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INTRODUCTION 

 

Lipid rafts are relatively small, heterogeneous, highly dynamic, cholesterol-rich domains that 

play important roles in the regulation of membrane protein activity1-5. The conditions underlying 

the formation of distinguishable lipid phases have been the subject of intense research for 

decades6-7. In vitro studies at 298 K with biologically relevant cholesterol concentrations show 

the spontaneous emergence of a liquid-ordered (Lo) phase that features a rich condensation of 

cholesterol and saturated, high Tm lipids, which separates from a liquid-disordered (Ld) phase that 

is depleted of cholesterol and enriched with unsaturated, low Tm lipids8-9. 

The structure of lipid domains10-11 can now be experimentally visualized. Fluorescently labeled 

lipids with affinities for Lo domains similar to those of unlabeled lipids are enriched near proteins 

that localize to lipid rafts in living cells12-14. Reciprocally, single-particle-tracking measurements 

show that these associations vanish when minor changes are made in the lipid or protein that 

weaken their physical bases for raft association15-17. In addition, new evidence suggests the 

presence of transient nanometer-size domains in eukaryotic cells at physiological temperatures18-

19, as well as reversible phase separation in biological lipid membranes at lower temperatures20-21. 

In other studies, super-resolution microscopy has shown that raft markers co-localize with 

clustered B-cell receptors at 50-100 nanometer resolution22-23, and the formation of lipid 

nanodomains has been implicated in viral entry24 and the internalization of bacterial toxins25-26. 

Despite the aforementioned advances in the detection of lipid rafts, the characterization of 

small domains still remains difficult20, and the structural and dynamic complexity of the plasma 

membrane has led to much controversy regarding the existence and relevance of these domains 
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in living cells27-28. For these reasons molecular dynamics (MD) simulations have increasingly 

become a useful tool to provide spatial and temporal quantification of membrane substructures at 

multiple resolutions.  

Recent work has shown that it is possible to track the evolution of lipid domain formation 

using all atom (AA) computer simulations29-30. Specifically, at experimentally relevant 

temperatures, simplified lipid compositions form coexisting Lo and Ld phases within tens of 

microseconds29-30. Although the results of such AA simulations are encouraging, the 

contemporary computational burden places this approach outside the realm of utility in all but 

the most exceptional cases. One way to mitigate these computational limitations is to use the 

Martini coarse-grained (CG) force field31, which reduces the computational cost by a factor of 

~1,00032. Pioneering efforts with the Martini CG force field allowed the characterization of not 

only lipid segregation and lipid phases, but also the relative partitioning of membrane proteins 

between these phases33-36. More recently, Martini has been used in simulations of membranes 

with lipid compositions of comparable complexity to those found in specific tissues of live 

cells37-38. 

As outlined above, the benefits of coarse-graining in molecular simulations are clear. 

Nevertheless, reliable simulations require accurate parameters, and the existing Martini lipid 

models have two main shortcomings in this area. First, saturated Martini lipids generally fail to 

reproduce known, gel-liquid, melting transition temperatures39-40. As a result, simulated lipid 

phase separation requires either temperatures that are substantially below experimental 

separation temperatures or the use of a lipidic component with artificially high levels of acyl-

chain unsaturation33-34. Second, as a consequence of the modularity of the Martini approach, 

some commonly used unsaturated lipids do not reproduce experimental temperature-dependent 
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phase separation. In many ways the hallmark of the Martini model is its modular design 

criterion, facilitating rapid parameter addition for new chemical species41. However, although 

many of the current Martini lipid parameters are sufficient to guide accurate membrane 

simulations31, 39-40, global lipid properties appear to be compromised in some lipid mixtures42. 

Others have shown that some commonly used unsaturated lipids like 1,2-dioleoyl-sn-glycero-3-

phosphatidylcholine (DOPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine 

(POPC) do not reproduce experimental temperature-dependent phase separation from saturated 

lipids and cholesterol (CHOL)43-45. To mitigate this limitation, DIPC 

(dilinoleoylphosphatidylcholine, 18:2,PC) is often used as an alternative low Tm lipid to observe 

phase separating behavior33, 46-47. While DIPC is a good representative lipid to study the 

mechanism and dynamics of phase separation, we show that with the standard Martini 

parameters this lipid leads to ‘over-separation’ in that every mixture that contains all three 

components (DPPC, DIPC, and CHOL) undergoes phase separation (Figs. S1 and S2). Since 

this mixture phase separates in regions closer to the critical point where the plasma membrane 

resides, it questions the use of this DIPC to represent biologically relevant lipid mixtures, and 

thus should not be considered as a direct surrogate for DOPC. In combination, these limitations 

motivate an improvement for a more experimentally accurate phase-separating Martini-

compatible model. 

Here, we present a strategy to refine Martini parameters that can greatly improve the phase 

behavior of a commonly used lipid mixture. Two different re-parameterized sets are presented: 

one that satisfies the building block philosophy of Martini and one that is optimized purely in a 

lipid-specific manner. Our approach is designed to maximize the consistency of the new 

parameters with the larger Martini framework by re-parameterizing only bonded terms of 
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existing CG bead types. We base this refinement on the results of atomistic simulations of 

homogeneous lipid bilayers conducted with the CHARMM36 force field48-49. We considered a 

well-studied lipid mixture, both in terms of computations and experiments, DOPC (low Tm), 

DPPC (high Tm), and CHOL. The resulting refined parameters preserve structural characteristics 

that are already consistent with the standard Martini31 for homogeneous lipid bilayers and shift 

the Tm for DPPC towards the experimentally measured value. Importantly, these refined Martini 

parameters reproduce the experimentally measured complete phase diagram. The re-

parameterization approach for the Martini force field that we present here can be extended to 

include other lipid species in the future.  
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METHODS 

 

RE-PARAMETERIZATION STRATEGY. To maximize the compatibility of our refined 

parameters with those of other molecules available in the Martini force field, we followed the 

basic philosophy inherent to that model31, 39. Therefore, CG bead types and their corresponding 

non-bonded terms were not modified. Rather, our re-parameterization strategy involved 

modifying the bonded terms for Martini lipids such that their sampled populations best fit the 

distributions obtained from a pseudo CG-mapping generated from AA CHARMM36 force field. 

