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Abstract
A new coarse-grained (CG) intermolecular force field is presented for a series of zwitterionic lipids.
The model is an extension of our previous work on nonionic surfactants and is designed to reproduce
experimental surface/interfacial properties as well as distribution functions from all-atom molecular
dynamics (MD) simulations. Using simple functional forms, the force field parameters are optimized
for multiple lipid molecules, simultaneously. The resulting CG lipid bilayers have reasonable
molecular areas, chain order parameters, and elastic properties. The computed surface pressure vs.
area (π-A) curve for a DPPC monolayer demonstrates a significant improvement over the previous
CG models. The DPPC monolayer has a longer persistence length than a PEG lipid monolayer,
exhibiting a long-lived curved monolayer surface under negative tension. The bud ejected from an
oversaturated DPPC monolayer has a large bicelle-like structure, which is different from the micellar
bud formed from an oversaturated PEG lipid monolayer. We have successfully observed vesicle
formation during CG-MD simulations, starting from an aggregate of DMPC molecules. Depending
on the aggregate size, the lipid assembly spontaneously transforms into a closed vesicle or a bicelle.
None of the various intermediate structures between these extremes seem to be stable. An attempt
to observe fusion of two vesicles through the application of an external adhesion force was not
successful. The present CG force field also supports stable multi-lamellar DMPC vesicles.
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1. Introduction
The recent widespread interest and development of coarse-grained (CG) molecular models of
biological and polymeric systems have allowed the frontier of molecular simulations to access
molecular phenomena such as the self-assembly of macromolecules into an array of complex
structures.[1,2] Lipid assembly is one of the most widely studied phenomenon with CG
modeling, not only because of the interesting behavior exhibiting a variety of morphologies
with over 10 nm length scale (such as bicelles, vesicles, and even cubic structures), but also
because of the importance in biological and nanotechnology applications. The great success
of the pioneering lipid CG model proposed by Smit et al.[3,4] encouraged the subsequent CG
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modeling of lipids including dissipative particle dynamics from the phenomenological
approaches.[5–14] There are several all-atom molecular dynamics (MD) based CG modeling
approaches, which aim at establishing a link between the CG description and the underlying
atomic nature of the molecule.[15–21] Among these, roughly speaking, there are three major
approaches: 1) reverse Monte Carlo methods[15,16,22], 2), force matching schemes[17,18],
and 3) the elaboration of CG force fields.[19–21] The reverse Monte Carlo approach, a popular
method for CG modeling of polymers,[23,24] was extended to lipids by Shelley et al.[15,16]
Force matching, the most systematic approach to build a CG model, is based on the underlying
atomic interactions between the chosen CG segments. This method has been developed and
extensively used for many molecular systems by the Voth group.[17,18] The force field
approach is an extension of Smit’s approach, where the parameterization of each CG segment
is done empirically using selected functional forms.[19–21] One of the most successful
examples of the latter is the MARTINI force field.[19,20] Also, interested readers may refer
to a recent book,[25] where more detailed accounts of a variety of CG approaches can be found.

Specifically, herein we present a new CG molecular force field for zwitterionic lipids, which
was built by a force field approach. The present model is an extension of the previously reported
PEG force field, where interfacial properties and the structure at the CG level are taken into
account.[26,27] The previous lipid model from this group was built by the inverse Boltzmann
method, where the CG model should reproduce the detailed structure of the all-atom lipid
bilayer system. Here we have changed the strategy used to fix the CG force field for several
reasons; 1) selected target thermodynamic quantities e.g., interfacial properties and solvation
free energy, are more easily tuned in the parameterization, 2) the transferability of the force
field for different lipid structures e.g., micelle, bilayer, inverse hexagonal can be expected, and
3) degradation of structural properties is minimized by choosing an appropriate functional
form.

Like all-atom force fields,[28] the choice of water model is quite important for this approach.
For the sake of computational efficiency, the present CG water is assumed to contain multiple
water molecules. This enables application of the CG model to simulations of dilute systems
such as lipid bicelles and vesicles. Having a liquid state across the temperature range of 0 to
100 °C and desired interfacial properties (experimental surface tension and density as well as
a reasonable interfacial width and transfer free energy across water/oil interface), the number
of water molecules to be packed into a single CG site is limited to three.[26] The functional
form is also quite important to prevent an unrealistic freezing of water under ambient
conditions,[26] which can be an issue for CG modeling.[20,29] The size of the water CG
particle determines the CG resolution level, which in this case enhances the sampling efficiency
by about three orders of magnitude, compared with all-atom MD simulations.[30]

In the next section, we describe the all-atom MD simulations used to obtain reference data for
the CG modeling as well as the details of CG-MD simulations. In the section 3, the CG mapping
procedure is described along with the selection of the functional forms. Then, the CG-MD
results are presented in the following section. The quality of CG model is assessed by
considering the structure and elastic properties of the lipid membranes. Section 5 is devoted
to presenting applications using the new CG force field along with a comparison to previous
models. The applications presented for monolayer collapse and vesicle formation demonstrate
the potential ability of the present CG model to capture realistic macromolecular organization
beyond the nanoscale.
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2. Methods and Simulations
2.1. All-atom molecular dynamics

We have carried out all-atom (AA) MD runs for five systems: a dodecylphosphatidylcholine
(DPC) micelle solution, and four different bilayers: dimyristoyl phosphatidylcholine (DMPC),
dipalmitoyl phosphatidylcholine (DPPC), palmitoyl oleyl phosphatidylcholine (POPC), and
palmitoyl oleyl phosphatidylethanolamine (POPE). (Fig.1) Temperatures are set to have a
liquid crystal state for each system. The CHARMM PARAM27R force field [28,31] is
employed for the lipids along with the TIP3P water potential.[32] We used 60 DPC molecules
for the micellar solution. For the bilayers, we set up each system with 128 lipid molecules along
with a sufficient quantity of water to mimic a saturated lipid bilayer; the number of water
molecules being determined according to experiments.[33,34] The area per lipid molecule was
fixed during the MD simulations using the NPnAT ensemble. The temperature was controlled
by Langevin dynamics, which was coupled to all atoms except hydrogens with a 5 ps−1 damping
coefficient. Normal pressure was held at 1 atm by a Nosé-Hoover Langevin piston [35] with
a decay period of 5 ps and a damping time of 2.5 ps. The detailed system setup is listed in Table
1. AA-MD simulations were carried out with periodic boundary conditions using the efficient
parallel molecular dynamics program NAMD 2.6.[36] Long-range electrostatics were
calculated with the Particle-Mesh Ewald (PME) scheme [37] using an order-4 interpolation
and a grid spacing smaller than 0.1 nm. Lennard-Jones (LJ) pair potentials were evaluated
within a cutoff distance of 1.2 nm, with a smooth switching function above 1 nm. A multiple
time-step scheme was employed, with a base timestep of 2 fs and an extended timestep of 4 fs
for longer-range Coulomb forces. All bonds involving hydrogen atoms were constrained to
their equilibrium length by SHAKE/RATTLE. [38,39]

