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Abstract

Long-range Lennard-Jones (LJ) interactions have been incorporated into the CHARMM36 (C36) 

lipid force field (FF) using the LJ particle-mesh Ewald (LJ-PME) method in order to remove the 

inconsistency of bilayer and monolayer properties arising from the exclusion of long-range 

dispersion [Yu, Y.; Semi-automated Optimization of the CHARMM36 Lipid Force Field to 

Include Explicit Treatment of Long-Range Dispersion. J. Chem. Theory Comput. 2021, 10.1021/

acs.jctc.0c01326.]. The new FF is denoted C36/LJ-PME. While the first optimization was based 

on three phosphatidylcholines (PCs), this paper extends the validation and parametrization to more 

lipids including PC, phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and ether lipids. 

The agreement with experimental structure data is excellent for PC, PE and ether lipids. C36/LJ-

PME also compares favorably with scattering data of PG bilayers but less so with NMR deuterium 

order parameters of 1,2-dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DMPG) at 303.15 K, 

indicating a need for future optimization regarding PG-specific parameters. Frequency dependence 

of NMR T1 spin-lattice relaxation times is well described by C36/LJ-PME and the overall 

agreement with experiment is comparable to C36. Lipid diffusion is slower than C36 due to the 

added long-range dispersion causing a higher viscosity, although it is still too fast compared to 

experiment after correction for periodic boundary conditions. When using a 10 Å real-space 

cutoff, the simulation speed of C36/LJ-PME is roughly equal to C36. While more lipids will be 

incorporated into the FF in the future, C36/LJ-PME can be readily used for common lipids and 

extends the capability of the CHARMM FF by supporting monolayers and eliminating the cutoff 

dependence.
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DPPC and DMPC bilayers for C36 and C36/LJ-PME; figure showing the chain SCD of DMPG bilayer; figure containing snapshots 
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1. Introduction

Since its release in 2010, the CHARMM36 (C36) lipid force field (FF) [1] has been 

extended to include anionic lipids [2], ether lipids [3], ceramides [4, 5], glycolipids [6], 

plasmalogens [7], and polyunsaturated tails [8]. The C36 lipid FF is heavily utilized due to 

the diversity of lipids it covers and the well-parametrized potential parameters. Like other 

commonly used FFs, C36 was parametrized considering specific treatment of nonbonded 

interactions. The C36 lipid FF uses the Particle Mesh Ewald (PME) method [9] for the 

electrostatic interactions and a force-based switching function ranging from 8 to 12 Å for the 

Lennard-Jones (LJ) potential. Hence, the long-range dispersion is excluded from the energy 

calculation. Although standard for C36 and most other FFs, this way of treating the LJ 

potential leads to an inconsistency between bilayers and monolayers, because the acyl 

chain/air interface of monolayers, similar to alkane/air interfaces, requires long-range 

dispersion to reproduce experiment; i.e., the LJ interactions must be summed to infinity, 

similar to the electrostatic terms (Fig. 1) [3, 10, 11]. However, as also shown in Figure 1, any 

deviation from the 12 Å cutoff in LJ leads to dramatic change in bilayer surface areas, and, 

as follows from the hexadecane results, surface tensions of alkane/air interfaces. This 

inconsistency was recognized in the original publication of C36 [1], but it was not possible 

to rectify the problem at that time because an efficient method for calculating long-range LJ 

interactions was not supported in CHARMM [12] and other major simulation programs. The 

situation has changed and the inclusion of long-range LJ terms using a Particle Mesh Ewald 

method similar to that used for electrostatics called LJ-PME has been added to Gromacs [13, 

14], OpenMM [15], and CHARMM [16].

This work presents the reparametrization of the C36 lipid FF with LJ-PME on common 

biologically relevant lipids and the extended validation of the newly optimized FF. The 

optimization of the new FF used a semi-automated workflow to fit the nonbonded 

parameters (partial atomic charges and LJ parameters) starting from the C36 parameters, 

which is described in detail in our preceding paper [17] (henceforth denoted Paper I). Since 

the hydrocarbon parameters utilized in lipid tails are well validated [16], this 

reparametrization is restricted to the head groups. The water model, TIP3P [18, 19], also 

remains unaltered to maintain consistency with the CHARMM-family of FFs. The 

experimental targets used in the parametrization include surface areas per lipid for bilayers, 

monolayer isotherms of the surface area, area compressibilities, NMR deuterium order 

parameters and radial distribution functions between water molecules and specific atoms in 

the head groups. While the lipids used for the parametrization are phosphatidylcholines 

(PCs) (Paper I) and ether lipids (this paper), the validation of the new FF also covers 

phosphatidylethanolamines (PEs) and phosphatidylglycerols (PGs) (see Table 1). The 

optimized parameter set maintains the same level of accuracy for bilayer as C36, while 

correctly reproducing the pressure/area isotherm for monolayers.

Although this paper focuses on adding LJ-PME into the C36 lipid FF, a brief review of all 

CHARMM lipid FFs is important. Currently, CHARMM includes both all-atom (AA) and 

united-atom (UA) lipid models. The first AA model, C22, by Schlenkrich et al. [20], was 

developed in the early 1990s, the parametrization was based on small molecules and QM 
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calculations at Hartree-Fock level. The validation of this early model was limited to the 

microcanonical ensemble. Its successor, C27 [21], improved the LJ and torsional parameters 

of alkanes, and also the partial atomic charges and torsional parameters of the phosphate. 

The alkane torsions in this set were further refined to reproduce the experimental aliphatic 

chain order parameters, leading to the revised set, C27r [22]. C27 and C27r are generally not 

suitable for constant pressure simulations, as they yield surface tensions of ~20 dyn/cm/side 

for DPPC bilayers at the experimental surface area [23]. This problem was solved with the 

most recent parametrization by Klauda et al. [1], i.e., C36. C36 also yields the correct head 

groups order parameters, which are not captured by most existing lipid FFs [24]. The UA 

model was first introduced by Hénin et al. [25], which matches the C27r lipid FF [26]; Lee 

et al. [27] reparametrized it in 2013 to match the C36 head groups. Recently, it has been 

updated with the optimized hydrocarbon parameters [28]. Besides the additive FFs 

mentioned above, CHARMM also has its own polarizable lipid FF, known as the Drude lipid 

FF [29, 30]. In principle, a polarizable lipid FF can better describe events and membrane 

properties where dielectric response is important, for example, the dipole potential at the 

membrane water interface and the permeability of small molecules through the membrane 

[31, 32]. However, the Drude lipid FF is presently only available for a limited number of 

lipid types, and perhaps more importantly, the area compressibilities of lipid bilayers are 

overestimated by nearly two-fold. The current study provides valuable insights into the 

parametrization of the CHARMM lipid FF, and the methodology can be readily applied to 

the reparametrization of the Drude lipid FF and is a topic of future work.

By way of outline, Section 2 describes the training and validation sets, followed by system 

set-ups, simulation protocols and methods of analyzing the trajectories. Section 3 provides 

the results, including the new parametrization of the ether-linked lipid 1,2-di-O-hexadecyl-

sn-glycero-3-phosphocholine (DHPC), and validation for the other lipids. Section 4 

discusses benefits of including LJ-PME and summarizes the work.