Distributions of sampled bond and angle terms were collected from these pseudo-CG trajectories 

and used as target functions in the iterative modification of Martini bonded parameters until a 

close match was achieved.  

 

PROCEDURE FOR RE-PARAMETERIZATION. AA trajectories were converted into 

pseudo-CG trajectories using the geometrical projection method published by Wassenar et al.50 

Briefly, the corresponding lipid coordinates for every AA frame were translated into CG 

coordinates using an orthogonal projection based on the center of mass of pre-defined atomic 

groups. The procedure was iteratively repeated for every single frame until the whole trajectory 

was covered. The set of directives for the transformation between CHARMM36 and Martini 

were updated from the original work and provided as part of the supporting material. From the 

collected pseudo CG trajectories, bonded and angles distributions were collected and iteratively 

fitted into the CG representation, until a close match is achieved. The updated list of parameters 

for both DPPC and DOPC are also provided as appendices. 
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MARTINI CG MAPPING. In general, the mapping preserved the Martini philosophy of four 

heavy atoms into one single CG bead31, except for mapping the unsaturated carbon tails of 

DOPC. For this particular case, we pre-defined a mapping scheme that condenses up to five 

carbons into one single bead (see Results). In order to compensate the uneven number of atoms 

per bead, the bond equilibrium distance between connecting particles required optimization to 

reproduce the distributions observed in the atomistic simulations. The optimization retained the 

same number of bonds in the standard Martini force field, however one extra angle was 

incorporated in order to modulate the orientation of the glycerol moiety in both DPPC and 

DOPC (see Results). An overview of the atomistic to CG mapping is shown in Fig. 1A and B.  

 

AA (CHARMM36) SIMULATION DETAILS. Atomistic systems comprised of a hydrated 

lipid bilayer with 64 lipids per bilayer leaflet, 50 water molecules per lipid, and 150 mM KCl. 

Each lipid composition was simulated for 600 ns. Temperatures were 310 K and 323 K for 

DOPC and DPPC lipids, respectively. Distributions of conformational properties from the final 

300 ns per simulation were used to guide the optimization of CG parameters. Additional details, 

including AA Tm computations, are included in the Supporting Material. 

 

CG SIMULATIONS FOR REPARAMETERIZATION. Initial configurations of CG 

membrane patches with homogeneous lipids were obtained by CG-mapping the final snapshots 

of DPPC and DOPC from AA simulations. Thus, CG systems contained 64 lipids per leaflet, 
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1,600 Martini water beads (50 atomistic water molecules per lipid) and 150 mM NaCl to 

preserve the ionic strength from AA simulations. Simulations were run with GROMACS51 

version 5.1.2 in combination with the Martini V2.2 force field31, using its standard (non-

polarizable) water model. The newer, refined cholesterol molecule with virtual-sites was also 

used52. We followed a current update in parameters set-up for performing the CG simulations, 

using the new-ref set53. The simulation time-step was 30 fs. Reaction-field electrostatics was 

used with a Coulomb cut-off of 1.1 nm and dielectric constants of 15 or 0 within or beyond this 

cut-off, respectively. Lennard-Jones interactions were cut off at 1.1 nm, where the potential was 

shifted to zero. Constant temperature was maintained at 323 K (DPPC) or 310 K (DOPC) via 

separate coupling of the solvent (water and ions) and membrane (DPPC or DOPC) components 

to velocity-rescaling thermostats54 with relaxation times of 1.0 ps. During equilibration, pressure 

was semi-isotropically coupled at 1 bar, using Berendsen55 barostats with relaxation times of 12.0 

ps and compressibilities of 3x10-4 bar-1. After equilibration, Parrinello-Rahman barostats56 were 

used. Some analyses used tools provided in the GROMACS package51. 

 

CG SIMULATIONS TO COMPUTE Tm. To estimate the phase transition temperature, Tm, for 

DPPC, we followed the protocol described by Marrink et al.57. Specifically, we constructed a 

membrane patch consisting of 550 DPPC, 5,800 water molecules (42 water molecules per lipid) 

and 150 mM NaCl. This system was equilibrated for 0.5 μs at 330 K and instantaneously cooled 

to 280 K, well below the experimental DPPC Tm (314 K)58 and the Tm estimated by Marrink et al. 

for standard Martini parameters (295 K)57. From these fast quenching simulations, a 

configuration was selected in which some of the lipids underwent a liquid-gel (Ld to Lβ) 

transition, and the remaining lipids remained in the Ld phase. This mixed-phase configuration 
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was used for estimating the computational Tm by running simulations at a range of temperatures 

and quantifying the relative growth of each lipid phase via the measurement of the average area 

per lipid (APL). 

 

CG SIMULATIONS TO COMPUTE PHASE DIAGRAM. To test the optimized lipid 

parameters over a wide range of simulation conditions and lipid environments, we completed 

sweeping studies of the ternary phase diagram for DPPC/DOPC/CHOL at 290, 298, and 310 K. 

All membranes were set up using the insane CG building tool41. Each system contained ~3,000 

total lipids, ~69,300 CG waters, ~7,700 CG antifreeze particles (10% of the solvent; used to 

prevent the freezing of water beads), and 150 mM NaCl. The total system size was about 

30×30×15 nm and consisted of ~110,000 CG particles. To limit large-scale bilayer undulations, 

weak position restraints (force constant of 2 kJ/mol/nm2) were applied in the Cartesian z 

dimension (global bilayer normal) to the phosphate bead of each phospholipid in the bilayer's 

upper leaflet59. Systems were equilibrated by energy-minimization (steepest descent, 1,500 steps) 

followed by successive simulation using time-steps of 1 fs (for 0.1 ns) and 10 fs (for 1 ns) before 

initiating 15 μs production simulations with a 35 fs time-step. Accounting for the roughly 4-fold 

faster diffusion at the Martini CG level60, this corresponds to ~60 μs of effective sampling. All 

analyses were averaged over the last 1 μs of each simulation. During system construction, lipidic 

components were combined in increments of 10% of the total number of membrane lipids to 

produce 51 separate simulations that scan the phase diagram (Fig. S3). The CHOL composition 

was capped at 50% because cholesterol crystallizes above these concentrations61. This 

culminated in 510 separate simulations, with a total of 7.65 ms of real simulation time. In order 

to rapidly set up the different system compositions, run and monitor the simulation jobs, we 
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utilized a new workflow manager named Maestro Workflow Conductor (MaestroWF)62. 

