
Biochimica et Biophysica Acta 1858 (2016) 2903–2910

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbamem
Improved prediction of bilayer and monolayer properties using a refined
BMW-MARTINI force field
Virginia Miguel a, Maria A. Perillo a,⁎, Marcos A. Villarreal b,⁎
a Instituto de Investigaciones Biológicas y Tecnológicas (IIBYT), CONICET - Cátedra de Química Biológica, Departamento de Química-ICTA, Facultad de Ciencias Exactas Físicas,
Universidad Nacional de Córdoba, Argentina
b Instituto de Investigaciones en Físico-Química de Córdoba (INFIQC), CONICET, Departamento de Matemática y Física, Facultad de Ciencias Químicas, Universidad Nacional de Córdoba,
Ciudad Universitaria X5000HUA, Argentina
⁎ Corresponding authors.
E-mail addresses: mariekator@yahoo.com (M.A. Perillo

(M.A. Villarreal).

http://dx.doi.org/10.1016/j.bbamem.2016.08.016
0005-2736/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 15 March 2016
Received in revised form 11 August 2016
Accepted 30 August 2016
Available online 31 August 2016
Coarse-grained (CG) models allow enlarging the size and time scales that are reachable by atomistic molecular
dynamics simulations. A CG force field (FF) for lipids and amino acids that possesses a polarizable water model
has been developed following the MARTINI parametrization strategy, the BMW-MARTINI [1]. We tested the
BMW-MARTINI FF capability to describe some structural and thermodynamical properties of lipid monolayers
and bilayers. We found that, since the surface tension values of oil/water interfaces calculated with the model
are not correct, compression isotherms of lipid monolayers present artifacts. Also, this FF predicts DPPC and
DAPC bilayers to remain in the Lα phase at temperatures as low as 283 K, contrary to the expected from their
experimental Tm values. Finally, simulations at constant temperature of bilayers of saturated lipids belonging
to PC homologous, showed an increase in the meanmolecular area (Mma) upon increasing the chain length, in-
versely to the experimental observation.
We refined BMW-MARTINI FF by modifying as few parameters as possible in order to bring simulated and
experimental measurements closer. We have also modified structural parameters of the lipid geometry that do
not have direct influence in global properties of the bilayer membranes or monolayers, but serve to approach
the obtained CG geometry to atomistic reference values. The refined FF is able to better reproduce phase
transition temperatures and Mma for saturated PC bilayers than BMW-MARTINI and MARTINI FF. Finally, the
simulated surface pressure-Mma isotherms of PC monolayers resemble the experimental ones and eliminate
serious artifacts of previous models.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Coarse-grained (CG) models offer the possibility to analyze
processes that occur at long length and time scales bypassing the
currently available computer power limit, and allow the analysis of
system evolution up to the microscale [2,3].

The most commonly used CG force fields (FF) for lipid systems are
probably the MARTINI [4] and the Shinoda FF [5]. The MARTINI model
was initially developed for lipid systems and further extended to a
great variety of macromolecules [2]. This FF is based on a four-to-one
mapping, where an average of four heavy atoms plus associated
hydrogens is represented by a single bead or interaction center [2]. CG
water models group several molecules (usually 3 or 4) into a single
unit [1,3,6]. The classicMARTINI CGwatermodel is blind to electrostatic
fields and polarization effects since it does not bear charges and interac-
tions between sites are of the Lennard-Jones form [2]. This results in
), mvillarreal@unc.edu.ar
limitations regarding the screening of electrostatic interactions caused
by water. Processes involving movement of charges from a high dielec-
tric environment (e.g. water) to a low dielectric medium (e.g. mem-
brane interior) require a model capable of performing electrostatic
screening [6]. Two water models compatible with the MARTINI FF
which provide a better representation of the electrostatic interaction
have been developed by Yesylevskyy et al. [6] and Wu et al. [1]. These
are the MARTINI polarizable water model [6] and the Big Multi-pole
Water (BMW) model [1]. Each BMW water groups 4 water molecules
into one unit, contains three charged sites, and bears an additional
non-electrostatic soft interaction between central sites in different
units, using a modified Born-Mayer-Huggins (BMH) potential [1].
Also, a CG BMW-MARTINI FF for lipids and amino acids has been devel-
oped by Wu et al. following the MARTINI parametrization strategy and
convention [7].

