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In this study we show how a coarse-grained model of a phospholipid can be developed and we study the
parameter sets applied to the formation of a coarse-grained dimyristoyl phosphatidyl choline (DMPC) bilayer.
We create a model comprising a head group of three hydrophilic beads, to which two hydrophobic tails are
connected. From results obtained with molecular dynamics simulations on a single lipid in water, a bond-bending
potential between three subsequent beads was added. Using a bead volume of 90 A%, we reproduce the
experimental values of the area per lipid and the hydrophobic thickness. There is no linear relation between the
repulsion parameter a; and the level of coarse graining. The key factor in the formation of a lipid bilayer is the
difference between the water—water and the water—hydrophobic tail repulsion parameters.

1. Introduction

In recent years many experimental techniques, such as X-ray
crystallography, electron microscopy, infra-red and Raman
spectroscopy, have been developed to characterize the struc-
ture of a membrane. Despite these developments, the precise
functioning of membranes is still not well understood.! There-
fore, a better characterization of the (phase) behavior of lipid
membranes and the interaction between lipids and proteins is
needed. This insight can be gained by performing computer
simulations on detailed atomistic models based on realistic
microscopic interactions.

The most used method to simulate biological systems, like
lipid membranes, at an atomistic scale, is molecular dynamics
(MD). In this method all interactions between the individual
atoms are taken into account. However, these atomistic simula-
tions cost a large amount of CPU time and thus these MD
simulations are restricted to a small length or time scale. Recently
the progresses in computational techniques and the increased
power of computers have allowed us to reach time scales of
100 ns,>? but there are still various phenomena, like for example
phase transitions, that occur at longer time and length scales.
These time and length scales are still not reachable by all-atom
simulations and therefore other methods have been developed.

Although an all-atom model is seen as a realistic description of
a biological membrane, one can always argue that even in such a
model some details of the (quantum) chemical nature of the
experimental system have been omitted. Similarly, one can assume
that some of the atomic details can be ignored, while preserving
the essential aspects of the molecular structure. In such a meso-
scopic approach, clusters of atoms are, for example, replaced by
spheres, which are connected by harmonic springs. The main
advantage of mesoscopic simulations lies in the fact that the CPU
time required for a simulation is lowered with 4 to 5 orders of
magnitude. Therefore, many researchers have been interested in
the question of how to coarse grain a phospholipid.*°

A commonly used model is a coarse-grained MD simulation,
where the interactions between the particles are defined by
a Lennard-Jones type of potential.*”*'! However, if we
consider particles that represent groups of atoms the centre

1 Electronic supplementary information (ESI) available: Colour ver-
sions of Figs. 7 and 9. See http://www.rsc.org/suppdata/cp/b4/
b406433j/
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of mass of these particles can overlap and therefore the
Lennard-Jones interactions are often replaced with a soft
repulsive force. These soft repulsive forces are often used in
Dissipative Particle Dynamics (DPD) simulations. An impor-
tant issue in these type of mesoscopic models is the relation
with the underlying experimental system.

If we compare the different repulsion parameters that are
used in the literature,>'>'® we sce large differences and in most
cases the intramolecular interactions are simple springs
between DPD particles. In this work we study which factors
are important in a mesoscopic model to reproduce the correct
chain-length dependence of the area per lipid of a phospholipid
bilayer. We showed in an earlier study'®?° that a model,
consisting of one hydrophilic head group particle and a single
tail of hydrophobic beads, does not reproduce the correct
phase behavior of a double tail lipid bilayer. In this work we
show one can systematically derive a mesoscopic model of a
phospholipid bilayer and investigate the various influences of
the level of coarse graining, i.e. how many atoms are repre-
sented by a single DPD bead, and the choice of repulsion
parameters. We compare two models that differ in the number
of water molecules representing a single DPD particle and,
additionally, we apply different sets of parameters. We develop
our model by using all-atom MD simulations on a single lipid
in water to obtain the missing intramolecular parameters of
our mesoscopic model.

In this study we will focus on the formation of a bilayer of
dimyristoyl phosphatidyl choline (DMPC) in the fluid or L,
phase and we will compare some structural properties of these
bilayers with experiments and with MD simulations. In
section 2 we describe the details of both the DPD and the
MD simulations. In section 3.1 we discuss various models and
parameter sets used by other groups applying DPD on amphi-
philic systems and we present our models. In section 4 we show
the density profiles computed with DPD simulations and we
compare these with the profiles obtained with MD simulations
and with experimental values.

2. Computational details
2.1. Molecular dynamics

Molecular dynamics (MD) simulations on an all-atom model
of lipids and water were carried out to develop and test our

I This journal is © The Owner Societies 2004



mesoscopic model. For the development we used a single lipid
in water and for the test a full bilayer. These MD simulations
were carried out using the DLPOLY package.?! An all-atom
model was employed to describe the interactions between
atoms using the potential energy parameter set PARAM27
from the CHARMM package.?* The TIP3P water model®® was
used in all simulations. Bonds involving hydrogen were held
fixed with the SHAKE algorithm.>* Electrostatic interactions
were computed using the Smooth Particle Mesh Ewald
method.?> Our simulations were performed in the NVT
ensemble,?® j.e. with constant number of particles (N), volume
(V), and temperature (7). The equations of motions were
solved using the Verlet Leapfrog integration algorithm?’ and
simulations were run with periodic boundary conditions in all
directions. All the simulations were performed using a cutoff
radius of 12 A for the van der Waals terms.

