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ABSTRACT

Lipid membranes are central to cellular life. Complementing experiments,
computational modeling has been essential in unraveling complex lipid-biomolecule
interactions, crucial in both academia and industry. The Martini model, a coarse-
grained force field for efficient molecular dynamics simulations, is widely used to study
membrane phenomena but has faced limitations, particularly in capturing realistic lipid
phase behavior. Here, we present refined Martini 3 lipid models with a mapping
scheme that distinguishes lipid tails differing by just two carbon atoms, enhancing
structural resolution and thermodynamic accuracy of model membrane systems
including ternary mixtures. The expanded Martini lipid library includes thousands of
models, enabling simulations of complex and biologically relevant systems. These
advancements establish Martini as a robust platform for lipid-based simulations across

diverse fields.
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INTRODUCTION

Computational modeling has become an indispensable tool for understanding and
predicting the behavior of biological membranes at the molecular level. One of the
most impactful approaches in this domain is coarse-graining, which simplifies
molecular systems by reducing the number of degrees of freedom, enabling the
simulation of larger systems over longer timescales!. Among the various coarse-
grained (CG) models, the Martini force field has emerged as a cornerstone?,
particularly for studying lipid membranes® 4. Its success lies in balancing
computational efficiency with the preservation of essential chemical and physical

properties?.

Introduced in the early 2000s°>’, the Martini model has continuously evolved,
expanding its initial scope from simple lipid bilayers to complex biomolecular systems.
With the release of Martini 28, it became possible not only to expand the library of
phospholipid models®, but also to include new lipids such as sterols!® and glycolipids*®:
12 as well as proteins®® 4 nucleic acids'> 16, carbohydrates'’, and other
biomolecules!® 1°, Over the years, Martini has been used in a wide range of
membrane-related applications, including domain formation?°, complex membrane
compositions?®: 22, membrane remodeling®® 24, protein-lipid interactions?®> 26, and
permeability?” 28, These studies have provided crucial insights into biological
processes at the mesoscopic scale, bridging the gap between atomistic simulations
and experimental observations and enabling in-situ simulations of membranes in the

context of a realistic cellular environment2°: 30,

Despite its broad applicability and success, the Martini lipid models have shown
certain limitations3 32, particularly in accurately capturing the phase behavior of
ternary lipid membranes®3. For example, the inability to adequately represent certain
lipid mixtures' liquid-ordered and liquid-disordered phases has been a notable
challenge®*. Additionally, the Martini 2 model occasionally struggles with reproducing
gel and ripple phases, including their temperature phase transitions, lipid packing, and
tilting®®. Other significant issues have been the model's difficulty in accurately

representing pore formation3¢ and the mechanical properties of membranes®’.

The recent development of Martini 3 could potentially solve many of these
shortcomings®®. Martini 3 introduces new bead sizes and chemical types, which

combined with well-defined mapping and parametrization strategies could account for
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the subtleties of lipid head interactions more effectively, including more precise
definition of chain lengths and bonded terms. Martini 3 already has a large variety of
lipid models to choose from, including common headgroups and diverse tails including
completely saturated, mono- and polyunsaturated tails, and cholesterol3¢-4°, Although
the current Martini 3 lipid models released showed improved accuracy in a diverse set
of applications*46, they could still be considered prototype models, as they were

directly adapted from Martini 2 lipid models? 8.

In this work, we present a systematic parameterization and expansion of the whole
Martini 3 lipidome, focusing on addressing the limitations of Martini 2231, Our approach
includes a redefined mapping scheme and integrates both bottom-up fitting of CG
parameters to CHARMM3647-°0 with top-down validation against experimental bilayer
properties. This parameterization strategy, coupled with a new mapping scheme and
optimized tail representations, massively expands the current Martini lipidome
resulting in the release of thousands of new lipid models. These improvements
significantly enhance the accuracy of Martini 3 lipid models in capturing key
biophysical properties, such as gel-fluid transition temperatures and membrane phase
behavior in ternary mixtures. Additionally, we demonstrate several applications of
using the reparametrized lipids in modeling complex membrane compositions and
topologies important to cellular life, as well as mapping protein-lipid interactions,
highlighting the advantages of the expanded Martini 3 lipidome to both academia and

industrial applications.
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RESULTS

2.1 Reparameterization of the Martini 3 Lipidome

2.1.1 Redefining the Lipid Mapping Scheme

To improve the Martini 3 lipidome, we conceived a model that could be extensively
verified by experimental data. Due to the “fuzzy” mapping of Martini 2 lipids® &,
selecting experimental reference data was a major obstacle in benchmarking the
model. For example, DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and DSPC
(1,2-distearoyl-sn-glycero-3-phosphocholine) are mapped to the same Martini 2
molecule, although experimentally, DPPC and DSPC have significantly different
bilayer thicknesses® (DHH 3.46+0.07 nm versus 4.33+0.09 nm at 333 K). This
ambiguity complicates fitting to atomistic simulations and validation against
experimental data.

We therefore designed a new mapping scheme (Figure 1,A) that can differentiate
between tails that differ by two carbon atoms (e.g. 16C and 18C tails) based on a
center-of-geometry mapping of atomistic structures and including hydrogens in the
mapping®2. The 16C tails are differentiated from the 18C tails using a small bead that
maps 3 carbon atoms immediately after the glycerol ester bead. In contrast, the 18C
tail uses a regular-sized bead that maps 5 carbons at the beginning of the tail. In the
new mapping scheme, ester groups are mapped together with their adjacent glycerol
carbon to a small SN4a bead (Figure 1,A). Furthermore, the phosphodiester group is
now centered on the phosphorus atom with the sn-3 glycerol carbon left out of the
mapping (but still implicitly accounted for by the Van der Waals radius of the
phosphodiester bead), making comparisons of phosphorus distances between CG,
AA, and experimental data consistent.

We also remapped sphingomyelins (SM), where the sphingosine (d18:1) tail now
contains an additional bead, compared to the recent parameterization3* by Stroh et
al., which results in improved phase transition properties. The mapping of poly-
unsaturated phospholipids was also revised, where the interaction level of the bead
now depends on how many double bonds are contained within. Beads that span 1.5
double bonds have their interaction level increased to C5h to differentiate them from
the normal double bond type C4h (Figure 1,A).

https://doi.org/10.26434/chemrxiv-2024-8bjrr ORCID: https://orcid.org/0000-0002-7876-0435 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-8bjrr
https://orcid.org/0000-0002-7876-0435
https://creativecommons.org/licenses/by/4.0/

A
PC
Q1{+1)

Qs(-1)

POPC

N

Area Per Lipid (APL)

Electron Density
Peak-Peak
Distance (DHH)

PLC18

Forward Map
Higher Resolution Models
and Match Properties

Luzzati Thickness (DB) /
Water Penetration Depth

Hydrocarbon
Thickness (2Dc)

POPCE

;P PG cm, 0 PS PA
Qdp (+1) r
Q5 (1)

r NE Rr
TAP CL
Q1{+1)
] H
1] ’
Q5n/D [-1.5/-2) 2,2'-BMP 3,3'-BMP
PSM m
'y THE THE
MO
SPdr
T4
—— R'&0.73 a=0.9% R'=DUBT a=1.04
= A=, 11 MNRSE=0.054 d RA=. 7T MNASE=D.054 mas
M{ & PCMHRSE=D.0%6 s 471 & PCMNRSE=D.061
eg| ™ SHMNRSE=0.06% 45 ® SMMNASE=0.022
+  PEMNASE=0.024 = 43| % FEMMASE=0.05% ,
— . i £ - 231%
Z 661 PG MNASE=0.060 = E.l = PG MMRSE=0.05!
54 x
5 . I z
z 2 a7 sk
g4 €35
2 ]
=3 z 13
“ el | 303.1%
e v 294
s2{ % D 274 E
s 4 2% 9115
0 52 34 56 58 60 62 64 66 &8 VO MU M 2S5 ITI93L 35T A041 434547495
Experimental AL (A7) Experimental DHH (nm)
53 43 —
gy  — M=08Ba=101 ap| —— Pe=088a=101
Af=(,83 MNASE =0.035 R=88 MMRSE = 0.036 33305
A1 » PCMNRSE=0.024 38{ »  PCMNASE=0.036
4T{ ® S5MMHASE=0.043 a6 *  SMMNRSE=0.047 P
45] # PEMNASE=0.027 _ # PEMNRSE=QU04a .y
T % PG MNASE=(.052 E 341 u PGMMASE=0.035 unas
s a2 oz
s+ Sao x
-
2 29 2 . n3s™
£ a7 £
L} &
16
EETH z
1y . I0IAE
11 22
28] £ F G
1 —— 20345
2723931 32335373941434547495153

Experimental D8 (nm)

14— ]
LE 2.0 2.2 2.4 2.6 28 3.0 37 34 16 18 40 43
Experimental 20 (nm)

Figure 1. Reproducing structural bilayer properties across major lipid classes. (A) Redefined mapping

scheme of Martini 3 lipid models. The AA to CG Martini 3 mapping is shown for several common

headgroups, linkers, and full lipids. The different colors indicate the mapped CG bead type and bead

charge. Our parameterization strategy relies on first matching bond and angle distributions of higher

resolution CHARMMS36 lipid models (B), followed by testing a range of emergent bilayer properties like

bilayer geometries and phase behavior (C) like area per lipid (APL), electron density peak-peak distance

(DHH), water penetration depth/Luzzati thickness (DB), and hydrocarbon thickness (2Dc). To this end,

we compiled a large experimental benchmark of lipid bilayers, coined here the “Martini lipid Benchmark”
(MIB), and tested the ability of Martini 3 bilayers to reproduce (D) APL, (E) DHH, (F) DB, and (G) 2Dc

of the benchmark.
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2.1.2 Reparameterization Strategy

A new set of general parameter building blocks was designed to fit the updated
mapping scheme. Bond lengths now take the modified bead sizes into account and
account for whether bonded beads span multiple double bonds, found to have an
impact on the average bond length (adjacent double bonds make the center-of-
geometry distance between beads shorter). While Martini 2 and Martini v3.0.0 use
specific angles over beads containing double bonds (i.e. C-D-C where D is a bead
containing a double bond), there is no differentiation between angles where the
adjacent beads contain double bonds (e.g. D-D-C or D-D-D)2. Our atomistic reference
simulations of polyunsaturated lipids suggest that the angle distribution varies
depending on the number of double bonds in the lipid tails, and the CG angles were
diversified to account for multiple unsaturated beads connected in series. In the new
parameter set these cases are fitted independently, improving the angle distribution fit
of mono- and polyunsaturated lipids.

The expanded bonded parameter set was first fitted in two stages. First against a
diverse set of atomistic reference simulations using the CHARMMS36 force field (see
simulation details in Methods Section 3.1). The atomistic reference simulations were
all mapped to pseudo-CG trajectories (Figure 1,B-C) using our newly proposed
mapping scheme (Figure 1,A) and equivalent CG simulations were prepared for each
system. Then the CG bonded distributions were fitted to the mapped atomistic
counterparts in a bottom-up approach, employing manual adjustments and automatic

protocols like swarm optimization®2.