MaestroWF is a Python based tool centered on the core principles of providing users the ability 

to clearly specify workflows that are both repeatable and portable. The tool also provides a 

lightweight framework that parses a specification, constructing a directed graph that is used by 

the backend orchestrator (called the "conductor") to automatically set up, monitor and launch 

steps in a multistep workflow. Other features that MaestroWF includes are a backend set of 

adapters for interfacing with multiple simulation job schedulers, as well as a set of abstract 

interfaces for expanding to others, and the ability to pull various types of dependencies before a 

workflow starts. MaestroWF is actively developed and maintained at 

https://github.com/LLNL/maestrowf. 

 

CG LIPID PHASE DETERMINATION. Our approach to phase determination involved two 

steps. First, we chose four simulations in which we visually classified the membrane phase as 

either gel (Lβ), liquid ordered (Lo), liquid disordered (Ld), or a midpoint between Lo and Ld (Ld/o) 

(Fig. S4A). In making these selections, we required that the entire system was in a single phase, 

and contained both phospholipid species (although, out of necessity, the 100% DPPC system was 

used to represent the Lb phase). Second, we used these selected simulations to derive quantitative 

metrics for phase designation. To this end, we used the sampling from the last 1 µs of the 

bilayer's lower leaflet from each simulation to extract data from the lateral (in the plane of the 

membrane) cumulative radial distribution functions (cRDFs) of acyl chains around each lipid 

species – effectively measuring the average number of chains present in 0.02 nm radial bins 

around each lipid type. For this purpose, we used the C2A and C2B beads from DPPC, the D2A 
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and D2B beads from DOPC, and the R1 bead from cholesterol. From these cRDFs, we obtained 

phase-specific patterns of lipid-lipid packing. For example, the cRDF of the Lβ phase has 

relatively high first and third peaks, combined with relatively low wells between the first, 

second, and third peaks (Fig. S4B). In practice, we used these cRDFs to define thresholds of 

specific peak heights and well depths that underlie our classification of lipid phase. As depicted 

in Fig. S4B, thresholds between the Lo and Lβ phases were set to 10% beyond the extremes 

observed for the first and third peak height, and the first and second well depth. Thresholds 

between the Lo and Ld phases were set as halfway values (averaged for DPPC and DOPC) 

between the heights of the first, second, and third peaks for the Ld/o and Ld profiles. cRDF 

profiles and associated phase classification thresholds were computed and applied separately for 

each set of parameters to ensure that the packing density was not sensitive to the different APLs 

reported in each model. 

 

COMPARISON OF COMPUTED AND EXPERIMENTAL PHASE DIAGRAMS. 

Classification was conducted separately for DOPC and DPPC to determine the overall phase 

behavior of the membrane, and whether different lipid types existed in the same phase or if there 

was phase coexistence. We apply this classification tool on a graded scale such that, depending 

on the specific shape of the cRDF for each lipid type, and how many of the thresholds were 

exceeded, we could qualify the probability of the Ld, Lo, or Lβ phase being present in a system, 

on a scale from 0 to 1. Values from computation and experimental consensus average63-66 phase 

behavior are indicated with superscript C and E, respectively. For example, the probability of the 

Ld phase being present in a simulated system is denoted as . To compare simulation to ( )CdLP
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experiment at each point on the phase diagram, we computed the Euclidian distance, d, between 

these measures of lipid phase according to: 

 𝑑 = 	$%𝑃'L)*+ − 𝑃'L)-+.
/
+ %𝑃'L1*+ − 𝑃(L1-).

/
+ %𝑃'L4*+ − 𝑃'L4-+.

/
. 

This evaluation is depicted graphically in Fig. S5. Finally, we computed the phase accuracy of 

each simulation as: 

 , 

thus taking d=  to represent completely different phase behavior between computation and 

experiment. 

 

VISUALIZATION AND ANALYSIS. Visualization of the lipid system, and illustration of 

lipid positions was implemented using VMD67. Locally written scripts, as well as GROMACS 

tools were used for the analysis. APL@Voro68 was used to generate the Voronoi diagrams. 

  

( )phase accuracy 2 2 100%d= - ´

2
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RESULTS  

 

RE-PARAMETERIZATION OF DOPC AND DPPC LIPIDS 

 

We refine CG Martini parameters for two commonly used model lipids (DOPC and DPPC) to 

improve their ability to replicate structural and thermodynamic properties and to enhance their 

ability to reproduce experimental temperature-dependent phase behavior in the ternary lipid 

mixture, DOPC/DPPC/CHOL. We ensure compatibility with the wide array of existing Martini 

parameters for other molecules by restricting our modifications to intra-molecular bond and 

angle terms of the force field. CG parameter refinement is carried out via a systematic iterative 

procedure to match bond length and angle distributions from CG simulations to those from AA 

simulations using the CHARMM36 force field (as described in the Methods). 

The protocol for re-parameterization of CG parameters follow two parallel strategies to 

account for potential conflict with the Martini’s building-block approach. When analyzing the 

distributions of the AA simulations, we observe that chemically similar headgroup regions of 

DPPC and DOPC can behave quantitatively differently even when in the same phase (Figs. 1, S6 

and S7). A reasonably accurate re-parameterization, therefore, will need to deviate from the 

building-block approach. First, we re-parameterize the lipids under the constraint that parameters 

must be invariant among chemically identical regions in different lipids. Despite forfeiting some 

potential accuracy, these parameters retain Martini's generalized 'building block' philosophy. For 

this reason, these are termed the “Extensible parameters” (Appendix 1). Second, we adopt a 
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lipid-specific treatment to account for the qualitatively different behavior of DPPC and DOPC in 

AA simulations. This independent parameterization of DPPC and DOPC leads to lipid-specific 

parameters in some regions of shared chemical identity, such as lipid headgroup choline and 

glycerol moieties. While these “Optimal parameters” (Appendix 2) provide the most accurate fit 

to AA simulations, they suffer from a lack of modularity and, therefore, do not abide by the 

building block philosophy of Martini, which may in some cases be undesirable due to the 

increased parameterization burden. Details of re-parameterization are provided below under 

appropriate sections. 