To simulate a single lipid in water, a lipid was equilibrated in
vacuum. After this short equilibration, we added water to the
system and let the system equilibrate, using the NPT ensemble.
After this equilibration, we collected 20 independent starting
configurations. For each configuration we performed NVT
simulations at 300 K for 1 ns, with time step Az = 0.002 ps,
to obtain good statistics.

To simulate a lipid bilayer, we performed the following
procedure. Initially, a single lipid molecule stretched along its
longer axis was pre-equilibrated in vacuum. We built a
complete membrane by placing the lipids on a 6 x 6 grid with
hydrophilic head groups forming the outer side of the mem-
brane and the aliphatic chains the inner side. The size of the
grid is set such to get an area per lipid equal to the experimental
value of 63 A2. The second layer of the membrane has been
built by mirroring twice the initial lipid layer with respect to
both the mid plane of the membrane and a perpendicular plane
to conserve the chirality of the molecule. The dry membrane
was equilibrated during a few hundred time steps. Subse-
quently, the box was filled by adding water molecules. The
resulting simulation box of dimension 47.6 x 47.6 x L.,
with L, &~ 65 A, contained 2 x 36 lipid molecules, and more
than 2,000 molecules of water, in total approximatively
15,000 atoms. The complete system was equilibrated for
100,000 steps, with a timestep of 2 fs at a temperature of
317.5 K. During equilibration, a density profile and energy
convergence of the system have been monitored. The resulting
density profile is in very good agreement with the profiles
reported earlier.>?®

2.2. Dissipative particle dynamics

Dissipative particle dynamics (DPD) is a relatively new simu-
lation method, introduced in 1992 by Hoogerbrugge and
Koelman.? By combining several aspects of molecular dy-
namics and lattice-gas automata, it captures hydrodynamic
time and length scales much larger than can be reached
with the first method and it avoids the lattice artifacts of
the latter method. Hoogerbrugge and Koelman showed
both by simulations and theoretical derivation that the
DPD algorithm obeys the Navier—Stokes equations. The
original scheme was modified in 1995 by Espafiol and
Warren™ to ensure that a proper Boltzmann distribution is
generated.

A DPD particle represents the center of mass of a cluster of
atoms. The particles interact via a force consisting of three
contributions, all of them pairwise additive. The total force on
a particle i consists of a dissipation force F°, a random force
FR, and a conservative force FC, and can then be written as the
sum of these forces:**3!

fi=)_ (FP +F} +F) (2.1)
i
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The first two forces in eqn. (2.1) are of the form:

F? = —wP (ry) (i -vy) By

2.2
F,l;- = owR(rij)Cij i (2.2)

where r;;=r; — r;and v; = v; — v;, with r; and v; representing the
position and the velocity of particle i, respectively. n is the
friction coefficient, ¢ the noise amplitude, and {; a random
number taken from a uniform distribution, which is indepen-
dent for each pair of particles. The combined effect of these two
forces is a thermostat, which conserves (angular) momentum,
and hence gives the correct hydrodynamics at sufficient long
time and length scales.

Espafiol and Warren®® have shown that the equilibrium
distribution of the system is the Gibbs—Boltzmann distribution
if the weight functions and coefficients of the drag and the
random force satisfy:

wP(r) = Wi (2.3)
0> = kT 2.4
The weight function wR(r) is chosen as
R(y (IL=r/re) (r<re)
wh(r) = { 0 (r>r) (2.5)

where r. is the cut-off radius, which gives the extent of the
interaction range. In this case, all forces assume the same
functional dependence on the interparticle distance r; as the

conservative force F,, , which is usually of the form

(1 = ,/,) e (V--<l‘ )
Fg = aU( iglte) i ij c 26
4 { 0 (rij 2 rc) ( )
where the coefficient a; > 0 is a parameter expressing the

maximum repulsion strength. The equations of motion are
integrated with a modified velocity Verlet algorithm.>!

1+ Ad) =n(0) + A1) + 3 (A7)
v;(1 + Ar) =v;(1) + AALf (1) 2.7)
1780 ~F e+ 40, 0+ 81) |
ot + Ar) =) + 3 AF(0) + £+ A0)

in which ¥ is a prediction for the new velocity v. The original
velocity—Verlet algorithm would be recovered for 4 = 0.5.
Groot and Warren explain in their paper’! that the tempera-
ture can be controlled by three factors, the time step Az, the
noise level o, and the A in the Verlet algorithm. We use a
density p = 3, 0 = 3, 4 =0.65, and Az = 0.03.

2.2.1. Reduced units. We use reduced units with r. as the
unit of length, the mass m of a particle as the unit of mass, and
aww = 1 as the unit of energy. The length scale depends on two
factors in our mesoscopic simulation: the particle density p and
the number of (water) molecules represented by one particle
Ny, (e.g. the mapping factor). The particle density p is the total
number of DPD particles N,, divided by the volume V (in units
of r): p = N,/V. The particle density and the mapping are
used to define the value of r.. For instance: we have N,, water
beads in a volume V, then

p=NyV=1J (2.8)

where v is the volume in DPD units (r.°) of one DPD water
particle. Let v be the volume of one water molecule in A3
(=30 A’ ), then we have:

vid = vV Ny 2.9
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replacing v by the expression of eqn. (2.8)

re = \3/ V' Nmp

(2.10)

If we take, for example, N, = 3 and p = 3 as the level of
coarse graining, then r, = 6.46 A and if we take N, = 1 and
p =3, then r. = 4.48 A.