In the second stage of the parameterization, we required that the resulting parameters
reproduced a wide range of experimentally derived top-down properties, for example,
geometrical features like bilayer area per lipid and thickness, and thermodynamical
properties like phase change behavior. This second stage is a highly non-linear and
multidimensional optimization problem that is inherently difficult to solve, especially
with a relatively small set of fitting parameters, i.e. general bonded parameters and
bead type choices to be used in all lipid-related molecules. Furthermore, due to the
simulation turnover time of evaluating top-down properties like phase change
behavior, which requires substantial MD sampling, fully automating the second stage
was not feasible, and we instead relied on human-in-the-loop decisions and

compromises between bottom-up and top-down properties through rational design.

https://doi.org/10.26434/chemrxiv-2024-8bjrr ORCID: https://orcid.org/0000-0002-7876-0435 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-8bjrr
https://orcid.org/0000-0002-7876-0435
https://creativecommons.org/licenses/by/4.0/

2.2 Characterization of Lipid Bilayer Properties Using the

Reparametrized Martini 3 Lipidome

2.2.1 Benchmarking Martini Against Experimentally Determined Geometrical

Properties of Liquid Bilayers

To benchmark the performance of the new parameterization of Martini 3 lipids, we
conducted an extensive literature search for experimental reference data of bilayer
geometric properties of area per lipid (APL), and three distinct thicknesses, namely
the bilayer electron density peak-peak distance (DHH), the bilayer thickness (DB) also
known as the Luzzati thickness, and the hydrophobic thickness of the lipid tail region
of the bilayer (2Dc)%% 5461, Such data can be obtained by scattering density profile
(SDP) modeling, where the geometrical bilayer data is obtained from an MD simulation
of a lipid bilayer, constrained by neutron and X-ray scattering data®. The SDP model
is considered a robust way to determine lipid areas and bilayer thicknesses, and it is
often used for force field validation*”:4°. We denote this collection of experimental data
as the "Martini lipid Benchmark” (MIB) which contains data on APL, DHH, DB, and 2Dc
for 29 lipid types at up to 4 temperatures with a total of 67 data points per property.
The full dataset is available on GitHub (https://github.com/Martini-Force-Field-

Initiative/M3-Lipid-Parameters).

We compare the experimentally derived bilayer properties to the equivalent properties
obtained from CG simulations through a mean normalized root-squared error
(MNRSE) measure:

(Xi,ex _Xi,sim)2
MNRSE = 3N, —— (1)

Oj.exp
We report MNRSE calculated across all data points and for each lipid headgroup class.

Analyzing our benchmark results (Figure 1,D-G), we observe that the liquid bilayer
properties show very good agreement with experimentally derived results obtained via
SDP modeling. In the APL results (Figure 1,D), we see a slight underestimation for
PC, PG, and SM lipids by ~3 A2. This is a compromise made to improve gel-liquid
transition temperatures and phase separation properties, discussed in Sections 2.3.1
and 2.3.3. Note that a deviation from SDP results of ~3 A2 still represents very good

agreement with experiments; state-of-the-art atomistic simulations with CHARMM36

https://doi.org/10.26434/chemrxiv-2024-8bjrr ORCID: https://orcid.org/0000-0002-7876-0435 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-8bjrr
https://orcid.org/0000-0002-7876-0435
https://creativecommons.org/licenses/by/4.0/

and LJ-PME show average errors of approximately ~1.5 A2 over a significantly smaller
benchmark set®3. We found both APL and phase separation properties to be strongly
linked to the angle parameter of saturated tails (a_C_C_C). The APL of all lipids can
be increased by ~2 A2 by lowering the force constant of the CG saturated angle
parameter (a_C_C_C) from 14.5 kJ/mol/rad? to 12.5 kJ/mol/rad?, however, this also
decreases gel-liquid transition temperatures, and phase separation properties in

ternary mixtures are impacted negatively.

The agreement of both peak-peak thickness (DHH) and hydrophobic thickness (2Dc)
shows that there is a good balance between the bond lengths and angles in both the
lipid tails and the headgroup region (Figure 1,E,G). Furthermore, the water penetration
depth is accurate, observed in the excellent agreement of DB values with the SDP
results (Figure 1,F). Importantly, the results show that the new mapping, which
distinguishes 16C from 18C tail lengths, is meaningful, and does reproduce essential
geometric properties of lipid bilayers across a large range of lipid headgroups and tail
types. We note that there are no clear outliers between data obtained and simulated
at different temperatures, indicating that the temperature dependence of the
geometrical properties of lipid bilayers is reproduced (increasing temperature
generally leads to increased APL and decreased bilayer thickness, assuming a liquid
phase) and that the obtained bonded parameters are valid across a broad range of

biological relevant temperatures.

2.2.2 The Bending Moduli of Reparametrized Lipids Show Improved Correlation
with Atomistic Reference Simulations

Lipid bilayer bending and remodeling are extremely important phenomena in vivo.
Simulations of vesicles and even whole-cell-scale systems have previously been
investigated using the Martini force field® 30 6465 The underlying biophysics of bilayer
bending is therefore important to model and reproduce. We therefore estimated bilayer
bending moduli (kc) for a selection of lipids that have previously been studied by
Doktorova et al. using atomistic CHARMM36 simulations®®. Figure 2,A shows the
correlation between k¢ values obtained from lipid tail splay using the Real-Space
Fluctuations (RSF) method®®, comparing bilayer simulations using Martini 2, Martini 3,
and CHARMMS36. The RSF results obtained using the reparametrized Martini 3 lipids

show an improved correlation with CHARMM36 data compared to Martini 2. We also
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observe a general improvement in average P2 bond order parameters compared to
atomistic results (Figure 2,B), in agreement with the improved lipid tail splay quantified
by the RSF method. APL values also show a better correlation with atomistic data
compared to Martini 2, although they are systematically lower (S| Figure S16), as

previously discussed.

We also estimated bending moduli (k) using an alternative method using bilayer
buckling®7-6°. The buckling results correlate with our RSF results, however trending

towards higher estimated values (Table S1).

While the kc trends reported here are also consistent with experimentally obtained
bending moduli of the lipids®®, we focused on a comparison with atomistic reference
data because experimental values show considerable variation depending on the
experimental technique used® 7% 71 as previously noticed’?; in addition, other factors

such as temperature and salt concentration’® make a direct comparison problematic.
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Figure 2. Reparametrized Martini 3 lipids improve bilayer bending modulus and lipid tail order. (A)
Comparison of bilayer bending moduli (k¢) values calculated by the RSF method from M2 (blue, left)
and M3 (red, right) compared to CHARMM36 results. (B) Average lipid P, order parameters of M2
(blue) and M3 (red) lipid bilayers, compared to equivalent forward-mapped CHARMM36 simulations
(black).

2.2.3 Automatically Generated Lipid Topologies Allows for Extensive
Exploration of Bilayer Properties

To facilitate exploring a wide range of lipid types, a lipid topology generator was
constructed using the refined Martini 3 lipidome parameters. Here, a set of 200
phospholipids was generated, their bilayer properties explored, and a comparison was

made to Martini 2 lipids where parameters were available. We explored 5 different
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headgroup types: phosphatidylcholines (PC), phosphatidylethanolamine (PE),
phosphoglycerol (PG), phosphatidylserine (PS), and phosphatidic acid (PA); each
combined with 40 different acyl chain combinations of varying tail length and
saturation. Sl Table S2 shows the nomenclature used and examples of corresponding
acyl chain names. S| Figure S1 contains eight calculated membrane properties,
namely PO4-PO4, DHH, DB, and 2Dc bilayer thickness values as well as area per
lipid, lipid diffusion, area compressibility (Ka), and P2 order parameters. Additionally,
the same lipids were explored by mixing them in at 20 mol% in a POPC, DLPE, or
SSM-CHOL base, Figure S2 shows the APL for each lipid and lipid mixture, and all
membrane properties for all systems are listed in S| Table S3.

Martini 2 captures membrane properties quite accurately® ® 74, and the trends captured
by both the reparametrized Martini 3 lipid parameters and Martini 2 are overall similar
(Figure S1). However, Martini 3 results differ from Martini 2 in a few key areas. The
APL of the reparametrized Martini 3 lipids is slightly lower for all tested lipids, as
discussed in Section 2.2.1, a compromise made to improve known issues of too low
gel-liquid phase transition temperatures of Martini 274. In the reparametrized Martini 3
lipids, the APL, diffusion, and area compressibility (Ka) (Figure S1) properties show a
clear distinction between liquid and gel-phase lipids. For example, saturated Martini 3
lipids transition from liquid to gel between di-myristoyl (14:0/14:0) and di-palmitoyl
(16:0/16:0) lipid tails at the tested temperature of 310 K but Martini 2 lipids remain
liquid, even at longer tail lengths. Another key difference is the higher granularity in
resolving lipid tails, incrementing at 2 instead of 4 carbons and resulting in a more
gradual change in lipid properties compared to Martini 2.

This automated study resulted in over 1300 different simulation systems and all
analyzed bilayer properties are available in tabulated format in SI Table S3. The results
are valuable for comparison between lipids, to explore overall trends in membrane
properties, and as a reference for expected properties of the tested lipids. However,
as these are spatially small simulations, with specific temperature and pressure
controls, performed at a specific lipid charge state, and all started in a semi-liquid
phase, several caveats must be considered. For example, starting with small,
preformed bilayers (stabilized by periodic boundary conditions) allows for simulations

of planar membranes even with lipids that would normally not form lamellar phases.
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Additionally, the reported values are not corrected for finite size effects*®, and, as
discussed in Section 2.3.1, lipid phase transition can vary based on the initial state.

2.2.4 The Martini 3 Lipidome Enables Simulation of Bilayers with Realistic Lipid
Composition

It is becoming increasingly clear that modeling of realistic membrane environments is
important in the study of transmembrane proteins®. Previously, Ingélfsson et al. have
used the Martini 2 force field to build a standardized and simplified mammalian plasma
membrane model that contains eight different types of lipids asymmetrically distributed
across the leaflets?® . Here, we adapt this plasma membrane model (Figure 3,A) to
the Martini 3 force field by following a protocol recently presented by Ozturk and
coworkers’®. This typical mammalian plasma membrane model has an extracellular
leaflet enriched in SM lipids with saturated tails (di-C18:0) and cholesterol, whereas
its cytoplasmic leaflet mostly contains unsaturated lipids, some of which are composed
of negatively charged headgroups, such as PAPS and SAP6. The number of
unsaturated bonds per tail is 1.8 times higher in the cytoplasmic leaflet than in the
extracellular leaflet, consistent with a recent experimental study on the plasma

membranes of human erythrocytes’”.

The Martini 2 model of this plasma membrane model was characterized in detail at
different levels of complexities in an earlier work by Ingélfsson and coworkers?®.
Overall, the Martini 3 model has membrane properties compatible with the Martini 2
version. Martini 3 lipid models are now able to distinguish between lipid tails that differ
by two carbon atoms which leads to certain differences between the Martini 2 and 3
models of the typical plasma membrane (see Table S4). For example, the Martini 3
model has a lower area per lipid for both leaflets, indicating improved lipid packing.
The area per lipid in the extracellular leaflet is smaller than in the cytoplasmic leaflet
due to the higher proportion of saturated phospholipids as was the case in the Martini
2 model. The membrane thickness, calculated as the phosphate-to-phosphate
distance, is found to be higher with the Martini 3 model (4.22+0.01 vs 3.94+0.02 nm).
In addition to the slightly faster lipid flip-flop rates on average, the equilibrated fractions
of cholesterol are also slightly higher (0.59 vs 0.55) in the extracellular leaflet. The
phospholipids in the Martini 3 model also diffuse slightly faster in both leaflets and as
observed previously with the Martini 2 model, the phospholipids of the extracellular
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leaflet have slower lateral diffusion rates than those in the PUFA-rich cytoplasmic
leaflet (see Table S4). Both leaflets of the Martini 3 model are found to be slightly more
ordered than those of the Martini 2 model. The extracellular leaflet is more ordered
than the cytoplasmic leaflet, as expected due to the asymmetric distribution of lipids

with saturated and unsaturated tails.