Lipid monolayers are surfactant films formed at hydrophobic-
hydrophilic interfaces. The monolayer reduces the surface tension
at the interface by shielding unfavorable polar-apolar contacts [8]. In-
vestigation of phospholipid monolayers has biological relevance in the
characterization of important biological processes like the regulation
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of the surface tension of the air-alveolar interface [9] and of Tear Film
Lipid Layer (TFLL) [10]. A basic characteristic of surfactant monolayers
is their surface tension-molecular area dependence [11]. The isotherm
assesses the surface activity and phase behavior of the monolayer [9].
Since surfactant molecules reduce the imbalance of forces at the inter-
face, the reduction in surface tension is larger when the molecular den-
sity of the monolayer is higher (the interfacial area is reduced).
Therefore, surface tension shows monotonic decrease with increasing
surfactant density. An adequate reproduction of surface tension values
of lipidmonolayers is important for amolecularmodel, since the surface
tension is defined by the balance of forces between the different compo-
nents of the system. The surface tension depends on the water repre-
sentation in the given FF [11]. Some CG FFs encounter difficulties
when treating gas/liquid interfaces as interfacial surface tension or elec-
trostatic potential are not accurately reproduced and therefore some
problems arise in monolayer simulations. It is important to note that
the underestimated air–water surface tension offsets the isotherm,
and several simulations employed the experimental γ to calculate the
isotherm, or introduced an effective surface tension to compensate for
the offset [9]. Despite an overall improved performance obtained with
polarizable CG water models, quantitative reproduction of the surface
tension-molecular area isotherms of lipids monolayers remains diffi-
cult [2,8]. MARTINI with polarizable water yields a water/alkane sur-
face tension higher than the calculated value of the water/air
interface [6]. Therefore, a water/oil interface behaves as if it actually
was made up of two interfaces (water/vacuum and oil/vacuum)
close to each other rather than as a single interface [2].

As stated by the developers, BMW-MARTINI FF does not accurately
reproduce some mechanical properties of the lipid membranes [7].
When we assessed this FF in order to determine which properties can
be accurately described with this CG model, we found that at large
mean molecular area (Mma), surface tension of lipid coated water/air
interfaces were higher than the surface tension calculated for the free
water/air interface, which leads to negative surface pressure (π) values.
Moreover, in simulations of lipid bilayers, we observed that the Mma of
saturated phosphatidylcholines (PC) of increasing chain length follow-
ed the opposite trend to that observed experimentally. Also, molecular
geometries of lipid molecules deviated from the expected based on all
atom (AA) FF results. Finally, PC's gel to liquid-crystalline transition
temperatures were much lower than expected since all PC lipids were
in liquid crystalline state at 283 K.

The main objective of this work is to obtain a CG model that
possesses proper treatment of electrostatics while it is capable of better
reproducing the thermodynamical and structural properties of the
phospholipids systems. We present a version of the BMW-MARTINI FF
for lipids in which we improve the performance in the simulation of
bilayers and monolayer systems by (i) modifying some beads interac-
tions with water and (ii) by adjusting lipids geometries in order to
approach AA models values. It should be mentioned that although
further characterization of the re-parametrized FF is necessary for
simulations of lipids interactions with peptides, the model improves
the reproduction of bilayers and monolayer properties.

A description of the FF re-parametrization is presented in the next
section. In the results and discussion section we analyze a series of
structural and dynamical properties for several phosphatidylcholine
(PC) lipids systems, bilayers and monolayer, for the new parameters
as well as for the original MARTINI and BMW-MARTINI FFs.

2. Simulation methods and models

2.1. Parametrization strategy for obtaining a consistent CG model

As mentioned in the introduction, while performing simulations
with the BMW-MARTINI FF we detected inconsistent results with re-
gard to the surface tension of lipid monolayers andmolecular geometry
of the lipids. With this in mind, the approach used for the modification
of the FF was to change beads interactions with water as well
as the lipids geometries where needed. The changes in beads hydration
directly address the surface tension of the system. On the other hand,
modified lipid geometries, besides a direct structural effect, can
reshape interactions in an indirect fashion, for example making more
(or less) accessible a given moiety to the surrounding environment. To
re-parametrize the interactions with water, we compared our results
to experimental data such as surface pressure-mean molecular area
(π-Mma) values of monolayer isotherms, Mma in bilayers and gel to
liquid transition temperature (Tm). For the molecular geometries we
adjusted bonds and angles based on results obtained with AA and
united-atom (UA) simulations. For themolecular geometries the gener-
al approach of MARTINI developers was used, i.e., AA or UA simulations
were first converted into a “mapped” CG simulation by identifying
the center-of-mass of the corresponding atoms as the CG bead [12]. In
this case the AA Stockholm Lipids (Slipids) [13] and the UA Gromos
43A1-S3 [14–16] were used as a reference since they are known to
reproduce structural data obtained experimentally through X-ray and
neutron diffraction.

MARTINI CG phosphatidylcholine (PC) lipids consist of hydrophobic
tails of C1 type beads, Na beads of intermediate polarity to represent
glycerol moiety, a negatively charged Qa bead for the phosphate
group, and a positively charged Q0 bead for the choline group [12].
Double bonds in the tail are modeled using fewer hydrophobic beads
(C2, C3) along with a change of the angle bending potential of the
lipid tails [12]. C1 beads are the same constituent particles of the
alkanes. As mentioned in the introduction, surface tension at the
water/alkane interface is incorrect for CG MARTINI and BMW models.
Therefore, our first step was to improve the surface tension of long
hydrocarbon chains. This was achieved by increasing C1 beads
hydration. Also, the effect of increasing phospholipids glycerol beads
(Na) hydration was assessed. We did not introduce any additional
modifications among other bead interactions (i.e. C1-Na or Na-Na,
etc.). Although further modifications that could improve MD
reproduction of experimental data are not discarded, we were able
to significantly improve the performance of the FF by simply modifying
hydration values.

After each round of parametrization scheme, it was necessary to refit
the structural potentials until self-consistency was obtained. As in any
simplified model there is always a trade-off in reproducing different
properties of the system. In this work, we have given priority to
more global properties such as Mma for PC lipids series over
molecular geometries.