From this coarse-graining procedure, the interaction para-
meters are defined in units of kg7. To use reduced units, we
define kgTy = 1 where T} is room temperature. The interaction
parameters can then be expressed in these reduced units, i.e. the
aww parameter has been fitted to give the correct compressi-
bility of water at room temperature and at the assumed
density. In principle, we could use the same procedure to
match the compressibility of water at different temperatures.
This gives, however, a temperature dependent a parameter
which would make the interpretation of our results more
complex. Therefore we have chosen to keep the parameters
fixed and only change the temperature. In the following we will
use the notation 7* to indicate the reduced temperature.

2.2.2. Tensionless bilayer. A biological membrane is not
subject to external constraints and therefore adopts a tension-
less com‘iguration.32 However, in most simulations of mem-
branes one uses a fixed number of lipids and a fixed area,
resulting in a membrane with a non-zero interfacial tension. To
ensure that a tensionless bilayer is obtained, we performed
simulations using an ensemble in which we can impose the
surface tension. A Monte Carlo move, in which we change the
area of the bilayer such that the total volume of the system
remains constant, is performed after a randomly selected
number of DPD steps. The move is accepted with a
probability."?

acc(o — n) = min(l,

exp[—p(Un — VAn)])
exp[—B(Us — 740)]

where o and n indicate the old and the new configuration,
respectively. U denotes the energy, y the surface tension, A the
area of the bilayer and f = 1/kgT. In order to obtain the
tensionless state of the bilayer y is set to zero.

A typical simulation required 100,000 cycles of which 20,000
cycles were needed for equilibration. Per cycle it is chosen with
a probability of 70% whether to perform 50 DPD time steps or
to make an attempt to change the area of the box.

To ensure that, because the periodic boundary conditions,
the bilayer—bilayer interactions do not influence the properties
of a single bilayer, we selected the total number of water
molecules such that the water layer thickness is sufficiently
large that both bilayers are fully hydrated. This water layer
thickness depends on the box size, which in turn is only known
once the bilayer has adopted a state of zero tension. Therefore
the number of water molecules was selected such that for the
computation of the bilayer properties the minimum criterion
was always met. For the self-assembly study we did study the
formation of micelles, bilayers ezc. as a function of the lipid
concentration. For the bilayer we also investigated systems
with a larger number of lipids, but we could not detect
significant finite-size effects.

(2.11)

3. Coarse-grained models
3.1. Parameter sets

In DPD we have to choose the repulsion parameters such that
the simulations yield the experimentally obtained values. In
this section, we first summarize the method of Groot and
coworkers,™! in which the repulsion parameters are coupled
to the Flory-Huggins y-parameter. Then we give an overview
of the parameter sets used by different researchers who studied
the (phase) behavior of surfactants and phospholipids. On the
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basis of these parameters we define the sets used to perform the
simulations in this paper.

Groot and Rabone published a data set, in which the
compressibility of water is reproduced for a repulsion para-
meter ay,, = 78 at a reduced temperature of 7% = 1, a mapping
factor Ny, = 3, and the particle density p = 3.°> To obtain the
repulsion parameter of water at a different mapping factor, one
can use:

ay = T8kpT x Np/p (3.12)

To obtain the repulsion parameters for interactions between
different types of beads, mutual solubilities of polymers in
water can be used, expressed by the Flory—Huggins y-para-
meters, which represent the excess free energy of mixing two
species. There is a direct relationship between the Flory—
Huggins y-parameter and the excess repulsion Aa,»j».s‘31

x = (0.231 £ 0.001)Ag;; if p =3 (3.13)
a; can then be calculated with
djj = Aww + Aal']' (314)

For most systems the Flory—Huggins y-parameters are tabu-
lated and eqns. (3.12) to (3.14) can be used to obtain the
repulsion parameters. However, Flory—-Huggins y-parameters
are determined for uncharged polymers, while phospholipids
contain charged units.

With the mapping of three water molecules on one bead
(Nm = 3), Groot and Rabone created the model of a phospho-
lipid, depicted in Fig. 1. Using this mapping factor, one DPD-
bead represents a volume of 90 A*. This volume also corre-
sponds with the volume occupied by three methylene groups.
The division of the lipid head group in three particles is
estimated. Using the Flory—Huggins y-parameters, Groot and
Rabone obtained the set of parameters for this system as
shown in Table 1. In this set the head groups are regarded as
water with respect to the ester linkage and the hydrocarbon
tails. In this approximation the head group is regarded as an
ester group. For the values between brackets the charges of the
head group are taken into account, leading to a reduced
repulsion with water and an increased repulsion mutually.
Groot and Rabone find that despite these different values,
the density profiles are almost equal. Only the area per lipid
changes from 62 A? t0 66.8 A if the charge of the head group
is taken into account. Both values of the area per lipid are
within the experimental range.*’

One can also compare parameters used for ionic surfactants
to obtain parameters for phospholipids. Table 2 shows the
parameter set for ionic surfactants used by Groot.! In this set
of parameters a different mapping is used: one water molecule

Fig. 1 The coarse graining of a phospholipid used by Groot and
Rabone,’ in which ¢ represents a hydrophobic tail bead, e the ester
linkage and h the hydrophilic head bead.