To validate the Martini 3 plasma membrane model, we built and simulated a smaller
version of the membrane presented in Figure 3,A and simulated it for 20 us with the
Martini 3 force field, followed by a conversion to an all-atomistic representation
compatible with the CHARMM36m force field (Figure 3,B) using ezAlign”® , which was
then simulated for 100 ns. The structural properties of the CHARMM36m plasma
membrane model are comparable to the Martini 2 and 3 models (Figure 3,C). The
membrane thickness is 4.19+0.002 nm and is closer to that of the Martini 3 model. The
area per lipid values leaflets of the CHARMM36 model are found to be 0.514+0.005
nm? in the extracellular and 0.585+0.006 nm? in the cytoplasmic leaflet. Similar to our
Martini simulations, using CHARMMS36 results in an extracellular leaflet rich in
cholesterol and lipids with saturated tails having a lower area per lipid than the PUFA-

rich cytoplasmic leaflet.
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Figure 3. Complex membrane simulations with Martini 3. Shown snapshots were taken from the end of
the simulation systems with (A) Martini 3 (M3) and (B) CHARMM36 (C36). Each lipid type is colored
differently: CHOL in yellow, DIPE in dark blue, PAPC in light pink, PAPS in pink, POPC in purple, POPE
in light blue, SAP6 in cherry, and SSM in green. The snapshots were taken at 20 ps from one of the
Martini 3 simulation systems and at 100 ns from one of the CHARMM36 simulation systems. (C) The
density profiles of ions (sodium, chloride, and cholesterol (ROH bead in Martini 2/Martini 3 and O3 atom
in CHARMM36), water (W), phosphate (PO4 bead in Martini 2/Martini 3 and P atom in CHARMMS36),
linker (GL1, GL2, OH1, AM2 in Martini 3 and C21 and C31 in CHARMMS36), tail beads (C1A, C2A, C3A,
C4A, C5A, D1A, D2A, D3A, T1A, C1B, C2B, C3B, C4B, D2B, D3B in Martini 3 and all tail carbon atoms
in CHARMM36) along the membrane normal are shown. The top, middle and bottom panels show the

data from CHARMMS36, Martini 2 (M2), and Martini 3 simulation systems, respectively.
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2.2.5 Modeling of Multi-Component Membranes Enables Studies of Protein-

lipid Interactions

The ability to model transmembrane proteins in a realistic lipid environment at
extended timescales has been a hallmark of the Martini model for almost two
decades!® 7 89, Here, we tested the ability of the reparametrized Martini 3 lipids to
identify known lipid-protein interactions in selected transmembrane and peripheral

proteins.

During parameterization of the original Martini v3.0.0 lipid model, we found that the
model could reproduce experimental P1(4,5)P2 binding sites in the Kir2.2 protein (PDB
ID 6M84)8!, a homotetrameric potassium channel activated by this lipid species.
Here, we show that the results are reproducible with the reparametrized Martini 3
lipids. We performed a 30 ps-long simulation of Kir2.2 in a POPC bilayer with 5%
P1(4,5)P2 (called POP6 in the four-letter Martini 3 nomenclature) in the lower leaflet.
Several POPG6 lipids remain in close proximity to the protein for several microseconds
(Figure S4,A), and lipid exchange can be observed at the four P1(4,5)P2 sites (Figure
S4,B). The fractional occupancy analysis shows that POP6 lipids occupy the four
PI(4,5)P2 headgroup sites in the tetramer, with occupancy maps confined around
residues that are known to interact with P1(4,5)P2 (Figures 4,A and S4,C).

We also simulated the bovine ADP/ATP carrier (PDB ID 10KC)® to test interactions
with cardiolipins bearing PO tails (namely, POCL) using Martini 3. The experimental
structure shows three cardiolipins, (CDL800, CDL801, CDL802) which are bound in
the lower leaflet. Occupancy maps of POCL, derived from two independent 30 ps-long
simulations, show higher occupancy in the lower leaflet, without clearly defining
individual sites (Figures 4,B and S5,A). At the chosen density isovalues, for POPE we
retrieved no occupancy near the protein, while for POPC we identified confined
regions in the upper leaflet in both simulations (Figures 4,B and S5,A). This is
consistent with the results of a 30 ys-long Martini 2 simulation, where, however, POCL
occupancy is more prominent in Martini 2 (Figure S5,B). The timescale of the
interactions between the protein and cardiolipins is also different between Martini 3
and Matrtini 2: The Martini 3 simulations show a much faster exchange of lipids in both
the upper and the lower leaflet and near the POCL experimental sites (Figure S6,A,B),

compared to Martini 2, wherein the lower leaflet a few POCLs remain within 5 A from
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the protein for several us (Figure S6,C), as previously shown® for tetra-oleoyl
cardiolipins using Martini 2. Interestingly, bulk lipid diffusion is not significantly different
between Martini 2 and Martini 3 (Figure S1), and the main difference in interaction
patterns and timescales can be attributed to differences in the non-bonded interactions
between the protein and lipid models in Martini 2 versus Martini 3. Martini 2 is known
to be overly “sticky” for a range of applications3! 8, and the faster exchange of lipids
in Martini 3 may be realistic. However, further studies are needed to investigate
exchange rates (residence times) of lipids, ideally compared to experimental

measurements across many lipid types and protein systems.
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Figure 4. Lipid-protein interaction studies are facilitated by the Martini 3 lipidome. (A-B) POPG6 lipids
and cardiolipins near transmembrane proteins. (A) POPG lipids arrangement around the Kir2.2 channel.
Fractional occupancy maps for POPE6 lipids, calculated over the 30 us-long simulation, are shown at
density isovalues of 0.2 (red) and 0.05 (yellow), on a scale from 0 to 1. Arginine, lysine, and tryptophan
residues surrounding the sites are shown as dark cyan, light cyan and white spheres, respectively. The
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protein structure corresponds to the last frame of the simulation, and the backbone is shown as a gray
surface. Shown as licorice are the four PI(4,5)P, headgroups resolved in the experimental structure
(PDB ID 6M84), which was superimposed to the last frame of the simulation. (B) Cardiolipin and POPC
lipids arrangement near the bovine ADP/ATP carrier. Fractional occupancy maps from one of the two
Martini 3 simulations (B) are shown for cardiolipins (POCL) at isovalues of 0.2 (red) and 0.1 (yellow),
and for POPC lipids (in blue) at isovalue of 0.1 around the ADP/ATP carrier. The CG structure
corresponds to the last frame of the simulation, and superimposed is the experimental structure (PDB
ID 10KC), with the three bound cardiolipins shown in green (CDL800), cyan (CDL801), and orange
(CDL802) sticks. (C-D) Membrane binding of BtPI-PLC (C) and PLC-d1 PH domain (D). Snapshots
from simulation systems showing (C) BtPI-PLC and (D) the PLC-d1 PH domain bound to the
corresponding membranes. The protein backbone is shown as a gray surface; phosphate beads are
shown as blue spheres, and selected membrane binding residues as yellow spheres. The bound PIP
lipid is shown in red sphere-stick representations. Probability Density Function (PDF) of minimum
protein-membrane distances and minimum distances between selected protein residues with the
membrane. PDFs were calculated across all the replicates. (E) The left panel displays the system
configuration where the VP40 dimer was positioned more than 2 nm away from the membrane in 10
different orientations, with each replica simulated for 10 us. The final frames of the protein-membrane
interaction for both the atomistic model and the Martini 3 model are shown for comparison. The right
panel shows the percentage of frames in which the protein is in contact with the experimentally identified
binding pockets (K224, K225, K274, and K275) or not, relative to the total number of frames where the

protein interacts with the membrane.

Another useful application of Martini is the investigation of the binding mechanisms of
peripheral membrane proteins. Here, we test several such protein-lipid systems
including BtPI-PLC8%88, wild-type SaPI-PLC?® %, PLC-d1 PH domain®-93, FGF2°94-

and Ebola virus VP40 matrix protein®” %,

For BtPI-PLC, we performed binding simulations with pure DMPC or POPC bilayers.
We calculated the minimum distance between the protein and membrane, with focus
on two important membrane binding residues®> 8. 88,99 | ys44 and Tyr246. For the
DMPC system, we ran five independent 1 ps-long simulations, where we did not
observe stable binding at the known protein-lipid interface (Figure S7). Five more
independent 5 ps-long simulations were carried out to test if the timescale of the
simulations could impact binding: We retrieved a similar trend (Figure S8), with some
simulations showing a rolling motion of the protein on the membrane surface. In
contrast, simulations performed with POPC lipids did retrieve the binding of the protein
to the membrane with the right orientation (Figure 4,C), with binding persisting over

the timescale of the simulations (Figure S9). Even when binding to the membrane

https://doi.org/10.26434/chemrxiv-2024-8bjrr ORCID: https://orcid.org/0000-0002-7876-0435 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-8bjrr
https://orcid.org/0000-0002-7876-0435
https://creativecommons.org/licenses/by/4.0/

occurs through the wrong interface, the protein reorients and binds with the right
orientation (Figure S9). The different results obtained from the DMPC and POPC
simulations highlight the tightness of the DMPC membrane, possibly linked to the
slight decrease in APL (Figure 1,E). This highlights the impact of membrane
composition on protein binding, and how it may affect membrane penetrating residues,

proteins, or peptides.

The wild-type SaPI-PLC was tested with both POPG and POPC membranes as
positive and negative controls, respectively, as this protein binds to POPG and has no
affinity for POPC membrane®’ 8. 100 1 pys-long simulations reproduce the expected
behavior: Stable binding was retrieved in the presence of POPG lipids, while in the
presence of POPC lipids bound states are short-lived, and binding/unbinding events

are frequent (Figure S10).

Simulations of the PH domain were set up in the presence of two different bilayers:
POPC:POPS:PIP2:PIP3 = 73:20:5:2 and POPC:PIP2 = 95:5, and for each bilayer, we
performed two 5 ps-long simulations. For the first bilayer, which carries 27% of
negatively charged lipids, the PH domain binds to the bilayer (Figures 4,D and Figure
S11) in the right orientation, through Lys30 and Arg40, which are known PIP binding
residues?®®. However, with the less negatively charged bilayer, which includes only 5%
PIP2 lipids, the protein does not form a stable complex with the membrane even for 1

ps timescale (Figures S12 and S13).

We also tested the interactions between the Fibroblast growth factor Il (FGF2)10%-103,
a P1(4,5)P2 binding protein?®3-1% and a membrane with 5 mol% of P1(4,5)P2 in a POPC
background. Like the above observations for the PH domain, FGF2 does not form a

stable complex with the membrane over the 10 us simulation (Figure S14).