We profile the improvement attained by these re-parameterized lipids in terms of intra-

molecular geometry distributions, structural and thermodynamic properties of pure bilayers, and 

phase diagram of the ternary lipid mixture. The lamellar phases formed by various 

DPPC/DOPC/CHOL combinations have been extensively characterized by experiment8. We use 

a consensus representation of this ternary phase diagram (Figs. S8 and S9) to evaluate the 

accuracy of parameters used in CG simulations of relatively large systems (~3,000 total lipids) 

conducted at 51 different compositions (Fig. S3). The emergence of lipid phases in these 

simulations is quantified based on patterns of species-specific radial packing (see Methods).  

 

STANDARD MARTINI LIPID PARAMETERS (V2.2) 

 

We begin by characterizing the currently available Martini model (V2.2) in terms of its 

reproducibility to sampled distributions of bond lengths and angles from AA simulations, and 
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how well it approaches the features observed in a ternary lipid phase diagram. These results are 

used as baseline to define the parameters that require improvement and as a reference for 

comparison to both of our improved “Extensible” and “Optimized” lipid parameters. 

 

COMPARISON WITH ATOMISTIC INTRA-MOLECULAR GEOMETRY 

DISTRIBUTIONS. The full set of distance distributions between bonded CG beads and their 

analogous values sampled in AA simulations (after pseudo-CG mapping) for pure DPPC bilayer 

are shown in Fig. S6. In all cases, the peaks of the probability distributions for DPPC bond 

distances from standard Martini CG simulations (blue line) overlap with those of AA simulations 

(black lines). However, the CG distributions are, in general, broader than, and sometimes not 

properly aligned with those computed from AA simulations. In particular, the distributions of 

bond lengths between the choline-phosphate (connecting beads NC3 and PO4), and glycerol-

glycerol (connecting beads GL1 and GL2) beads indicate that these groups are not drawn 

sufficiently close together (Fig. 1C). The angle distributions of DPPC sampled by the standard 

Martini V2.2 is generally better represented when compared with AA-derived simulations (Fig. 

S7). However, the exceptions are those angles measured between both the headgroup (NC3-PO4-

GL1, blue line) and the glycerol moiety (GL1-GL2-C1B, blue line), which are too acute (Fig. 

1C). 

Concurrently, with the current Martini V2.2, DOPC distributions are particularly out of 

alignment with AA data corresponding to the oleoyl chains, where sampled bond distances are in 

general 1 Å too short (Fig. S6). Similar to the DPPC case, this behavior can be likely attributed 

to the fact that the standard Martini parameters for DOPC were derived from bulk alkenes 
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simulations. A point of attention is the evident deviation in the orientation of the choline group 

and the glycerol moiety, given by the pronounced divergence of their corresponding angle 

distributions (Fig. 1D). 

 

STRUCTURAL AND THERMODYNAMIC PROPERTIES OF HOMOGENEOUS 

BILAYERS. To characterize structural profiles, we compute fluid phase electron density 

distributions for DPPC at 323 K and for DOPC at 310 K. Overall, the DPPC electron density 

profiles from AA simulations are well reproduced using the standard Martini CG parameters 

(Fig. 2A, dotted lines). Minor discrepancies include slight compaction of acyl-chains toward the 

bilayer center and overly rigidified choline placement slightly too far away from the bilayer 

center (Fig. 2A). The match between AA and CG profiles for DOPC (Fig. 2A) exhibits slightly 

lower fidelity than it does for DPPC. The largest deviation is found in the profile corresponding 

to the acyl-chain density, which is too high in the center of the bilayer (Fig. 2B). 

The current Martini parameters generate fluid-phase area per lipid (APL) values that are 

consistently, slightly larger than the equivalent values from AA simulations (Table 1). 

Specifically, the CG APLs are ~ 0.02 and 0.01 nm2 larger than the AA values for DPPC and 

DOPC, respectively. This small discrepancy is most likely due to higher flexibility of aliphatic 

tails in the CG model (see below), especially for the DPPC model. 

To measure the internal structural ordering of the lipids, the second order parameter is 

calculated between every connected bead of the CG models. The equivalent bond order 

parameters are also measured using pseudo-CG positions extracted from the AA simulations. 

The internal structural ordering is qualitatively similar between the standard Martini and AA 
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simulations for both DPPC and DOPC (Fig. 3A and B, respectively). However, the lipid tails 

are systematically more disordered in the standard Martini simulations. 

As reported in the original model57, the current Martini V2.2 parameters underestimate the 

melting transition for DPPC, where the Tm is estimated to be 295 K57, almost 20 K below the 

experimentally measured Tm of ~314 K58.  

 

PHASE DIAGRAM OF TERNARY LIPID MIXTURE. Consistent with previously published 

work34, 44-45, the standard Martini V2.2 parameters for DPPC, DOPC, and CHOL do not phase 

separate at 298, or even 290 K in the physiologically relevant Ld/Lo coexistence region of the 

phase diagram (Fig. 4A). Indeed, only two systems in this region (21 and 39) show even 

moderate Ld/Lo heterogeneity (Fig. S10). The degree of lateral heterogeneity in these systems is 

small compared to fully separating systems, and actually displays little difference in the 

properties of these regions. All other experimentally observed Ld/Lo separating compositions 

display no detectable separation of lipid species or properties. This general failure to adequately 

separate into Ld and Lo phases persists even when we reduce the simulation temperature to 290 K 

in an attempt to promote lipid de-mixing. Nevertheless, our extensive scanning of lipid 

compositions reveals that the standard Martini parameters accurately capture experimental phase 

behavior in many other regions of the ternary diagram, which we collectively quantify (see 

Methods) to be 63% correct (Fig. 4A). In particular, these parameters reproduce the single phase 

transition from Ld to Lo and the transition from Lβ to Lo, in agreement with previous work69-70. 

Furthermore, several simulations in the bottom-right corner of the phase diagram (high DPPC, 

low DOPC, and low cholesterol concentration; systems 39, 43, 44, 47) that are close to the 
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experimental triple-phase coexistence region (Figs. S8 and S9) develop discrete pockets of Lβ 

condensation (Fig. S11). To further test the robustness of the standard Martini V2.2 parameters, 

the complete phase diagram simulations are repeated at 310 K. 

Given that little phase separation is observed at 290 K, it is not surprising that there is no phase 

separation at 310 K (Fig. S12). All Lβ regions have disappeared at 310 K, and the boundary 

between Ld and Lo has shifted towards the upper right of the phase diagram. At least, these 

observations shifts are in line with what you might expect from the experimental findings. 