Table 1 Parameter sets used by Groot and Rabone®. For the values
between brackets the charges of the head groups are also taken into
account

a;; w c € h

w 78 104 79.3 79.3 (75.8)
c 104 78 86.7 104

e 79.3 86.7 78 79.3

h 79.3 (75.8) 104 79.3 78 (86.7)
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Table 2 Parameter set of Groot used for ionic surfactants'?

a; w t h

w 25 80 15
t 80 15 80
h 15 80 35

Table 3 Parameter set of Shillcock and Lipowsky>*

a;j w t h

w 25 50 35
t 50 25 75
h 35 75 25

is mapped onto a single DPD particle. For this mapping the
compressibility of water is reproduced using ay. = 25 for p =3
(see eqn. (3.12)). apy is lower compared to @y, to mimic the
hydration of a charged head group, and the increased value of
any, represents the repulsion between charged head groups. The
values of a; describing the hydrophobic interactions of the tail
beads are not based on the Flory—Huggins parameters, but
chosen to study the formation of micelles.

Shillcock and Lipowsky>* investigated different models for a
phospholipid with dissipative particle dynamics (see Table 3).
They used a different parameter set in which on average a
single tail bead represents three or four methyl groups. They
suggest that the most simple model of a phospholipid contains
one hydrophilic head bead with a single chain of hydrophobic
segments. In this approach the single head bead represents the
complete head group of a phospholipid. In a refinement of the
model, the hydrophilic part contains more beads and the
hydrophobic part contains two tails, varying in length. These
tails are connected to two different beads of the head group. If
the tails are connected to the same head bead no lamellar phase
is found with this parameter set. Shillcock and Lipowsky also
use a large angle bending potential to avoid interdigitation
between the monolayers.

Ryjkina et al.'® use DPD simulations to compute the phase
behavior of non-ionic surfactants. In their model (see Table 4)
the bead density equals 5 and therefore they divide the .y,
parameter by 5 to reproduce the compressibility of water at this
particular density (see eqn. (3.12)). One molecule of DDAO
(dodecyldimethylamine) is translated to a model which consists
of one hydrophilic and one hydrophobic bead.

Clearly, this short overview illustrates that there is no unique
set of mesoscopic parameters to describe phospholipid systems.
Groot and Rabone® developed a systematic method to relate
the repulsion parameters to the experimental system. This
method implies that it is possible to translate parameters when
a different level of coarse graining is applied. To investigate the
sensitivity of the results on the details of the model, we define
two independent sets of parameters. A third set is created by
recalculating one set of parameters using eqns. (3.12) and
(3.13). We apply these parameter sets on two mesoscopic
models, which differ in the level of coarse graining.

These different parameter sets are listed in Table 5. Para-
meter set A is based on the simulations performed by Groot
and Rabone,’ with exclusion from a separate parameter for the

Table 4 Parameter set of Ryjkina et al.

a;; w C n

w 15 80 0

c 80 15 78
0 78 15
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Table 5 Parameter sets used in our simulations. Parameter set A is
based on the parameter set used by Groot for ionic surfactants'” (see
Table 2). Parameter sets B and C derived from the set used by Groot
and Rabone’ for bilayers (see Table 1)

A w t h B w t h C w t h

w 25 80 15 w78 104 758 w 25 34 24
t 80 25 80 t 104 78 104 t 34 25 34
h 15 80 35 h 75.8 104  86.7 h 24 34 29

glycerol linkage in the simulations. Parameter set B is based on
the parameters used by Groot on calculations on surfactants.'?
We reduced the tail-tail interaction to avoid a very high density
in the hydrophobic core. We obtained parameter set C from
the repulsion parameters of Groot and Rabone.” By using
eqns. (3.12) and (3.13), we obtain the parameters for a bead
volume of 30 A®.

3.2. Coarse-grained models

In this section, we present the two models used in the simula-
tions. The volume per bead in model I is 30 A3 (corresponding
with the mapping factor Ny, = 1), while the bead volume of
model 11 is 90 A® (N, = 3). In this section we discuss how we
obtained a coarse-grained model of the phospholipid
dimyristoyl phosphatidyl choline (DMPC). We show how the
bond-bending potentials of the various angles are obtained
from MD simulations. While these are results for a single tail
length, it is very easy to change the lengths of the hydrophobic
tails by adding or removing beads and their corresponding
bond-bending potential.

3.2.1 Model I: N, = 1. In the literature one can find
applications with a mapping factor N,, = 1,'> which corres-
ponds to a coarse-grained level that is almost identical to a
united atom model. One may wonder whether the use of the
soft repulsion model is appropriate for this level of coarse-
graining. To address this question, we created a model at this
level of coarse-graining and we developed the model by defin-
ing additional intramolecular interactions between the beads.

At the mapping factor N, = 1, we obtain the mapping
shown in Fig. 3. To obtain this model we divide the DMPC in
equal volumes of 30 A’ , using the phosph011p1d component
volumes determined by Armen et al.*>> Two consecutive beads
are connected by harmonic springs with spring constant k., =
100.0 and equilibrium distance r, = 0.7. To control the
flexibility of the tails we add a harmonic bond-bending poten-
tial with bending constant k, and equilibrium angle ¢,.