2.2 Coarse-grained molecular dynamics
To develop and evaluate the CG model, we used our in-house MD code, MPDyn.[40] NVT,
NPT, NPnAT dynamics were generated using a Nosé-Hoover chain thermostat and an
Andersen or Parrinello-Rahman barostat, with a response time of 0.5 and 10 ps, respectively.
[41–43] The target pressure and temperature were 0.1 MPa and 303 K, respectively, though
the temperature is slightly changed depending on the lipid component to simulate the liquid
crystal phase. The nonbonded LJ interaction was truncated at 1.5 nm, though the Coulomb
interaction was calculated by Ewald summation when charged particles were in the system.
[39] The rRESPA algorithm was employed to integrate the equations of motion.[44] Bonded
and short-ranged nonbonded interactions were updated every 5 fs, while long-ranged
interactions were updated every 40 fs. We used XO-RESPA for NPT dynamics, [40,43] which
increases the numerical stability of integration.

The LAMMPS code [45] was adopted for the large scale computations (N > 100,000) found
in Sec. 5. In this case, there are some additional restrictions on the available methods: The NPT
ensemble was generated by Nosé-Hoover dynamics, [46] the Coulomb interactions were
evaluated by the PPPM method, [37] and a single time step of 10fs was used. These minor
changes did not affect the simulation results of interfacial properties or structure, which are
the target properties of the CG model.

3. Coarse-graining
The CG lipid model was developed here as an extension of our PEG (polyethyleneglycol)
surfactant model. We use the same water and alkane models as in the earlier work.[26] The
CG particles are defined in Fig. 1 and Table 2. The CG water particle has a different nature
from the other CG particles because it represents multiple molecules. This choice warrants
discussion, as some more recent CG models use a single water molecule CG representation to
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improve accuracy.[17,21] Packing several independent molecules into one site does impose a
limitations on the present CG model. For example, we cannot expect to have a reasonable
structure factor for the bulk water. Also, it is impractical to use the force-matching procedure
[17,18] to construct the CG model, as shown previously.[26] It should be noted here that, in
many situations (relatively dilute systems such as micelles and liposomes), the MD simulation
is dominated by the calculation of water-water interactions, even though these interactions are
not of primary interest. In this sense, a coarser (multi-molecule) CG water particle is preferred,
even though this makes the details of the water-water structure beyond the scope of the CG
model. Our interest is mainly on the lipid or surfactant self-assembled structure, while we still
require the CG water to reproduce several properties: First, we selected an explicit water model
in order to have hydrodynamic interactions between surfactant aggregates. Thus, the CG water
should work essentially as a momentum carrier. Second, the water model should have a liquid
phase in the temperature range of 0 to 100°C. Third, the CG solvent should have the correct
density and surface tension. Finally, the CG model should reproduce a reasonable interfacial
width with alkanes and the correct transfer free energy of solutes. To meet these conditions,
we have evaluated a series of functional forms and eventually selected the Lennard-Jones (LJ)
12-4 function. Readers may refer to the previous paper for more details.[26]

In our parameterization, we use simple functional forms for the inter- and intra-particle
potentials. For intramolecular interactions, we assume harmonic bond stretching and angle
bending potentials for 1–2 and 1-2-3 bonded pairs, while the pairs separated by more than two
bonds interact via the nonbonded force. We have also a correction term for 1–3 interaction,
which is the same as the nonbonded interaction but being truncated-shifted to get zero at r =
rs.

(1)

(2)

(3)

The last term is optional but sometimes needed as a correction to prevent an implausibly bent
structure in CG-MD. In the CG model, the bending force constant can be comparable to the
nonbonded potential depth. This sometimes causes a complete angle collapse where a strong
1–4 nonbonded interaction overwhelms the 1-2-3 bending interaction. The last term should
contribute only when the artificial collapse of an angle happens. A choice of rs = rmin, which
is the distance of the LJ potential minimum used for the nonbonded interactions, meets this
condition and does not affect the angle distribution in a normal situation. Therefore, the
parameters for previous CG models [26,27] are useful without any modifications. Actually, it
is quite a rare event to have 1–3 pair CG sites closer than rmin. Our target quantity for the
parameterization of the force constants is bond and angular distributions obtained from AA-
MD simulations. In this approach, the detailed structural correlation at the resolution finer than
the CG particle size is beyond the scope of the model. For example, although we sometimes
have a bimodal distribution of bond distance from AA simulations, we have only unimodal
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distributions with the simple harmonic potential. In this case, the parameters are chosen to
reproduce the average and dispersion of the corresponding AA distribution function.

After a series of investigations of structural and interfacial properties using different functional
forms,[26] we selected two types of LJ functions, (12-4) and (9-6), for the nonbonded
interaction potential;

(4)

As shown in the previous work, [26,27] for pure solvents, we fixed the LJ parameters, ε and
σ, by fitting to surface tension and density data. This procedure was applied to alkenes and
esters. The alkene-water interaction was determined using the interfacial tension data, while
the ester-water interaction parameters were fixed to give the experimental hydration free
energy.

The above mentioned strategy was systematically applied to fix the parameters using the
segmental molecules (chemical functional groups) composing the lipids, when the bulk
molecules are in the liquid state at the target temperature of 303 K. Unfortunately for the lipid
head group this is not the case. To optimize the head group parameters, we used structural data
of lipid assemblies, e.g., experimental molecular area and distribution functions obtained from
AA-MD simulations. In this case, we had several parameters to be determined simultaneously.
By using multiple lipid molecules as shown in Fig.1, we optimized the model to perform well
for a series of lipids using the same transferable parameters.

The main difference between the lipid model and the previous PEG model is that each of the
lipid headgroup CG sites (PH, NC, and NH) has a partial charge. We calculated the interaction
using the Ewald sum with the standard Coulomb functional form. [39]

(5)

where qi is the partial charge of i-th particle and ε0 is the permittivity in vacuum. The relative
permittivity was selected to take into account the screening effects of water implicitly. It should
be emphasized that we evaluated the Coulomb interaction with no truncation using an Ewald
summation. For the sake of computational efficiency, attempts were made to introduce a cutoff
based Coulomb interaction with a damping function. When we attempted to apply the latter
approach to systems having heterogeneity in the charge distribution, e.g., an ionic surfactant
monolayer at the air/water interface, the cutoff could not reproduce the correct asymptotic
behavior of the counter ion distribution away from the interface. Specifically, despite the choice
of damping function and parameters, the counter ion distribution does not decay as an
exponential function, though theoretically it should do so. These details will appear in a
forthcoming paper. The correct ionic distribution is a necessary condition, even though not a
sufficient condition, to have a reasonable interaction between two charged surfaces at large
separations. For CG-MD, the lack of a valid long-ranged interaction is a significant flaw
because the computations should give insight into the mesoscopic organization of the
macromolecules. Therefore, even though a non-cutoff scheme requires extra computation, we
evaluate the Coulomb interaction without a truncation.