2. Methods

As noted in the Introduction, the semi-automated workflow to optimize the parameter set 

starting from C36 is described in Paper I, and it will not be reproduced here. Instead, the 

Methods section focuses on the range of lipids covered by this reparametrization, the 

systems used for training and validation, and computational details.

2.1 Lipids Covered and Nomenclatures.

The current study includes PC, PE, PG, and ether lipids. Optimized parameters are primarily 

tested on single component lipid bilayers and monolayers. 1,2-dipropionyl-sn-glycero-3-

phosphocholine (C3-PC) in solution phase is also simulated to study the head group 

hydrations. Table 1 provides the abbreviations and chain structures for the assorted lipids 

used in this study. The atom notations used by C36/LJ-PME are the same as C36 and follow 

the Sundaralingam nomenclature [33], where the numbering of the glycerol carbons is 

inverted with respect to the sn nomenclature [34, 35]. Examples of atom notation based on 

DPPC and DHPC can be found in Figure 2. In addition, a table of clarification can be found 

Yu et al. Page 3

J Chem Theory Comput. Author manuscript; available in PMC 2022 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the original publication of C36 (Table 5) [1]. For consistency, CHARMM atom notations 

are used for all discussions in this paper.

2.2. Training Set.

The training targets were selected to be representative of lipid systems. There are two major 

considerations when selecting the training targets. The first is the lipid type. While various 

tails were used in every parametrization stage to explore effects of unsaturation and carbon 

number, different head groups and linkages were parametrized sequentially. PC was the first 

head group optimized (see Paper I for details), and the ether linkage (DHPC) is optimized 

here. PE and PG lipids were tested using the new parameters (linkage region) from the PC 

optimization and a decision on whether to further optimize them was made based on the 

tests. The reason behind this is that PE and PG head groups share the same phosphate and 

glycerol backbone moieties with PC, hence it can be optimized easily after PC (if needed). 

For the ether lipid, DHPC, the only difference from DPPC is the linkage between the head 

group and tails, which can be parametrized separately as indicated by the parametrization of 

C36 lipid FF for ether lipids [3].

The second consideration is what properties should be covered in the training set. As 

commonly used benchmarks for lipid FF development, surface areas and membrane 

thicknesses were included. The correct surface area is difficult to parametrize (because the 

large negative and positive oscillations in the tangential pressure must sum to zero [36]) and 

is critical to other properties. For this reason, we gave relatively high weight factors to the 

surface areas in the optimizations. The monolayer surface areas at different applied surface 

tensions were also included in the training set, which historically has not been the case in 

parametrizations. This was inspired by the known inconsistency of bilayer and monolayer 

surface tensions for C36. Another set of properties considered were the deuterium order 

parameters (SCD). Order parameters are sensitive to bond orientations and chain order and 

are important metrics for membrane structure. In this study, order parameters from head 

group and tails were included as long as the experimental data was available. Since there is 

no published experimental data for ether lipids to our knowledge, only the PC optimization 

utilized order parameters (see Paper I for details).

The radial distribution functions (RDFs) between PC headgroup and water were recently 

determined by Foglia et al. [37] using 1,2-dipropionyl-sn-glycero-3-phosphocholine (C3-PC) 

in solution. Using neutron diffraction with isotopic substitution (NIDS) augmented by 

empirical potential structure refinement (EPSR) modeling, RDFs for unique atom-atom pairs 

between functional groups in C3-PC and water were resolved. While the data itself is 

meaningful, the usefulness of it is debatable in our case for several reasons. The first is that 

the TIP3P water model used by the CHARMM FF cannot reproduce experimental RDFs 

accurately, especially for the O-O pairs [38]. Secondly, electrostatic polarization is not 

included in our model, which may influence the interaction strengths between water and 

lipid atoms. Lastly, it was noted by Foglia et al. that EPSR only provides a model which is 

consistent with the diffraction data, but it is not necessarily unique. However, the inclusion 

of this set of data can avoid overfitting in parameters which may lead to unwanted strong 

interactions between water and lipid atoms when the optimizer tries to increase the 
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hydration. To balance all the uncertainties, we assigned low weights to this data. Another 

concern is how to use the RDF data. Our preliminary test using C36 indicated that integrals 

of the RDF curve (coordination numbers of water) are in good agreement with experiment, 

so that only the RMSD ranging from 2 to 6 Å were used (see Paper I).

Apart from properties extracted from single simulation, the training set also included three 

additional properties which were determined from multiple simulations. The most important 

one is the area compressibility (KA) of DPPC bilayer at 323.15 K. As discussed in previous 

publications [1, 36], KA can be determined by the fluctuation of the surface area, or through 

the surface tension dependence of the surface area at a given temperature as

KA = kBT 〈A〉
〈δA2〉

= A dγ
dA T

(1)

where 〈A〉 is the average total area per leaflet, 〈δA2〉 is the mean square fluctuation, kB is 

Boltzmann’s constant, T is the temperature, and γ is the total surface tension applied 

tangential to the bilayer surface. The second one is the area difference between 323.15 K 

and 333.15 K for DPPC bilayer, which was used to extract the temperature dependence of 

the surface area. The last one is the area difference between bilayers of DMPC and DPPC, 

which was used to train the tail length dependence of the surface area. The weights for these 

properties were relatively low, because their uncertainties were large from simulations.

Table 2 details the systems simulated in this study and the training targets associated with 

them. The weight factors used for these targets are listed in Table 1 of Paper I.

2.4 Simulation Details.

Table 2 lists the details of the systems simulated in this study. Initial structures of small (less 

than 100 lipids) bilayers and monolayers were built from CHARMM-GUI [39] Membrane 
Builder [40–42]. Systems containing 288 lipids were built by duplicating the 72-lipid 

systems at the end of 200 ns simulations 4 times. The initial coordinates of the 648-lipid and 

1152-lipid systems were end-of-simulation frames taken from Venable et al. [36] and 

unpublished simulations using the C36 FF. In addition, the building procedure of the 1,2-

dipropionyl-sn-glycero-3-phosphocholine (C3-PC) aqueous solution is detailed by Paper I. 
All PC bilayers were fully hydrated using the same hydration numbers found in the original 

publication of C36 [1]. The hydration numbers of PE and PG bilayers are consistent with 

two previous studies by Venable et al. [2, 36] DHPC bilayers were hydrated in the same way 

as Leonard et al. [3] For DPPC monolayers, lipid head groups from different leaflets were 

separated by a water slab, and the tails were separated by vacuum which measures about 180 

Å in the monolayer normal direction. For all systems, the modified TIP3P water model [18, 

19] was used to keep consistency with the rest of the CHARMM FF. Simulations of PG 

bilayers included 0.1 M of NaCl. Bilayers were simulated in tetragonal boundary conditions 

in one of two ensembles: NPT (constant number, pressure of 1 atm, and temperature), or 

NPγT (constant number, normal pressure, surface tension, and temperature). Monolayers 

were simulated in the NLz,γ,T (constant number, cell length normal to the surface, surface 

tension, and temperature).
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In each optimization cycle, small PC bilayers and monolayers were simulated for 200 ns 

except the two NPγT simulations of DPPC bilayers used to calculate the area 

compressibility, which were simulated for 300 ns. The simulation of C3-PC aqueous solution 

was 100 ns in each optimization cycle. All simulations were run in OpenMM 7.4.1 using the 