2.2. Molecular dynamics simulation details

MD simulations of bilayers of pure DLPC phosphatidylcholine lipids
were performed using the Slipids [13] and Gromos 43A1-S3 FFs [14].
A fully solvated, and equilibrated with the corresponding FF, bilayer
containing 128 and 100 lipid molecules were used for Slipids and
Gromos respectively. The simulation protocols were the same as in
the original references. For simulationswith Slipidswe used the param-
eters available in the Stockholm lipids home page (http://mmkluster.
fos.su.se/slipids/Downloads.html/). For the simulations with the
Gromos FF the parameters and equilibrated initial structures were
obtained from Lipidbook [17] (http://lipidbook.bioch.ox.ac.uk).
Simulations of 100 ns in the NPxyPzT ensemble (N = the number of
molecules, Pxy and Pz are the transverse and normal components of
the pressure tensor respectively) were collected for all the systems;
the final 70 ns of these simulations were employed for analysis.

For CGmodels, the effect of increasing hydrocarbon chains length in
the Mma of saturated PC lipids was measured using bilayers of DLPC
(1,2-didodecanoyl-sn-glycero-3-phosphocholine 12:0/12:0), DPPC
(1,2-dihexadecanoyl-sn-glycero-3-phosphocholine; 16:0/16:0) and
DAPC (1,2-Diarachidoyl-sn-glycero-3-phosphocholine; 20:0/20:0).
We also analyzed bilayers of the monounsaturated lipid DOPC
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Table 1
Theoretical and experimental surface tension values of referent interfaces. Values are
in mN/m.

Hx W W/Hx

Experimental 27b 72b 55c
MARTINI 24 31 40
BMW-MARTINI 24 79 93
This work 23 79 69

Hx = hexadecane/air. W = water/air. Hx/W= water/hexadecane.
b) http://webbook.nist.gov/.
c) [27].
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(1,2-dioleoyl-sn-glycero-3-phosphocholine; 18:1/18:1). The Mma
of lipid bilayers was calculated from simulations in the NPxyPzT
ensemble. Patches of 512 lipids were simulated with a hydration
level of 15 CG waters per lipid. Mma was obtained as Mma = Axy/N,
with Axy being the total area at the xy plane and N the number of lipids
in each monolayer. For the determination of the main transition
temperature (Tm), we performed a series of 200 ns simulations of
lipid bilayers in the NPxyPzT ensemble at different temperatures with
a ΔT = 10 K, and followed the Mma as a function of time for each
temperature. Tm was set as the temperature were Mma changes drasti-
cally in the simulation. This change is due to the marked difference in
Mma of lipids in the gel and disordered fluid phases and is easily
noticed. The Tm determination has an associated error of ±10 K.

π-Mma compression isotherms were obtained for pure lipid mono-
layers using MARTINI [4], BMW-MARTINI [7], or our ownmodifications
of the BMW-MARTINI FF. Compression isotherms of pure DLPC, DPPC,
DAPC and DOPC monolayers were simulated. The system setup
consisted of two independent monolayers of 128 lipids each, separated
by a water slab of 80 Å. In order to avoid interactions between the
monolayers, the system cell was elongated to 300 Å. In Fig. S1 a
representative equilibrated structure for the monolayers is presented.
A set of initial structures with different areas per lipid in the monolayer
was prepared using the PACKMOL software [18]. In this way the
asymmetrical distribution is avoided. Depending on the Mma simulat-
ed, the number of water beads was between 5000 and 10,000, with
more molecules needed for the larger areas. The compression isotherm
was calculated by simulating the systems at everyMma for 100 ns in the
NVT ensemble and calculating the average surface tension (see below).
Constant-area simulations as in the NVT ensemble give reasonable
results if the starting conditions are well equilibrated [19]. The temper-
aturewasmaintained constant using the V-rescale thermostat [20]with
a coupling constant of 0.4 ps.Water and lipidswere included in separate
temperature coupling groups. The Parrinello-Rahman algorithm was
used for semi-isotropic pressure coupling with a time constant of
12.0 ps. Non-bonded interactions were treated as described in the
original publications [1,4]. Basically the Lennard–Jones interactions
were shifted, while the Coulombic interactions are also shifted in the
MARTINI FF, but are calculated with the PME method [21] in the
BMW-MARTINI FF. A time step of 20 fs was used and the neighbor list
was updated every 10 steps. The simulations were 100–200 ns long.

The surface tension in the system was calculated as before [22],
from the difference between the normal, PN, and lateral, PL, pressures
in the box.

γ ¼ PN−PLð Þ‚Lz=2

Here Lz is size of the box in the direction normal to the interface and
PL = (Pxx + Pyy) / 2.

The corresponding surface pressure is given by the relation:
π(Mma) = γwa − γm(Mma), where γwa denotes the surface tension
of the water/air interface and γm(Mma) is the surface tension of the
monolayer coated water/air interface at a given Mma [19].

The surface tension value of BMW and MARTINI polarizable water
models are 77.4 mN/m and 30.5 mN/m, respectively. These values
were confirmed with a 50 ns simulation of pure water and are in
agreement with the ones originally published by the developers [1,6].

