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Abstract

Lung surfactant and tear film lipid layer are examples of biologically relevant

macromolecular structures found at the air–water interface. Due to their complexity,

they are often studied in terms of simplified lipid layers, the simplest example being a

Langmuir monolayer. Given the profound biological significance of these lipid assemblies,

there is a need to understand their structure and dynamics in the nanoscale, yet there

are not many techniques able to provide this information. Atomistic molecular dynamics

simulations would be a tool fit for this purpose, however the simulation models suggested
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until now have been qualitative instead of quantitative. This limitation has mainly

stemmed from the challenge to correctly describe the surface tension of water with

simulation parameters compatible with other biomolecules. In this work, we show

that this limitation can be overcome by using the recently introduced four-point OPC

water model, whose surface tension for water is demonstrated to be quantitatively

consistent with experimental data, and which is also shown to be compatible with

the commonly employed lipid models. We further establish that the approach of

combining the OPC four-point water model with the CHARMM36 lipid force field

provides near-quantitative agreement with experiments for the surface pressure–area

isotherm for POPC and DPPC monolayers, including also the experimentally observed

phase coexistence in a DPPC monolayer. The simulation models reported in this work

pave the way for near-quantitative atomistic studies of lipid-rich biological structures

at air–water interfaces.

Introduction

Lipid monolayers at the air–water interface are important model systems often used to

study, e.g., lung surfactant function,1 tear film lipid layer structure,2 and membrane protein

insertion.3

While the thermodynamics of lipid layers at the air–water interface is understood quite

well, the molecular-level details of phenomena taking place at these interfaces are difficult

to access experimentally.4 This is largely due to the nanometer resolution required to

explore the structure and the dynamics of soft interfaces that are in constant motion due to

thermal fluctuations. This makes atomistic and coarse-grained (CG) molecular dynamics

(MD) simulations often the method of choice to investigate conditions that are exactly

of this kind. They have been used, e.g., to study phospholipid monolayers,5,6 pulmonary

surfactant layers,6,7 and tear film lipid2,8–12 structures to clarify monolayer phase behavior

and dynamics,13–16 the collapse transition,17–19 pore formation,20,21 as well as interactions of
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lipids with proteins22 and nanoparticles.21,23

Quantitative studies of these phenomena through MD simulations are, however, quite

impossible given the fact that the simulation models used in these studies seriously underesti-

mate the surface tension of water. While the widely employed atomistic biomolecular force

fields Slipids,24 OPLS-AA,25 Lipid14,26 and CHARMM3627 are quite successful in describing

complex water-embedded lipid and lipid–protein systems such as biomembranes, their appli-

cability at the air–water interface is compromised by the quality of the water model. For

instance, the TIP3P water model28 or its derivatives, which are typically used in conjunction

with the above-mentioned biomolecular force fields, yields a value of ∼50 mN/m29,30 for the

surface tension of water at room temperature, while the experimental value is 72 mN/m.31

In CG simulations the situation can be even worse as is exemplified by the surface tension of

about 30 mN/m given by the commonly used Martini model.32 Consequently, most simulation

models cannot reproduce experimental pressure–area isotherms5,13,33–37 with quantitative

accuracy, and phenomena such as phase transitions, monolayer collapse, and pore formation

do not take place at the correct surface tension values.13,33

To overcome these issues, the simulation results are often interpreted by assuming that the

pressure–area isotherm can be shifted along the pressure axis by a constant to compensate for

the effect of an incorrect surface tension.5,6,13 However, the error arising from the incorrect

surface tension cannot be corrected through the addition of a constant factor33,38 and the

isotherms reported in, e.g., refs. 34 and 35 cannot reproduce experimental data with a

constant shifting factor (see Fig. S8 in SI). Water models with a surface tension that is too

low do underestimate the energy cost of exposing the air–water interface in simulations, which

leads to the formation of pores or nonphysical (negative) surface pressures at lipid densities

where the monolayer should be in the liquid-condensed (LC) or the liquid-expanded (LE)

phase.33,34,37,39 On the other hand, phase transitions and monolayer collapse take place at

too large surface pressures. For example, the Martini model gives LC/LE phase coexistence

for DPPC with surface pressures that correspond to the equilibrium collapse pressure in
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experiments, and the monolayer remains stable even with negative surface tension values.13

Given all these issues, it is clear that there is a need for water models that could provide a

correct surface tension and thereby render realistic MD simulations of Langmuir monolayers

possible.33,37,39

While experimental pressure–area isotherms have been reproduced in certain CG models

with a correct surface tension of water,39 for atomistic simulations the task is more complicated.