Langevin Integrator with a friction coefficient of 1/ps and a 2 fs timestep. Pressure was 

controlled by the Monte Carlo Membrane Barostat at 1 atmosphere for membranes and by 

the Monte Carlo Barostat at 1 bar for the C3-PC solution. The real-space cutoff (rcut) was set 

to be 10 Å for LJ-PME. The Ewald error tolerance was set to be 10-4. The simulation 

method used for validation was the same as the optimization except the 288/648-lipid 

bilayers and an extra set of 72-lipid bilayers (DPPC and DOPC) used to study lipid 

diffusion, for which a Nosé-Hoover chain velocity Verlet integrator was applied. In addition 

to the LJ-PME simulations, two monolayers were simulated using the C36 FF and a force-

switching function ranging from 8 to 12 Å for the LJ, and the NPγT ensemble was used in 

which γ was set to be 18 and 41 dyn/cm.

2.5. Property Calculations.

The following properties were evaluated during the optimization for the training set and after 

for the validation set:

1. The surface area per lipid (Al) was calculated as the area of the simulation cell in 

the x-y plane (tangential to the membrane surface) divided by the number of 

lipids per leaflet.

2. Area compressibility, KA. As discussed in Section 2.3 (Eq. 1), KA can be 

calculated in two ways. For parameter optimization, KA was obtained from dγ/

dA, and the reweighting was done to the surface area of the two DPPC bilayers 

under applied surface tensions of ±5 dyn/cm.

3. Deuterium order parameters were computed from

SCD = 〈3
2cos2θ − 1

2〉 (2)

where θ is the angle between the C-H vector and the bilayer normal, the angular 

bracket denotes the time and ensemble average.

4. The overall bilayer thickness, DB, was estimated by the distance between the two 

midpoints (one for each side of the bilayer) of water electron density profile 

(EDP) along the bilayer normal, for which a bin size of 0.2 Å was used. EDPs 

for lipid atoms were also calculated in the validation process, from which the 

headgroup-to-headgroup distance (DHH) and the hydrophobic thickness (DC) 

were estimated. DHH is defined as the distance between the peaks in the overall 

EDP, and DC is half of the distance between the midpoints of EDP for the acyl 

chain. From EDPs, X-ray and neutron form factors were generated using the 

SIMtoEXP program [43], which were compared directly to experiments.

Dynamic properties of lipid bilayers were studied as model validation. The first set of 

properties are the NMR spin lattice relaxation time T1 of C-H bonds. T1 was calculated 
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assuming pure dipolar relaxation between the 13C nucleus and its N attached protons using 

the formula [44]

1
NT1

= ℎγCγH
2πrC − H3

2
[J ωH − ωC + 3J ωC + 6J ωH + ωC ] (3)

J ω = ∫0
∞

〈P2 μ 0 ⋅ μ t 〉cos ωt dt

where h is the Plank’s constant, rC−H is the effective C-H bond length, γC and γH are the 

gyromagnetic ratios of the 13C and H nuclei, ωC and ωH are the angular Larmor frequencies. 

J(ω) is the spectral density of the second rank reorientational correlation function (P2) of the 

C-H bond direction, where μ t  is the unit vector along the C-H bond at time t.

Another set of properties are the lipid diffusion constants. Comparing simulated diffusion 

constants with experiments faces two major challenges. The first is the artifact introduced by 

the period boundary conditions (PBC) common to molecular dynamics (MD) simulations 

[45]. For membrane spanning proteins, Camley et al. [46] predicted that the diffusion 

constant would be underestimated by factors 3–10, and recent studies by Venable et al. [47] 

and Zgorski et al. [48] indicate that lipid diffusion could be affected by similar factors. To 

overcome this challenge, DPPC and DOPC bilayers of different sizes were simulated and the 

periodic Saffman-Delbrück (PSD) model developed by Camley et al. [46] was used to 

extrapolate diffusion constants at infinite system size. The second challenge is determining 

the viscosity of the lipid molecule in a membrane environment, which must be used as an 

input parameter in the PSD model. More details on this will be discussed in Sections 3.4 and 

4. In diffusion constant calculations, the center of mass (COM) motion of the bilayer should 

be removed in order to get the motions of individual lipids relative to the bilayer. It was 

found in previous MD simulations [28, 49] that the two leaflets of small bilayers (36 lipids/

leaflet) have fast relative motions, so that COM motions for individual leaflets were removed 

instead of the COM motion of the whole bilayer. Two-dimensional (2D) mean-squared 

displacement (MSD) for each lipid as a function of time was computed via a difference 

correlation function using the x and y components of the lipid COM [47]. The 2D diffusion 

constants were computed from the slopes of 〈msd〉LIPID vs. time, for 10 ns < t < (ti – 10)/2, 

where ti is the analysis interval (80 ns). The lower cutoff removes the sub-diffusive 

dynamics, which is significantly faster than the diffusion in all-atom simulations [47]. 

Standard errors were estimated based on 3 replicas for each system, and each replica 

contains 4 (72- and 288-lipid systems) or 2 (648-lipid systems) trajectory blocks of 80 ns.

3. Results

3.1. Parametrization of the Ether Linkage.

Using the C36 ether parameters [3] with LJ-PME, we observed a too low Al for DHPC at 

333.15 K (62.4 ± 0.3 Å2 compared to 67.2 Å2 in experiment [50]), implying a 

reparametrization for the ether linkage was needed. The reparametrization was based on 

properties of DHPC bilayer at two different temperatures (see Table 3) and conformational 
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energies of 1,2-diethoxyethane (C6H14O2; hereafter DEOE). In each optimization cycle, 

partial charges of the ether linkage were fitted to the experimental Al and overall thickness 

DB of DHPC bilayers using the same strategy described in Paper I. LJ parameters were set to 

those of C36 and not allowed to change. After that, parameters for the C-O-O-C and O-C-C-

O dihedrals were fitted to the QM potential energy scan (PES) of DEOE from Leonard et al. 

[3] In CHARMM, the form of the dihedral potential for a single dihedral is

∑
n

Kφ 1 + cos nφ − δ (4)

where φ is the dihedral angle and Kφ, n, and δ are fitting parameters. The multiplicity n can 

take values from 1 to 6. In the dihedral fittings, n was fixed as in C36 and only changes in 

Kφ and δ were allowed. We found that only one optimization cycle was needed to obtain 

good agreement with experimental observables (although two cycles were run to confirm). 

PES based on the optimized parameters are compared to QM in Figure 3, and bilayer 

properties can be found in Section 3.4.

3.2. Optimized Parameters.

The optimized parameters for the PC head group are listed in Table 4 and compared to C36. 

As noted in Paper I, the parametrization of C36/LJ-PME only introduced changes to the 

glycerol region and the ester linkage. For partial charges, the changes are all within 0.06 e. 