Note that the simulation times indicated for the MD simulations are
the actual values. The effective time is expected to be near 4 times
longer, since CG models result in a speeding up of the kinetics of the
system [2]. The effective times are the physically meaningful.

Monolayer collapse was defined as monolayers with a surface
tension higher than the surface tension of water/air of the respective
model. Phospholipid phases were assigned following general proce-
dures described in the literature; LE is the liquid expanded phase, LC is
the liquid condensed phase and LE-LC is the coexistence of LE and
LC [23].
Free energy profile calculations were derived from the PMF
ΔG(z) calculation as a function of the distance of the PO4 bead of the
translocating lipid to the bilayer center along the z-axis normal to the
plane of the bilayer. A series of 20 separate simulations, of 10 ns each,
was performed, in which the PO4 bead of the translocating lipid was
restrained to a given depth in the bilayer by a harmonic restraint on
the z-coordinate. A force constant of 1000 kJ/mol nm−2 was used
with a spacing of 0.1 nm between the centers of the biasing potentials.
The Weighted Histogram Analysis Method (WHAM) was used to
extract the PMF and calculate ΔΔG [24].

Simulations were performed using the GROMACS simulation
package (version 4.5.5) [25].

3. Results and discussion

3.1. Surface tension at the oil-water interface

Lipids chains aremodeled inMARTINI as a linear chain of hydropho-
bic (C) beads, the same constituting beads of the alkanes [4]. Alkanes
have proven to be a valid model for the representation of lipids
hydrophobic tails [13]. Baron et al. [26] analyzed the behavior of
hydrocarbons of increasing chain length using the MARTINI FF and
found that oil/oil interactions are too weak, and water/oil repulsion is
overestimated for the model. The same is observed for BMW-MARTINI
[7]. Hydration free energies for butane are ~10 kJ/mol, in correspon-
dence with the expected values for AA force-fields (~10 kJ/mol), but
deviate considerably for larger alkanes, reaching energies values up to
~15 kJ/mol larger than the expected for hexadecane [7]. Similarly to
the original MARTINI model [4], BMW-MARTINI model systematically
overestimates the hydration free energies as compared to experimental
values [7]. Themagnitude of the overestimation is larger for more polar
beads (i.e., P groups) [7]. Table 1 shows the surface tension values
obtained for the original MARTINI, the BMW-MARTINI and with
our modified FF along with experimental values for water/air,
hexadecane/air and water/hexadecane interfaces. It can be observed
that the calculated surface tension at the hexadecane/air interface is
comparable to the experimental values. Water/air values are compara-
ble to experiment for the BMW model, but they are too low in the
MARTINI FF. None of the simulatedmodels gives a quantitative approx-
imation to the experimental values for the water/hexadecane system.
However, it is more important to note that for both MARTINI and
BMW-MARTINI models, the water/hexadecane surface tension is even
larger than for the water/air system. The fact that in mixed systems,
the surface tension is larger than the surface tension of pure systems
lacks physical sense and, in this case, indicates poor water-alkane inter-
actions. Only our modified BMW FF gives surface tension values for the
water/hexadecane interface that are closer the values obtained for the
pure systems (see Table 1). Considering that a lipid monolayer at the
water/air interface is expected to reduce the surface-tension between
these two phases, and that at large Mma the lipid tails are exposed to
water to some degree, it is expected that the reproduction of the
π-Mma isotherms may present some challenges [2]. Limitations for
the reproduction of pressure-area isotherm for lipid monolayers using
MD simulations have been characterized before [22].

http://webbook.nist.gov


Table 2
Beads hydration values. Interaction of P7 water bead type with lipid beads.

BMW-MARTINI This work

C1 1.42 2.7
Na 2.84 4.5

Values in kJ/mol.
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Simulated π-Mma compression isotherms ofmonolayers of PC lipids
were performed using the original BMW-MARTINI FF [7] in order to
determine if it is able to reproduce experimental π-Mma isotherms.
The resulting isotherms of DOPC are shown in Fig. 1. π values obtained
from CG simulation show some physical inconsistencies, such as the
fact that at high Mmas (near 90 A2/lipid) π values were negative,
which makes no physical sense. As the Mma is increased and the lipids
adopt less ordered configurations, hydrocarbon chains become more
exposed to water, making the interface more similar to the water/oil
interface. This is the cause of the observed behavior at high area/per
lipids values, where surface tension of BMW-MARTINI lipids coated
interfaces is higher than the surface tension calculated for the free
water/air interface, which leads to negative π values.

We attempted to recalibrate long chain alkanes in order to repro-
duce lipid hydrophobic tails. The strength of the interaction, determined
by the value of the well-depth εij, depends on the interacting particle
types. Original MARTINI values for the well-depths, ε, between
uncharged bead types and water were modified in BMW [7] using
scaling factors. We will refer to these values as scaled interactions. In
order to achieve proper hydration, epsilon value for water-alkane inter-
action (P7-C1 interaction) was modified from a “scaled-repulsive”
(1.42 kJ/mol) to a “semi-repulsive” (2.7 kJ/mol) interaction value
(Table 2). This positions water/alkane surface tension values between
water/air and alkane/air surface tension values, as required. π-Mma
isotherms were calculated for DOPC, using the modified C1 hydration
values (Fig. 1, green line). Further increase of water-alkanes interac-
tions could improve these values, but would disturb hydrophilic-
hydrophobic balance in the FF and would require an intensive
re-parametrization and the possible addition of new interactions.