Based on the method developed by Tschépp et al.’
obtained the values of k, and ¢ by measuring the angular
distribution function

P(¢) = Cexp[—p(U($))]

from all-atom MD simulations of a single phospholipid in
water. This distribution is calculated using the center of mass
of the cluster of atoms representing one bead. The parameters
of k4 and ¢, were found by a quadratic fit of the data
according to the relation:

(3.15)

JBK(9 — §0)* = ~InP(9) (3.16)

Fig. 2 Atomistic and DPD model of DDAO.
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Fig. 3 The atomistic representation of DMPC and its corresponding
coarse-grained model with a bead volume of 30 A® (model I). White
indicates a hydrophobic bead and grey indicates a hydrophilic bead.

In Fig. 4 the distribution of the angle ¢, obtained from MD,
and the curve fitting of the data are shown for the angle
between three consecutive beads in the hydrocarbon chain.
In Table 6 the values of the bond bending potentials are listed.
The angle bending potentials of the angles in the tails are very
well defined, which is to be expected, since the mapping of
these hydrocarbon tails is equal to the united atom model.
However, in the head group region, we cannot use the united
atom approach and we find much more flexible angles. For
some angles we observe a large distribution, which indicates a
very flexible angle. For these angles we do not use a bond-
bending potential.

Preliminary results showed that the resulting density profile
of a bilayer consisting of these lipids does not resemble the
density profile computed from MD simulations (results not
shown). Therefore, we sought to improve the model by insert-
ing additional angle-bending constants in the tails in which an
angle is set between three non-consecutive beads ¢; ;2 ;+4 (e.g.
Pra-16-18» P31-33-35). With the mapping procedure we found
ky = 3.5 and ¢¢ = 180° for these angles.

3.2.2 Model II: N,, = 3. If we use a mapping in which three
water molecules are represented by a single DPD bead, we
obtain the representation shown in Fig. 5. Again using the
volumes determined by Armen et al.,*® the mapping of the lipid
using a bead volume of 90 A* results in a model consisting of

0.15 T
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0.05 | .
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-«
0.00 .-,’ 1 I ..-
100.0 110.0 120.0
(@) ¢

130.0

7.00 " T " T

@ simulations
— best fit

=In (P(¢))

Table 6 Parameters of model I. The angles between three consecutive
beads in the tails (beads 11 to 24 and beads 25 to 38) are of type A. The
remaining angles are very flexible and therefore a bond-bending

potential is not used

¢ kg $o

[ 123 3.1 125°
/234 4.3 127°
[ 345 4.4 124°
/456 1.3 131°
/L2110 25 113°
L1-10-11 9 143°
/[ 1-2526 24 140°
L10-11-12 23 140°
Type A 22 115°

Fig. 5 The atomistic representation of DMPC and its corresponding
coarse-grained model (model IT). White indicates a hydrophobic bead
and grey indicates a hydrophilic bead.

three hydrophilic head beads and two tails, each consisting of
five hydrophobic tail beads. The same values for the spring
constant and the equilibrium distance between two consecutive
beads as in model I are used (k, = 100.0 and rq = 0.7).

To obtain the values k4 and ¢, we followed the same
procedure as for model I. However, due to the larger volume
per bead and thus the higher number of atoms represented by
one bead, the distribution of some angles is multimodal (see
Fig. 6). To keep the simple harmonic potential, we repeated the
MD simulations on a bilayer of DMPC to confirm that the
selected equilibrium angle is the most abundant. The most
abundant equilibrium angle ¢, is used in subsequent simula-
tions. In this way we obtained the values of kg and ¢y listed in
Table 7. The simulations show that the head group is com-
pletely flexible, and that the tails exhibit some order. Due to the
larger volume per bead, a broader angle distribution is found
for all angles compared to the results found for the angles of
model I. As a result the values of k, are lower.

4. Results and discussion

In this section we compare the results from MD simulations
with results of DPD simulations for the two models and the

(b)

2.00
100.0

110.0

120.0
U

130.0

Fig. 4 Distribution (a) and fitting procedure (b) for the bond-bending
potential of the angle between three subsequent beads in the tail

(¢i,i+lj+2)-
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Fig. 6 Distribution of the angle ¢4 ;¢ obtained with MD-simulations
of a single lipid in water and of a bilayer of DMPC.
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Table 7 Parameters of model II. The angles ¢4 56, ¢s567, D678,
$9-10-11> P1o-11-12, and ¢y; 1213 are of type A and ¢4 1 9 is of type B.
The remaining angles are not set, meaning that the head group is
completely flexible

$o.a 180°
k¢0_A 6
$o.B 90°
k¢O.B 3

parameter sets defined in Table 5. The quantities to compare
are the area per lipid A4;, the hydrophobic thickness D, of the
bilayer, and the bilayer thickness D,. These quantities can also
be obtained experimentally by X-ray and neutron diffraction
studies, and volumetric measurements (see for instance ref. 37).
We also compare density profiles in the direction of the bilayer
normal.

4.1. Model I: bead volume 30 A3

We used DPD to compute the properties of a bilayer of DMPC
in water with model I (30 A> bead size) and parameter set A.
Starting from a random configuration of 200 lipids in 16200
water beads at a temperature 7% = 1.0 a bilayer was formed.
Applying the zero surface tension scheme showed that this
bilayer was stable.