All CG parameters determined are tabulated in Tables 3–5.
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4. Results
In the first step of coarse-graining, the bond and angle parameters were adjusted to reproduce
the bond and angle distributions obtained from AA-MD simulations. Because we have just two
parameters to fit, i.e., the force constant and equilibrium length or angle, the average and
dispersion of the distribution are enough to fix the parameters uniquely. Although we
sometimes find bimodal distributions for the target bond or angle, we still use the simple
harmonic potential model, ignoring the detailed bimodality in this CG model. This
approximation limits the effective resolution of the CG model, since the missing resolution
due to this approximation is smaller than the size of the CG particle. In the second step, we
fixed the nonbonded parameters. Due to the (re)parameterization of nonbonded interactions,
the bond and angle distributions are also changed in general and have to be modified. However,
the required correction for the bond and angle parameters is usually quite minor. Therefore,
we can efficiently fix all parameters in this manner. As mentioned above, the 1–3 correction
van der Waals-term seldom affects the angular distribution, but works to prevent a non-realistic
bent structure.

The nonbonded parameters are fixed to reproduce experimental surface tension and density
data as long as the experimental data are available. In the previous study, we fixed parameters
for a series of alkane and PEG chains in this fashion,[26] and here, we applied the same
procedures to alkenes and esters. Alkenes are especially needed for unsaturated lipids, e.g., the
oleyl chain, which is found in an important lipid class. Table 6 summarizes the surface tension
and density data for small molecules including unsaturated bonds and ester groups, which are
used for the parameter fitting. We used interfacial tension to fix the nonbonded parameters for
the alkene – water (CMD (=-CH=CH-) - W) interaction. Our model yields 49±1 mN/m for 4-
cis-octane-water interfacial tension, which experimentally is ~50 mN/m. For the ester-water
interaction, we used experimental hydration free energy values for the parameter fitting. For
example, the hydration free energy of propylbutyrate, (CT2-EST-CTE), is calculated as 2.4
±0.1 kcal/mol, which is in good agreement with experimental value of 2.5 kcal/mol.

The above mentioned method is the same as used in the CG modeling of PEG surfactants,
[26] where fitting surface/interfacial tension, density, and hydration free energy of small
molecules was used to estimate the net interaction between the CG segments. This approach
enabled a step-by-step parameterization in a systematic way. However, this is applicable only
when the selected small molecules are in a liquid state at the target temperature. This is not the
case for the lipid head groups. For example, phosphatidylcholine (PC) should be in a solid state
at 303 K. We did not use thermodynamic data of the solid material because the effective
interaction between headgroups of liquid-crystalline lipid (bilayers) is likely to be different
from that of a PC solid. Therefore, as an alternative we used structural properties of the lipid
micelle and bilayers, such as pair-distribution functions from AA-MD simulations.

As mentioned above, since the present CG model is designed to simulate the liquid (or liquid-
crystalline) state of lipids, a minimal temperature change is required to prevent the freezing of
the alkane chains of the lipid bilayer. For example, because the melting point of a DPPC bilayer
is 315 K, we set the simulation temperature at 323 K to examine the CG model bilayer, as we
have done for the AA-MD. The model is not designed to reproduce the melting point indeed,
but is designed to produce thermodynamic, interfacial and structural properties in the liquid
crystal phase.

Figure 2 gives the distribution functions for the DPC micelle system. In Fig. 2a, radial
distributions from the micelle center for each segmental unit of DPC are plotted for both CG
and AA models, respectively. The micelle structure obtained from the CG model is quite similar
to that of the AA model. This is confirmed by examination of the pair-distribution functions
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among headgroup segments as shown in Fig. 2b. Comparing to the previous model made by
the inverse Boltzmann method and using a fully tabulated potential,[15] the structural accuracy
is slightly degraded. However, using simple functions for pair-interaction, the quality of the
CG model is still surprisingly good. In addition, unlike the earlier tabulated potential model,
our new model shows versatility in that it can be applied to several different lipid molecules
as shown later.

A series of CG-MD simulations was carried out to parameterize full sets of interaction
parameters for PC and PE lipid molecules (DMPC, DPPC, POPC, and POPE). Literally
hundreds of trial MD simulations were needed to fix all the parameters for head group-head
group, head group-lipid tails and head group-water interactions. For the CG-MD, the NPT
ensemble was used to simulate tension-free membranes. For membrane simulations, interfacial
tension and density were also selected as target properties for the parameter fitting. Therefore,
as shown in table 7, the CG model accurately reproduces the experimental molecular area and
lamellar repeat spacing of these lipid bilayers. Note that our target area of 0.64 – 0.66 nm2 for
POPC has a slightly smaller value than the experimental one, namely 0.68 nm2. This is because
AA-MD runs of a POPC bilayer in the NPnAT yields better agreement with the NMR order
parameter profile with the molecular area fixed at 0.64 nm2 rather than 0.68 nm2.[34] Figure
3 plots the probability distributions of each CG segment along the normal to the bilayer
membrane for each of these lipids. Again, the agreement between the CG and AA-MD
calculations is excellent, though the probability distribution of the choline group (NC) is
slightly broader in the CG model than in the AA model. The water penetration into the
membrane seems slightly enhanced, though the shift of the water distribution is less than 0.09
nm. In order to evaluate the alkane-water interaction, we have checked the partitioning of water
into hexadecane. For this examination, we have carried out an NPnAT-MD of the binary system
of 566 hexadecane molecules and 3200 water CG particles, each of these two molecules make
a slab in the simulation box because of their immiscibility. The interfacial area in the x-y plane
is fixed at 6 × 6 nm, though the box length along the interface normal fluctuates around 1.6
nm to adjust the system pressure at 0.1MPa. Temperature was kept at 318 K to compare to the
experimental data. Water migration into the hexadecane region rarely happened, though 100ns
MD is enough to see leakages of water and to obtain reasonably converged solubility data. The
water solubility in hexadecane was calculated as 370±10 µg/cm3, which is larger than the
experimental one of 95 µg/cm3 [47] by a factor of about 4. WThus, we observe a bit too much
leakage of water into the hydrocarbon region. As shown in the previous paper, the interfacial
tension is selected as a primary target property in our parameterization, though by selecting
the functional forms for the nonbonded interaction the experimental transfer free energy of
hexane from its bulk into water is also reproduced. Since our CG modeling is designed to
predict lipid self-assembly in solution and an alkane chain is a key part of a lipid, the solubility
of alkane to water is more important than that of water into alkane. A slight degradation of
calculated water solubility into alkane cannot alone explain the slight shift of the water
distribution in lipid membranes, because there is no such shift in the DPC micelle system. Thus,
there is still some room to improve the total performance of the CG model for the target
properties.