After several rounds of parametrization, an increase in the hydration
of the glycerol beads was necessarily favored in order to eliminate
negative values in the π-Mma curves. Glycerol beads hydration was
favored by increasing water-glycerol beads epsilon values from
“scaled semi-repulsive” (2.84 kJ/mol) to “almost-attractive”
Fig. 1. π-Mma isotherms for DOPC calculated using the original BMW-MARTINI force field
(blue line), modifying hydrophobic tail-water interaction, (green line) and modifying
hydrophobic tail- and also glycerol-water interaction (black lines). For both of the
curves with modified hydration values, lipids geometries were also changed to the final
values detailed in Table 2 (see below).
(4.5 kJ/mol) (Table 2). π-Mma isotherms were calculated for DOPC,
using the modified C1 and Na hydration values (Fig. 1, black line).

3.2. Phosphatidylcholine lipids structural properties

Structural comparison of CGmodels with AA and experimental data
is useful for the optimization of the bonded interactions of the former.
We evaluated the BMW lipid models by comparison to CG MARTINI
and AA simulations using the Stockholm (Slipids) [13] and GROMOS
43A1-S3 lipids [14]. Simulation of DLPC and DOPC bilayers at 323 K,
was used in this comparison. We mapped AA lipids chemical structure
to the CG representation following the MARTINI Coarse Graining ap-
proach, and these structural parameters were used as parametrization
targets. The mapping of CG particle types is showed in Fig. 2. In CG
FFs, beads mapping limits the chemical resolution and the accuracy of
structural details [2]. In some cases the modifications of the local struc-
ture of the lipids have pronounced influence on the global structure of
the lipid bilayer properties such as Mma, surface tension, melting
point, and therefore a compromise has to be achieved between
the fine-tuning of lipid geometries and the reproduction of global
properties. In such cases we have preferred a closer reproduction of
global vs local properties.

The values of the molecular geometry obtained with the original
BMW-MARTINI showed several discrepancies with respect to AA data.
Particularly, the bond distance between phosphate and choline head
groups (P-N) was quite longer than expected according AA models,
and also when compared to original MARTINI (Fig. 3). The P-N distance
distribution obtained with Slipids presents narrow distribution with a
single maximum centered at 4.4 Å, while for the GROMOS 43A1-S3,
the distribution is bimodal with maximums at 4.5 and 4.9 Å. While
MARTINI has a distribution compatible with the AA results, for BMW-
MARTINI the observed mean value was 6.8 Å which is too long (Fig. 3).

BMW-MARTINI FF developers used the structural parameters
taken straight from the original MARTINI without any further re-
Fig. 2. All Atom to coarse grained mapping of the chemical structure of PC lipids. The all
atom structure is shown in sticks while the coarse grained beads are shown as
transparent vdW spheres.

Image of Fig. 1
Image of Fig. 2


Fig. 3. Phosphate-choline (PO4-NH3) bond length distribution calculated for Stockholm
lipids (gray line) and GROMOS (black line) FFs as well as GC MARTINI (green line),
BMW-MARTINI (blue line) and our modified FF (red line).

Table 3
Comparison between the original and new parameters for the bond stretching.

BMW-MARTINI This work

r0 k0 r0 k0

N-P 4.7 1250 4.0 8000
P-GL1 4.7 1250 4.0 2000
GL1-GL2 3.7 1250 4.0 2000
GL1-C 4.7 1250 4.8 2000
C-C 4.7 1250 4.8 2000

r0- equilibrium distance (Å). k0 force constant (kJ mol⁻1 Å⁻2).
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parametrization [7]. Not all structural parameters of MARTINI FF are
expected to work properly if the water model is modified, especially
for molecular moieties with strong interaction with water. It is clear
from Fig. 3 that this is the case of the P-N bond in the lipid head
group, which, due to the strong interactionwith the BMWwater, adopts
a larger equilibrium distance. The mean distance between P and N of
6.8 Å in the BMW model is long enough for a water bead to insert in
between. Clearly a re-parametrization is needed for this bond. PC lipids
are neutral, but carry an electric dipole moment since the PO4 and NH3

groups are charged, bearing negative and positive charge, respectively.
This makes P-N bond distance play a key role in the regulation of global
behavior of CG lipids. For instance, we noticed that a reduction in this
bond length reduces lipids Mma. We explain this through its influence
on the regulation of interaction of the polar head beads with water. At
short bond length, lipid-lipid interactions predominate over polar
head-water interactions and the bilayers contracts. The opposite situa-
tion favors polar head-water interactions and the membrane tends to
expand. Different hydration levels of the polar head groups determine
different values of the surface potential and the dipole potential [28].
Therefore, P-N beads distance bond is involved in the determination of
the interface potential that ultimately regulates long distance domain
interactions. We modified the P-N bond length in the BMW-MARTINI
by increasing the spring constant and reducing the equilibrium
distance. The obtained distribution is in good agreement with the one
obtained with the Slipids (Fig. 3).