The typically employed atomistic water models reproduce the experimentally observed surface

tension only with large cut-off distances for the Lennard-Jones (LJ) interaction.40 This

is exemplified by the TIP4P/2005 force field,41 which provides the most optimal surface

tension among the rigid 3-point and 4-point water models,29,30,42 yet it requires a large

LJ cut-off distance above 2 nm (or the use of a long-range Ewald summation algorithm

for the LJ interaction43,44) to gain reasonable agreement with experiments.40,45 Since this

cut-off distance is significantly larger than the values commonly employed in lipid models

(1.0–1.4 nm),24–27 it leads to other problems: increasing the LJ cut-off distance above the

values used in lipid force field parametrization leads to artificial behavior in describing the

given lipid systems.46,47 The pressure–area isotherm cannot therefore be reproduced by just

increasing the LJ cut-off distance in order to match the surface tension of water to a more

realistic value, because this would compromise the quality of the simulation model of the

lipid monolayer.36,37 Additionally, while one may be tempted to use isotropic dispersion

corrections48 to overcome this issue, one has to keep in mind that they are by design not

suitable for heterogeneous systems such as interfaces. Furthermore, adjustment of this kind

does not result in the correct balance of forces at the interfaces. An anisotropic dispersion

correction has been recently introduced for planar surfaces,49 but it is not yet available in

any simulation software and might require a reparametrization of the existing force fields.

In this work, we show that the recently suggested 4-point “Optimal Point Charge” (OPC4)

water model50 provides a solution to this challenging problem. As has been shown before,50

OPC4 accurately describes the bulk properties of water even with short LJ cut-off values. In
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this work, we first show that the surface tension of water can also be reproduced with the

OPC4 model by using LJ cut-off lengths compatible with the CHARMM36 lipid model.27

Second, using lipid bilayers as our benchmark, we show that OPC4 can be successfully

combined with the CHARMM36 lipid model.27 Third, we extend these CHARMM36/OPC4

simulations to lipid monolayers at the air–water interface: the combination of these two

force fields quantitatively reproduces the experimental surface pressure–area isotherms for

1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and dipalmitoylphosphatidylcholine (DPPC)

monolayers, including also the coexistence region of the LC and LE phases. Similar quantitative

agreement with experimental data has not been achieved previously. Finally, we show that in

addition to CHARMM36, the Slipids force field24 can also be successfully combined with the

OPC4 water model.

The approach reported here paves the way for quantitative atomistic studies of lipid-rich

biological structures at air–water interfaces. All the simulation data and related files of the

model systems are publicly available for further use (see Section S3).

Simulation Models and Methods

Bulk Water and the Air–Water Interface

We first simulated a pure air–water interface using the 3-point OPC51 (OPC3) and 4-point

OPC50 (OPC4) water models to evaluate the performance of the models with different cut-off

lengths. To this end, a cubic box with an edge length of 4 nm was first filled with 2228

water molecules. After energy minimization, the box vectors in the z-direction were extended

to 8 nm, thereby creating a water slab which had two interfaces with air (vacuum). These

systems were then simulated for 5 ns at constant volume and at three different temperatures

(298, 323, and 348 K) using parameters mimicking as closely as possible those employed in

the original publication,50 referred to as the “OPC parameter set” from here on (see Table S1

for details). In addition to the original LJ cut-off of 0.8 nm, values up to 1.4 nm were tested,
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both with and without a dispersion correction48 applied to energy and pressure. Furthermore,

the simulations were repeated with LJ-PME47,52 (Lennard-Jones particle mesh Ewald).

Surface tension (γ) was calculated from the planar (PL) and normal (PN) components of

the pressure as

γ = 1
2 (PN − PL)× Lz, (1)

where PL = 1
2 (Pxx + Pyy) and Lz is the length of the simulation box edge that is normal to

the interface, and the prefactor of 1/2 accounts for the two interfaces present in the system.

The first 500 ps of the simulations were omitted from analyses.