Finally, we tested the viral protein 40 (VP40) dimer and PS lipid interactions in a
membrane composed of 30 mol% POPS, and 30 mol% cholesterol in a POPC
background. In previous CHARMM36m simulations, we observed and quantified the
binding of the VP40 dimer with the membrane and successfully reproduced the
interactions with experimentally known binding pockets, including K224, K225, K274,
and K275197, Here, in Martini 3 simulations, while binding to the membrane was not
an issue, achieving the correct orientation of the protein with the experimental binding

residues facing the membrane was challenging. The choice of the initial system from
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which the protein was coarse-grained made a significant difference for the VP40
dimer. The best results were achieved by coarse-graining the protein from an atomistic
model pre-bound to the membrane. In this configuration, the protein interacted with
the membrane via the experimentally identified binding residues in ~90% of the frames

where membrane interaction occurred (Figure 4E, right panel).

Taken together, we have demonstrated that our reparametrized lipids together with
the Martini 3 protein model can be used to study a broad range of protein-membrane
systems at long-microsecond timescales, needed to effectively investigate protein-
lipid interactions. However there is still room for improvement in the reproduction of
certain protein-lipid systems, e.g. stable binding of peripheral proteins to known lipid
partners, which we expect will require not only improvements in the lipid parameters
but also changes to the current protein modelt®® 109 With the number of available
Martini 3 lipid topologies now in the thousands, together with the natural variation of
protein sequences, the possibilities of constructing and studying proteins in ad-hoc
membrane environments are limitless. We therefore rely heavily on community
feedback, both positive and which areas we should focus on improving, ideally backed
by experimental results.

2.3 Reparametrized Martini 3 Lipids Show Improved Phase Behavior of

Model Membranes

2.3.1 Bilayer Phase Transition Temperatures

As the new parameters differentiate between lipid tails that vary by two carbons, there
must be a meaningful difference in properties between lipids with increasing tail
lengths. One of the major experimental differences between saturated lipids is their
main gel-liquid transition temperatures (Tm). To quantify Tm from Martini 3 simulations,
we conduct simulated annealing simulations (Figure 5,A) of four saturated
phospholipids; DPPC (16:0/16:0), DSPC (18:0/18:0), PSM (d18:1/16:0) and SSM
(d18:1/18:0), which have experimental Tm of 314 K, 328 K, 314 K, 318 K,
respectively!l% 111 The temperature of the annealing simulations ranges between 273
K and 373 K (Figure 5,C). The simulations start from an equilibrated bilayer at 373 K,
guenching the temperature at a rate of 1 K/10 ns, until reaching 273 K, followed by

heating returning to 373 K at the same rate. The Lindemann Index!!? was calculated
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for apolar chain beads in blocks of 10 ns, such that each block corresponds to a
change of approximately 1 K:

1 <r;j2>-<r;j>?
L=3%pm o @
where <rij> is the pairwise distance between bead i and bead j (i#j), averaged over the
time block of 10 ns, and P is the total number of pairs. The Lindemann Index is useful

as it displays abrupt changes during material phase changes?!*3.

Graphing the Lindemann Index as a function of temperature (Figure 5,C) highlights
that the phase change of Martini 3 bilayer simulations features significant hysteresis,
showing that the transition temperature is dependent on the direction of the
temperature ramp (using a slower ramp of 1 K/100 ns does not change the results).
The liquid->gel and gel->liquid transition temperatures were determined using the
largest gradient in the Lindemann Index (Figure 5,C, blue and orange vertical dotted
lines, respectively). The macroscopic transition temperature (Tm) was estimated using

equation 3, known as the "hysteresis method”!'4 115 (Figure 5,C, grey dotted line):

Tm = Tiiquia->get + Tgei->tiquia = v/ Tiiquia—>get = Tgei->liquid (3

Transition temperatures estimated from annealing (Table S7) results in 323.1+£3.5 K
for DPPC, 338.5+3.5 K for DSPC, 323.8+3.0 K for PSM, and 322.5+1.5 K for SSM
(Table S7), suggesting that Martini 3 overestimates Tm of the tested lipids by 5-10 K.

As phase transitions can be challenging to quantify (especially in systems with
significant hysteresis)''®, we also explored seeding simulations (Figure 5,B,D) as an
alternative approach to determine the Tm of bilayers. To create a seeding setup, we
construct a starting configuration consisting of a lipid gel phase surrounded by a liquid
bilayer utilizing our newly developed system builder COBY® (available on GitHub
https://github.com/MikkelDA/COBY), and initialize a series of constant temperature
simulations, allowing the system to equilibrate at each temperature (see Methods
Section 3.4.2). We calculate the Lindemann Index of the equilibrated systems (last
100 ns) to probe phase changes as a function of temperature. Using this setup we
observe that DPPC transition in the range 316-324 K, DSPC in 328-333 K, PSM in
311-316 K, and SSM in 313-315 K, which are within ~5 K to the experimentally

determined transition temperatures (Figure 5,D). Notably, we see that the onset of
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phase transition (first increase in Lindemann Index, Figure 5,D) during seeding

simulations is in very good agreement with the experimental Tm.

Overall, our results show that the new mapping scheme that differentiates 16C and
18C chains is meaningful and able to reproduce phase change behavior trends with
increasing tail length. Since the new parameters of bonds and angles of saturated
lipids are also extensively used in unsaturated lipid chains, capturing the gel-liquid

phase transition of saturated lipids helps validate a majority of the lipid chain

parameters.
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Figure 5. Improved phase behavior of reparametrized Martini 3 lipids. We quantified phase transition
temperatures by (A,C) annealing or (B,D) seeding. (C) Lindemann Index plotted as a function of

temperature in both the quenching (blue) and heating direction (orange). Liquid->gel and gel->liquid
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transition temperatures were determined using the largest gradient in the Lindemann Index (blue and
orange vertical dotted lines). The experimental reported T is shown in black dotted lines and the Tn,
calculated from the annealing simulations is shown as a grey dotted line. (D) Lindeman Index for a
series of constant temperature simulations for each lipid type. (E-H) Impact of CaZ* on
phosphatidylserine-containing bilayers. (E) Liquid->gel transition of POPS bilayer in the presence of
Ca?*. (F) Phase separation observed in a POPS:POPC 50:50 bilayer in the presence of Caz*. A Ca%*-
to-PS ratio of 1.5 was used. (G) The density profile of ions (Na*, Ca?*), phosphate (PO4) and glycerol
linker (GLs) was obtained from simulations of 100% POPS bilayers. (H) Relative enrichment/depletion
of POPS neighboring lipids (within 1.2 nm) obtained from simulations of a POPS:POPC 50:50 bilayer
in the presence of Ca?*. POPC and POPS neighbor enrichment/depletion is shown in blue and red,
respectively. (I-K) The phase-separating behavior for ternary mixtures of DPPC, DOPC, and CHOL
was measured experimentally (1), using Martini 2 (J), and using Martini 3 (K). Each three-component
mixture is colored according to either the observed or calculated phases present within the
experiment or simulation. The color key for each phase/mixture of phases is shown in the Venn

diagram.

2.3.2 Phosphatidylserine Phase Separation is Modulated by lonic
Concentration

The interaction between metal cations, particularly biologically relevant ones like Ca?*
and Mg?*, and lipids play a crucial role in the structure and function of biological
membranes. Phosphatidylserine (PS), the most abundant negatively charged lipid in
mammalian cell membranes, has been a focal point in studies of cation-lipid
interactions. Research has shown that Ca?* and/or Mg?* can promote vesicle fusion!’,
induce aggregation and phase separation!!® 11° or even phase transitions'?° in PS-
containing membranes. While PS has been extensively studied, similar behaviors
have been noted in other anionic lipids, such as phosphoinositides!t’ 121, 122
phosphatidylglycerol*?3125  and phosphatidic acid''® %6, Here, we tested the
capabilities of the new Martini 3 lipid models to successfully reproduce some of these
cation-induced phenomena, focusing on the Ca?*-induced aggregation and resulting

phase change behavior of PS.

We started by examining the localization of Na* and Ca?* ions around the PS
headgroup, which has been relatively well characterized. Both experimental data and
AA MD simulations indicate that binding of Ca?* ions to PS occurs primarily in the

phosphodiester region!?”: 122, Consequently, this binding leads to dehydration of the
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region and displaces monovalent ions, such as K*, Na*, and Li*, to less deeply buried
locations??0: 129,130 Qur Martini 3 simulations correctly captured this behavior, as seen
by the density profiles derived from our simulations of POPS bilayers, in the presence

and absence of Ca?* (Figure 5,E,G).

Next, we aimed to assess whether our model accurately captures Ca?*-induced PS
phase change. Experimental evidence indicates that at room temperature and in the
absence of Ca?*, lipid bilayers composed of POPS exist in a liquid-crystalline phase
(Tm~286 K)'?°. However, upon the addition of excess Ca?*, POPS undergoes a phase
transition from the liquid-crystalline phase to a gel phase (Tm~393 K)%0, This Ca?*-
induced PS phase change is accurately captured by our model, as evidenced by the
formation of the POPS gel phase in the presence of Ca?* at 300 K (Figure 5,E). More
extreme Ca?*-to-PS ratios can lead to further phase transitions, namely the formation
of cochleate phases'3! 32, However, the formation of these complex macroscopic

structures was beyond the scope of this test.

Ca?* has also been shown to induce lateral-phase separation!® 133 of PS in mixed
PC:PS bilayers. To test this, we simulated lipid bilayers composed of 1:1 mixtures of
POPC:POPS, in the presence and absence of Ca?*. In the absence of Ca?*, a single
miscible fluid phase is observed, as evidenced by the bilayer snapshots and the POPS
neighbor enrichment analysis (Figure 5,F,H). However, upon the addition of Ca?*,
POPS undergoes substantial lateral-phase separation from POPC, resulting in the
formation of two distinct phases: a PS-rich phase and a PC-rich phase. This separation
is visible in the bilayer snapshots and is further supported by the enrichment of POPS-
POPS first neighbors and the simultaneous depletion of POPS-POPC first neighbors.

Overall, these findings demonstrate that the new Martini 3 lipid models can reproduce
experimental Ca2*-induced PS behavior. This behavior could not be reproduced with
Martini 2, which accurately localized Na* and Ca?* ions around the PS headgroup but
failed to replicate Ca?*-induced phase changes and Ca?*-induced phase separation
(SI Figure S15). Accurately representing the interaction of anionic lipids with divalent

cations is essential for modeling the complex nature of biological membranes.
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2.3.3 Phase Separation in Ternary Mixtures

One of the limitations of the Martini 2 force field was the inability to recreate the
experimentally observed phase separation3#137 that occurs in three-component
systems comprising a low Tm lipid (such as DOPC), high Tm lipid (such as DPPC), and
cholesterol'38149, |n order to utilize Martini to investigate phase separating
phenomena, one either had to use?® 141 142 the less physiologically-relevant lipid DIIiPC
(18:2/18:2, 1,2-Linoleoyl-sn-glycero-3-phosphocholine) or modify the Martini
parameters®3 139, Thus, the degree to which the Martini 3 lipid can reproduce phase

coexistence in these three-component systems is of great interest.

Figure 5,1 displays the DPPC-DOPC-CHOL phase diagrams as determined
experimentally'34137 and as calculated from simulations (see Method Section 3.8.2
and Figure S17) at 297 K using both Martini 2 (Figure 5,J) and Martini 3 (Figure 5,K).