 

EXTENSIBLE LIPID PARAMETERS  

 

The Extensible parameters are generated using the ‘building block’ approach to simplify future 

optimization of additional lipids. As such, these Extensible parameters are designed to have 

transferable properties where common headgroups can be combined with different tails to 

generate new lipid species. To that end, despite the fact that the headgroup/linker regions in 

DPPC and DOPC AA simulations display slightly different bond length/angle distributions 

(Figs. 1, S6, and S7), the Extensible model is built to fit the combined, averaged distributions 

observed for these lipid headgroups.  

 

RE-PARAMETERIZATION USING ATOMISTIC INTRA-MOLECULAR GEOMETRY 

DISTRIBUTIONS. The head group bond length distributions, specifically between choline-
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phosphate, phosphate-glycerol, and glycerol-glycerol beads, are systematically too long in the 

current Martini V2.2 (Figs. 1, S6, blue lines). In order to alleviate the discrepancy, we first 

decrease the associated equilibrium bond distances for both DPPC and DOPC. Similarly, we 

focus on the angles involving both of the glycerol beads and the connecting bead to acyl-chain 2, 

for which angles sampled using the current Martini V2.2 are too acute (Figs. 1, S7, purple and 

blue lines). Consequently, the equilibrium angles for both GL1-GL2-C1B and GL2-GL1-C1A 

are optimized, again considering the averaging obtained from the corresponding AA 

distributions.  

Most of the DPPC tail bond length distributions observed in Martini V2.2 are broader than 

observed in AA, leading us to increase the force constant for bonded terms from 1250 to 3500-

3800 kJ mol-1 nm-2 for the tail beads. The force constant for angles between the tail particles are 

also increased from 25 to 35 kJ mol-1 rad-2. These modifications yield CG parameters that more 

effectively capture the conformational distributions obtained in AA simulations (Figs. 1, S6, and 

S7). 

Our approach to DOPC tail re-parameterization is conducted analogously to DPPC. After 

several iterations, we decided to re-map the oleoyl chains, starting from the proximal carbon to 

the glycerol moiety and mapping atomistic carbons to CG beads in a 4-5-4-5 pattern (alternating 

either 4 or 5 carbon atoms to each CG bead). Thus, each aliphatic chain is composed of 4 CG 

beads in total, where the double bond is localized between beads 2 and 3 (D2A and D2B) and 

represented using the C3 Martini bead type (alkene group). Overall, our Extensible model 

increases the equilibrium distances for all tail bonds and adjusts the force constant for the bonded 

terms to reflect the double or single bond chemistry. Similar to the results for DPPC, our 
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modifications to DOPC yield CG Martini parameters that improve the correlation between 

intramolecular configurations sampled in CG and AA representations (Figs. 1, S6, and S7). 

 

STRUCTURAL AND THERMODYNAMIC PROPERTIES OF HOMOGENEOUS 

BILAYERS. The fluid phase electron density distributions for DPPC at 323 K and for DOPC at 

310 K are again calculated. Overall, the Extensible parameters reproduce the DPPC electron 

density profiles from AA simulations (Fig. 2A, dashed lines). The same minor discrepancies are 

observed as with the standard Martini model, with a slightly rigid choline density. In contrast, 

CG parameter optimization for DOPC slightly increases membrane thickness, pushing choline 

and phosphate beads ~0.2 nm too far toward bulk water, though the acyl-chain density profile is 

in general improved (Fig. 2A, green dashed lines).  

The APL for the DPPC and DOPC lipids, using the Extensible parameter set, displays an 

improved correlation to the AA values. DPPC now exhibits an average APL of 0.62 nm2, which 

is only 0.01 nm2 larger than AA value. The DOPC AA APL of 0.68 nm2 is exactly reproduced by 

the Extensible CG parameters. 

The internal structural ordering of DPPC, as measured by the second order parameter, displays 

slight, yet consistent improvement in AA agreement for almost all bonds when compared to the 

standard Martini. In particular, the acyl-chains display increased stiffness. In DOPC, there are 

some improvements in AA agreement seen in the head and backbone regions, while being 

qualitatively similar to the standard Martini in the acyl chains (Fig 3B).  
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The protocol described by Marrink et al.57 can be used to estimate the Tm of DPPC in a 

homogenous lipid bilayer. In short, a CG bilayer containing both liquid and gel phases (Fig. 5A) 

is evolved at various temperatures, and the change in APL value is used as a metric for detecting 

which phase grows over time (gel phases having smaller APL values than liquid). Our Extensible 

Martini parameters favor gel phase up to temperatures of 305 K. On the other hand, an APL 

expansion is observed at 310K, suggesting a phase transition at such temperature (Fig. 5B, green 

line). This results in an estimate of 305 K ≤ Tm ≤ 310 K for DPPC. While still below the 

experimental Tm ~314 K, this represents a 10 K improvement over the current Martini V2.2 value 

of 295 K. 

 

PHASE DIAGRAM OF TERNARY LIPID MIXTURE. We proceed to evaluate the ability of 

the Extensible Martini parameters to reproduce the experimental phase diagram of 

DPPC/DOPC/CHOL at 298 K. The Extensible parameter simulations capture a large majority of 

the Ld/Lo coexistence (Figs. 4B), and do so without the extension of this coexistence to other 

regions of the phase diagram, as it is seen with DPPC/DIPC/CHOL simulations (Figs. S1 and 

S2).  Importantly, the phase coexistence behavior replicates experimental results in those lipid 

compositions that most closely match a chemical equilibrium in a cell membrane. Like standard 

Martini V2.2, our Extensible parameters reproduce the transition of the single fluid phase from 

Ld to Lo as the fraction of both DPPC and CHOL increases. Furthermore, all the possible 

combinations of coexisting lipid phases (Lo/Ld, Ld/Lβ, Lo/Lβ, and Ld/Lo/Lβ) are replicated in the 

correct regions. Nevertheless, the region of Ld/Lβ coexistence in the absence of cholesterol is still 

poorly resolved. Overall, the total phase accuracy of the Extensible parameters is calculated at 

just over 70%, demonstrating considerably increased accuracy compared to the Martini V2.2 
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parameters (63%). For lipid compositions within 20% of the critical point, a region mimicking 

physiological conditions, the Extensible parameters exhibit higher accuracy (77%) compared to 

the Martini V2.2 parameters (70%). Most of this improvement is achieved through replicating 

the Lo/Ld coexistence seen in the central section of the phase diagram. 