An additional molecular parameter with clear incidence on global
properties of the bilayer is the geometry of the carbon beads of the
hydrophobic tails of the lipids, especially angle bending, which is crucial
in order to obtain an accurate melting temperature and Mma of the
bilayer. We found that making the lipid chain straighter increases the
attraction between lipid chains, which diminishes the Mma and in-
creases the melting constant of the lipid bilayer. It is possible to make
the chain straighter by increasing the spring constant of the bending
of the angle C-C-C. In ourfinal parameterwehave increased thebending
constant by a factor of almost three. This modification is further
discussed in Section 3.3. Also, it is important to take into account the
P-GL1-C1 angle. We have observed that when the equilibrium value of
this angle is reduced an increase of the Mma is produced, although we
have no clear explanation for this behavior.
We have also modified other structural parameters of the lipid
geometry that do not have direct influence on global properties of the
membranes or monolayers, but serves to approach the obtained CG
geometry to the AA reference values. The criterion used was not to ex-
actly match the AA distribution but to keep the number of the parame-
ter changes to a minimum. In Fig. S2 we show the comparison of the
distributions for different bonds and bending. Table 3 and Table 4
show the topological parameters modified in this work, along with the
original values for comparison. The BMW-MARTINI share the same geo-
metrical parameters except where indicated. Modified FF parameters
are available as supplementary material (see BMWModified topologies).

3.3. Phase transition temperature (Tm) for lipid bilayers from gel to
liquid-crystalline

We analyzed the phase transition temperature of typical saturated
PC bilayers (DPPC and DAPC) [29] to determine whether BMW-
MARTINI FF is suitable to capture the main phase transition tempera-
ture. We performed a series of simulations of each lipid bilayer system
starting from previously equilibrated structures in the gel phase (Lβ)
and then proceeded with the melting of the ordered Lβ phase towards
a disordered fluid phase (Lα). The Lβ differs from the Lα phase by a
lower Mma and a strongly reduced lateral mobility, among other key
features [30,31]. We followed the Mma, that is sensitive to the phase
state of the bilayer, to determine the melting temperature [32]. Due to
the approach followed to determine the melting temperature its
determination is not precise for our MD simulations. Therefore, a Tm
range is given (see Table 5).

The estimated transition temperature of DPPC in the BMW-MARTINI
is 283 K, and in the 313 to 323 K degrees range for MARTINI and our
model. It should be noticed that 283 K is the lowest temperature we
were able to test for BMW FF since at lower temperatures water is
expected to freeze. Therefore, in practice BMW bilayers of DPPC are
always at the Lα phase. Experimentally, DPPC has a pre-transition tem-
perature (Tpre) of 307 K, which is not captured by any of the FF tested,
and a main phase transition temperature (Tm) of 314 K [30,31,33]. In
the case of DAPC the BMW-MARTINI bilayers are also always in the Lα
phase, while theMARTINI and our model are closer to the experimental
value [29]. In this case the MARTINI model gives a Tm lower than the
experimental while for our model the Tm is higher (see Table 5). The
temperature difference between the gel-to-fluid transitions in the
BMW-MARTINI CGmodel versus experimental DPPC is 30 K and almost
50 K for DAPC, while with our re-parametrization the difference is on
the order of 10 K.

The bonded parameters for BMW-MARTINI model are the same
as the original MARTINI, with the only modification of the force
constant for angle bending in lipid tails, which is reduced from 25 to
10 (kJ/mol deg−2) [7]. BMW-MARTINI developers justify this modifica-
tion because of the narrower angle distribution in MARTINI when
compared to AA models [7,26]. The reduced force constant in BMW-
MARTINI increases hydrocarbon chain flexibility that ultimately affects
melting temperatures. As mentioned before, during parametrization
we observed that an increased angle bending force constant for lipid
tails (C-C-C angle) correlated with an increased in the melting

Image of Fig. 3


Table 4
Comparison between the original BMW-MARTINI and new parameters for the
angle bending.

BMW-MARTINI This work

a0 k0 a0 k0

N-P-GL1 – – 100.0 7.0
P-GL1-GL2 120.0 25.0 100.0 50.0
P-GL1-C 180.0 25.0 130.0 50.0
GL1-C-C 180.0 10.0 (25.0)* 180.0 80.0
C-C-C 180.0 10.0 (25.0)* 180.0 80.0
C = C-C 120.0 45.0 130.0 60.0

a0- equilibriumangle (Deg). k0 force constant ( kJmol⁻1 Deg⁻2).* Values in parenthesis are
for the MARTINI FF.

Fig. 4. Mma obtained for a homologous series of saturated PC lipids of increasing chain
length as a function of temperature. Experimental values were taken from [34,35].
Simulations using CG MARTINI and BMW-MARTINI models were also compared to our
modified BMW-MARTINI. All simulated values were calculated in this work.
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temperature. Using a stiffer bond-angle potential the chain tends to be
more elongated therefore favoring a stronger inter-chain interaction,
which translates in a higher Tm. By increasing force constant we were
able to obtain Tm values for DPPC and DAPC, although still high, closer
to the experimental ones than with the original MARTINI FF (see
Table 5).