The Martini 2 simulations (Figure 5,J) show the complete lack of phase coexistence in
three-component mixtures. Even within the simple binary mixtures of DPPC/DOPC,
there is no phase coexistence, and only the Lq phase is present. Furthermore, the pure
DPPC simulations (which should be in the Lg gel phase) also formed an L4 bilayer at
297 K (DPPC Tm is 314 K). Other studies have demonstrated that Lg gel phases can
form for this system, however, using significantly smaller bilayers (~2000 lipids)“3. In
addition to no phase coexistence, the Martini 2 phase diagram is also overly dominated
by the Ld phase, with only systems high in DPPC and CHOL displaying the Lo phase.
It should be noted that to some extent the Lo phase-possessing systems with high
CHOL demonstrate concentration display CHOL ordering that is observed with the

older Martini 2 CHOL parameters?®.

By comparison, using the reparametrized Martini 3 lipid models, several features of
the experimental phase diagram are reproduced. The binary component mixtures (of
both DPPC/DOPC and DPPC/CHOL) produce phase-separating mixtures in the
correct regions of the phase diagram, especially the DPPC/CHOL mixtures, which
show accurate reproduction of almost all features of the experimental phase
distributions. The Lp/Ld coexistence of the DPPC/DOPC mixtures does not extend
quite as far into the lower DPPC region of the phase diagram as experimentally

observed, but it is still a vast improvement over the Martini 2 equivalent. Additionally,
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much of the Lg-containing region of the phase diagram has been captured correctly
(with systems displaying clear and significant separation of phases), even replicating
some of the triple phase Lp/Lo/Ld Systems. Within single-phase systems, the transition
region from Ld—Lo is significantly closer to experiment (again, this transition was
almost non-existent in the Martini 2 equivalent). Many of the observed improvements
in the phase diagram are likely due to a combination of the DPPC Tm now being much
closer to the experimental value (Table S7), and the new CHOL model improving
CHOL-lipid packing®°. However, there are still areas of the phase diagram that prove
challenging to reproduce. Primarily, several areas of the Lo/Ld4 coexistence region are
missing, especially at higher CHOL concentrations. Additionally, the phase separation
observed in some systems is less clear, with the defined phases demonstrating lateral
heterogeneity rather than distinct spatial separation. In several cases, the observed
separation was not due to the demixing of the different lipid species, but rather
colocalization of individual lipids that displayed the same structural properties
regardless of lipid species (Figure S17 C and D). However, this may be partially due
to DOPC lipids becoming trapped within Lg phases as the gel regions form around
them. The subtle internal structure of the Lo phase'#* and of lipid rafts!4® is an active
area of research, and we hope that the new Martini 3 lipidome can facilitate new

insights into this very interesting topic.

2.3.4 Simulations of Non-lamellar Lipid Phases Have Potential in Drug Delivery
and Food Applications

Lipids exhibit a diverse range of structural phases, including lamellar bilayers, and
non-lamellar geometries like hexagonal- and cubic phases, depending on
environmental factors such as temperature, hydration, and lipid composition46: 147,
These non-lamellar phases, particularly the hexagonal and cubic arrangements, are
characterized by their highly organized internal structures, which result in distinct
physical and chemical properties!4’. The ability of lipids to transition between these
phases is crucial for understanding their behavior in biological systems, such as
membrane fusion481%0  Non-lamellar lipid phases are important in industrial
applications due to their unique structural and functional properties>!. They can be
employed to create stable emulsions and encapsulate bioactive compounds while

offering improved stability, with applications in drug delivery and vaccines®? 153,
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functional food products®®* %5 and cosmetics'®® 157, Specifically, the application of
inverse hexagonal and cubic lipid phases has shown great potential for encapsulation
of drugs in e.qg. lipid nanoparticles (LNPs)**?. Figure 6,D shows an example of an LNP
with the ionizable lipid MC3, built and simulated using the recent parameters from
Kjalbye et al**®. LNPs can be tailored to accommodate specific drugs, making them
excellent candidates for advanced drug delivery systems'52 159162 The ability of lipid
models to replicate the inverse hexagonal phase under appropriate conditions is a
crucial aspect of these models. Specifically, phosphatidylethanolamine (PE) lipids,
which are well-characterized in the literature, can form the inverse hexagonal phase
at specific temperatures, pressures, and hydration levels!¢3-166, The same is the case
for monoolein (MO), a well-characterized and commonly used lipid for creating cubic
phase systems®” 168, MO, and other monoacylglycerides, can form cubic phases
spontaneously at room temperature and pressure'%®, Here, we validate our refined
Martini 3 lipid parameters in producing the inverse hexagonal phase of PE and cubic

phases formed by MO under various conditions.
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Figure 6. Hexagonal and cubic lipid phases. (A) Snapshot of two stacked DOPE bilayers. (B)

shapshot of the stacked DOPE bilayers changing into an inverse hexagonal phase in Martini 3
simulations. The water and ions are shown in light blue, the lipid headgroups in red, the linker in
brown, and the tails in gray. (C) The lattice distance (Dnex) measured for Martini 2 and Martini 3
simulations of the pre-constructed inverse hexagonal phase. The experimental data is obtained from
Rand and Fuller. (D) A snapshot of an MC3 LNP. The MC3 lipids are shown in green, cholesterol in
magenta, and DSPC in dark green. No PEGylated lipids nor solvent or cargo are shown. (E)

Simulation snapshot of a single cell of a MO Q,[; phase, fitted with the underlying triply periodic

minimal surface, and the surface on its own, coloured by Gaussian curvature. Regions of more

negative curvature are in blue, and flatter regions are shown in yellow. (F) Water channels break

during temperature annealing, marking the beginning of a phase transition from the Qﬁ to H;; phase.

The formation of the hexagonal phase of PE lipids was tested using two approaches.
First, the transition from lamellar to inverse hexagonal phase was simulated, secondly,
the inverse hexagonal phase was pre-build and tested for stability, measuring the
lattice distances to compare to experimental data. The chosen PE lipid for the tests is
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DOPE which is experimentally well-characterized'%3 164, The phase diagram of DOPE
ranging from 273 K to 319 K, and hydration levels from ~ 2 to 20 water molecules per
lipid, displays a small region where the lamellar phase is present, but otherwise, the
inverse hexagonal phase is observed, or possibly co-existing with a cubic phase!®s.
The lamellar phase can be observed at temperatures ranging ~273 to 295 K and with
~6 to 11 water molecules per lipid*®3. The transition from stacked DOPE bilayers
(Figure 6,A) to the inverse hexagonal phase (Figure 6,B) was tested for temperatures
at 273, 295, 303, and 320 K, and a hydration level of ~3 and 11 water molecules per
lipid. The inverse hexagonal phase was observed to form across all the temperatures
at low hydration (~3 water molecules per lipid), while for the higher hydration levels,
the inverse hexagonal phase was only observed at 320 K, whereas at 273, 295, and
303 K the lamellar phase remained. This aligns with experimental results'®3, except
for at 303K, where the inverse hexagonal phase is suggested to form experimentally.
Considering that there could be some metastability in the simulated transition from
lamellar to the inverse hexagonal phase, we also pre-constructed inverse hexagonal
phases and measured the lattice distance Dnex across different hydration levels (Figure
6,C). At 295 K, Martini 3 simulations results in smaller lattices distances compared to
Martini 2, which is in better agreement with experimental data'63-1%5, Increasing the
temperature to 320K, results in a decrease in the lattice distance for 12 to 16 waters

per lipid, which has also been observed experimentally6> 170,

The formation of cubic phases was tested through the self-assembly of MO molecules
in water at the experimental excess water point (40% weight water). The formation of
a unit cell of the expected QF mesophase was confirmed through a surface fit of the
ideal surfacel’® 172 to the terminal tail bead of the system (Figure 6,E). The stability of
the cubic phase was further confirmed by self-assembly simulations at multiple
temperatures and compositions (Figure S18). While cubic phase self-assembly was
achieved in both Martini 2 and Matrtini 3 force fields, the unit cell sizes in Martini 3 were
in general slightly smaller at similar compositions. Further, the phase transition from
cubic to hexagonal at high temperatures was confirmed through temperature
annealing simulations (Figure 6,F). The QR-H,; the transition was observed at around
34714 K, slightly lower than the experimental transition at around 363 K, which again

could be complicated by metastability. One challenge we faced was the simulation of
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multiple cubic unit cells. While multiple unit cell simulations have been performed
previously on DOPE/fusion peptide systems using Martinit’3, we could not simulate a
stable array of 2x2x2 unit cells of the pure MO Qf) mesophases neither through self-
assembly nor by artificially translating them before conducting dynamics, which may
require more advanced system building and relaxation. For studies of the cubic phase
as a host system for drugs and macromolecules, simulation of a single unit cell of the

cubic phase with periodic boundaries could be sufficient.

The ability to simulate non-lamellar phases, such as hexagonal and cubic structures,
using Martini 3 is significant for advancing research in novel therapies and opens
opportunities for applications in drug delivery, food, and cosmetic industries,

highlighting the potential of applying Martini 3 simulations across multiple fields.

DISCUSSION

Despite the considerable advancements achieved with the reparametrized Martini 3
lipidome in accurately representing lipid membranes, several areas require further
refinement to broaden its applicability and enhance model accuracy. Here, we outline
possible future directions for the Martini lipidome.

First, one of the compromises we made for the presented lipid parameter set, was a
small systematic decrease in APL across most lipid types in favor of drastically
improved phase transition behavior. One axis requiring further exploration is the
properties of the phosphate bead, for which we currently use the Q5 bead, a bead type
assignment which is shared with other chemical groups such as carboxylates. It is
possible that phosphate could be independently optimized to represent the distinct
behavior of phospholipids. Additionally, fine-tuning the interactions between the
phosphate and metal ions, like calcium'’, could also be explored to improve the
model's accuracy. Such parameterization could focus on accurate reproduction of
experimental APL values while preserving the improved phase transition properties
achieved with the current models. Additional refinements of the Martini 3 bead
interaction matrix, specifically for the lipid headgroup region, are expected to further

improve consistency with experimental and atomistic benchmarks.
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Second, while Martini 3 lipids show compatibility with protein-lipid interaction patterns
observed with Martini 2 lipids, further validation is needed. Martini 2 has been
extensively tested for diverse protein-membrane systems, but forthcoming
improvements in Martini 3 protein models, such as improved side chain
thermodynamics and structural flexibility, will require re-evaluation of these
interactions. A systematic assessment of the Martini 3 lipidome together with updated
Martini 3 protein models will be essential to ensure compatibility across a wide range
of systems. In this work, we have established a set of test cases that could be iterated
in future parameterization work, and we encourage the broader Martini community to

report both positive and negative results of the protein-lipid interactions studied.

Third, while the lipidome described here is significantly expanded to thousands of
lipids, it is still incomplete. Important classes of lipids, such as glycolipids, branched
lipids, and specialized signaling lipids, remain absent. The inclusion of glycolipids will
benefit from the development of Martini 3-compatible sugar parameters’. Further
optimization of the lipidome would benefit from leveraging automated parameterization
tools such as Bartender'’®, CGCompiler34, and Swarm-CG?®3. These workflows allow
systematic refinement of lipid models while incorporating critical properties, such as
phase behavior, directly into the cost function. By automating parameter optimization,
the Martini lipidome can be expanded to include new lipids more efficiently, facilitating

the exploration of novel lipid structures and a broader range of biological membranes.