There are also small but unneglectable changes to the Rmin/2 of carbonyl oxygens (O22/

O32) and ester oxygens (O21/O31); ε for ester oxygens also changed. These changes in LJ 

parameters can be partially explained by the presence of the pairwise RDFs (between these 

atoms and water) in the training set. Figure S1 compares the RDFs for C36/LJ-PME and 

C36. Due to the fixed phosphate parameters and regularizations imposed during the 

optimization, only small differences can be observed for the ester group and they are 

discussed in Paper I.

Changes of partial charge for the ether linkage are shown in Figure 4, while exact numbers 

of the charges are compared with C36 in Table S1. In fact, these changes are very small and 

comparable to the difference between QM calculations using different model compounds 

[3]. The adjusted dihedral parameters for C-O-C-C and O-C-C-O are listed in Table 5, and 

the partial charges of DEOE atoms used for the PES are shown in Figure S2.

3.3. Membrane Structure and Area Compressibility.

As presented in Paper I, reparametrization of the PC head group solved the inconsistency 

between bilayers and monolayers in C36. In this study, validation of the new parameter set is 

extended to the PE and PG head groups. In principle, the PE/PG-specific nonbonded 

parameters only need to be reparametrized if they do not work well with the new linkage 

parameters. The overall bilayer structure measured by Al (Table 6) and membrane 

thicknesses (Table 7) implies that PE and PG lipids are well modeled by C36/LJ-PME. 

However, there might be a potential issue for DMPG at relatively lower temperatures (e.g., 

303.15 K) as indicated by the higher-than-experiment chain order parameters, which will be 

discussed in Section 4.
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Table 6 also compares the Al for PC membranes and DHPC bilayers. Generally speaking, 

the overall agreement with experiment for C36/LJ-PME is just as good as C36 in terms of 

bilayers. While Al of DMPC bilayer is higher than experiment, X-ray and neutron form 

factors (Figure 5) agree well with experiment and are comparable to those calculated using 

C36 [52]. The situation is more complicated for DLPC, for which the neutron form factors 

deviate from experiment by noticeable amounts, indicating the potential deficiency of the FF 

to describe shorter tails. As the only ether lipid optimized and tested in this study, Al of 

DHPC bilayers match the experimental data pretty well and are comparable to C36.

Table 7 compares membrane thicknesses calculated using C36/LJ-PME to experiments. 

Overall, C36/LJ-PME agrees well with experiments for all tested lipids, though under- and 

overestimations exist for some lipids. For DMPC, DLPC, POPC and DOPC bilayers, DB is 

underestimated, which is consistent with their slightly overestimated Al. While the average 

underestimation of DB is small, this implies an overhydration is needed to generate the 

accurate Al for bilayers, and this overhydration can be visualized directly using EDP (Figure 

S3), as the distribution of water is shifted slightly inward compared to experiment. 

Nevertheless, comparison with the experimental form factors indicates that structures of 

these bilayers are well-modeled. The head-to-head distance DHH and the hydrophobic 

thickness 2DC follow the same trend of DB for most lipids. One exception is POPE, for 

which DHH is higher than the experiment despite a close-to-experiment DB. This indicates 

that head group size and intermolecular hydrogen bonds may influence DHH and thus the 

difference between DB and DHH.

Another important metric of membrane structure is the deuterium order parameter (SCD). 

C36 is the first lipid FF to accurately capture the chain order splitting for all carbons [1, 24]. 

As described in Paper I, dihedral fitting for the PC head group was conducted in a way 

maximizing the consistency with C36, and post-fit refinement was used to further improve 

the agreement with experiment. Hence, head group SCD for PCs are nearly identical as C36 

and in perfect agreement with experiment (Figure 6, upper left). Furthermore, because the 

parametrization also included the nonbonded parameters of the first two carbons in the acyl 

chain and dihedral parameters extending to the fourth carbon, the splitting of C2 from the 

sn-2 chain is well preserved.

When it comes to PE and PG, the experimental data is less accessible. The lower left panel 

of Figure 6 compares the SCD of POPE bilayer simulated using C36/LJ-PME with several 

independent experiments. It is clear that the agreement with experiment is good for the head 

group region. When interpreting the experimental data for the sn-1 chain, extra caution 

should be exercised because the experiment assumed a monotonic variation of SCD toward 

the disordered center of the bilayer [64]. However, the overall agreement for the sn-1 chain 

is decent, indicating that the structure of the hydrophobic core is well described by C36/LJ-

PME, and that the overall structure of the bilayer is well captured. For the sn-2 chain, the 

drop of SCD around the double bond (C9=C10) is evident for C36/LJ-PME and it agrees 

qualitatively with the experiment. SCD for the POPG head group are also compared to 

experiment in Figure 6. There is no reported error from Borle et al. [65], but the comparison 

with Ferreira’s data indicates that further refinement of PG-specific parameters might be 

needed, and it will be a focus of future updates to the FF.
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KA calculated based on area fluctuation are listed in Table 8. Considering the standard 

errors, KA from C36/LJ-PME simulations are highly consistent with C36 values, asserting 

that the reparametrization only introduced minimal changes to the C36 lipid FF. KA also 

compare favorably with available experimental values for PC and PE lipids, demonstrating 

the two head groups were well parametrized. While a direct comparison with experiment is 

not available for DHPC, KA for DHPC is close to DPPC, which is reasonable considering 

the two molecules are very similar to each other in chemical structure.

3.4. Dynamic Properties.

The last part of the validation focuses on dynamic properties of lipid bilayers. The NMR 

spin-lattice relaxation times of C-H bonds are shown in Figure 7 for DMPC. Overall, 

C36/LJ-PME agrees well with the experiment at all three carbon Larmor frequencies, except 

carbon G2 (C2) under high frequency (150.84 MHz). The same trend has been detected for 

C36 in previous publications [52, 68] and will be further discussed in Section 4. In fact, the 

overall pattern for the headgroup T1 from C36/LJ-PME is very similar to C36, despite the 

small differences for the α and β carbons. Again, this similarity is related to the dihedral 

fitting protocol maximizing the consistency with C36. It should be noted that dihedrals in 

the glycerol region are highly coupled and direct fits to QM data are impractical. An 

alternative approach was taken by Klauda et al. in the original C36 FF [1], where the order 

parameters of that region were used as additional targets to parametrize the dihedrals. This 

can potentially lead to unphysical description of the energy landscape in that region since the 

dihedral parameters that can generate the experimental order parameters might not be 

unique. In terms of the tail region, better agreement with experiment is seen for carbons 

closer to the head group, while the last three carbons (C12, C13 and C14) are 

underestimated at high frequency (150.84 MHz).