Fig. 7(a) shows the density profiles of the MD-simulation, in
which the atoms are translated to the corresponding beads, and
of the DPD-simulation (Fig. 7(c)). The snapshots of the bilayer
show that in the MD-simulation the final beads are located
near the mid plane of the bilayer (Fig. 7(b)), while in the DPD
simulation the terminal beads are more spread throughout the
hydrophobic region (Fig. 7(d)). This is also reflected in the
curves representing the CHs-group; whereas in the MD density
profile this curve is a narrow peak around the bilayer mid
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plane, the curve in the DPD density profile is almost constant
across the hydrophobic core. The curves representing the
CH,-groups support this conclusion. In the MD density profile
we observe a clear minimum at the bilayer mid plane, while this
minimum is absent in the DPD density profile.

The curve representing the ester linkage obtained with the
DPD simulation is in good agreement with the curve obtained
with the MD simulation. In both profiles the peaks of these
curves are located in the water and also surrounded by the
hydrophobic core of the bilayer. The fact that in DPD the
COQO is not completely within the hydrophobic core, while this
is the case in the MD simulation, is due to the strong repulsion
between the hydrophobic and hydrophilic particles in the DPD
simulations.

A remarkable difference can be observed from the curves
representing the beads of the head group. The density profile of
the MD simulation shows two ‘Gaussian’ curves for the
choline group and phosphate group, which are overlapping
and near the interface. The density profile of the DPD simula-
tions shows that the head group is much more hydrated: the
density of water is higher and the head group is more stretched,
leading to a clear separation of the beads representing the
choline and the phosphate group. Where in the MD simula-
tions the hydrophobic region has the largest contribution to
the bilayer thickness, in the DPD simulations the contributions
of the hydrophilic part and the hydrophobic part are almost
equal, i.e. in DPD the hydrophilic tendency of the head is
overrepresented.

Quantitatively the results from the simulations approach the
experimentally observed values. We find for the area per lipid
and the hydrophobic thickness 55 A? and 32 A, respectively,
while experimentally 60 A? and 25.6 A is found.™®

Itis interesting to create a new parameter set by recalculating
parameter set B, created for a bead volume of 90 A3, to obtain
a set for bead volume 30 A3. With the resulting parameter set C
we performed simulations on 200 lipids in water. Starting from

water (1)

PO, (3)

tails CH, (8)

(b)

water (1)

PO, 3)

tails CH, (6)

(d) e

Fig. 7 Density profiles (a) and (c) and snapshots (b) and (d) of a bilayer of DMPC in water computed from MD simulations using the centers of
mass as defined in Fig. 3 and DPD, using model I, respectively. In the density profiles (a) and (c) choline represents the sum of beads 6, 7, 8, and 9,
PO, is the sum of beads 3 and 4, COO the sum of beads 11 and 25, the terminal CH; the sum of beads 24 and 38, and CH, the sum of the remaining
hydrophobic beads (see Fig. 3). In (b) and (d) dark grey represents the head groups, the black spheres represent the ester groups, and light grey
represents the hydrocarbon tails, of which the tail ends are indicated by a sphere. For colour versions see the supplementary information.f
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a random configuration, no bilayer was formed. Most lipids
assemble in a cluster, with water included in the hydrophobic
core. Even if we take a bilayer as the initial configuration and
perform the zero surface tension simulations the bilayer breaks
up in a cluster of lipids, also containing water in the hydro-
phobic core and free lipids in the water phase.

4.2. Model II: bead volume 90 A3

With model II we performed simulations on 800 lipids with on
average 10000 water particles using parameter sets A and B.
Fig. 8 shows the density profiles of the resulting bilayers.
Fig. 8(a) shows the profile using the results of the MD simula-
tions, and Fig. 8(b) and 8(c) shows the profiles of bilayers
computed from DPD simulations using parameter sets A and
B, respectively.

In all profiles the glycerol linkage (bead 1 in model II, see
Fig. 5) is located at the interface and the head groups are
pointing into the water. The main difference in the density
profiles obtained with the DPD simulations is that with para-
meter set A (Fig. 8(b)) the peaks are somewhat higher and
narrower than with parameter set B (Fig. 8(c)). On the whole,
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Fig. 8 Density profiles of a bilayer computed from MD simulations
using the centers of mass as defined in Fig. 5(a), and of a bilayer formed
by lipids coarse grained according to model II obtained from DPD
simulations using parameter sets A (b) and B (c).
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however, the density profiles obtained with both parameter sets
are in good agreement with the density profile obtained with
the MD simulation. The terminal beads of the tails are located
around the bilayer mid plane and are on average on the mid
plane of the bilayer. This is also reflected in the curve repre-
senting the CH, groups of the tails, which shows a minimum at
the bilayer mid plane. The glycerol linkage, which is the bead
connecting the two tails (bead 1 in Fig. 5), forms the separation
between the hydrophobic core and the water plus head groups.
Both the curve of the density of the tail beads and the curve of
the density of water cover this peak. Finally, the head groups
point into the water and are clearly separated from the
hydrophobic core.

The difference between the profiles is the height of the peaks:
with MD simulations the peaks are higher and narrower than
with DPD simulations. The same difference can be noticed
comparing the density profiles of the DPD simulations with
parameter sets A and B. This indicates that the bilayer
obtained with MD simulations is more ordered than the bilayer
obtained with DPD simulations, parameter set A giving a more
ordered bilayer than parameter set B.