Finally, it is important to acknowledge the inherent limitations of coarse-grained
modeling, which also apply to the Martini 3 lipidome. For instance, the entropy-
enthalpy compensation limits the transferability of the lipid models to state points other
than those used in the parametrization process. The entropy-enthalpy tradeoff also
substantially complicates reproduction of certain delicate processes like bilayer pore
formation, where free energy barriers are too high in Martini®6. While the
reparametrized Martini 3 lipidome slightly improves this property over Martini 2 (Figure
S19), the free energy profile of pore formation is still significantly larger compared to
atomistic models. Furthermore, although the current Martini lipidome can capture
phase transitions quite well, in general, capturing temperature dependent behavior will
remain challenging. A temperature-dependent approach, as suggested in earlier

works'’” 178 could mitigate some of these issues and improve the robustness of
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Martini simulations across a wider range of conditions. Another issue pertains to the
artificially enhanced dynamics of CG models. Due to the neglect of atomic degrees of
freedom, friction is being reduced, leading to a speedup in the overall dynamics!’®. For
the new Matrtini lipidome, we do not expect a much different speedup factor compared
to previous lipid models, as seen by similar lipid diffusion constants between Matrtini 2
and 3 models (Figure S1).

CONCLUSION

In this work, we presented the new Martini 3 lipidome. The availability of well-calibrated
smaller bead types in Martini 3 enabled us to create a larger set of lipid topologies
than hitherto possible, meaningfully distinguishing lipids that differ by only two
methylene groups. Moreover, by creating new parameter building blocks, novel lipid
classes and related surfactant molecules can be easily integrated in a fully compatible
manner. Based on the “Martini lipid Benchmark” and an extensive set of tests, we
showed a general improvement in reproducing key membrane properties including
phase behavior, compared to the previous version of the lipidome. The Martini lipid
benchmark suite is not only relevant for the current study but also for benchmarking
future lipid force fields irrespective of resolution. We demonstrate how the new Martini
3 lipidome can be used to study a wide range of applications at increasingly realistic
in-situ conditions, from the realistic phase behavior of multi-component lipid bilayers
and mapping of protein-lipid interactions, to the construction of non-lamellar lipid
phases for drug delivery, important in both academic and industrial applications.
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METHODS

3.1 All-atom Reference Simulations

The atomistic reference simulation data included three sets of alkanes with a length of
16, 20, and 24 carbon atoms together with 5 different alkenes with a length of 20
carbon atoms, with both mono and poly-unsaturated chains, mimicking common lipid
tails; glycero-, ether-, and sphingomyelin phospholipid bilayers of pure composition of
POPC (16:0/18:1), POPE (16:0/18:1), POPG (16:0/18:1), POPS (16:0/18:1), PAPC
(16:0/20:4), PDPC (16:0/22:6), PSM (d18:1/16:0), SSM (d18:1/18:0), DMPCE
(e14:0/e14:0), DHPCE (el16:0/e16:0) and plasmalogen PLC18 (vel8:0/18:1);
ceramide PCER (d18:1/16:0) in bulk; monolein (18:1) in bulk; di- and triglycerides in
three different environments (bulk, bi-phasic system with water, and inside a POPC
bilayer) of triolein (18:1/18:1/18:1) and diolein (18:1/18:1) kindly provided by

Campomanes et al.*®0,

3.1.1 Hydrocarbon and Neutral Lipids Reference Simulations

We simulated in bulk three alkane types with a length of 16 (hexadecane), 20
(eicosane), and 24 carbon atoms (tetracosane) together with 5 different alkenes with
a length of 20 carbon atoms, with both mono and poly-unsaturated chains, mimicking
common lipid tails (9Z-eicosene, 6Z,9Z-eicosadiene, 3Z,6Z,9Z-eicosatriene,
3Z,6Z,9Z,127-eicosatetraene, 37,67,97,127,157-eicosapentaene). Monolein (18:1)
and ceramide (d18:1/16:0) systems were simulated using parameters obtained from
the CHARMM-GUI web server'®l. 182 The hydrocarbon molecules were parameterized
using the CHARMM36 CGenFF force field'®3 version 2.5. For each hydrocarbon,
monoolein (MO), or ceramide (PCER), 200 identical molecules were inserted into a
cubic box of volume = 5.5 nm3. Generic CHARMMS36 simulation settings were used:
Van der Waals non-bonded interactions were switched from 1.0 nm to a cutoff of 1.2
nm. Particle Mesh Ewald*®* (PME) summation was used for electrostatics with a real-
space cutoff of 1.2 nm. Simulations were integrated using 2 fs steps and hydrogen
bonds were restrained for all systems using LINCS!8. The systems were minimized
and equilibrated for 10 ns at 300 K and 1 bar using the Nose-Hoover thermostat (1t =
1) and Berendsen barostat (1p = 4)186. 187 Production simulations were 10 ns at 300 K
and 1 bar using the Nose-Hoover thermostat (1t = 1) and Parinello-Rahman (PR)

barostat!® (1p = 5). Simulations were performed using GROMACS?!8% 10 y2019.4.
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Di- and triglycerides reference simulations were kindly provided by Campomanes et
al.*® and includes diolein (DO, 18:1/18:1) and triolein (TO, 18:1/18:1/18:1), simulated
in three different environments: bulk, bi-phasic system with water, and inside a POPC

bilayer using the CHARMM36-p parameters.

3.1.2 Phospholipid Reference Simulations

Phospholipid bilayers of pure composition were prepared using the CHARMM-GUI
web server: POPC (16:0/18:1, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine),
POPE (16:0/18:1, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine), POPG
(16:0/18:1, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol), POPS (16:0/18:1, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine), PAPC (16:0/20:4, 1-palmitoyl-2-
arachidonoyl-sn-glycero-3-phosphocholine), PDPC (16:0/22:6, 1-palmitoyl-2-
docosahexaenoyl-sn-glycero-3-phosphocholine), DMPCE (el4:0/e14.0, 1-1,2-di-O-
tetradecyl-sn-glycero-3-phosphocholine) DHPCE (el6:0/e16:0, 1-1,2-di-O-
hexadecyl-sn-glycero-3-phosphocholine), PLC18 (vel8:0/18:1, 1-octadecenyl-2-
oleoyl-sn-glycero-3-phosphocholine), PSM (d18:1/16:0, N-palmitoyl-D-erythro-
sphingosylphosphorylcholine), SSM (d18:1/18:0, N-stearoyl-D-erythro-
sphingosylphosphorylcholine).

The CHARMMS3G6 force field was used for all reference phospholipid simulations*7: 4°
50,180 Each bilayer consists of 200 lipid molecules with a water layer of 2.25 nm on top
and bottom of the bilayer. For the anionic PG and PS lipid systems, 200 sodium
counter ions were added to the solution but otherwise, the systems were simulated
without salt. The systems were first minimized and equilibrated in a series of small
equilibrations, with gradually weaker restraints on protein and lipids using generic
CHARMM-GUI simulation settings. Production simulations were 500 ns long at 310 K
(POPC, POPE, POPG, POPS, PAPC, PDPC, PLC18), 323 K (PSM, SSM) or 333 K
(DMPCE, DHPCE) and 1 bar using the v-rescale thermostat (1t = 1 ps) and Parrinello-
Rahman barostat (1o =5 ps) using semi-isotropic pressure coupling (Bussi, 2007). The
non-bonded settings were identical to the hydrocarbon simulations. Simulations were
performed using GROMACS v2019.4.
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3.2 Evaluating the Martini Lipid Benchmark

3.2.1 Simulation Settings

We set up lipid bilayers of 200 lipids (100 in each leaflet) in a cubic periodic box of
dimensions ®= 8 nm x 8 nm x 10 nm using insane®, matching each lipid type and
temperature for each experimental data point in the Martini lipid Benchmark (the
benchmark data can be found at GitHub: https://github.com/Martini-Force-Field-
Initiative/M3-Lipid-Parameters/tree/main/Martini_lipid_Benchmark). The systems
were solvated with regular water beads. No ions were added for phosphocholine (PC),
phosphoethanolamine (PE), and sphingomyelin (SM) systems. 200 Na* counter ions
were added to the phosphoglycerol (PG) systems. A generic sample GROMACS
simulation settings file (.mdp) with default Martini 3 settings can be found on our
GitHub page (https://github.com/Martini-Force-Field-Initiative/M3-Lipid-
Parameters/tree/main/tools/resources). For each system, the simulation temperature
matches the experimental temperature using the v-rescale thermostat (1 = 1 ps) and
we maintain 1 bar pressure using the c-rescale barostat (1p = 4 ps) using semi-isotropic
pressure coupling for both equilibration and production simulations®?. Each system
was minimized and equilibrated for 50 ns, followed by a 100 ns production simulation.
Frames were saved each 1 ns. Simulations were performed using GROMACS
v2024.0.

3.2.2 Calculation of APL, DHH, DB, 2Dc

APL was calculated using FatSlim1%2 v0.2.2.

DHH is the electron density peak-peak distance between bilayer leaflets in a scattering
experiment, along the surface normal going through the bilayer. The peaks are usually
located close to the phosphate regions, due to the high density of electrons of the
phosphorus and oxygen atoms®2. The average distance between phosphate beads
(PO4-P0O4) is often used when comparing the bilayer thickness of CG simulations to
experimentally determined DHH>3. However, the DHH and PO4-PO4 distances are in
general not equal because phospholipid headgroups are dynamic and the headgroup
is often located at the same plane as the phosphate region, which slightly changes the
location of the electron peak®!. Instead, we calculate the DHH directly from the CG
simulation by assigning the appropriate number of electrons to each CG bead and
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calculating the peak-peak distance from the resulting electron density (using gmx
density in GROMACS). We find this protocol leads to better agreement with DHH
values obtained from SDP modeling compared to using the PO4-PO4 distances. The

electron density was smoothened using a convolution window of 5 ns (5 frames).

DB is another measure of bilayer thickness that provides information on the water-
excluded volume of the bilayer>* and is therefore an important measure of the water
penetration into the lipid bilayer. The Gibbs dividing surface between the bilayer region
and the water region is defined as the location DB/2 (focusing on a single leaflet)®2.

DB can be calculated from the water density P(W): across the bilayer:

DB/2 = D, — [,*

P(W),dz 4)
where 0 is the center of the bilayer and D: is a point in the water region where P(W):
= 1. In our calculations, DB is integrated over both leaflets simultaneously to avoid
defining a bilayer center. The water density was smoothened using a convolution

window of 5 ns (5 frames) before integration.

Finally, the hydrophobic thickness 2Dc reports on the thickness of the aliphatic
hydrocarbon region of the bilayer®2. Here, we calculate the full width at half maximum
(FWHM) of the number density of the apolar tail beads (starting immediately after the
glycerol ester bead). The number density was smoothened using a convolution

window of 5 ns (5 frames).

Block averaging using 10 blocks (10 ns per block) was used to determine uncertainties
of APL, DHH, DB, and 2Dc quantities.