Bulk water simulations were conducted to evaluate the performance of the OPC water

model with the simulation parameters suggested to be used with the CHARMM36 force field

with GROMACS, from now on referred to as the “CHARMM36 parameter set” (see Table S1

for details). For this purpose, a cubic box with 2228 OPC4 water molecules was simulated

at 298 K and 1 bar for 5 ns, the first 1 ns of which was omitted in analyses. Notably for

compatibility with lipid models, the used parameters were the same as those employed for

lipid bilayer and monolayer simulations described below, with the exception that isotropic

pressure coupling was used here for bulk water. Additionally, the calculation was repeated

with and without the dispersion correction, as suggested for bilayers and monolayers simulated

with CHARMM36, in respective order. All simulations were run with GROMACS 5.0.x.53

Similar simulations were repeated also with the simulation parameters recommended for the

Slipids model (with isotropic pressure coupling), from here on referred to as the “Slipids

parameter set” (see Table S1). These simulations, detailed in Sections S1.2 and S2.1, were

performed with GROMACS 4.6.x.54

Finally, the surface tension values of water (γ0) used in the calculation of the surface

pressures of the monolayers (see Eq. 2) were extracted from simulations of larger air–water

interface systems. These systems contained 20052 water molecules with dimensions of
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12×12×22 nm3 corresponding to the size of an average monolayer simulation described below.

Lipid Bilayers

Lipid bilayer simulations were run to evaluate the quality of the CHARMM36 lipid model27

when combined with the OPC4 water model. For this case, lipid bilayers with 200 DPPC

or POPC molecules were built with CHARMM-GUI55 and simulated at 323 K (DPPC) or

303 K (POPC) for 100 ns. Bilayers were hydrated with 9000 water molecules (45 per lipid)

and simulated with OPC4.50 Similar simulations were also carried out with the TIP(S)3P

(CHARMM-specific TIP3P) water model.28 The CHARMM36 parameter set was employed

(see Table S1). All simulations were performed with GROMACS 5.0.x.53

Trajectories were recorded every 100 ps, and the first 10 ns of every 100 ns simulation tra-

jectory was omitted from analysis. Density profiles were calculated using the tool g_density,

and deuterium order parameters using the tool g_order, both bundled with the GROMACS

simulation suite. Area per lipid (APL) was calculated by dividing the membrane area by the

number of lipids. Similar simulations were carried out using the Slipids model24,56 with the

Slipids parameter set (see Table S1) using GROMACS 4.6.x54 to assess its performance with

the OPC4 water model (see Sections S1.3 and S2.2).

Lipid Monolayers at the Air–Water Interface

Lipid monolayers at the air–water interface were simulated with different values for the

average APL to calculate the surface pressure–area isotherms needed for comparison with

experimental data. First, a system containing two POPC monolayers with a total of 512

lipids (256 per monolayer) with an average APL of 50 Å2 and a total of 41482 water molecules

was generated. This corresponds to a total of 232488 atoms. The monolayers were deposited

on a water slab having an interface (in the xy-plane) with air (vacuum) on both sides. The

box size in the z-direction was set to 22 nm to avoid unscreened electrostatic interactions

through vacuum. The system was energy minimized and simulated with lipid head groups
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restrained in the z-dimension for 50 ns. This was followed by a 150 ns simulation without

restraints.

Next, monolayer structures were extracted at 50, 100, and 150 ns of the simulations.

These structures were then each expanded during a 10 ns simulation to an average APL value

of 130 Å2 using the MOVINGRESTRAINT and CELL keywords in the PLUMED 2.2 package.57

From the first expansion simulation, frames corresponding to APLs of 55, 58, 61, 64, 67, 70,

78, 86, 94, 102, 110, 118, and 126 Å2 were extracted. From the second expansion simulation,

frames corresponding to APLs of 52, 60, 66, 72, 90, 106, and 122 Å2 were extracted, and

from the third expansion simulation, frames corresponding to APLs of 57, 63, 69, 82, 98, and

114 Å2 were extracted. Extracting these initial structures from three independent expansion

simulations guarantees their mutual independency.