To characterize the hydrocarbon chain structure in the bilayer core, the order parameter is
defined in a similar manner to the ordinal deuterium NMR order parameter:

(6)

where b is the unit bond vector connecting two adjacent CG beads in the hydrocarbon chain
and n is the unit vector along the bilayer normal. This is an analysis for the CG configurations,
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though we applied the same analysis to the AA configurations using the fictitious CG sites
calculated as the center of mass of the associated segments. (Fig. 1) The calculated order
parameters are plotted in Fig. 4. The segment number in the abscissa was given for each
hydrophobic chain segments starting from EST to the tail segment. The figure demonstrates
that the CG model accurately reproduces the whole order parameter profiles and captures
several important features. Details such as plateaus in the profiles and the gradual disorder
along the profile for straight chains are captured by the CG model. Another detail reproduced
by the model is the slightly lower order in the sn-2 than in the sn-1 chains of DMPC and DPPC
molecules. Finally, the specific disorder around the double bonded segments in the unsaturated
chains of POPC and POPE are present in the CG model. The agreement is excellent, though
the DMPC model slightly underestimates the order parameter near the tail. It should be noted
that there is room to improve even the CHARMM force field used in AA-MD, especially for
the order parameters near the ester group.[34] Thus, we conclude that the quality of the current
CG model meets expectations with regards to the structural properties.

We now turn our attention to elastic properties of CG lipid bilayers. Using a trajectory from
NPT-MD, the area expansion modulus, KA, was calculated by the following relation derived
from linear response theory:[48]

(7)

where A is the averaged cross-sectional area per lipid and Nl is the number of lipid molecules
aligned in a lipid leaflet of the bilayer. The bracket denotes the ensemble average. In order to
calculate the bending modulus of CG membranes, we also have done a spectral analysis of the
membrane undulatory and peristaltic motions. To this end, we employed the model proposed
by Brannigan and Brown,[49] which provides a consistent analysis for thermal fluctuations of
membranes. MD simulations were carried out for a large lipid membrane patch consisting of
2048 lipid molecules in the periodically replicated simulation box; this system is large enough
to analyze the membrane fluctuation due to the undulatory and peristaltic modes. The
simulation length was over 100 ns for each system, which generated sufficiently long
trajectories to obtain converged spectral data. The “GL” segment of each lipid was selected to
define the membrane surface. Since no flip-flop motion was detected during the simulations,
upper and lower leaflets of the membrane were clearly divided. A grid of 32 × 32 points was
assigned to each monolayer giving one lipid molecule on each grid point on average. When
multiple lipids were found in a grid, the height of monolayer surface was calculated as an
arithmetic average of heights of “GL” segments in the grid. When no lipid occupied a grid, the
height of the grid was calculated as the arithmetic average of neighboring grids. No smoothing
filter to average over grids was used because it eliminates the protrusion mode though it does
not affect the bending modulus.

The calculated area expansion and bending moduli are listed in Table 8. A typical area
expansion modulus for common PCs and PEs is limited to the range of 200 to 300 mN/m.
[50,51] The present CG model shows good agreement with the experimental value.[51]
Bending moduli are more challenging quantities to be precisely evaluated by MD simulations,
because the moduli are rather sensitive to the spectrum data at the lower k-values. A 100 ns-
MD run was needed to obtain converged values. Although a precise estimation of the bending
modulus does not seem to be straightforward even experimentally, the calculated modulus for
DMPC as determined by the present method is in reasonable agreement with experiment.
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5. Applications
5.1 Self-assembled bilayer

The self-assembly process of lipids is now accessible by MD simulations using the CG
molecular model. Figure 5 shows a series of snapshots of a DMPC/water simulation started
from a random initial configuration. The system is composed of 932 DMPC molecules and
8264 CG water particles, which corresponds to the saturated DMPC membrane condition.
[33] We carried out the NPT-MD simulation for 150 ns. During the early stage of the MD
simulation, we observed a rapid organization of random aggregates of lipids that orient their
head group toward water. After 20 ns, a continuous aggregate having a highly branched bilayer
structure had grown in the simulation box. Reorganization into a clear lamellar structure
occurred by 80ns. At this stage, water channels were found in the lipid bilayers.
Simultaneously, thin lipid channels bridging two bilayers still exist. The bridging lipid channel
persisted for a rather long time (~ 50 ns), compared with the case of a single chained PEG
surfactant, C12E2 (< 5 ns).[26] This observation cannot be explained only by the difference of
diffusion rate of the lipids, but also by the different molecular structure. Namely, some of the
DMPC lipids extended each of their two hydrophobic tails into separate neighboring bilayers,
which stabilizes the bridging structure. A bridge is observed in the snapshot at 80 ns shown in
Fig. 5. To heal these defects in the lamellar structure, another 50 ns was needed. During this
period, lipid molecules go across the bilayers relatively easily, which would minimize the strain
due to the unequally distributed lipids between leaflets of the bilayers. The final numbers of
lipids in four leaflets of two bilayers are almost identical: 233, 231, 231, and 237. During the
MD simulation, the pressure control scheme was changed at 100 ns (where the bilayer
formation was nearly complete) from isotropic to anisotropic coupling of the barostat; in the
latter scheme, the membrane area and lamella repeat spacing can fluctuate independently so
that further relaxation of lamella structure is facilitated. The molecular area and lamellar repeat
spacing averaged over the last 20 ns trajectory of the DMPC lipid bilayer are 0.621 nm2 and
5.99 nm, respectively, which are identical to those obtained by the AA-MD simulation of the
prepared DMPC bilayer. (Table 7)

5.2 Langmuir monolayer
Air/water interfacial properties are altered by addition of small amounts of amphiphiles, such
as surfactants and lipids, because these molecules strongly adsorb at interfaces. Understanding
the nature of this adsorption on a molecular level is an important objective. One of the most
appealing consequences of our approach is that the parameterization of the CG model
guarantees the correct partitioning (adsorption) of the molecules due to the well-fitted transfer
free energy and the correct surface/interfacial tension with/without amphiphiles.[26,27]

Since DPPC is a primary component of lung surfactant, the monolayer at the air/water interface
has been extensively investigated both by experiments and computer simulations. Here we also
employed DPPC to examine how the CG lipid monolayer behaves upon compression. First of
all, we check the quality of our CG model using the surface pressure-area isotherm, which is
typically used to characterize a lipid monolayer.