When the phase diagram is repeated at 310 K (Fig. S12), we observe changes in phase 

coexistence patterning that is quintessentially representative of experimental findings: the region 

of phase coexistence shrinks, and the phase coexisting region shifts to compositions of higher 

DPPC/CHOL concentration. Given the sparse experimental data for phase diagrams at higher 

temperatures, we cannot quantitatively compare the 310K phase diagram against experiment 

data, as was done for the 298 K phase diagram. 

 

OPTIMAL LIPID PARAMETERS  

 

In contrast to the Extensible parameters, where headgroup bond length/angle distributions over 

the DPPC and DOPC AA simulations were combined to model an ‘average’ phosphatidylcholine 

headgroup, the Optimal parameters are fit purely to the distributions observed in each respective 

lipid using CHARMM36. As such, the slight differences in the bond/angles distributions are 

independently captured, so the lipid-dependent behavior manifested in the AA simulations is 

explicitly replicated in the Optimal parameter model. 
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RE-PARAMETERIZATION USING ATOMISTIC INTRA-MOLECULAR GEOMETRY 

DISTRIBUTIONS. Similarly to the Extensible parameters, the force constant for bonded terms is 

increased from 1250 to ~2000 kJ mol-1 nm-2 for particles connecting the choline and glycerol 

beads. The exception is the bond connecting the phosphate (PO4) and the first glycerol (GL1), 

for which force constant was raised to 9000 kJ mol-1 nm-2. Clearly, this suggests a stiffness of this 

particular region, modulating compaction of the head group. Similarly, associated angle 

equilibrium values were set to smaller values (Fig. 1, S7, red lines) in comparison with the 

standard Martini (blue lines) to better agree with the distributions obtained from CHARMM36. 

The Optimal DOPC bond parameters are similar to the Extensible parameters in terms of bead-

mapping and general trends of bond length and stiffness. The lipid-specific headgroup angles are 

reproduced from the AA distributions, especially the angle involving the headgroup choline 

bead, which is particularly poorly fit in standard Martini V2.2 (Fig. S7). In contrast to the DPPC 

parameters, the force constant involving GL1-GL2-C1B and GL2-GL1-C1A angles is actually 

decreased. 

The force constant of the connecting bonds in the DPPC acyl chains are raised by ~2000 kJ 

mol-1 nm-2, while equilibrium distances are retained from the standard Martini model. Regarding 

angles, the force constant is increased even further compared to the Extensible parameters. 

Overall, these changes increase the lipid's stiffness which, combined with the increased bond 

forces, improves the accuracy of DPPC's Tm (see next section). As expected, due to the specific 

fitting to the DPPC AA simulations, the bond and angle terms (particularly in the headgroups 

and linker regions) produce Martini parameters that more precisely capture the conformational 

distributions obtained at AA resolution (Figs. 1, S6, and S7). 
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For DOPC acyl chains, bond distances were set to 0.55 nm to account for the length 

differences when compared to the aliphatic tails in DPPC (Fig. S6, red lines). Angles connecting 

the beads within the saturation region are set at values similar to the ones obtained for DPPC. 

However, the kink associated by the presence of the double bonds required an equilibrium angle 

set to 130 degrees. This modification provides a further pronounced difference between the two 

lipid types and an inherent flexibility of DOPC, which is challenging to achieve using a building 

block approach. 

 

STRUCTURAL AND THERMODYNAMIC PROPERTIES OF HOMOGENEOUS 

BILAYERS. The electron density distributions for both DPPC and DOPC in the fluid phase are 

extremely similar to the Extensible parameters, whereby the DPPC profile matches AA 

simulations very closely, and the DOPC profile displays a slight displacement of the headgroup 

beads (Fig. 2B dashed lines). The APLs observed for both the DPPC and DOPC lipids, using 

the Optimized CG parameters, are an exact match for what is calculated from the AA simulations 

(0.61 nm2 for DPPC and 0.68 nm2 for DOPC), a slight improvement over both the Extensible 

parameters and standard Martini (Table 1). 

The internal structural ordering of the Optimized CG parameters exhibits moderately better 

agreement with data from AA simulations for both DPPC and DOPC (Figs. 3A and 3B). In 

particular, the further increased order in DPPC acyl-chains, introduced by stiffer bond and angle 

terms in our Optimized CG parameters, yields good improvement in a region that is 

systematically too disordered in standard Martini simulations (Fig. 3A). However, our parameter 

modifications do not fix an analogous bias toward acyl-chain disorder for DOPC (Fig. 3B). 
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In addition, we have computed a related mechanical property for pure DPPC bilayers. The 

compressibility moduli (Ka) for a DPPC bilayer in the liquid phase (278 ± 14 mN/m) is in good 

agreement with a value reported previously for the original Martini lipid model, and slightly 

higher than experimental values (260 mN/m, at 315 K)71. Likewise, the Ka for the gel phase at 

297 K (1645 ± 24 mN/m) is almost identical to the experimental value of 1650 mN/m (at 300 

K)71.  

 

With the Optimal parameters, an overall improved melting temperature is obtained for a pure 

DPPC bilayer. As shown in Fig. 5C, the set of Optimal Martini parameters provides a clear 

estimation of 313 K ≤ Tm ≤ 315 K for DPPC, which is in excellent agreement with experiments58, 

72. As expected from the parameterization consistency, this value also agrees with the estimates 

obtained from the AA simulations (315 K ≤ Tm ≤ 317.5 K; Fig. S13 and Supporting Results). 

The same Tm calculation protocol was repeated using a range of hydration levels (a range of 5-30 

waters per lipid). The Tm is only affected once the hydration level is very low, ≤ 10 waters per 

lipid (Fig. S14A), in alignment with previous calculations57. 

Close inspection of the simulated systems near the Tm (310-315 K) reveals the presence of 

membrane deformations; which are unable to fully destabilize the gel phase. Previous 

observation of such deformations using the Martini force field has been attributed to the 

formation of ripple phases73. Surprisingly, spontaneous lipid tilting is also observed in the gel 

phase (Fig. S14B and C), otherwise obtained only using enhanced sampling techniques74. 