Initial frames for DPPC simulations were generated as follows: From the first POPC

expansion simulations, frames corresponding to 51, 54, 57, 60, 63, 66, 69, 72, 75, 78, 86, 94,

102, and 110 Å2 were extracted. From the second expansion simulation, the corresponding

values were 53, 59, 65, 71, 77, 90, and 106 Å2, while from the third expansion simulation

systems with APLs equal to 50, 56, 62, 68, 74, 82, and 98 Å2 were extracted. Next, POPC

molecules were modified to DPPC lipids, the systems energy-minimized, briefly equilibrated,

and subsequently simulated. For DPPC monolayers at areas below 50 Å2, the DPPC

monolayer at 51 Å2, obtained as described above, was compressed using PLUMED. The

frames at APLs of 45 and 48 Å2 were then extracted. The simulation sets extracted from the

three expansion simulations are named Sets 1–3, respectively.

The DPPC monolayers were simulated at both 310 and 298 K for at least 100 ns. In all

monolayer simulations, if the monolayer surface pressure calculated from the last 50 ns of

the simulation had not converged, the simulations were extended in 50 ns periods until this

criterion was fulfilled. The convergence was finally verified by analyzing values from separate

25 ns periods of the simulation trajectories. The results shown in Figs. S3–S5 conclude that

convergence was reached in all simulations, and the lengths of the simulations are shown in
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Table S2.

The monolayer simulation parameters were identical with the bilayer ones (“CHARMM36

parameter set”), except they were performed in the NVT ensemble and the dispersion

correction48 was applied to both energy and pressure (see Table S1 for details).

Monolayer surface pressure Π(a) was obtained from Eq. 2. Surface tensions for a pure

air–water interface and for an interface with the lipid monolayer were calculated with Eq. 1.

Fractions of LE and LC phases in the coexistence region were estimated using Voronoi

tessellation provided by the MEMBPLUGIN tool,58 which was modified to generate output

data for all lipids individually at each analyzed frame. The APL values for all lipid molecules

were first collected from all analyzed simulation frames from all the simulations conducted

within the coexistence plateau. Next, these APL values were used to build histograms that

were fit with two Gaussian functions, and the mean values of the these distributions were

considered to be characteristic for the two phases. Next, data from individual systems were

fit with two Gaussians, whose mean values were fixed to those defined from the fits described

above. The relative magnitudes of the prefactors of the two Gaussians were considered to

represent the relative amounts of the two phases present. For APL values larger and smaller

than those where phase coexistence is manifested, the double Gaussian description was found

to fit the data poorly, as expected.

Simulation data and related files are available online (see Section S3). Also simulation

data for monolayers with smaller box sizes and with the Slipids model, discussed in SI, have

been made available (see Section S3).

Monolayer Surface Pressure and Its Comparison with Experimental

Data

In experiments, surface pressure–area isotherms are measured by compressing a given amount

of surfactant deposited at an air–water interface and measuring the mechanical interfacial

tension γ(a) as a function of area per molecule a. The surface pressure of a monolayer is then
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defined as

Π(a) = γ0 − γ(a), (2)

where γ0 is the surface tension of water.

Compressing the lipid monolayer increases the repulsion between molecules, which leads

to an increase in the chemical potential of the surfactant at the interface. When the chemical

potential at an interface and in bulk aggregates (e.g., lamellar or micellar structures) is equal,

further compression usually leads to transfer of molecules from the interface to bulk aggregates

instead of an increase in surface pressure. The surface pressure at this point is called the

equilibrium collapse pressure and it equals the spreading pressure of the molecules.59,60

Carefully equilibrated experiments give values of Π close to 45 mN/m for phosphatidylcholine

lipids independently of the acyl chain content.59,60

Monolayers formed by some surfactants, such as DPPC with two saturated acyl chains,

can be, however, compressed to a metastable state having a surface pressure above the

equilibrium collapse point.1 These states have a very low mechanical surface tension, which

is believed to be important for lung functionality.1 Low mechanical surface tension does not,

however, mean low energy cost for a change in area, because it is not the derivative of the free

energy with respect to area, which is the thermodynamical surface tension in equilibrium.