Surface pressure is defined as,

(8)

Here γ is the surface tension of the monolayer system and γ0 is the surface tension of pure
water; γ0= 71 mN/m is attained in our model at 303 K. Moreover, our CG water exhibits
transferability of the surface tension to different temperatures, which is not typically expected
for a CG model. Indeed, there is an almost perfect reproduction of the surface tension in the
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liquid temperature range of 273 to 373K.[26] The surface tension of a monolayer, γ, can be
decomposed into two contributions; one is from the water/lipid interface, γwater/lipid, and the
other is from the lipid/air interface, γair/lipid. (see Fig.6) When the monolayer is condensed, the
latter is similar to the surface tension at the alkane/air interface, which is also quantitatively
guaranteed in the present scheme.[26] Thus, our CG model gives a fully consistent picture of
experiments with respect to surface tension by yielding the correct surface pressure of the
monolayer. It should be noted that almost all empirical models (including all-atom) lack this
consistency for the surface tension.[52,53] For example, for the pure water case, a commonly
used water model typically underestimates the surface tension by 10 to 20 mN/m.[52,53]
Furthermore, the MARTINI CG force field yields a water surface tension value as low as 33
mN/m at room temperature,[20] which is less than half the experimental value of 72 mN/m.
As seen from the definition, the monolayer surface pressure is a measure how much the surface
tension is reduced due to the adsorbed lipids at the air/water interface. Therefore, having the
correct reference for the surface tension at the air/water interface is important for having
consistent discussions regarding the “surface pressure” of a lipid monolayer. This should be
especially true for case of low-coverage lipid monolayers. If this condition is not met, a surface
pressure that agrees with experimental data is a consequence of a compensation of errors.
[56] Moreover, it is not clear how these compensating errors affect the physical properties of
a high-coverage lipid monolayer or bilayer membranes.

We have carried out a series of NVT-MD simulations of a DPPC monolayer with different
areas per molecule. We prepared the system typically with a water slab with a thickness of
about 20 nm in a 10×10×35 nm simulation box and place the DPPC monolayers at the two air/
water interfaces. The surface tension is calculated by

(9)

where Lz is the length of the simulation box along the interface normal, z.

Figure 7 plots the simulated surface pressure as a function of molecular area of DPPC at the
air/water interface (π – A curve) with some relevant data from the literature at 323K.[54] At
the areas of 1.0 and 1.2 nm2, respectively the DPPC monolayer was not uniform, containing a
hole or a low DPPC density region on the surface. This suggests coexisting liquid extended
and gas phases, which are experimentally well known over a wide range of areas and were also
observed in recent atomistic and CG MD studies.[55–57] As shown in Figure 7, surface
pressure did not change in that area range. On decreasing the molecular area, the DPPC
monolayer starts forming a defect-less uniform layer over the surface and gives a non-zero
surface pressure. The present CG model demonstrates reasonable agreement over the full π –
A curve with experimental data at 323 K,[54] though a slight deviation is found at small areas.
Comparing the present result with our previous work (noted as the “Shelley model” in the
figure),[59] which was built using the inverse Boltzmann method,[15] the present CG model
significantly improves the monolayer behavior for the surface pressure over a wide range of
areas. Furthermore, we also evaluate the MARTINI force field [19,20] for a DPPC monolayer
at 323 K for a comparison.[59] As mentioned above, the MARTINI water significantly
underestimates the surface tension (29 mN/m at 323 K). Using the latter value, we evaluated
the surface pressure of the DPPC monolayer for a series of areas per lipid. For the area range
0.65 to 1.00 nm2, the MARTINI force field shows a negative surface pressure, which means
the surface tension of air/water interface increases with increasing numbers of DPPC molecules
on the surface. On addition of DPPC molecules, the surface tension reaches a peak at about
0.75 nm2 and then starts decreasing. This is an unphysical behavior for a lung surfactant even
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in a qualitative sense. A similar observation was noted previously.[56] However, apart from
this issue, the MARTINI force field works reasonably for the high-coverage lipid monolayer.
[56,57,60]

The correct behavior of the surface pressure – area relation encouraged us to use the new CG
force field to investigate the nature of monolayer collapse. As shown in Fig. 7, the surface
pressure goes up with decreasing molecular area. When the surface pressure exceeds γ0, i.e.,
the surface tension of monolayer becomes negative, the interface is thermodynamically
unstable. The collapse can happen either to give a subphase in the solution or to yield a partial
lipid overlayer on top of the monolayer.[61] The present CG model, which has a fully consistent
tension at any interface, is straightforwardly used to tackle this question.

We generated an oversaturated DPPC monolayer on a water slab with a thickness of 20 nm in
a large simulation box with dimensions 30×30×35 nm. The initial DPPC molecular area is set
to 0.40 nm2, which is small enough to cause a negative surface tension. Figure 8 demonstrates
a series of snapshots during the subsequent CG-MD trajectory. After only 5ns, a significant
buckling of the monolayer was found and a few small buds were detected. One of these small
buds started to grow from one monolayer and adsorbed the other small buds (25ns). Once a
bud has grown to a critical size, the budding process seems to be accelerated by accumulation
of monolayer stress due to the bud. This clearly shows that the correlation length of the stress
propagation is quite large for a DPPC monolayer. A similar result was observed in a CG-MD
simulation of compressed DPPC-POPG monolayer.[62] After 50ns, a disk-like structure
evolved from the surface, but still connected to the monolayer. Another 50ns was needed to
see the disk completely detach from the monolayer surface. Interestingly, the other monolayer
did not give any buds during the trajectory. At 25ns, the buckling of the monolayer was
minimized by adopting a sinusoidal curved surface compatible with the periodic boundary
condition. Even though the curved monolayer was energetically unfavorable, this metastable
structure persisted for 100 ns. Lipids in this curved monolayer were found to be in a solid state,
with their lateral diffusion completely suppressed. The same is true for the early state of the
other monolayer, though after birth of the bud, the lipids show lateral diffusion in the resulting
flat monolayer.