Quantitavely, both parameter sets A and B give the same
results for the area per lipid and the hydrophobic thickness. In
our simulations we find at y = 0, 4; = 67 A?and D, =29 A,
which are both within the experimental range.

Comparing the results from model I with model II shows
that a higher level of coarse graining leads to a better corres-
pondence between MD and DPD simulations. It is necessary to
coarse grain a phospholipid to a higher level than a level in
which one particle represents only one water molecule. The
reason is that in DPD each particle represents a cluster of
atoms. The soft interactions in DPD allow these particles to
overlap. If the particle size approaches a united-atom model
size, as in model I, overlap of the particles is no longer realistic
and soft potentials can no longer be used.

Using a higher mapping factor N, in which one DPD
particle represents three water molecules or methylene groups,
it is possible that particles do overlap. At this level a soft
potential can be applied. This is clear from the density profiles;
using a higher level of coarse graining gives the doubly peaked
curve for the CH,-group and a distribution of the tail ends
around the mid plane of the bilayer, as was found both
experimentally and by MD simulations.

4.3. Changing temperature and lipid topology

In the previous sections we discussed results obtained at a
reduced temperature 7* = 1.0. At this temperature the bilayer
is in the liquid crystalline or L, phase, also called the liquid
phase. We showed in the previous section that results obtained
from model II agreed well with MD and experimental results.
In this section we study the behavior of model II at a lower
temperature. Experimentally, it is observed that the low tem-
perature phase is the gel or Ly phase. In this phase the tails are
ordered and show a collective tilt with respect to the bilayer
normal. The head groups and the water surrounding the head
groups are still fluid. Further we discuss briefly what is
happening if the topology of the coarse-grained model changes
by varying the length of the hydrophobic tails.

4.3.1 Changing temperature. Fig. 9(a) shows a bilayer con-
sisting of model II lipids at a temperature of 7* = 0.3. From
this snapshot it is clear that at this low temperature the bilayer
is much more ordered than at temperature 7% = 1.0. The tails
are straightened and ordered and show a tilt with respect to the
bilayer normal. In Fig. 9(b) we show the two dimensional
radial distribution functions of various particles in the plane of
the bilayer. These curves show that the hydrophobic region is a
very structured lipid. Due to the ordering of the tails the head
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Fig. 9 (a) Snapshot of a DPD bilayer at 7% = 0.3 and (b) the two
dimensional radial distribution functions of the final head bead, the
bead connecting the two tails and a tail bead (bead 3, 1, and 13 in Fig. 5
respectively) in the plane of the bilayer. In (a) black represents the
hydrophilic head group and grey the hydrophobic tails. The terminal
beads of the tail are depicted by a grey sphere. For colour versions see
the supplementary information.t

groups are more localized, but the radial distribution functions
of the beads in the head group show that the bilayer as a whole
and the surrounding water are still fluid. This allows us to
apply the zero surface tension scheme.

The phase found at this temperature resembles very well the
experimentally observed Lg phase. Experimentally>-*® a tilt
angle of 6 = 32° is observed, while we find a tilt angle of 6 = 27°
for parameter set A and 0 = 18° for parameter set B. For the
area per lipid we find 4, = 46.6 A% and 4, = 43.4 A? for
parameter sets A and B, respectively, while the experimental
value is A; = 47.2 A24 The hydrophobic thickness deviates
significantly from the experimental value of D, = 30.3 A for
parameter set A we find D, = 43.4 A and for B D, = 45.5 A.
The two parameter sets lead to a different temperature at which
the transition from the L, to the Ly phase takes place. For
parameter set A the transition temperature is found at 7% =
0.35, while for parameter set B a value of 7% = 0.65 is found.

4.3.2 Changing lipid topology. There are several ways to
change the topology of the coarse grained lipid. One is to vary
the length of the hydrophobic tails by adding or removing a tail
bead. Simulations at 7% = 1.0 show that at zero surface tension
the area per lipid is constant with increasing tail length from
4 to 7 beads. The hydrophobic thickness increases linearly
with increasing tail length, both experimentally and in our
simulations. !

Experimentally it is found that at the melting temperature
the area per lipid as a function of tail length is constant.*!
However, the experimental data show large fluctuations in the
area per lipid. A detailed study at a fixed temperature above the
melting temperature, shows that the area per lipid decreases
slightly, going from a tail length of 14 to a tail length of 18
carbons.*® This decrease is attributed to the larger inter chain
van der Waals interactions among the longer tails. In Fig. 10
we plot the area per lipid in A? as a function of number of
carbons in the tails of both the experimental and the computed
values. Using the mapping factor N, = 3 and parameter set A,
we found that with fully flexibletails (i.e. no bending potentials)
the area per lipid actually rose with increasing tail length. After
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Fig. 10 Comparison of the experimental and computed values of the
area per surfactant as a function of tail length. The computed values
are represented by the black symbols and are calculated at a tempera-
ture 7% = 1.0. At this temperature, all bilayers are in the fluid L, phase.
The triangles are the values obtained with fully flexible model and the
diamonds represent the values obtained with the model with additional
bond-bending potentials. The grey area indicates the range of the
experimentally obtained values.>*41:434¢

introduction of bending potentials the area per surfactant is
constant within the error (A4,/4; = 5%), in agreement with
the experimental results. The observed decrease in area per
surfactant by Petrache et al.’® is too small to allow for a
detailed comparison with our mesoscopic model.