To further study the frequency dependence for the tail region, T1 of DPPC tail carbons were 

computed and compared to both experiments and C36 (see Figure 8). There are two sets of 

experiments. One is from Brown et al. [77] measured with small vesicles, the other is from 

Klauda et al. [68] measured with large multilamellar liposomes (multilayers) at relatively 

higher frequencies. It should be noted that experimental 1/NT1 from multilamellar 

liposomes are, on average, 13% higher than those from small vesicles at 75.4 MHz, and 28% 

higher at 125.7 MHz. Possible causes are the waters remaining between the bilayers in the 

multilamellar liposomes and the different curvatures as discussed by Klauda et al. [68] In 

general, 1/NT1 for C36/LJ-PME agree well with the experiments, though slightly higher 

values are observed for <C4-C13> at lower frequencies compared to the vesicle data. There 

is also a trend that 1/NT1 for C36/LJ-PME at lower frequencies are higher than C36. These 

trends can be understood following Szabo’s [78] analysis of the frequency dependence of 

vesicle data using his a “model-free” formalism [44]. Specifically, the spectral density for 

the ith carbon in a chain, Ji(ω) is written

Ji(ω) = (1 − Ai
2)τi + Ai

2τs
1 + τsω 2 (5)
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where τi is the fast relaxation time associated with gauche-trans isomerization, Ai
2 is the 

generalized order parameter for each carbon, and τs is a slow relaxation common to all of 

the acyl chain carbons. Since both the dihedral parameters (which are related to the fast 

motion) and the order parameter profiles (Figure S4) for the acyl chain are identical for 

C36/LJ-PME and C36, the difference must arise from τs which here is the slow relaxation 

associated with of wobble [79]. To verify this, the second rank reorientational correlation 

function C2(t) of the unit vector μ formed by C22 and C32 carbons (second carbons from the 

two acyl chains) were computed. C2(t) is defined as

C2 t = ⟨P2 μ 0 ⋅ μ t ⟩ (6)

where P2 is the second Legendre polynomial. This correlation function is then fit with two 

exponentials in the form of eq 7 to extract the time constants corresponding to different 

modes of motion, and the slow relaxation time is assigned to wobble [80].

C2(t) = a0 + ∑
i = 1

2
aie− t

τi (7)

Fitting to eq 7 gives a slow relaxation time of 2.79 ± 0.12 ns for C36 and 4.15 ± 0.2 ns for 

C36/LJ-PME, which supports our assertion that the larger 1/NT1 of C36/LJ-PME at lower 

frequencies are caused by slower wobble. In fact, the second term on the right-hand side of 

eq 5 is a monotonically increasing function of τs within the frequency range studied here; 

besides, the lager τs of C36/LJ-PME makes the frequency dependence sharper than C36. 

Similar analysis can be conducted to explain the difference between C36 and C36/LJ-PME 

for DMPC T1. Investigations into the chain order parameters (Figure S4) show that C36/LJ-

PME is less ordered near the lipid head compared to C36 but more ordered for the terminal 

carbons. For carbons near the head, the influence of lower order parameter might be 

canceled by the slower wobble, thus T1 for this region are similar between the two FFs. 

However, the relatively higher order parameters for the terminal carbons impose the same 

effect as the slower wobble, causing larger Ji(ω) and hence shorter T1 for that region.

Another dynamic property studied is the diffusion constant of single lipids in a homogenous 

bilayer. The self-diffusivity of lipid has been a popular target for FF validation. However, 

obtaining meaningful diffusion constants from simulation to compare with experiments is 

not straightforward due to the strong effect of PBC on translational diffusion. Instead, 

extrapolation using knowledge of membrane shear viscosity (ηm) and interleaflet friction (b) 

is needed to get the diffusion constants to infinite system size. Based on the continuum 

hydrodynamic theory of Saffman-Delbrück, Camley et al. [46, 47] developed the periodic 

Saffman-Delbrück (PSD) model to predict the diffusion constant of single leaflet spanning 

or monotonic cylinder in a membrane, which states

DPBC = kBT
2L2 ∑

k ≠ 0

A k
A k 2 − B k 2e−k2β2R2/2

(8a)
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D∞ = kBT
2 ∫ d2k

2π 2
A k

A k 2 − B k 2e−k2β2R2/2 (8b)

A k = ηmonok2 + ηfkcoth 2Hk + b = ηmonok2 + ηfk + b; H ∞

B k = b + ηfkcsch 2Hk = b; H ∞

where DPBC is the diffusion constant for a periodic simulation box which measures L in x/y, 

and D∞ is the diffusion constant for infinite system size, β is a constant, R is the (effective) 

radius of the cylinder, H is the average height of water layers above and below the 

membrane, ηmono = ηm/2 is the monolayer surface viscosity, ηf is the bulk viscosity of the 

surrounding fluid (water), and b is the inter-leaflet friction. D∞ can be computed for a 

specific set of R, ηm, and b (the other parameters can be precisely determined from the 

simulation) using https://diffusion.lobos.nih.gov. Using a R of 0.45 nm for DPPC and fixing 

b at 1 × 107 P/cm [81], Venable et al. [47] found that the best ηm to match the three C36 

systems of different sizes is 4.4 × 10−8 P⋅cm. In a recent study of Zgorski et al. [48], the 

surface viscosity ηm for DPPC is calculated to be (12.26 ± 0.50) × 10−8 P⋅cm, which is 

significantly larger than the fitted value by Venable et al. By fixing ηm at this value, Zgorski 

et al. found the best R to match the simulation results is 0.15 nm, a number much smaller 

than the radius estimated from the average area occupied by a single lipid in bilayer (0.45 

nm as mentioned above). One explanation for this inconsistency is that an effective 

hydrodynamic radius might be smaller than one consistent with the surface area since a lipid 

is not a solid cylinder.

Here, we fit ηm to the simulated results of DPPC using both R=0.45 nm and R=0.15 nm but 

those of DOPC only using R=0.47 nm, a radius consistent with the surface area. Table 9 lists 

the diffusion constants of DPPC and DOPC calculated from C36/LJ-PME simulations and 

those from fitting. Remaining parameters used in the fitting are listed in Table S2. Using a R 
of 0.45 nm for DPPC, ηm is determined to be 5.7 × 10−8 P⋅cm, which is at least 30% larger 

than the value obtained by Venable et al. [47] The fitted ηm of DOPC is 10.0 × 10−8 P⋅cm, a 

value 12% larger than Venable et al. This trend of higher viscosity is expected because of the 

added long-range dispersion in C36/LJ-PME and it is consistent with the slower diffusion. 

When changing R to 0.15 nm, ηm of DPPC becomes 11.3 × 10−8 P⋅cm, a value much larger 

than 5.7 × 10−8 P⋅cm but smaller than the surface viscosity calculated by Zgorski et al. using 

C36. This indicates that effective radius of DPPC in C36/LJ-PME might be different from 

C36, since a higher-than-C36 surface viscosity is expected. D∞ of DPPC from fitting are 

3.89 × 10−7 cm2/s for R=0.45 nm and 2.87 × 10−7 cm2/s for R=0.15 nm, which are still 

substantially larger than the experiment (1.5 × 10−7 cm2/s) [82]. D∞ for DOPC is 2.24 × 

10−7 cm2/s, while the experimental value is 0.825 × 10−7 cm2/s [83].
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4. Discussion

Long-range dispersion has been incorporated into the CHARMM36 lipid FF through the LJ-

PME method, resulting in a new FF denoted C36/LJ-PME. C36/LJ-PME was validated 

against a wide range of structural and dynamic properties using various lipids. While the 

overall agreement with experiment is similar to C36, the explicit inclusion of the long-range 

dispersion eliminates the sensitivity of the FF to the truncation of the LJ. Proceeding beyond 

lipids, simulations [84] using the CHARMM36m protein parameter set show the presence of 