In this work we focus on the surface pressure–area isotherms for pressures below the

equilibrium collapse pressure (∼ 45 mN/m for phospholipids59,60). The simulations are carried

out with significant computational resources to reach the phase coexistence region in DPPC

monolayer. Even more extensive simulations would be required to determine the collapse

pressure and the collapse mechanism, as well as to study realistic metastable structures above

the equilibrium collapse pressure. While these studies are beyond the scope of this work,

we note that the proposed combination of CHARMM36 and OPC4 models should allow

quantitative simulations of these phenomena with atomistic resolution.
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Results and Discussion

Water Model With Correct Surface Tension for Lipid Simulations

First, for the OPC351 and OPC450 water models, we evaluated the effect of the LJ cut-off

and the use of the dispersion correction on the air–water surface tension. The comparison to

experiment was made at three different temperatures (298, 323, and 348 K). As shown in

Fig. 1, the OPC4 model reproduces the experimental values at all three temperatures, when

the LJ cut-off is set to 1.2–1.4 nm. Values smaller than this, including the 0.8 nm used in

the original OPC4 publication,50 lead to underestimation of surface tension, whereas using

LJ-PME leads to its overestimation. Interestingly, the values obtained with and without the

dispersion correction (lighter and darker lines in Fig. 1) are almost identical. Meanwhile, the

OPC3 water model underestimates surface tension with all tested LJ cut-off settings.
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Figure 1: The air–water surface tension values calculated using different LJ cut-offs (solid
lines) or the LJ-PME algorithm (points). The results with and without the dispersion
correction applied to both energy and pressure are shown with lighter and darker lines,
respectively. The horizontal dashed lines show experimental values.

Importantly, the OPC4 water model reproduces the surface tension of water very well

with the LJ cut-off length equal to 1.2 nm, which is used in the CHARMM36 lipid force field.
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To evaluate the performance of the OPC4 water model with all CHARMM36 simulation

parameters (see Table S1 for full comparison), we compared the bulk water properties from the

original OPC4 publication50 to simulation results obtained using the CHARMM36 parameter

set. The comparison in Table 1 shows excellent agreement between the results obtained using

the two parameter sets when the dispersion correction is used. The agreement is expected

given that the bulk water properties should be largely unaffected by the cut-off distance,

when the dispersion correction is employed.48 The results show that bulk water properties

are well described in monolayer simulations with the CHARMM36 lipid model and the OPC4

water model, where the dispersion correction used. The bulk water properties without the

dispersion correction, used in lipid bilayer simulations with the CHARMM36 force field,

differ less than 1% from the data presented in the original OPC study. In addition to the

bulk properties, the surface tension values of OPC4 water extracted from large systems (see

Methods) simulated with the CHARMM36 parameter set (70.5± 0.4 mN/m at 298 K and

69.0± 0.4 mN/m at 310 K) were in good agreement with experimental values. Similar results

for the OPC4 water model with the Slipids24,56 parameter set are provided in Section S2.1.

Table 1: Comparison of selected key properties of bulk water between the values reported
in the original OPC4 article50 and the results obtained in this work with the CHARMM36
parameter set (with and without dispersion correction corresponding to suggested parameters
for lipid monolayers and bilayers, respectively). The physical properties reported here are
density (ρ), self-diffusion coefficient (D), location of the 1st peak in the oxygen–oxygen radial
distribution function rOO, and the thermal expansion coefficient αP. The experimental values
are shown in “Expt.”. The simulations were carried out in a system comprised of 2228 water
molecules at 298 K. The use of the dispersion correction is denoted by “DC”.

Property Orig. OPC450 OPC4/Charmm36 OPC4/Charmm36DC Expt.
ρ (kg/m3) 997± 1 988± 1 997± 1 997
D (10−5 cm2/s) 2.3± 0.02 2.20± 0.02 2.18± 0.01 2.3
1st peak in rOO (Å) 2.80 2.80 2.80 2.80
αP (10−4 K−1) 2.7± 0.1 2.68 2.80 2.56

Since the used water model may drastically affect the properties of lipid bilayers in

simulations,61 we verified that the CHARMM36 lipid force field used with the OPC4 water
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model gives appropriate lipid bilayer properties. APL values from simulation with the

OPC4 water model are in good agreement with the results based on the CHARMM-specific

TIP3P (TIPS3P) water model (see Table 2). DPPC bilayers seem to be somewhat too

compressed with both water models, as recently observed,55 while results for POPC agree

with experiments within error bars. Most importantly, the results obtained using the two

water models are in mutual agreement. Furthermore, the two water models result in essentially

identical density profiles of selected groups and acyl chain order parameters (Figs. S1 and S2).

Similar conclusions can be drawn for average APL values, density profiles, and acyl chain

order parameters calculated from simulations using the Slipids lipid force field together with

the OPC4 water model, as discussed in Section S2.2.