We carried out a similar examination for a PEG lipid monolayer with the simulation box of
30×30×40 nm. We used two-tailed hydrocarbon PEG surfactant, which was also used in our
previous work.[27] (HO(CH2CH2O)5CH(CH2O(CH2)11CH3)2: corresponds to OA-(EO)5-
(EO-(CM)3-CT2)2 in the CG notation) We confirmed that the CG model quantitatively
reproduced the experimental π – A curve. Figure 9 shows a series of snapshots obtained from
the CG-MD run. After only 1ns, many buds protruded from a slightly buckled monolayer.
However, correlation among the buds was relatively weak so that several buds grew almost
independently in 10 ns. The buds typically had an elongated micelle structure, though a disk-
like shape was also found in larger aggregates. The major difference between DPPC and PEG
lipid monolayers is in the persistence length, i.e., correlation among the lateral lipids. The
zwitter-ionic head groups of DPPC give rise to long range interactions in a monolayer surface,
while PEG head groups (ethyleneoxide; EO5) do not, which in turn causes a difference in the
structure of the bud. DPPC clearly shows a disk-like bicelle, whereas PEG has typically
elongated micelles. Commonly for both systems, however, the monolayer collapse happened
toward the water solution. Similar observations were made by others using MD studies.[56,
62] Note that here we examined the monolayer collapse from a prepared oversaturated lipid
monolayer. However, on the dynamical compression of equilibrium monolayers, we may see
a different collapse mechanism depending on the compression rate.[58]
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5.3 Vesicles
5.3.1 Vesicle formation—One of the most interesting and popular applications of CG
molecular models is to the curved membrane like vesicle. We first tried to observe the
spontaneous formation of a vesicle of 1512 DMPC lipid molecules with 100 water particles
per lipid, which represents 300 water molecules per lipid. We prepared a random distribution
of DMPC and water in a cubic simulation box and then performed an NPT-MD simulation
over 1 µs in length. Temperature and pressure were held to 310 K and 0.1 MPa, respectively.
Even after 1µs simulation time we did not obtain one large aggregate as found in a micellar
growth of PEG surfactants.[27] (Fig. 10) Note this is not 1µs physical time, but longer by a
factor of 4 ~ 7, in the light of the difference in lateral diffusion rate of lipids; for example, the
lateral diffusion coefficient of CG DPPC molecule is calculated as 14.1×10−7 cm2/s, though
the coefficient from CHARMM was 3.5 ×10−7 cm2/s [63] and the experimental coefficient of
egg-yolk lipid is reported as 2.1×10−7 cm2/s.[64]. The initial stage of the vesicle formation
process, which is to make small aggregates is rather rapid. On the other hand, the later stage
involving cluster-cluster aggregation to increase the aggregate size, is significantly slowed
down because a weak repulsive interaction between the smaller aggregates that arises due to
the exposed lipid head group. A previous CG-MD simulation of vesicle formation using the
MARTINI force field shows, however, a much faster organization of a vesicle from a random
initial condition.[65] This may be the result of the long-range Coulomb interactions; a very
short cutoff of 1.2 nm is used in the MARTINI force field, though no truncation of the Coulomb
interaction is employed in the present CG model. In order to obtain a larger aggregate
efficiently, we reduced the quantity of water to 33 water particles per lipid, and ran an MD
simulation for several tens of nanoseconds, which was long enough to obtain a single lipid
aggregate (domain) expanding through the simulation box. Then, we placed the aggregate in
a larger water box having 100 CG water particles per lipid. Figure 11 (second row)
demonstrates a series of snapshots from the MD simulation of a 1512 DMPC lipid system. In
this figure, water is not shown for clarity. At the beginning of the MD run, the aggregate had
defects in the bilayer structure, where the alkyl chains were exposed to water. These chains
were rapidly covered by lipid head group shortly after continuing the MD run. A 10 ns-long
MD simulation was enough to obtain a defect-less membrane, which had a bowl shaped
structure. At the edge of the bowl, even though no alkyl chain is directly exposed to water,
unfavorable bending of the DMPC molecule occurred and required an energetic penalty, which
is thermodynamically understood in terms of a line tension. The DMPC aggregate was large
enough to wrap up to eliminate the edge effect at the cost of bending free energy of the bilayer.
Of course, the energy cost for this bilayer bending is significantly reduced by changing the
number of DMPC molecules between inner and outer leaflets of the vesicular bilayer
membrane. Thus, the bicelle-like aggregate wrapped up into a unilamellar vesicle in about 160
ns, eliminating the unfavorable bilayer edge. This transformation takes place much faster than
does the cluster-cluster aggregation as seen above. The rate-limiting event in the transformation
is, especially in the late stages, lipid flipping at the edge of the bilayer. Therefore, we observed
a long standing small pore in the later stage of the transformation, where the edge portion is
relatively small. Once the small pore closed, no exchange of lipid molecules between inner
and outer leaflets was observed for the following 1 µs. This is consistent with the experimental
observation that a flip-flop event takes place in hours.

5.3.2 Size effect—We have carried out a series of similar MD runs while varying the number
(500, 1000, 2500, 3500, and 5000) of DMPC molecules. After making a single aggregate from
a random initial configuration with a smaller hydration number, we placed each of the
aggregates of 500, 1000, 2500, 3500, 5000 DMPC molecules, in a larger water box to have
more than 100 water particles per lipid for each system. Each aggregate with more than 2500
DMPC molecules was observed to transform into a unilamellar vesicle within 200 ns,
irrespective of the size. (Fig. 11) The required time, of course, depends on the initial
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configuration, i.e., structure of the prepared aggregate organized from randomly distributed
DMPC molecules. Although lacking enough statistics to measure a precise transformation time,
it is suggested that transformation repairing an unfavorable hole or exposure of bilayer edge
will happen in a relatively short time irrespective of the aggregate size, compared to the
aggregation process.

On the other hand, smaller aggregates with 500 or 1000 DMPC molecules were found to
transform into a disk, i.e., a bicelle structure, as shown in Fig. 11. This is simply because the
bilayer leaflet was too small to form a closed vesicle, where a highly curved surface inevitably
enforces a bilayer structure. More specifically, a transformation to a vesicle costs too much
bending energy. Once a bicelle structure was reached, the aggregate showed rather large shape
fluctuations while retaining the planar structure during another 1µs–MD run.

It should be noted that the DMPC aggregates selected a bicelle or vesicle structure while the
intermediate bowl-shaped structure was not stable. This implies that bicelle and vesicle
structures are in a free energy minimum separated by a free energy barrier. A similar behavior
was suggested by continuum theory. [66] To confirm this, we started a MD run with 1512
DMPC molecules with the completely flat disk structure and found that the prepared bicelle
structure remained for 700ns. The transformation from a completely flat disk to a vesicle should
take a very long time, because it involves breaking the symmetry of the flat
system.Quantification of this process would require a free energy computation, which is
beyond the scope of the present paper.

5.3.3 Vesicle-vesicle interaction—To assess the stability of the present vesicles, we
carried out a MD simulation containing two vesicles. Each of the vesicles was composed of
1512 DMPC lipid molecules, which is the smallest aggregate to show vesicle formation in our
CG-MD runs. The initial configuration of the vesicles was taken from the last frame of a MD
run of the vesicle formation in the previous section. Without any external force, no fusion or
adhesion like events took place for 150ns, with each of the two vesicles showing only random
diffusion. Therefore, we applied an external force to encourage contact between the two
vesicles. The external force was applied using the option “fix drag” in the LAMMPS software,
[45] which applies a force to each atom in a group to drag the group toward a desired point, in
this case the origin. Here we took each vesicle as a separate group and applied a constant force
to each CG particle of the lipids to drag each vesicle toward the origin. This constant force is
set to 0.005 kcal/mol/Å, which is much smaller than the interaction force among the
neighboring CG particles but large enough to cause adhesion of the two vesicles, as shown in
Fig. 12. Even though we kept this external force for 40 ns, we observed only adhesion and
deformation of two small vesicles due to the external force, but could not find any sign of
fusion. The small vesicles were elastic, with each vesicle flattening along the adhesion
interface, but keeping an individual closed vesicle during this period. This observation is
different from that found in several studies where a fusion event was easily observed without
any specific external forces.[67,68] After 40ns, we removed this external force from the system.
Each of the vesicles quickly reshaped to a sphere, but after this, did not repel each other. Another
60ns-MD shows that the two vesicles stay close to each other and migrate in the simulation
box together. This clearly shows that two vesicles have an attractive interaction.

