.e., by giving each DPPC molecule two possib
states: an ordered and a disordered state. We would
three kinds of particles and a total of six pairwise potenti
to determine. Another possible modification would be to
clude the two tails of the lipid molecules as separate parti
and possibly model the head group as a third particle. Res
from simulations of such models could be compared to
present study to assess the possible benefits of such m
cations, and to gain further insight into the coarse-grain
process. Additionally, to better understand the underly
reasons for domain formation, it is natural to ask what
relative roles of entropic and energetic contributions in t
process are. Since the close-packed areas of the CG par
are not well defined, a study of this broad and nontriv
issue is beyond the scope of this work and will be discus
elsewhere.

The coarse-graining approach presented here could
be applied to other lipid bilayer systems to compare th
behavior to the DPPC/cholesterol bilayer. A particularly
teresting system is the sphingomyelin~SM!/cholesterol bi-
layer, and ultimately the PC/SM/cholesterol ternary mixtu
The study of these systems at large length scales woul
particularly interesting, because experimental results sug
the existence of specific interactions between SM and c
lesterol molecules.20 These interactions are believed to fo
ward the formation of domains and lipid rafts at high co
centrations of SM and cholesterol. This line of developm
is limited by the computational cost of the underlying M
simulations. Currently this confines us to study quite sim
bilayer systems. With increasing computer power and
provements in existing simulation methods, studies of
nary mixtures of lipids, as well as studies of systems c
taining membrane proteins, are becoming feasible.

VII. SUMMARY AND CONCLUSIONS

We have used a systematic approach for construc
coarse-grained models for DPPC/cholesterol bilayers.
central ingredient is the application of the Inverse Mon
Carlo method, which can be used for finding effective int
actions such that the coarse-grained model reproduces g
radial distribution functions. The approach allows easy t
ing of the level of coarse graining, and it can be applied t
wide range of systems.

The radial distribution functions given as input to th
IMC method have been extracted from detailed atomic-le
molecular dynamics simulations. The effective interactio
found using the IMC method can then be used to simu
the system on much longer length scales. We have found
the coarse-grained model thus constructed is in favor of
formation of cholesterol-rich and cholesterol-poor doma
at intermediate cholesterol concentrations, in agreement
the phase diagram of the system. We have also explored
limitations of the constructed coarse-grained model.

As for further studies, it would be interesting to see ho
modifications such as the inclusion of the conformatio
degrees of freedom of the DPPC tails would influence
behavior of the model. Similar models could also be co
structed for other many-component lipid bilayer system
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and their behavior compared to the present study. This co
yield valuable information on both the systems under stu
and the suitability of the IMC method for coarse graining
general.

ACKNOWLEDGMENTS

This work was supported, in part, by the Academy
Finland through its Center of Excellence Program~T.M, E.F.,
I.V.!; the National Graduate School in Materials Phys
~E.F.!; the Academy of Finland Grant Nos. 80246~I.V.!,
54113 and 00119~M.K.!, and 125495~T.M.!; and by the
European Union through the Marie Curie fellowship HPM
CT-2002-01794~M.P.!. We would also like to thank the
Finnish IT Center for Science and the HorseShoe~DCSC!
supercluster computing facility at the University of Southe
Denmark for computer resources. Finally, we wish to tha
Peter Lindqvist for his help with the Voronoi analysis.

1R. B. Gennis, Biomembranes: Molecular Structure and Functio
~Springer, New York, 1989!.

2M. Bloom, E. Evans, and O. G. Mouritsen, Q. Rev. Biophys.24, 293
~1991!.

3Structure and Dynamics of Membranes: From Cells to Vesicles, edited by
R. Lipowsky and E. Sackmann~Elsevier, Amsterdam, 1995!.

4Biological Membranes: A Molecular Perspective from Computation a
Experiment, edited by J. K. M. Merz and B. Roux~Birkhäuser, Boston,
1996!.

5B. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts, and J. D. Watso
Molecular Biology of the Cell, 3rd. ed.~Garland Publishing, New York,
1994!.

6Lipid Bilayers: Structure and Interactions, edited by J. Katsaras and T
Gutberlet~Springer, Berlin, 2001!.

7M. J. Zuckermann, M. Bloom, J. H. Ipsenet al., Methods Enzymol.383,
198 ~2004!.

8D. P. Tieleman, S. J. Marrink, and H. J. C. Berendsen, Biochim. Bioph
Acta 1331, 235 ~1997!.

9S. E. Feller, Curr. Opin. Colloid Interface Sci.5, 217 ~2000!.
10H. L. Scott, Curr. Opin. Struct. Biol.12, 495 ~2002!.
11L. Saiz, S. Bandyopadhyay, and M. L. Klein, Biosci Rep.22, 151 ~2002!.
12L. Saiz and M. L. Klein, Acc. Chem. Res.35, 482 ~2002!.
13I. Vattulainen and M. Karttunen, inComputational Nanotechnology, ed-

ited by M. Rieth and W. Schommers~Americal Scientific Press, in press!.
14S. W. Chiu, S. Vasudevan, E. Jakobsson, R. J. Mashl, and H. L. S

Biophys. J.85, 3624~2003!.
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