3.4. Mean molecular area of bilayers in the homologous PCs series

MD simulations of lipid bilayers require a precise description of the
Mma and this is often used as the key parameter when assessing the va-
lidity of MD simulations of lipids. We evaluated the molecular area of
saturated lipids with increasing hydrocarbon chains length for the PC
homologous series (Fig. 4). Hydrocarbon chains mapping of DLPC,
DPPC and DAPC lipids in BMW-MARTINI consist of 3, 4 and 5 beads re-
spectively. It should be taken into account that for these CG models,
DLPC and DMPC for one side, and DSPC and DAPC, for the other, cannot
be distinguished due to the resolution employed in the mapping (Fig.
2.)

All lipid systems were simulated at different temperatures. At a
given temperature a decrease in lipid area as a function of increased
chain length is expected. This behavior is the consequence of larger
van derWaals attractive forces between the hydrocarbon tails with lon-
ger lipid chain length [34]. For example, lipid areas of DLPC, DPPC and
DSPC bilayers determined using small-angle neutron and X-ray scatter-
ing data at 333 K are 65.9, 65.0 and 63.8 Å2, respectively [34]. Inversely
to the experimental observation, lipid areas of simulated bilayers with
both MARTINI and BMW-MARTINI FF presented an increase in Mma
as chain length increases (see Fig. 4).

During parametrization we observed that the bending constant for
C-C-C angle influenced not only the Tm, but also the Mma. With the
modifications introduced by us to the BMW-MARTINI FF, we obtained
values for Mma that qualitatively reproduced the expected behavior of
PC lipids of increasing length (Fig. 4). Experimentally, DLPC and DPPC
lipids differed by a Mma of 1 to 1.7 Å2 depending the temperature of
comparison (E.E. Ambroggio and M.L. Fanani, personal communica-
tion). With our modified FF, this difference is near 2.5 Å2, which is
within the uncertainties of both experimental and simulation results.

The slope of Mma vs temperature curve corresponds to the coeffi-
cient of thermal expansion, which describes the tendency of the bilayer
to change in volume in response to a change in temperature [36]. This is
well described byMARTINI FF, sinceMma vs temperature curve slope is
Table 5
Theoretical and experimental Tm values for PCs of different chain lengths.

BMW-MARTINI
(k0a = 10)

MARTINI
(k0 = 25)

This work
(k0 = 80)

Experimental

DPPC 283b 313–323 313–323 314[33]
DAPC 283 323–333 343–353 339[29]

a Values in kJ mol−1 deg−2.
b Values in Kelvin.
similar to the experimental one,while BMW-MARTINI andourmodified
FF are less sensitive to temperature changes (see Fig. 4).

Two additional elastic and dynamic properties were computed in
order to test the ability of the modified FF to reproduce experimental
data for lipid bilayers. Since an ensemble of different experimental
values can verify the FF, Isothermal area compressibility modulus (KA)
and Lateral diffusion coefficient (D) were calculated. The lipid lateral
diffusion rate can be calculated from an MD trajectory from the slope
of the mean squared displacement (MSD). The diffusion coefficients
obtained from the slope of the MSD curve were included into
supplementary material (table S1) and compared to those calculated
for Slipids [13], MARTINI [4] and experimental values. For DPPC in
the fluid phase in the MARTINI model, the diffusion coefficients are in
the range 10–40 × 10−8 cm2 s−1 for the temperature range T = 285–
350 K [30]. Experimental values for DPPC are 6–2 × 10−8 cm2 s−1

between T = 315–335 K [37] and 10 × 10−8 cm2 s−1 at T = 321 K
[38]. We obtained values for DPPC of 16–32 × 10−8 cm2 s−1 between
T = 323 and 343 K. Therefore, the range of diffusion rates obtained for
the modified BMW overlap with most of the experimental, MARTINI
and Slipids measurements.

3.5. MD simulations of π-a compression isotherms of pure PC lipids

π-Mma isotherms were calculated for saturated PC lipids DLPC,
DPPC and DAPC. Simulations of CG are included here, using the
MARTINI, BMW-MARTINI and our own new modified FF (see Fig. 5).
The main result for this section is that with the modifications made,
we were able to remove the region of negative values of surface
pressure that are present in the isotherms of both MARTINI and
BMW-MARTINI. As mentioned before, these negative regions are
unphysical since this situation would indicate that the surface tension
of the interface in the presence of the lipids monolayer is higher than
that of the pure water. We attributed this behavior to a poor alkane-
water interaction, also reflected in a water/alkane surface tension
value not lying in between thewater/air and alkane/air surface tensions.

Themodifications introduced not only allowed for the elimination of
this serious artifact, but also another inconsistency in regard to the
effect of the chain-length. Due to the longer tail, experimental DPPC iso-
therms aremore condensed than that of DLPC. This is not reproduced by

Image of Fig. 4


Fig. 5. Compression isotherms of DLPC, DPPC and DAPC. Theoretical data were calculated
withMARTINI, BMW-MARTINI andourmodifiedFF and comparedwith experimental data
(E.E. Ambroggio and M.L. Fanani, personal communication).