Table 2: Average area per lipid values calculated for lipid bilayers. The standard deviation of
the extracted values is shown. “Expt.” stands for experimental data.

Lipid TIP(S)3P OPC4 Expt.62

DPPC 60.5± 1.1 59.3± 1.3 63.1± 1.5
POPC 63.7± 1.1 62.7± 0.8 64.3± 1.3

Concluding, the results provide concrete evidence that the OPC4 water model can be used

with the CHARMM36 force field, as well as with Slipids with their corresponding simulation

parameter sets without perturbing the behavior of the lipids.

Surface Pressure–Area Isotherms of Lipid Monolayers

Surface pressure–area isotherms for DPPC and POPCmonolayers at the air–water interface are

shown in Fig. 2. The simulated isotherms are generally in good agreement with experiments

considering the variation of isotherms reported in different experimental studies. The

agreement is near-quantitative as significant differences occur only close to phase transitions

and in the LC phase of the DPPC monolayers. Simulations from independent starting

structures (Sets 1–3, see Methods) are in good agreement with each other for all systems.

Starting from POPC data for APL values between 60 and 110 Å2, the POPC monolayers
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simulated with the CHARMM36 lipid and OPC4 water models are observed to reside in

the LE phase (see Fig. S6), in good agreement with experimental data. The POPC systems

remain stable also above the equilibrium collapse pressure 45 mN/m59,60 (with areas below

60 Å2) because the simulation time and length scales are too short for monolayer rupture

to take place. Slightly negative surface pressures are observed at APL values between 110

and 118 Å2, while the values at 122 and 126 Å2 is again zero within the error bars. The

small negative surface pressures indicate a hysteresis-like metastability in the system, which

would be released by a further phase separation into the gaseous phase. Indeed, there are

clearly pores forming in the monolayer with an area per lipid of about 126 Å2 (see Fig. S6),

which might be a sign of phase coexistence with the gas phase. Finally, we note that POPC

simulations with the CHARMM36 and Slipids lipid models combined with the OPC4 water

model give consistent results with experiments for surface pressure–area isotherms at 310 K

using smaller monolayer structures (see Fig. S8). Furthermore, in contrast to DPPC (see

below), the isotherms for POPC at 298 K and 310 K are very similar in experiments and

simulations (see Fig. S10).

DPPC monolayer expresses richer phase behavior than POPC. Fig. 2 highlights a clear

transition to the LC phase and a region for LC/LE phase coexistence for the DPPC monolayer.

At 298 K the phase coexistence appears as a plateau in the surface pressure isotherm with a

constant surface pressure value at ∼13 mN/m and APL values of 57–69 Å2. Ordered and

disordered domains are clearly detected in simulation snapshots taken from this plateau

region, as demonstrated in Fig. 2. Voronoi tesselation analysis (see Methods) gave APL values

of 56.1 and 68.5 Å2 for LC and LE phases at the coexistence region, respectively. As expected,

the values match the APL close to the edges of the coexistence plateau. The fractions of

the more ordered LC phase (15%, 38%, 58%, 77%, and 97%) increase with decreasing area

(69, 66, 63, 60, and 57 Å2), respectively. Surface pressures just above the phase coexistence

region (areas 72–78 Å2) are slightly overestimated in different simulation sets, resembling a

hysteresis effect, creating a shoulder in the isotherm that probably arises from incomplete
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Figure 2: Surface pressure–area isotherms from simulations and experiments. The experimen-
tal isotherms are taken from refs. 60 (Mansour), 63 (Crane), and 34 (Olzynska). Selected
snapshots of the DPPC monolayers at 298 K are shown to demonstrate the clearly visible
phase coexistence region, which are surrounded by lines to guide the eye. Similar snapshots
for DPPC at 310 K are shown in Fig. S7 and for POPC at 298 K in Fig. S6. Surface pressures
were calculated from Eq. 2 by using surface tension values for the OPC4 water calculated
from simulations (69.1± 2.0 mN/m at 298 K and 67.5± 1.3 mN/m at 310 K).