3.3 Estimation of Bilayer Bending Moduli

The bending modulus (kc) quantifies the amount of energy that is required to deform a
bilayer membrane from its spontaneous curvature and is an important physical
constant for characterizing membranes mechanical properties. Two different methods
were used to estimate kc: Real-space fluctuation (RSF) of lipid tilt and splays®® 193 and
simulated buckling®®. As for the RSF method, we used a published Python
implementation®*. Bilayer patches of 169 lipids per leaflet were built with insane® and
simulated using GROMACS 2024.0 for 10 ps, with the 5-10 ps portions utilized for
analysis. The DOPG system contained one sodium ion per lipid to achieve charge

neutrality.
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For the buckling approach, we used in-house scripts®. We used insane?® to build
bilayers with size (32 x 8 x 20) nm. The total number of lipids per system was 924.
After equilibration, we carried out an equilibrium simulation to calculate the length of
the uncompressed bilayer. We then compressed the bilayer by 30% in the x
dimension, inducing the formation of a buckle (while keeping the y dimension fixed).
Each system consisted of two production runs, starting from both the uncompressed
and buckled bilayers. The uncompressed bilayer production run was under anisotropic
conditions, with compressibility set to O in the y-dimension such that the bilayer length
can only fluctuate in the x-dimension. The buckled bilayer production run was under
semi-isotropic conditions, with compressibility in and x y set to 0, fixing the buckle in
place. The bending modulus can be calculated from the force exerted by the buckled

membrane in the x-dimension that is proportional to k¢ according to:

E() = 4n?k 5Ty by 5)
where vy is the strain, Lx is the length of the system along x without compression, Ly is
the system length in y, and bi is a set of coefficients described by Hu et al.®8. For each
bilayer we carried out 5 production runs of 8 pus each, the errors reported are the
standard errors considering the 5 independent samples. At the time of simulation,
GROMACS did not support the c-rescale barostat for fully anisotropic pressure
coupling, and so the Parinello-Rahman barostat!® was used instead.

3.4 Systematic Generation and Testing of Martini 3 Lipid Topologies

The lipid topology generation script® was updated to create Martini 3 lipid topologies
following the new lipid mapping scheme defined in this manuscript, as well as for PIP
headgroup parameters®. For a given input of headgroup, linker, and tail specification
the lipid topology generator assembles the complete lipid parameters. Currently, the
script supports both glycerol and sphingosine backbones, tail beads for small
(representing two carbon) and normal (representing four carbons) beads that are
saturated, have one cis or trans double bond or more than one double bond, as well
as headgroup types to build choline, ethanolamine, glycerol, serine, phosphatidic acid
and several PIP variants. Note, due to the flexibility of the building script nonsensical

lipids can be built and all generated parameters should be tested and used with care.
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A set of common lipids was generated, combining 5 headgroups: phosphatidylcholines
(PC), phosphatidylethanolamine (PE), phosphoglycerol (PG), phosphatidylserine
(PS), and phosphatidic acid (PA) lipids (here all used with -1 charge) with 40 different
acyl chain combinations of varying length and saturation (see tail nomenclature in Sl
Table S1). Additionally, 18 different PIPs varying in headgroup and tail composition as
well as sphingomyelin and ceramides each with 10 different tail combinations were

included.

Each lipid type was simulated with 100 lipids in each leaflet, in either pure, or 20% in
POPC, DLPE, or SSM-CHOL membranes. The membrane builder insane® was used
to setup all systems, recently extended to handle both Martini 3 and 2 lipid
nomenclature’® (https://github.com/Tsjerk/Insane). The initial box size was 8 nm x 8
nm x 10 nm and solved with water, neutralizing ions and 150 mM NaCl. Same
equilibration steps were used as described in Section 3.2.1 and each system ran for 1
ps at 310 K and the first 200 ns were excluded from analysis. For comparison,
available Martini 2 lipids® ° corresponding to any of the tested Martini 3 lipids were also
simulated following the same protocol. Note, some Martini 2 analysis is shown in
duplicate as the same Martini 2 lipids can correspond to up to two Martini 3 lipids due

to the finer acyl chain granularity (2 carbon increments compared to 4 in Martini 2).

For each system eight different properties were calculated: four different bilayer
thickness values (PO4, DHH, DB, 2Dc) and PO4 APL as described in Section 3.2.2.
Additionally, the bilayer area compressibility modulus (Ka), the P2 lipid tail order
parameter and lipid diffusion were calculated. Ka was calculated from the amplitude of
the box area fluctuations or Ka = KT(A)Y/(N{(A - Ao)?)), where A is the box area, Ao is
the equilibrium area, N is the number of lipids pear leaflet, and kT is the Boltzmann
constant and temperature in kelvin. The P2 lipid tail order parameter was calculated
from the angle between the normal of the bilayer surface and the vector along each
bond in the lipid tails (8), as P2 = % (3 cos?0 - 1) and results for different tail bonds
and leaflets were averaged. Lipid lateral diffusion coefficients were calculated with
diffusion-GLS®. Diffusion-GLS uses a generalized least squares estimator to provide
an optimal trade-off between potential systematic errors due to non-diffusive dynamics
at short time lags, and statistical errors due to increasing uncertainties in the MSD
values at longer time lags. Prior to analysis, the trajectories of the lipid centers of mass

were unwrapped using an updated unwrapping scheme®® which preserves the
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diffusive character of the wrapped trajectory®’. For each property the average over
the last 800 ns was reported with SE, evaluated with block averaging.

Scripts for lipid topology generation, automated system setup, and analysis are
available on GitHub (https://github.com/Martini-Force-Field-Initiative/M3-Lipid-

Parameters/tree/main/tools).

3.5 Setup and Analysis of Complex Bilayers with Realistic Lipid
Composition

3.5.1 Coarse-Grained Molecular Dynamics Simulation Systems of Complex
Bilayers

A mammalian plasma membrane model composed of eight different lipid species
asymmetrically distributed across the leaflets was built with insane® in a 40 nm x 40
nm x 10 nm simulation box and solvated with water and 0.15 M NaCl (see Table S5).
While maintaining the preset ratio between the phospholipids, 313 randomly selected
lipids in the cytoplasmic leaflet were removed to obtain equal surface areas of the
leaflets, as described in Ozturk et al.”®. A total of 4 independent simulation systems

were built, each composed of a total of ~128K CG beads.

After applying 1500 steps of energy minimization, the simulation system was
equilibrated for about ~2 ns with increasing time steps (from 1 fs to 20 fs, see Table
S6 for more details). The production run for each replica was 20 ps. During the
equilibration and production runs, LINCS® constraints were used for ring systems
and stiff bond constraints; the LINCS order and iteration were set to 12 and 2,
respectively. The temperatures of lipids and solvent (NA, CL, and W beads) were
separately kept at 310 K with a time constant for coupling (tr) of 1.0 ps, using the
Berendsen®®” and v-rescale!®® thermostats during the equilibration and production,
respectively. The pressure was kept at 1 bar initially using Berendsen!®’ and
Parrinello-Rahman® barostats during the equilibration and production steps,
respectively. The compressibility was set to 3 x 10 bar*. The cut-off distance for the
short-range neighbor list was set to 1.35 nm for proper neighbor list updates, as
suggested by Kim et al.'®® z-coordinate positional restraints were applied to the
phosphate beads of POPC lipids only in the upper leaflet, with a force constant of 2

kJ/mol/nm?, to maintain a flat bilayer as explained in earlier work’®,
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3.5.2 All-Atom Molecular Dynamics Simulation Systems of Complex Bilayers
The last snapshot of the 20 ps-long trajectory of the smaller plasma membrane patch
simulated from an earlier study’® was converted to an all-atomistic representation
using ezAlign”® with its default options. The resulting atomistic systems were
composed of ~27.9K particles. Using these initial coordinates, three independent
simulation systems were built, energy-minimized for 500 steps, and equilibrated
following the six-step equilibration protocol suggested by CHARMM GUI’'s membrane
builder?°® with the modification that the number of steps in each step was doubled.
Finally, following the same protocol, a 100 ns-long production was carried out at 310
Kand 1 bar.

3.5.3 Analysis of Complex Bilayers
The density profiles of the following beads were computed using the gmx density
command: chloride (CL), phosphate (PO4 in the Martini models and P in the
CHARMMS36 model), sodium (NA), water (W), cholesterol polar bead (ROH in the
Martini models and O3 in the CHARMMS36 model), phospholipid linkers (GL1, GL2,
OH1, AM2 in the Martini models and C21, C31 in the CHARMM36 model) and
phospholipid tails (C1A, C2A, C3A, C4A, D1A, D2A, D3A, T1A, C1B, C2B, C3B, C4B,
D2B, and D3B in the Martini models and all heavy atoms in the lipid tails for the
CHARMM36 model). The lipid enrichment/depletion indices, membrane thickness,
cholesterol flip-flop rate and order parameter were calculated with LiPyphilic??, and
for the analyses the mid-plane cutoff distance to assign cholesterols to cytoplasmic
and extracellular leaflets was set to 0.7 nm. The cholesterol flip-flop rate was computed
with LiPyphilic’s FlipFlop module?°?, while the membrane thickness was calculated as
the peak-to-peak distance of lipid headgroup (PO4 beads in Martini models and P
atoms in the CHARMM36 model) density in the membrane normal using LiPyphilic’s
Membrane thickness module?®?. Lipid enrichment/depletion indices were computed
with LiPyphilic’s Neighbours module?®! using a distance cutoff of 1.5 nm to count
neighboring lipids based on the position of the linker (GL1, GL2, OH1, AM) beads for
phospholipids and ROH beads for cholesterol, as explained in a previous work?t. The
diffusion coefficients of all phospholipids laterally on the membrane surface were
estimated with the gmx msd command after unwrapping and skipping the first and last

us of the trajectories.
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3.6 Protein-Lipid Interactions
3.6.1 System Setup

Transmembrane proteins.

Kir2.2. The protein structure (PDB ID 6M84)% was downloaded from the OPM
database?®? and processed with the Chimera Dock Prep tool?®® to add any missing
atoms. The CG model of the protein was generated using martinize22%4, version 0.9.6.
For the elastic network, the four chains of the tetramer were merged, and we used a
force constant of 700 kJ mol* nm with an elastic bond upper cutoff of 0.8 nm. The
termini were set neutral and side chain corrections (scFix option) were applied. Using
insane?, the protein was embedded in a lipid bilayer consisting of 100% POPC lipids
in the upper leaflet, and 95% POPC and 5% PI(4,5)P2 (POP6) lipids in the lower
leaflet; water and 0.15M NaCl were also added.

ADP/ATP carrier. The protein structure (PDB ID 10KC)?8 was prepared as described
above for Kir2.2. For Martini 3, two systems were prepared with a lipid bilayer
consisting of 45% POPC, 35% POPE, and (i) 20% cardiolipins with PO tails (namely,
POCL) or (ii) 20% tetra-linoleoyl cardiolipins (namely, TLCL). Martini 2 CG system: A
Martini 2 system was prepared using the python3 version of the martinize.py script,
version 2.6 _3, available from the Martini website. The elastic network was applied with
the same upper bond cutoff and force constant as for the Martini 3 systems, using the
elnedyn22 option?%>, The POCL lipid mixture and water and ions were added with

insane®.

Peripheral membrane proteins.

For BtPI-PLC (PDB ID 3EA1/20R2), WTSaPI-PLC (PDB ID 4F2T), and PH domain
(PDB ID 1MAI), the proteins were converted to CG representations with an elastic
network force constant of 700 kJ mol* nm2 and with an elastic bond upper cut-off of
0.8 nm. Side chain corrections were applied using the scFix option. These CG
structures were placed in a box of dimension 8.96 x 8.96 x 15 nm?3 using insane® to
build the corresponding bilayers. These resulted in 288 lipids for single component
lipids (DMPC/POPC/POPG) and 144 lipids in each leaflet for BtPI-PLC and WTSaPI-
PLC systems.