The Optimal DPPC lipid parameters also show improved correlation with AA simulations at 

higher temperatures (Fig. S15 and S16). APL values (Fig. S15), as well as lipid tail order 
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parameters (Fig. S16) from the AA simulations are much better matched by the Optimal CG 

parameters than the standard Martini (V2.2). Overall, this set of results suggests that the 

parameters could be potentially used in conditions other than those used for the initial 

parameterization. 

PHASE DIAGRAM OF TERNARY LIPID MIXTURE. We next evaluate the ability of the 

Optimal parameters to reproduce the experimental phase diagram of DPPC/DOPC/CHOL at 298 

K. As with the Extensible parameters, they capture the Ld/Lo coexistence region in the 

physiologically relevant region of the phase diagram without inaccurate extension of this 

coexistence to other regions (Fig. 4C). This Ld/Lo coexistence region achieves better 

representation of the experimental consensus than produced by the Extensible parameters. 

Furthermore, the Ld/Lo/Lβ cholesterol-containing triple phase region is also much more accurately 

represented in the Optimal parameters. 

Importantly, the Optimal parameters exhibit some Ld/Lβ phase separation in a binary mixture 

of DPPC and DOPC (Fig. 4C), which is indicated by experiment (Figs. S8 and S9) but does not 

emerge with standard Martini or even our Extensible parameters (Figs. 4A and B). Specifically, 

system 50 (90% DPPC, 10% DOPC, no cholesterol) undergoes extensive de-mixing with the 

Optimal parameters, but not with standard Martini parameters for DPPC mixed with either 

DOPC or DIPC (Fig. S17). The total phase accuracy of the optimal parameters is 76%, an 

improvement from the Extensible parameters (70%) and an even more pronounced increase in 

accuracy over the standard Martini V2.2 parameters (63%). Significant improvement is seen in 

compositions within 20% of critical point, where the optimal parameters provide a phase 

accuracy of 84% compared to 70% from the standard Martini. Nevertheless, the optimal 
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parameters still fail to fully sample robust Ld/Lb coexistence in the absence of cholesterol when 

global DPPC content falls below 90%. 

Again, when the temperature is increased to 310 K, the phase diagram qualitatively displays 

the same tendencies as the Extensible parameters, and trends follow experimental observations. 

However, the degree to which the Ld/Lo coexistence region decreases appears to be quantitatively 

less than is observed for the Extensible parameters, and as a consequence of the higher Tm for 

DPPC in the Optimal parameters. 
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DISCUSSION AND CONCLUSIONS 

 

The Martini force field has gained extensive applicability by striking the right balance between 

universality and accuracy. Here, we have refined the Martini CG parameters for DPPC and 

DOPC to improve their phase behavior using both Extensible (“building-block”) and Optimized 

(“lipid-specific”) approaches. When compared to the standard Martini parameters, these 

refinements show only minor effects on the lipid density profiles (Fig. 2) and APL values (Table 

1) of DPPC and DOPC, while providing moderate improvement for several DPPC order 

parameters (Fig. 3A). In the Extensible and Optimal parameter sets, we made the modifications 

to lipid topologies with the goal of improving the phase-segregation behavior for 

DPPC/DOPC/CHOL mixture, something which it not attainable using the standard Martini. Each 

lipid species is parameterized using homogenous AA simulations at a single temperature. 

Regardless of this, the lipid parameters show transferability potential given that they can mix 

with each other, and the current Martini cholesterol model, as well as temperature dependence 

both below and above their parameterization conditions. 

One of the reasons that the refined parameter sets are able to properly capture phase separation 

is due to improved melting transition temperatures of lipids. The prevalence of experimental Tm 

measurements for the system studied here and the accepted existence of such phase transitions 

makes this a useful comparison through which the potential limitations in CG models can be 

identified. The re-parameterization of CG bonded terms, only required fitting to the 

intramolecular geometrical distributions obtained from atomistic simulations. In standard 

Martini, these distributions were parameterized based on the dynamics of alkane chains in bulk 
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systems and were not laterally restricted and consequently lack the inherent order and packing of 

the lamellar state. Thus, as done here, reparameterization of the potentials of aliphatic tails in the 

Extensible and Optimal parameter sets greatly improves Tm estimates. This approach can be 

easily extended to other high melting lipids like sphyngosines, ceramides, and cerebrosides. 

In addition, the re-parameterization increases the line tension between DPPC and DOPC in the 

presence of cholesterol, leading to proper Lo/Ld phase separation. This remarkable achievement 

opens the possibility to use more biologically-relevant lipids in combination with other 

biomolecules. Importantly, when considering regions of the phase diagram encompassing lipid 

concentrations, mimicking physiological conditions (within 20% of critical point), The Optimal 

parameter set yields a phase accuracy of 84% compared to 70% accuracy obtained with the 

standard Martini V2.2 and 68% accuracy for the DPPC/DIPC/CHOL system (see SI). Besides 

the lack of experimental accuracy within this region, our results suggest that the optimized set is 

able to discriminate subtle changes in lipid composition, which may lead to phase-demixing. 

This behavior enables fine-tuning of the lipid component fractions to allow for fluctuating 

domains to form, much like the phenomena that can occur within in vitro systems, and provides a 

more accurate environment for studying the structure and dynamics of membranes and 

embedded proteins. These fluctuating domains do not occur with any of the DPPC/DOPC/CHOL 

or DPPC/DIPC/CHOL compositions using the standard Martini V2.2. 

The Extensible and Optimal parameter sets capture the temperature dependence of relative 

mobility of individual lipids leading to improved phase behavior of the lipid bilayer. 

Experimentally, the general consensus on the effect of temperature on the phase diagram is that 

as temperature increases, the Lβ phases begin to disappear and the region of Lo/Ld coexistence 

shrinks towards the direction of increased DPPC and CHOL percentage64. However, the precise 
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degree to which the coexistence region depletes and the measured temperature at which phase 

coexistence disappears is found to vary63, 75-76. Nevertheless, the refined Martini parameters very 

closely reproduce these experimental observations. 