LJ-PME does not impact assorted properties of ubiquitin. This is consistent with the use of 

an isotropic long-range LJ correction in condensed phase simulations during optimization of 

the model compounds (e.g., N-methylacetamide, methanol, dimethyldisulfide) that are the 

foundation of the C36 force field. Hence, it is reasonable to add proteins to membrane 

simulations carried out with C36/LJ-PME, though some testing would be prudent. Similar 

testing is also recommended for simulations of membranes and nucleic acids and other 

compounds with the CHARMM force fields. The TIP3P water model is used to keep the 

balance between solvent-solvent and solvent-solute interactions and the long-range 

dispersion would not impact this balance because the dominant interaction is the short-range 

hydrogen bonding. Another significant improvement over C36 is that C36/LJ-PME achieves 

consistency between bilayer and monolayer isotherms because of the long-range dispersion 

and the reparametrization targeting both bilayer and monolayer properties. This makes it 

possible to compare simulations to monolayer experiments directly (see the Discussion of 

Paper I for more details). Since LJ-PME is based on the efficient particle-mesh Ewald 

(PME) algorithm, the simulation speed should be comparable to the electrostatic PME 

method when using a proper real-space cutoff. Using the 72-lipid DPPC bilayer as a 

benchmark, the speed on a single NVIDIA V100 GPU is 179 ns/day when using a real-space 

cutoff of 10 Å and a time step of 2 fs in OpenMM 7.4.1. This is 10 ns/day faster than the 

electrostatic PME combined with a force-switching function ranging from 8–12 Å for the LJ 

interactions (other settings remain the same). While reducing the real-space cutoff can 

further speed up the simulation, a cutoff smaller than 9 Å is not recommended because our 

tests (Table S8 of Paper I) have shown that the surface area of bilayer starts to deviate from 

its optimized value when the real-space cutoff is smaller than 9 Å.

In this study, glycerophospholipids (GPLs) and ether lipids were parametrized separately 

because there is no overlap between the parameters. PCs were used for the parametrization 

of GPLs, where only the glycerol and ester groups were changed with respect to C36. This 

topologically restricted parametrization maximizes the consistency with the rest of the 

CHARMM FF by keeping the phosphate unchanged. It also allows freedom for future 

optimization targeting head-specific groups like the serine group in phosphatidylserine (PS) 

and the glycerol group in PG. The ether linkage was parametrized by targeting the DHPC 

bilayer surface area and thickness. Both parametrizations only introduced minimal changes 

to the C36 parameters, demonstrating the high quality of the C36 lipid FF and the efficiency 

of the semi-automated optimization approach.

The validation set for GPLs consists of a total of nine lipid types covering PC, PG and PE 

heads and saturated/unsaturated chains. Surface areas for these nine lipids agree very well 

with experiments, with the largest deviation being DLPC (+5.8%). Similar to the C36 lipid 
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FF, there is an overhydration of bilayers compared to experiment, especially for PCs with 

relatively short chains. The overall thickness DB, which is calculated based on the water 

distribution, deviates from experimentally fitted values by 4.8% on average. As discussed in 

the original publication of C36, such an overhydration facilitates the improved estimate in 

the surface area. As the only PE bilayer simulated in this study, POPE has excellent 

agreement with experimentally measured structural data. The test for PG is based on DMPG 

bilayer at three different temperatures (303.15 K, 323.15 K and 333.15 K) and POPG bilayer 

at 303.15 K. C36/LJ-PME is able to reproduce the experimental surface area and thickness, 

as well as the scattering data. However, concern is raised when comparing the DMPG 

(303.15 K) chain order parameter to experiment (see Figure S5). The average over the 12 

largest values from both chains is 0.24 for C36/LJ-PME, while the NMR experiment 

measures about 0.21 [85]. This higher order parameter is consistent with the lower surface 

area compared to experiment (59.8 Å2 versus 62.5 Å2). In fact, the gel to fluid phase 

transition temperature of the DMPG bilayer is 297.15 K (close to the simulated temperature) 

[85], and C36/LJ-PME fails to accurately predict properties at 303.15 K where transient 

domain(s) containing extended hydrocarbon chains are formed (Figure S6). This indicates 

that further refinement of the PG head group is needed for a more accurate treatment of the 

phase transition temperature and lipid packing. This will be a focus of future updates to the 

C36/LJ-PME FF.

NMR spin lattice relaxation time T1 of C-H bonds were compared to experiments. The head 

group region is well described by C36/LJ-PME. At high frequency (150.84 MHz), T1 of 

carbon G2 is overestimated compared to the sonicated vesicle data from Brown et al. [76] 

However, a more recent measurement [86] using multilamellar vesicles obtained by 

centrifuge is in favor of C36/LJ-PME and C36. At 13C Larmor frequency of 125 MHz, 

Antila et al. detected a T1 of 0.38 ± 0.04 s, a value right between the T1 at 90.8 MHz and 

150.84 MHz predicted by C36/LJ-PME. Considering the monotonic increasing of T1 with 

respect to the Larmor frequency within the range studied here, this indicates that C36/LJ-

PME predicts the T1 of carbon G2 precisely. However, the same authors pointed out in 

another paper [87] that C36 underestimates the T1 for the β and α segments due to the high 

weights of motion at the 0.1–1 ns timescale. An explanation for this could be the too fast 

diffusion of the TIP3P water considering these segments are close to the aqueous phase, 

though it is hard to quantify the influence. The frequency dependence of the chain is also 

well described by C36/LJ-PME as shown in Figure 7–8. The small difference with C36 can 

be explained by the slower wobble and rotational diffusion about the long axis of the lipid 

due to the increased viscosity at the presence of long-range dispersion.

Lipid diffusion calculated by C36/LJ-PME is slower than C36. Extrapolating the simulated 

results using the PSD model with an effective hydrodynamic radius of 0.15 nm generated a 

D∞ of 2.87 × 10−7 cm2/s for DPPC, which is still 90% faster than experiment. As discussed 

by Zgorski et al.[48], the underestimated viscosity of water and interleaflet coupling 

accounts for approximately 20% of this error, and the dominant modulator to diffusion is ηm 

within a hydrodynamic treatment.

The lower fluidity compared to C36 raises the concern that bilayers simulated with C36/LJ-

PME will remain in the fluid phase above the transition temperature. To examine this 
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problem, microsecond-long simulations were conducted for the 72-lipid DPPC bilayer at 

323.15 K and 317.15 K (approximately 3 °C above the ripple (Pβ) to liquid-crystalline (Lα) 

phase transition temperature) [88]. The areas per lipid for the two simulations are reported in 

Figure S7. It is clear from Figure S7 that the bilayer remained in the liquid-crystalline phase 

during the microsecond-long simulations. To study the influence of system size, 1152-lipid 

bilayers were simulated for seven lipid types, and the results are shown in Figure S8. Among 

the seven simulations, three used C36/LJ-PME and the other four used parameters from the 

Global parametrization in Paper I. The Al indicates that all these large bilayers stayed in the 

fluid phase during the 400 ns simulations.