15



equilibration close to the phase transition point. On the other hand, surface pressure is

significantly overestimated with areas below 57 Å2, where monolayer is in the LC phase. From

the current data we cannot conclude if the discrepancy arises intrinsically from the lipid

model itself, possibly having a transition to the LC phase with an average APL that is too

large, or alternatively from an overestimated compressibility of the LC phase, possibly related

to equilibration issues. The used CHARMM36 lipid model with the OPC4 water model

resulted in the correct main transition temperature of the DPPC bilayer (314 K, details not

shown), suggesting that the interactions are properly balanced to detect phase transitions at

correct APL values. However, the differences between monolayer and bilayer behavior might

not be properly captured by the force field. For example, different effects of the long-range

LJ-potential in lipid bilayers and monolayers have been suggested due to the alkane–air

interface.27,64

At 310 K, the coexistence plateau in the DPPC system is less clear. In experimental data,

a truly flat plateau is detected only when equilibration has been carried out carefully,60 while

in experiments conducted with a constant compression rate34,63 there is only a change in

the slope. In our simulations, a clear plateau is observed between 54–60 Å2 with a surface

pressure around 31 mN/m. This is in the same pressure range where slope changes were

observed in experiments34,63 but slightly lower than in the most equilibrated experiments.60

Ordered and disordered domains in the plateau region are clearly visible in system snapshots

(see Fig. S7) and the Voronoi tessellation analysis suggest APL values of 51.8 and 61.1 Å2 for

the LC and LE phases, respectively. These are in line with the APL values at the boundaries

of the coexistence plateau. The fractions of the more ordered LC phase (23%, 55%, and 83%)

again increase with decreasing area (60, 57, and 54 Å2), respectively.

Interestingly, pore formation is observed in all simulated systems around APL values of

110 Å2, which coincides with the sudden drop in the nonlinear susceptibility observed in

vibrational sum frequency generation (VSFG) experiments on DPPC monolayers.65 While this

could be a coincidence, and the effect explained by an onset of gas and LE phase separation
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as discussed above, more careful analysis of this and the potential role of pore formation

should be possible with the presented simulation model, which gives the correct energy cost

for exposing the air–water interface. This is a significant advancement over previously used

simulation models, where pore formation and phase separation occur at APL values that are

much too small.20,21 Further analysis is, however, beyond the scope of the current work.

Significant finite size effects were observed only in simulations where phase coexistence

was present. Experimental isotherms are reproduced in simulations for POPC monolayers,

where phase coexistence was not observed, also with smaller simulation system sizes when

the CHARMM36 lipid model was used with the OPC4 water model, as seen in Fig. S8. On

the other hand, simulations with smaller DPPC monolayer systems at 310 K do not capture

the LC/LE coexistence region and show significant deviations from experimental results as

illustrated in Fig. S8.

Nonetheless, in all cases the added value of the OPC4 model to describe the surface tension

in a realistic manner is evident. This is exemplified by comparison between simulations

with smaller system sizes in Fig. S8, which clearly demonstrates the improvement in surface

pressure–area isotherms also for the POPC monolayer, when the OPC4 water model is used.

The improvement is significant for both the CHARMM36 and the Slipids lipid models.

Conclusions

We have shown that the recently developed 4-point OPC water model50 is able to reproduce the

surface tension of water with LJ cut-off lengths that are compatible with the CHARMM3627

and Slipids24,56 force fields. Furthermore, the combination of OPC4 with CHARMM36

reproduces experimental data of the surface pressure–area isotherm in single-component

DPPC and POPC monolayers with almost quantitative accuracy. Minor discrepancies occur

only close to phase transition boundaries and in the LC phase. The former can be explained

by limited sampling times in simulations, while the latter may be related to the quality of the
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used lipid force field. Importantly, relatively large systems are needed to simulate ordered and

phase coexistence regions, while smaller systems are adequate for considerations of disordered

single-phase regions.

The most striking result of the present work is the ability of the OPC4/CHARMM36

combination to describe the surface pressure–area isotherm in near-quantitative accuracy

even in phase coexistence regions. The approach introduced here is, to our knowledge, the

only atomistic-resolution simulation model for lipid monolayers able to do so without any

obvious simulation artefacts.33

It is possible that the present approach of combining OPC4 with CHARMM36 has a

number of promising applications in related contexts. The most obvious candidates include

atomistic simulations of pulmonary surfactant and tear film lipid layers,7,11,12 both having

an important role in our health, and the numerous materials science applications exploiting

monolayer structures.
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