In comparison with the previous studies on fusion processes using phenomenological CG
models, where spontaneous fusion occurs without any additional forces,[67,68] the present CG
lipid model forms a stable vesicle. One may question whether this finding is realistic or not.
Due to the nanometer size of the simulation vesicles, it is difficult to perform a lab experiment
to do the same operation as carried out here. However, we can find evidence to support our
observation. For example, although the detailed mechanism is still an open question, vesicle
fusion usually involves much more complex players like ions, proteins, and their complexes,
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e.g., SNARE complexes for neurotransmitter release,[69–71]. The fusion process is also
sensitive to the lipid species; in particular, lipids that form a bilayer with non-zero spontaneous
curvature would play an important role in the early stage of the fusion process. Therefore, a
single component, zero-spontaneous curvature membrane like a DMPC bilayer can form a very
stable vesicle like we found in our CG model that would be expected to be fusion resistant.
The challenge of investigating realistic fusion processes by MD simulations will be aided by
developing a systematically generated CG amino acid model.[72] The stability of DMPC
vesicles is reasonably supported by the fact that a multilamellar vesicle is thermodynamically
more stable than a unilamellar vesicle. We have also carried out CG-MD of a mulilamellar
vesicle and confirmed it to be stable over a 1µs trajectory.

5.3.4 Mixed lipids—We have carried out an MD run for a mixture of POPC and POPE lipid
molecules in a similar manner to the previous DMPC case. For these simulations, we use 1024
molecules for each lipid component. In a large water box, the prepared aggregate transformed
to a unilamellar vesicle in about 40 ns. Counting the number of lipids in the inner and outer
leaflets of vesicle membrane, 376 POPE and 353 POPC molecules were found in the inner
leaflet while 648 POPE and 671 POPC molecules were found in the outer leaflet. Thus, POPE
is more likely found in the internal leaflet of the bilayer membrane of the vesicle. Partitioning
of lipids into each leaflet occurs spontaneously, which indicates that a smaller PE head group
is preferential for the inner membrane leaflet of bilayer vesicle. This is consistent with the
observation that a POPE membrane has a negative spontaneous curvature. A recent CG-MD
study of a mixed-lipid vesicle reported a similar observation finding PE enrichment in the inner
leaflet of vesicle.[73]

6. Conclusions
We have developed a new coarse-grained force field for lipids based on fitting thermodynamic
and structural properties. The CG model guarantees reasonable surface/interfacial properties,
bulk fluid densities as well as molecular distribution functions obtained by all-atom MD
simulations. These details were preserved while keeping the interaction potential functions as
simple as possible. The bilayer membrane simulated by the present model shows reasonable
molecular areas and elastic moduli, which should be of key importance in characterizing the
membrane structure at meso-scale resolution. We emphasize that our CG model is designed to
be useful for interfacial systems, which allows us to use the CG model to discuss the surface
pressure of a lipid monolayer at the air/water interface. The monolayer collapse presented in
sec. 5 is a good example demonstrating the power of this CG modeling approach. Vesicle
formation was observed as a transformation from a random aggregate with more than 1512
DMPC molecules. Aggregates with less than 1000 DMPC molecules preferred a disk (bicelle)
structure instead of a closed vesicle. An intermediate structure between a vesicle and disk, such
as a bowl, was not stable, suggesting a free energy barrier between the vesicle and disk
structures. In mesoscopic continuum theory, this is understood as a competition between the
energy costs of bending and bilayer-edge formation. However, vesicle formation from a bilayer
raft is not simply a bending process, because lipids from the inner leaflet of the curved bilayer
migrate across the membrane during the vesicle formation to reduce the bending energy. More
detailed computations of the free energy profile along the formation pathway will be needed
to address this question from a molecular perspective. High resistance of small DMPC vesicles
to fusion was found even with the application of an external force; an observation seemingly
at odds with earlier studies using CG models where spontaneous fusion occurs with or without
a perturbation.[67,68] The present results suggests the necessity of fusion enhancers, such as
the SNARE complex, to facilitate the lipid vesicle fusion event for small vesicles. Further
development of an appropriate CG protein [74] force field will no doubt contribute to the
investigation of the molecular mechanism of the lipid vesicle fusion process [75]
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Fig. 1.
Schematic definition of coarse-grained sites.
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Fig. 2.
(a) Probability density of each CG segments as a function of distance from the DPC micelle
center. (b) Radial distribution functions between DPC headgroup segments. Solid lines: CG-
MD, dashed lines: AA-MD.
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Fig. 3.
Probability distribution of the CG segments along the bilayer normal. Solid lines: CG-MD,
dashed-lines: AA-MD.
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Fig 4.
Segmental order parameters, Szz, in hydrophobic chains. Segment number 1 is “EST1” or
“EST2”. Filled symbols with dashed lines: AA-MD, open symbols with solid lines: CG-MD.
Circles and triangles denote the sn-1 and sn-2 chains, respectively.
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Fig. 5.
Formation of lamellar structure from a random initial configuration of DMPC/water. Color
codes are the same as in Fig. 1. Blue lines denote the simulation box.
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Fig. 6.
Schematic explanation of the surface pressure of a lipid monolayer system, π.
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Fig. 7.
Surface pressure vs. area (π – A) curve of simulated DPPC monolayers. Experimental data are
taken from Ref. [54]. Data for the Shelley model is taken from Ref. [58].
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Fig. 8.
Budding and fission from an oversaturated DPPC monolayer at the air/water interface. The
initial area per DPPC molecule on the flat monolayer at the air/water interface was set to 0.40
nm2. Color codes are the same as in Fig. 1.
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Fig 9.
Budding and fission from an oversaturated PEG lipid (HO(CH2CH2O)5CH(CH2O
(CH2)11CH3)2) monolayer at the air/water interface. Color codes are the same as in Fig.1 except
for PEG head group, which are shown in green (EO; -CH2-O-CH2-) and red (OA; -CH2-OH).
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Fig. 10.
Liposome formation from a DMPC bilayer fragment. Water is not shown for clarity. Color
codes are the same as in Fig. 1.
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Fig. 11.
Transformation of self-assembled lipid aggregates in a large water box. The five rows represent
lipid aggregates with 1000, 1512, 2500, 3500, and 5000 DMPC molecules, respectively. Color
codes are the same as in Fig. 1.
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Fig. 12.
Two small vesicles brought in contact with each other by an external force. The external force
is applied during the first 40ns and then removed. Details are given in the text. Each vesicle
consists of 1512 DMPC molecules. Water is not shown for clarity. Color codes are the same
as in Fig. 1.
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TABLE 2

CG segment name and the corresponding all-atomic functional group

CG segment All-atom

NC* -CH2CH2-N- (CH3)3 (+1)