While successful in many aspects, C36/LJ-PME has its limitations as an additive FF. For 

example, the electrostatic potential drop from the center of bilayer to water is about twice 

the experimental measures (Figure S9) [89] suggesting polarization is needed. Other 

situations a polarizable FF include water permeation, solvation free energy of apolar 

molecules in polar solutions or vice versa. While C36/LJ-PME and other popular additive 

lipid FFs will likely remain popular, a reliable polarizable FF for lipid membrane is in urgent 

need. Methods developed in this paper could be used to parametrize such a force field. 

Likewise, these methods could be used to replace the TIP3P model in an additive FF. Hence, 

C36/LJ-PME represents a major update to the C36 lipid FF by resolving the inconsistency 

between bilayer and monolayer and eliminating the “cutoff” dependence of the FF thereby 

increasing the range of systems that can be studied using the CHARMM FF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Influence of Lennard-Jones cutoff distance on the surface area per lipid of a 

dipalmitoylphosphatidylcholine (DPPC) bilayer at 323.15 K (blue line) and the surface 

tension of hexadecane/air interface at 298.15 K (magenta line) simulated with the C36 FF. 

Hexadecane/air data from Leonard et al. [16]
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Figure 2. 
Chemical structure of DPPC and DHPC, nomenclature follows CHARMM convention.
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Figure 3. 
Dihedral fittings for the C-O-C-C and O-C-C-O dihedrals. The chemical structure of DEOE 

and the positions of the two dihedrals (green) are shown on the upper left of each panel. All 

dihedrals not used for the scan are fixed at 180°.
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Figure 4. 
(a) Chemical structure of ether lipids where R1 and R2 represent the acyl chains, atom 

notations follow CHARMM convention. (b) changes of partial charge in C36/LJPME 

relative to C36.

Yu et al. Page 24

J Chem Theory Comput. Author manuscript; available in PMC 2022 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(a) X-ray and (b) neutron form factors for bilayers. C36/LJ-PME in red line and experiments 

[50, 53, 56–59, 62, 63] in open symbol.
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Figure 6. 
(upper left) NMR deuterium order parameters (SCD) for DPPC bilayer from experiments 

[66–68] and C36/LJ-PME at 323 K; (lower left) SCD for POPE bilayer. Experimental 

temperatures are 308 K for the sn-1 chain [64], 303 K for the sn-2 chain [69] and 310 K for 

the head group (Unpublished data from the NMRLipid Project [70]). Simulation 

temperatures shown in legend. (Right) SCD for POPG head group, experimental data from 

Borle et al. [65] and the NMRLipid project [70].
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Figure 7. 
T1 for DMPC at 303.15 K from experiment [76] (open symbols) and simulation (closed 

symbols). (a) Headgroup carbons; (b) Tail carbons.
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Figure 8. 
Frequency dependence of NMR T1 for DPPC tail carbons. Vesical data from Brown et al. 

[77], and multilayer data from Klauda et al. [68]
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Table 1.

Name, abbreviation, and chain structure of lipids noted in this paper

lipid name abbreviation sn1 sn2

1,2-dipropionyl-sn-glycero-3-phosphocholine C3-PC 3:0 3:0

1,2-dilauroyl-sn-glycero-3-phosphorylcholine DLPC 12:0 12:0

1,2-dimyristoyl-sn-glycero-3-phosphorylcholine DMPC 14:0 14:0

1,2-dipalmitoyl-sn-glycero-3-phosphocholine DPPC 16:0 16:0

1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) DMPG 14:0 14:0

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine POPC 16:0 18:1

1,2-dioleoyl-sn-glycero-3-phosphocholine DOPC 18:1 18:1

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine POPE 16:0 18:1

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine POPG 16:0 18:1

1-stearoyl-2-docosahexaenoyl phosphatidylethanolamine SDPE 18:0 22:6

1,2-di-O-hexadecyl-sn-glycero-3-phosphocholine DHPC 16:0 16:0
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Table 2.

Systems simulated in this study.

System T (K) Ensemble Nlipid Nwater/lipid Use

DPPC bilayer 323.15 NPT 72 30.4 optimization, validation

NPγT (−5 dyn/cm) 72 optimization

NPγT (5 dyn/cm) 72 optimization

NPT 288 validation

NPT 648 validation

NPT 1152 validation

333.15 NPT 72 optimization, validation

DPPC monolayer 321 NLzγT (18 dyn/cm) 72 30.4 optimization, validation

NLzγT (40 dyn/cm) 72 optimization, validation

NLzγT (55 dyn/cm) 72 optimization, validation

DMPC bilayer 303.15 NPT 72 25.7 optimization, validation

DLPC bilayer 303.15 NPT 72 30.4 validation

POPC bilayer 303.15 NPT 72 31.1 optimization, validation

DOPC bilayer 303.15 NPT 72 33.5 validation

303.15 NPT 288 30.4 validation

303.15 NPT 648 33.5 validation

POPE bilayer 303.15 NPT 80 32.0 validation

308.15 NPT 80 32.0 validation

DMPG bilayer 303.15 NPT 72 75.0 validation

323.15 NPT 72 validation

333.15 NPT 72 validation

POPG bilayer 303.15 NPT 72 45.0 validation

DHPC bilayer 321 NPT 80 30.0 optimization, validation

333 NPT 80 optimization, validation

C3-PC solution 298.15 NPT 9 250 optimization, validation
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Table 3.

Training targets, along with their scaling factors and weight factors for the ether linkage reparametrization. All 

bilayers are fully hydrated. Surface Area per Lipid (Al), Overall Bilayer Thickness (DB). Definitions of scaling 

factor and weight factor are in Paper I.

property system, temperature (K) target value scaling factor weight factor

Al DHPC Bilayer, 333.15 67.2 Å2 [50] 60 Å2 15

DB 36.8 Å [50] 40 Å 5

Al DHPC Bilayer, 321.15 65.1 Å2 [51] 60 Å2 10
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Table 4.

Comparison of partial charges and LJ parameters for C36/LJ-PME and C36.

atom C36 C36/LJ-PME

partial charges (e): PC lipids

C2 0.17 0.1339

HS 0.09 0.1023

O21 −0.49 −0.4739

C21 0.90 0.8445

O22 −0.63 −0.6272

C22 −0.22 −0.1652

H2R 0.09 0.0928

H2S 0.09 0.0928

C3 0.08 0.0302

HX 0.09 0.1030

HY 0.09 0.1030

O31 −0.49 −0.4739

C31 0.90 0.8445

O32 −0.63 −0.6272

C32 −0.22 −0.1652

H2X 0.09 0.0928

H2Y 0.09 0.0928

Rmin/2 (Å): PC lipids

O21 1.65 1.6809

O22 1.70 1.6470

O31 1.65 1.6809

O32 1.70 1.6470

ε (kcal/mol): PC lipids

O22 −0.120 −0.1192

O32 −0.120 −0.1192
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Table 5.

Adjusted dihedral parameters for the ether linkage.

dihedral Kφ n δ

C-O-C-C 0.25 2 0.0

0.43 3 0.0

0.26 4 0.0

0.08 5 0.0

O-C-C-O 1.23 1 180.0

1.02 2 0.0
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Table 6.

Al from NPT and NPγT simulations. Available C36 and experimental data included for comparison. Standard 

errors are given in parentheses.