4.4. Driving forces in the formation of a bilayer

By comparing simulations with the three different parameter
sets (see Table 5) we are able to pinpoint the repulsion
parameters that are important in the self-assembly of a bilayer.
In this section we discuss the choice of the repulsion para-
meters combined with the level of coarse graining.

To obtain a bilayer with DPD, we must have a phospholipid
with clear hydrophobic and hydrophilic parts. The hydrophilic
part sticks into the water phase, while the hydrophobic tails
shield the core from the water particles. The parameter deter-
mining this shielding is a,. Too low a value for this parameter
and water penetrates the core. As a result, no bilayer is formed
as one saw from the simulations on model I, parameter set C
(see section 4.1). In section 3.1 we assumed by combining eqns.
(3.12) and (3.14) that a; can be calculated for every combina-
tion of Ny, and p. The above results indicate, however, that one
set of parameters cannot be translated straightforwardly into
the other using these equations. Since the hydrophobic core of
the cluster contains water and lipids can diffuse into the bulk
water, it can be concluded that the repulsion between water
and the hydrophobic tail segments a, is too low. This shows
that the choice of parameters depends on the coarse graining
level of the lipid in a more complex way than just a linear
relation.

However, the scale to which water will penetrate the hydro-
phobic core depends not solely on the size of ay,, but also on
the interactions between the water particles themselves. Thus
we expect that a large difference between ay,, and ay,, will favor
the formation of a bilayer, while relatively low values of this
difference allow for free mixing of water particles and tail
beads. This is indeed borne out by the results presented in
sections 4.1 and 4.2. For parameter sets A and B where | @y —
aw | = 55 and |aww — aw| = 26 respectively, a bilayer was
formed, while for parameter set A with |ayw — aw = 9 a
bilayer could not form. Also the results from model II indicate
that the difference between ay., and ay, is of importance. Both
for parameter sets A and B a stable bilayer is formed and
within the accuracy of our data the area per lipid A4, is equal.
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Another important parameter that can influence the stability
of the bilayer is any, wWhich determines the hydration of the
head group. As was indicated by Groot and Rabone’ the
Flory—Huggins y-parameter is not known for the head groups.
They compare two parameter sets, in which the head group—
water interaction is changed, resulting in a change in area per
lipid but equal density profiles. For model II and parameter set
A we changed ay,, from 15 to 25. The main effect is on the area
per lipid; for any = 15 4, = 67 A2, while for an, = 25 4, =
63 A2, which are both within the experimental range. Increas-
ing this repulsion parameter to even higher values seems not a
logical choice, since both the phosphate group and the nitrogen
are charged units in the head group. This charge will result in
the hydration of the head group, which can be translated in
DPD by a lower value of ay,, compared to dyy.

5. Conclusions

In this work, we compared the results from DPD simulations
on coarse-grained models of a phospholipid with atomistic
MD simulations. We created two mesoscopic models of
DMPC, which differ in their level of coarse graining.
Model I has a mapping factor of N, = 1 with a volume of
30 A® per bead and model IT has a mapping factor of Ny, = 3
with a volume of 90 A3. We found that we could correctly
reproduce tail length dependency of both area per lipid and
hydrocarbon core thickness, if we include bond-bending
potentials in our model. We used results from MD simulations
to obtain the bending constants and equilibrium angles.

This work shows that DPD is a powerful method to study
the self-assembly of the lipids in a bilayer. It can be used to
obtain qualitative dependence on temperature and length of
the hydrophobic tail if a DPD bead represents a sphere with a
volume of 90 A3. At the reference temperature of T% = 1.0,
where the bilayer is in the fluid L, phase, the resulting density
profiles of the MD and DPD simulations are in good agree-
ment. At this temperature we can also reproduce the experi-
mental values of area per lipid and the hydrophobic thickness.
In ref. 42 we use such a mesoscopic model to study the effect of
alcohol on the properties of a membrane. Lowering the
temperature gives us the experimentally observed Lg phase,
in which the tails are ordered and show a tilt with respect to the
bilayer normal. Using a lower value of the mapping factor is
not useful, because the soft repulsive potential used in DPD
allows the beads to overlap, while overlap is not realistic in an
(almost) atomic system.

Groot and Rabone® have studied in detail the relation
between an MD time step and a time step used in a coarse-
grained simulation. There are two combined effects that lead to
a significant speed-up. Because of the soft potential the
molecules can escape easier from a “‘cage” of surrounding
molecules, which enhances the diffusion by three orders of
magnitude. A second effect is related to the scaling of the
physical parameters, the length scale is larger and also the total
number of particles is reduced. This effect depends on the
details of the coarse graining and scales as N,,>° where Ny, is
the level of coarse graining.’ These combined effects make
model I about 3 orders of magnitude more efficient while for
model II 4 orders of magnitude can be gained.

The results obtained with model I show that it is not possible
to recalculate one parameter set into another one, if at the same
time the level of coarse graining is changed. The assumption
that a;; can be calculated for every combination of N, and p is
too simple: the choice of the parameters depends not only on
the level of coarse graining of the lipid. Also, a minimum
difference between water—water and the water—hydrophobic
tail repulsion parameters is needed if a lipid bilayer is to be
formed. If the difference between this parameters is too small,
the hydrophilic and the hydrophobic particles will not be
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completely separated and other structures than a bilayer are
observed.
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