NH* -CH2CH2-NH3 (+1)

PH* -PO4- (—1)

PHE* -PO4- (—1) (for PE headgroup)

GL -CH2CH-CH2-

EST1 -CH2CO2- (in the sn-2 chain)

EST2 -CH2CO2- (in the sn-1 chain)

CMD2 -HC=CH- (cis)

CM -CH2CH2CH2-

CT CH3CH2CH2-

CT2 CH3CH2-

W (H2O)3

*
These are the charged CG particles.
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TABLE 3

Bond stretching parameters

Bond pair kb [kcal/mol/Å2] r0 [Å]

NC PH 4.80 4.25

PH CM 12.00 3.69

PH GL 8.90 3.52

GL EST1 30.00 2.88

GL EST2 8.40 3.48

EST1 CM 4.70 3.55

EST2 CM 5.10 3.61

NH PHE 9.40 3.60

PHE GL 8.90 3.52

CM CM 6.16 3.64

CM CT 6.16 3.65

CT2 CM 9.00 3.13

CMD2 CM 8.00 3.03

CT CMD2 8.00 3.09
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TABLE 4

Angle bending parameters

Angle pair kθ [kcal/mol/rad2] θ0 [degree]

NC PH CM 3.300 112.0

PH CM CM 1.100 178.0

NC PH GL 3.100 112.0

PH GL EST1 1.400 124.0

PH GL EST2 2.000 138.0

GL EST1 CM 0.800 168.0

GL EST2 CM 0.800 172.0

EST1 GL EST2 1.000 95.0

EST1 CM CM 1.000 178.0

EST2 CM CM 1.000 178.0

NH PHE GL 4.000 102.0

PHE GL EST1 1.400 124.0

PHE GL EST2 2.000 138.0

CM CM CM 1.190 173.0

CM CM CT 1.190 175.0

CT2 CM CM 1.600 172.0

CT2 CM CT 1.600 172.0

CT2 CM CT2 1.700 173.0

CT CM CT 1.093 175.5

CT CMD2 CT 7.700 116.0

CT2 CMD2 CT2 12.000 110.0

CMD2 CM CM 1.900 161.0

CM CMD2 CM 6.000 110.0
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TABLE 5

Nonbonded interaction parameters

Pair LJ-Type ε [kcal/mol] σ [Å]

PH CM LJ9-6 0.300 4.9530

PH CT LJ9-6 0.320 4.9925

NC CM LJ9-6 0.400 5.1280

NC CT LJ9-6 0.420 5.1675

PH W LJ12-4 1.000 4.0300

NC W LJ12-4 0.900 4.6100

PH PH LJ9-6 1.400 5.4000

NC NC LJ9-6 0.700 5.7500

NC PH LJ9-6 1.150 4.2000

GL GL LJ9-6 0.420 4.5060

GL EST1 LJ9-6 0.470 4.4030

GL EST2 LJ9-6 0.470 4.4030

GL CM LJ9-6 0.420 4.5060

GL CT LJ9-6 0.444 4.5455

GL W LJ12-4 0.640 4.4385

GL CT2 LJ9-6 0.362 4.3635

PH CT2 LJ9-6 0.280 4.8105

NC CT2 LJ9-6 0.320 4.9855

CMD2 GL LJ9-6 0.312 4.2555

CMD2 EST1 LJ9-6 0.440 4.0050

CMD2 EST2 LJ9-6 0.440 4.0050

PH CMD2 LJ9-6 0.300 4.7025

NC CMD2 LJ9-6 0.350 4.8775

GL NC LJ9-6 0.650 4.6200

GL PH LJ9-6 0.300 4.7500

EST1 NC LJ9-6 0.750 4.4750

EST2 NC LJ9-6 0.750 4.4750

EST1 PH LJ9-6 0.500 4.5500

EST2 PH LJ9-6 0.500 4.5500

PHE PHE LJ9-6 1.400 4.6000

PHE CM LJ9-6 0.300 4.9530

PHE CMD2 LJ9-6 0.300 4.7025

PHE CT LJ9-6 0.320 4.9925

PHE CT2 LJ9-6 0.280 4.8105

PHE GL LJ9-6 0.300 4.7500

PHE EST1 LJ9-6 0.500 4.5500

PHE EST2 LJ9-6 0.500 4.5500

PHE W LJ12-4 1.000 4.0300

NH CM LJ9-6 0.330 4.5530

NH CMD2 LJ9-6 0.300 4.3025
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Pair LJ-Type ε [kcal/mol] σ [Å]

NH CT2 LJ9-6 0.320 4.4105

NH CT LJ9-6 0.340 4.5925

NH NH LJ9-6 1.100 4.6000

NH PHE LJ9-6 1.200 3.8000

NH GL LJ9-6 0.750 4.1900

NH EST1 LJ9-6 0.850 4.1100

NH EST2 LJ9-6 0.850 4.1100

NH W LJ12-4 0.800 3.9500

PH PHE LJ9-6 1.400 5.0000

NH PH LJ9-6 1.200 3.8000

NC PHE LJ9-6 1.150 4.2000

NC NH LJ9-6 0.880 5.1750

CT CT LJ9-6 0.469 4.5850

CT CM LJ9-6 0.444 4.5455

CM CM LJ9-6 0.420 4.5060

CMD2 CMD2 LJ9-6 0.232 4.0050

CMD2 CT LJ9-6 0.330 4.2950

CMD2 CT2 LJ9-6 0.269 4.1130

CMD2 CM LJ9-6 0.312 4.2555

CMD2 W LJ12-4 0.270 4.1880

EST1 CM LJ9-6 0.470 4.4030

EST2 CM LJ9-6 0.470 4.4030

EST1 CT LJ9-6 0.470 4.4425

EST2 CT LJ9-6 0.470 4.4425

EST1 CT2 LJ9-6 0.390 4.2605

EST2 CT2 LJ9-6 0.390 4.2605

EST1 EST1 LJ9-6 0.495 4.3000

EST1 EST2 LJ9-6 0.495 4.3000

EST2 EST2 LJ9-6 0.495 4.3000

EST1 W LJ12-4 0.820 4.2900

EST2 W LJ12-4 0.820 4.2900

W CT LJ12-4 0.360 4.4780

W CM LJ12-4 0.340 4.4385

CT2 CT2 LJ9-6 0.312 4.2210

CT2 CM LJ9-6 0.362 4.3635

W CT2 LJ12-4 0.290 4.2960

CT2 CT LJ9-6 0.383 4.4030

W W LJ12-4 0.895 4.3710
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TABLE 8

Calculated elastic properties of lipid bilayer membranes.

KA [mN/m] KC [×10−20J]

CG-MD Expt. CG-MD Expt.

DMPC 266 234 ± 23 a 6.9 5.6 ± 0.7a, ~10

DPPC 233 6.4 ~10

POPC 222 5.7

POPE 296 6.5

a
Experimental data from Ref. [51]
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