Fig. 6. PMFs for (A) flip-flop and (B) lipid desorption from the bilayer to bulk water of a
DPPC molecule. The x-axis refers to the distance between the PO4 bead position and the
bilayer center. Black line, our modified FF; red line, BMW-MARTINI. Error bars represent
the standard error obtained with bootstrap analysis with g_wham.
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the BMW-MARTINI where DPPC isotherms are slightly more expanded
than DLPC, but is well described in both the MARTINI and our modified
FF.

Nevertheless, when simulated isotherms are compared with
experimental ones in detail, it can be seen that theoretical isotherms
are shifted to areas/lipid larger than those obtained experimentally,
especially at high surface pressures. The shift of the simulated isotherms
to larger Mma with respect to experimental ones occurs for CG and AA
simulations alike [19]. Moreover, while experimental DPPC π-Mma
isotherm presents prominent liquid expanded (LE) and liquid con-
densed (LC) states and a LE-LC coexistence region (see Fig. 5), isotherms
simulated by all the FFs tested lack LC-LE coexistence.

Isotherm simulated with MARTINI model has previously shown to
present LC-LE phases coexistence plateau at 300 K [22]. The discrepancy
between our MARTINI results and the previous work by Baoukina et al.
is most probably due to system size [22]. The presence of LC/LE
coexistence in DPPC isotherms is supposed to depend on temperature
and system size [39]. In order to explore the possibility of our modified
BMW-Martini FF to show LC-LE coexistence we expanded the range of
temperature used for DPPC pressure-area isotherm to 285–313 K and
increased our system size to 1100 DPPC molecules/monolayer, and
still found no evidence for the LC/LE transition (data not shown). It
should be pointed out that the original BMW-MARTINI FF has no reports
of being capable to reproduce DPPC LC/LE transition.

Finally, the slopes of the surface pressure-area isotherms of the
monolayer, a parameter proportional to the area compressibility modu-
lus, KA, are somewhat flatter with our modified FF compared to Martini
and BMW-Martini FF curves (Fig. 5). Membrane lateral compressibility
is important for proper cell function since it determines the capacity
of elastic membrane deformation. Therefore, we calculated the KA

values obtained with our modified FF and compared it with original
and Slipids monolayers (see SFig. 3). KA values were calculated from
π-A isotherms data. Calculated values for the monolayer KA in the LE
phase using the MARTINI model agree well with experimental values
[22]. The maximum values of DPPC KA values vary between models
from KA = 350 (at AL = 0.65 nm) in BMW-MARTINI; KA = 212
(at AL = 0.60 nm) in MARTINI and to KA = 200 (a t AL = 0.65 nm) in
our modified FF (see SFig. 3).
3.6. DPPC free energy of lipid desorption and flip flop

We tested the ability of our model to reproduce lipid translocation
(flip-flop) free energies and lipid desorption from the bilayer into bulk
water. We determined the free energy barrier for lipid flip-flop, and
the free energy for lipid desorption using umbrella sampling in liquid-
disordered bilayer calculating the potential of mean force (PMF)
(Fig. 6A). The free energy for DPPC flip-flop and pore formation for at-
omistic model presents energy barriers of ca. 80 kJ/mol [40] . According
to Bennet and Tileman there is good agreement between the AA and CG
MARTINI models on the shape of the PMFs and the free energy barriers
for DPPC, but found that the free energy barriers for BMW-MARTINI
DPPC flipflop are significantly overestimated [40]. The BMW water
model presents a steeper slope in the PMF and a significantly higher
barrier for flip-flop, although the position of the free energy minima is
the same as the other two CG models [40]. We confirmed this observa-
tions, since we obtained an energy barrier of aprox. 115 kJ/mol with
original BMW FF (Fig. 6A), but with our modifications, this overestima-
tion is compensated and the modified BMW model gives free energy
values of ca. 70 kJ/mol (Fig. 6A), in agreement with atomistic and
MARTINImodels. Ourmodified BMWmodel givesmore accurate values
and maintains the shape of the energy profile, improving the ability of
the model to reproduce lipid flip-flop free energies.

Free energy of transferring a DPPC molecule from the bilayer into
bulk water is of 75 kJ/mol for our modified BMW FF (Fig. 6B), and is
in agreement with values obtained with atomistic models [41]. As
observed for flip-flop, the free energy barriers for BMW-MARTINI
DPPC desorption were significantly overestimated, giving a maximum
of approx. 125 kJ/mol (Fig. 6B). Therefore, our modified FF represents
an improvement since it better reproduces the free energy of flip-flop
and desorption of lipids.

4. Conclusion

We assessed BMW-MARTINI in order to determine which structural
and thermodynamical properties can be accurately described with this
CG model. We found that for lipid monolayers compression isotherms
showed the serious artifact of regions with negative surface pressure.
In lipid bilayers, Mma and melting temperature values of PC lipids

Image of Fig. 5
Image of Fig. 6
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were not accurate either. Finally, molecular geometries of lipid mole-
cules diverge from the expected based on all atoms simulations.We im-
prove the performance for the items mentioned above by modifying
beads interactions with water and by adjusting lipids geometries.

We were able to modify BMW-MARTINI FF to obtain a model that
possesses proper treatment of electrostatics and is capable of reproduc-
ing the several important properties of the phospholipids systems. This
should be a tool that allows lipidic system analysis at larger time and
size scales.
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