System Temperature (K) Ensemble C36/LJ-PME (Å2/lipid) C36 (Å2/lipid) Experiment (Å2/lipid)

DPPC bilayer 323.15 NPT 62.7 (0.2) 62.9 (0.1) [36] 63.1 (1.3) [53]

333.15 63.3 (0.2) 65.0 (1.3) [53]

DMPC bilayer 303.15 NPT 62.4 (0.2) 61.5 (0.1) [36] 60.6 [54], 59.9 (1.2) [53]

DLPC bilayer 303.15 NPT 64.3 (0.4) 63.1 (0.3) [55] 60.8 (1.2) [53]

DOPC bilayer 303.15 NPT 69.4 (0.2) 68.9 (0.1) [36] 67.4 [56], 72.4 [57]

POPC bilayer 303.15 NPT 65.4 (0.5) 66.0 (0.1) [36] 64.4 (1.3) [53]

POPE bilayer 308.15 NPT 58.9 (0.4) 58.8 (0.1) [36] 58.0 (1.2) [58]

DMPG bilayer 303.15 NPT 59.8 (0.4) 64.0 (0.2) [2] 62.5 (1.3) [59, 60]

323.15 65.3 (0.5) 66.0 (1.3) [59, 60]

333.15 66.0 (0.4) 67.5 (1.4) [59, 60]

POPG bilayer 303.15 NPT 65.4 (0.3) 68.0 (0.1) [36] 64.3 (1.3) [59, 60]

DHPC bilayer 321.15 NPT 63.5 (0.2) 63.2 (0.3) [3] 65.1 [51]

333.15 65.5 (0.3) 65.4 (0.2) [3] 67.2 [50]

DPPC monolayer 321.15 NPγT (γ=18 dyn/cm) 55.7 (0.2) 60.0 (0.2) 54.0 [61]

321.15 NPγT (γ=41 dyn/cm) 63.9 (0.2) 72.1 (0.2) 64.0 [61]

321.15 NPγT (γ=55 dyn/cm) 76.5 (0.3) 80.0 [61]
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Table 7.

Overall thickness (DB), headgroup-headgroup distance (DHH) and hydrophobic thickness (2DC) for each lipid 

bilayer from C36/LJ-PME, C36 and experiments (Expt.). Standard errors are given in parentheses. The 

experimental values with uncertainties for saturated PC lipids and POPC from 2011, Kučerka et al. [53] DOPC 

experimental values from earlier study of same group published in 2008 [56]. PE experimental values from 

their later study in 2015 [58]. PG experimental values from their 2014 paper [60]. DHPC experimental values 

from two separate publications [50, 51]. C36 values are from Zhuang et al. [52, 55] and Leonard et al. [3], and 

standard errors are less than 0.3 Å if not provided.

Lipid Temperature (K)
DB (Å) DHH (Å) 2DC (Å)

C36/LJPME C36 Expt. C36/LJPME Expt. C36/LJPME C36 Expt.

DPPC
323.15 38.5 (0.1) 39.6 39.0 (0.8) 37.6 (0.2) 38.4 28.2 (0.1) 28.9 28.5 (0.6)

333.15 38.3 (0.1) 38.9 38.1 (0.7) 38.0 (0.1) 34.6 28.1 (0.2) 28.5 27.9 (0.6)

DMPC 303.15 34.6 (0.2) 36.2 36.7 (0.7) 33.6 (0.2) 35.3 24.7 (0.1) 25.6 25.7 (0.5)

DLPC 303.15 29.7 (0.1) 31.0 32.6 (0.7) 29.8 (0.2) 29.8 20.3 (0.1) 20.9 21.7 (0.4)

POPC 303.15 37.1 (0.2) 37.4 39.1 (0.8) 37.3 (0.3) 36.5 27.7 (0.2) 28.1 28.8 (0.6)

DOPC 303.15 36.0 (0.2) 38.7 37.2 (0.1) 37.0 27.4 (0.1) 28.8

Absolute Deviation (PC) 4.8% 2.9% 1.9% 3.5% 2.0%

DHPC
321.15 36.6 (0.3) 38.7 (0.1) 38.4 (0.4) 38.2 27.8 (0.3) 28.9 (0.1) 27.6

333.15 35.7 (0.3) 37.7 (0.3) 36.8 37.8 (0.3) 38.0 27.3 (0.2) 28.4 (0.1) 27.1

Absolute Deviation (Ether) 3.0% 3.3% 0.5% 0.7% 4.8%

POPE 308.15 40.7 (0.3) 43.0 40.5 (0.8) 39.8 (0.3) 38.3 31.1 (0.2) 32.6 32.1 (0.6)

Absolute Deviation (PE) 0.5% 6.2% 3.9% 3.1% 1.6%

DMPG

303.15 34.2 (0.3) 33.3 33.8 (0.7) 34.5 (0.3) 34.6 25.6 (0.3) 24.0 24.5 (0.5)

323.15 32.3 (0.3) 31.5 32.6 (0.7) 33.2 (0.3) 34.6 24.5 (0.3) 23.0 23.7 (0.5)

333.15 32.2 (0.2) 31.1 32.0 (0.7) 32.8 (0.1) 33.8 24.2 (0.1) 22.8 23.4 (0.5)

POPG 303.15 36.8 (0.3) 36.2 37.6 (0.8) 37.2 (0.2) 36.6 28.3 (0.2) 27.2 28.5 (0.5)

Absolute Deviation (PG) 1.2% 2.9% 2.2% 3.0% 3.0%
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Table 8.

Area compressibility moduli (KA) in dyn/cm for selected bilayers compared to C36 simulations using same 

system sizes and experimental values. Standard errors are given in parentheses.

lipid temperature (K) C36/LJ-PME C36 experiment

DPPC 323.15 240 (20) 230 (20) [36] 231 [71]

DMPC 303.15 210 (20) 210 (30) [36] 234 [72]

DLPC 303.15 260 (20)

DOPC 303.15 300 (40) 280 (10) [36] 300 [73]

POPC 303.15 230 (30) 240 (10) [36] 180–330 [74]

POPE 308.15 260 (40)
280 (20) [36],a 233 [75]

DMPG 303.15 200 (20)

POPG 303.15 250 (20) 220 (20) [36]

DHPC 321.15 240 (30) 214 (18) [3]

333.15 240 (30) 230 (15) [3]

a
Data obtained at 310 K.
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Table 9.

Diffusion constants from C36/LJ-PME simulations (Dsim) and fittings using the PSD model (DPBC and D∞) 

for DPPC and DOPC.

lipid, temperature (K) R (nm) ηm (10−8 P⋅cm) # lipid Dsim (10−7 cm2/s) DPBC (10−7 cm2/s) D∞ (10−7 cm2/s)

DPPC, 323.15 0.45 5.7 72 1.12 ± 0.05 1.01 3.89

288 1.45 ± 0.04 1.44

648 1.59 ± 0.07 1.70

0.15 11.3 72 1.12 ± 0.05 1.18 2.87

288 1.45 ± 0.04 1.42

648 1.59 ± 0.07 1.55

DOPC, 303.15 0.47 10.0 72 0.60 ± 0.04 0.58 2.24

288 0.87 ± 0.03 0.82

648 0.89 ± 0.03 0.96
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