We note that the deficiency in Ld/Lo coexistence in the absence of cholesterol is the only 

qualitative inconsistency between experiments and the results of simulations with the Optimized 

parameters, whose collective accuracy is 76%. Several of the compositions that are inaccurately 

represented by the Optimized parameters display significant experimental variability63-66 (for 

example composition 30/30/40 is only identified as phase separating in 50% of the experimental 

results) and that our quantification of phase accuracy incorporates additional details regarding 

precisely which phases and phase mixtures are present. Given that we employ a consensus of 

several experimental studies, some simulations may be penalized for not exactly containing the 

same mixture of phases. The average phase accuracy of each of the single experimental phase 

diagrams compared to the consensus is ~82%. Thus, there exists a certain degree of uncertainty 

between different experimental measurements and techniques that needs to be accounted for 

when comparisons are made with the simulated phase diagram. 

In summary, our study provides a strategy to further refine the lipid parameters of the Martini 

force field by fitting the bonded terms to the intramolecular degrees of freedom obtained from 

atomistic simulations. This approach leads to improvements in both the melting temperature and 

the lipid phase separation. The resulting lipid parameters accurately reproduce the 

experimentally measured complete phase diagram for the DPPC/DOPC/CHOL ternary lipid 

mixture, which was not previously achieved with the standard Martini lipid force field. In 

compositions within ~10% of the critical point, our Optimized Parameters yield a 30% 

improvement in accuracy over the standard Martini lipid parameters, correctly reproducing 92% 
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of the correct phases. These studies indicate that our parameters show improved properties that 

have been rigorously examined in the lamellar bilayer structure. Importantly, with the proposed 

parameterization protocol, such improvements are preserved for other membrane structures, such 

as the inverted hexagonal phase and a vesicle (Figs. S18 and S19). 

Furthermore, this study highlights two powerful aspects of the Martini force field. First, there 

is a great potential to improve the lipid phase behavior within the already defined building block 

framework of Martini while maintaining the chemical invariability of beads. Accordingly, the 

Extensible parameter set achieves the right balance between accuracy and portability for 

situations where there is a need to consider a mixture comprising hundreds of lipids for 

mimicking the plasma membrane. Second, Martini can serve as the initial framework to derive a 

highly optimal CG lipid parameter set that can quantitatively reproduce all-atom MD and/or 

experimental results. As shown here, the Optimal parameter set obtained by relaxing the 

building-block modularity allows one to capture accurate lipid phase behavior at high precision. 

The improvement provided by the refined lipid parameter sets could be of great value to 

understanding lipid behavior within phase regions.  
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FIGURES 
 

 

 

 

 

 

 

 

Figure. 1. CG mapping and featured bonded distributions for DPPC and DOPC. CG bead 

mapping for DOPC (A) and DPPC (B) lipids. Bead colors represent the different chemical 

groups as in the original Martini parameters set and mapped on all-atom backbone shown as a 

stick diagram. Hydrogens in the atomistic representations are not depicted for clarity. The 

unsaturation in the aliphatic tails is highlighted. Color code: blue beads: choline groups, orange 

beads: phosphates, pink beads: glycerols, gray beads: acyl chains, tan beads: double bond in 

DOPC. Representative intramolecular geometrical distributions are provided for DOPC (C) and 

DPPC (D) standard Martini along with all-atom distributions that were used for re-

paramterization. Also, shown are the resulting reparameterized distributions for Extensible and 

Optimal parameter sets. The full sets of distributions as well as the numbering reference are 

provided in Supportive Figs. S6 and S7. The CG bead types associated with these bond and angle 

distributions are schematically shown for DOPC (E) and DPPC (F).
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Figure. 2. Electron densities of DPPC and DOPC membranes in liquid state. (A) Profiles for the 

re-parameterized Extensible set (dotted lines) are compared with atomistic CHARMM36 (solid 

lines) and the standard Martini V2.2 (dashed lines). (B) Profiles for the re-parameterized 

Optimized set (dotted lines) are compared with atomistic CHARMM36 (solid lines) and the 

standard Martini V2.2 (dashed lines). Densities were computed by dividing the box in 100 slices 

and across the Z normal of the membranes.
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Figure. 3. Computed P2 order parameters for DPPC and DOPC. P2 parameters for CHARMM36 

were computed after mapping the trajectory into a pseudo CG-representation. (A) P2 computed 

for DPPC. (B) P2 values computed for DOPC. 
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Figure. 4. The phase diagrams for the DPPC/DOPC/CHOL lipid mixtures. The complete phase 

diagram simulations as performed with the current Martini V2.2 (A), Extensible parameter set 

(B), and Optimal parameter set (C) are shown. The color scale for the upper images are shown in 

the inset color-combination key, where the three phase (Ld/Lo/Lβ) are colored red, green, and 

blue, respectively, and combinations of those colors indicate which phases are present in the 

simulation (For further details, see Fig. S5 and S9). The lower images show the same phase 

diagrams colored on a black to white color scale to indicate the experimental accuracy of the 

simulation, where white is an accurate replication of the experimental data (For further details, 

see Fig. S4, S5, and S9). 
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Figure. 5. Tm calculation for DPPC. (A) Initial coexisting Ld/Lβ system box for computing Tm 

(see methods). (B) Area per lipid evolution at different temperatures for the Extensible model. 

(C) Area per lipid evolution at different temperatures for the Optimized model. The latter 

reproduces the experimental observed value (314 K). Image A shows a Martini simulation 

snapshot where the lipid tails are illustrated in green, the glycerol backbone beads are red 

spheres, the phosphate bead is orange, and the choline bead is blue. Water is shown as violet 

spheres. 
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TABLES.  

Table 1. Area per lipid (APL) comparisons. 

Lipid Temp. (K) APL (nm2) 

  AA Standard CG Extensible CG Optimized CG 

DPPC 323 0.61±0.002 0.63±0.006 0.62±0.003 0.61±0.008 

 290/298 0.49±0.001 0.47±0.0001 0.47±0.0007 0.47±0.0001 

DOPC 310 0.68±0.012 0.69±0.007 0.68±0.003 0.68±0.012 

Each equilibrated region of the trajectory was segmented in three equally independent blocks and the standard error 
was obtained. 
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re-parameterization, biased generation of AA gel phases, DPPC melting temperature in AA 

simulations, CG lipid phase separation, second order parameter (P2) and radial distribution 

functions (g(r)) for DPPC and DOPC, Martini V2.2 DPPC/DIPC/CHOL simulations and phase 

diagrams. Supporting figures; Fig.S1 to Fig.S20. 
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