For the PH domain, two bilayer compositions were prepared. The four components
bilayer had POPC:POPS:PIP2:PIP3 in a 73:20:5:2 ratio and two components bilayer
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had POPC:PIP2in a 95:5 ratio. The four-component bilayer had 284 lipids (142 in each
leaflet), and the two-component bilayer had 286 lipids (143 in each leaflet). We used
counter ions (Na* or CI) for the single components systems (PI-PLCs) and 150 mM
NaCl for the multi-component systems (PH domain). During the placement of the
proteins in the box, a center of mass distance of 6 nm was maintained between the

proteins and the bilayers.

The FGF2 protein was placed 2 nm away from the membrane (consisting of 5 mol%
P1(4,5)P2 in a POPC background) in 10 different orientations, and each replica was
simulated for 10 ps. We coarse-grained the atomistic model from previous
CHARMMS36m simulations as a starting point. We used two reference models: FGF2
after a 1-us relaxation in water and the FGF2 model bound to the membrane via its

binding pocket.

The VP40 dimer initial configurations were generated following the same protocol
using two reference models: VP40 after a 1-us relaxation in water and the VP40 model
bound to the membrane via K224, K225, K274, and K275. The side chain correction

(scFix) was applied for all systems.

3.6.2 Simulation Setup
Transmembrane proteins. Using GROMACS 2024.1'%, the Martini 3 systems were

energy minimized using the steepest descent algorithm, setting the convergence
criteria to 100,000 steps and a maximum force of 0.1 kJ molt nm-. Position restraints
were applied to the backbone beads of the protein (with a force constant of 1000 kJ
molt nm2). A short NPT 5 ns-long equilibration was performed with the same position
restraints. For Martini 3, we performed a production run of 30 ms for Kir2.2, and two
production runs of 30 us each for the ADP/ATP carrier at 310 K with the standard
Martini 3 parameters. The Martini 2 system was prepared following the same protocol
and simulated for 30 ys-long with GROMACS 2023.2, using parameters from de Jong

et al.208,

Peripheral membrane proteins. The peripheral protein-membrane systems were

energy minimized using the steepest descent algorithm followed by 1 ns equilibration
in NPT ensemble with a semi-isotropic pressure coupling. The production simulations
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were carried out at 310 K and with semi-isotropic pressure coupling. No position
restraints were applied to the protein.

3.6.3 Simulations Analysis

Minimum distance analysis for transmembrane proteins. For a given lipid species of

interest, we tracked as a function of time if each lipid molecule satisfies a distance
cutoff of 5 A from any protein residues and from selected protein residues that define
binding sites: For Kir2.2, in each monomer the minimum distance was computed for
residues R78, W79 and K188; for the ADP/ATP carrier, we used residues 272-274,
residues 72-74 and residue 176 for CDL sites 801, 800 and 802, respectively. The

analysis was performed using the Distance analysis module from MDAnalysis?%.

Fractional occupancy. Fractional occupancy for selected lipid species was calculated

using the VolMap Tool in VMD2%, setting the resolution to 2 A. The entire length of
each trajectory was used to derive the occupancy maps. Prior to the calculation, the
trajectory was processed with the GROMACS gmx trjconv tool, using progressive

fitting on the backbone beads of the protein.

Minimum distance analysis for peripheral proteins. To quantify membrane-binding
events for BtPI-PLC, WTSaPI-PLC, and the PH domain, the minimum distance

between the peripheral proteins and the membrane was calculated using the gmx
mindist tool. To evaluate the correct binding mode, the minimum distance between

selected membrane binding residues with the membrane was calculated.

Contact occupancy for the FGF2 and VP40 systems. Contact occupancy was

measured by counting the number of contacts, where a contact is defined as having
any bead of the protein within less than 0.6 nm from any atom of the membrane. These
contact counts were converted into binary results (O for no contact, 1 for contact).
Frames, where the protein was in contact with the membrane, were used to calculate
the fraction of frames where the protein was in contact with the experimentally known
binding pockets. The average was calculated over 10 repeats for the entire 10 ys of

simulation, and the error bars represent the standard error with n = 10.

Molecular representations. All figures representing simulation systems were prepared
with VMD?208,
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3.7 Estimation of Bilayer Transition Temperatures of Saturated
Phospholipids

3.7.1 Simulated Annealing

The simulated annealing simulations for determining the gel-liquid transition
temperature were performed using the same non-bonded settings as described in
Section 3.2. Four systems were built consisting of pure DPPC (16:0/16:0), DSPC
(18:0/18:0), PSM (d18:1/16:0), SSM (d18:1/18:0) using insane®. Each system was
prepared in a hexagonal periodic box (box-vectors = v1(x) = 9.0, v2(y) = 7.8 nm, v3(z)
=9.0 nm, v2(xX) = 4.5 nm,

v1(y) = v1(z) = v2(z) = v3(x) = v3(y) = 0 nm), to avoid packing artifacts arising from
periodic boundary conditions in the gel state. The systems were solvated with regular
water beads and 0.15 M NaCl was added. The bilayer was minimized and equilibrated
for 50 ns at 373 K and 1 bar. The annealing simulation was initialized from the
equilibrated structure and a quenching cycle going from 373 to 273 K at a rate of 1
K/10 ns was performed followed by a heating cycle from 273 to 373 K. The full cycle
was 2 ps in total. 5 repeat simulations of the full cycle were performed, starting from
the equilibrated structure each time and resampling velocities at 373 K. Frames were
saved every 100 ps. Temperature and pressure were maintained using the v-
rescale'®® thermostat (1t = 1 ps) and the Parrinello-Rahman?8 barostat (1p = 12 ps)
using semi-isotropic pressure coupling for both equilibration and annealing
simulations. Simulations were performed using GROMACS!* v2024.0.

3.7.2 Seeding Simulations

The seeding setup for evaluation of the bilayer transition temperature was prepared in
the following way. Two membranes consisting of 200 lipids were created using
COBY!16 (Coarse-grained System Builder). The two systems were then minimized and
equilibrated for 50 ns at 30 K above or below the known experimental transition of the
given lipid type, to obtain the APL of the liquid and gel phases, respectively. Utilizing
the found APL, COBY was then used to create a membrane consisting of 200 lipids in
a liquid phase surrounding a gel patch also consisting of 200 lipids (the gel patch was
inserted into the liquid bilayer). The system was minimized and equilibrated for 10 ns
with separate temperature baths for the gel patch, simulated at 30 K below the
experimental transition, while the surrounding liquid membrane was simulated at 30 K

above the experimental transition temperature. Three independent repeats of the
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equilibration were performed with resampled velocities, resulting in three independent
starting structures for the seeds simulations. The seed systems were then each
simulated for 500 ns using a constant temperature bath for the entire simulation box,
at temperatures ranging from 15 K below the experimental transition temperature to
15 K above, with steps of 2.5 K. The c-rescale barostat (1p = 4 ps) was used for
equilibrations of the initial membranes where APLs and the gel patch were obtained
as well as the final temperature range simulations. The Berendsen'®” barostat (1o = 4
ps) was used for equilibrations of the phase-separated systems since c-rescale cannot
be used with separate temperature baths. The v-rescale'®® thermostat (1: = 1 ps) was
used for all simulations. Simulations were performed using GROMACS v2024.0. The
Lindemann Index*'? was calculated using a block of the last 100 ns of each simulation

and averaged across the three repeats.

3.7.3 lon-Induced Phosphatidylserine Phase Change

The bilayer systems used to investigate ion-induced phosphatidylserine phase change
were systematically constructed using COBY116, Pure POPS systems (100% POPS)
were prepared in simulation boxes measuring 12 x 12 x 22 nm, while mixed systems
(50:50 POPC:POPS) were prepared in boxes of 20 x 20 x 22 nm. For systems
containing calcium, a 1.5 Ca2* to PS ratio was used.

Prior to production, the systems underwent 5000 energy minimization steps, followed
by equilibration for 10 ns using a 10 fs time step. The production runs for each system
were carried out for 10 ps. Throughout the simulations, the temperatures of the lipids
and solvent (including Ca?*) were independently maintained at 300 K using the v-
rescale'®® thermostat (1t = 1 ps), and the pressure was kept at 1 bar using the c-
rescale!®! barostat (Tp = 4 ps) with semi-isotropic pressure coupling applied during
both equilibration and production phases®l. Compressibility was set to 3 x 10 bar.
As suggested by Kim et al.1®°, the cut-off distance for the short-range neighbor list was
set to 1.35 nm for proper neighbor list updates.

Membrane density profiles were calculated by determining the target particle’s
distance to the center of the nearby bilayer and histogramming the z-distance
component. The center of the nearby bilayer was defined as the center of geometry of
all phosphate (PO4) particles. Lipid neighbor enrichment was calculated with

LiPyphilic’s Neighbours module?°! as previously described in section 3.5.3.
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3.8 Phase Separation in Three-Component Bilayers

3.8.1 Assembly and Simulation of Three-Component Bilayer Systems

The three-component bilayers to investigate phase separation were systematically
constructed using insane® in a 40 x 40 x 10 nm simulation box and solvated with water
and 0.15 M NacCl. The resulting systems consisted of ~6000 lipids and ~130,000 total

particles.

Before production runs, the systems underwent 1500 steps of energy minimization
and were subsequently equilibrated for a total of ~2 ns with increasing time steps (from
1 fs to 20 fs, see Table S5). The production run for each system was 10 ps. During
the equilibration and production runs, LINCS*® constraints were used for ring systems
and stiff bond constraints; the LINCS order and iteration were set to 12 and 2. The
temperatures of lipids and solvent (NA, CL, and W beads) were independently
maintained at 297 K with a time constant for coupling (1) of 1.0 ps, using the
Berendsen®®’ and v-rescale'®® thermostats during the equilibration and production,
respectively. The pressure was maintained at 1 bar using the Berendsen!®” barostat
during equilibrations and the Parrinello-Rahman'®® barostat during the production
runs. The compressibility was set to 3 x 10 bar. As suggested by Kim et al.1%, the
cut-off distance for the short-range neighbor list was set to 1.35 nm for proper neighbor
list updates. To maintain a flat bilayer’®, z-coordinate positional restraints were applied
to the PO4 beads of the phospholipids in the upper leaflet, with a force constant of 2

kJ/mol/nm?2.

3.8.2 Calculation of Phase Existence

When determining which phases we present within a single ternary mixture simulation,
we found it difficult to correctly extract the correct information when using ‘bulk’
properties measured for each lipid species (DPPC or DOPC). This could partly be due
to significant fractions of a lipid species being in multiple different phases (for instance,
both Lo and Ld). Thus, the bulk property of the lipid species would report an
average/amalgamation of the features of all the phases present, proving unfeasible to
disentangle the signal and elucidate which phases were present.

As such, we instead measured the properties of each individual lipid. In this case, from

the radial distribution function (RDF) we extracted a measure of the density of the
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number of lipids within the first shell of each individual lipid. Specifically, the non-
normalized RDF was measured for the second tail beads for each tail (C2A, C2B, D2A,
D2B) and the R1 bead for cholesterol relative to the second tail bead of each lipid.
This RDF was averaged over the final 1 pys of simulation.

Using simulation systems with clear, easily identifiable phases present (such as Ly and
L4, Figure S17), thresholds were identified to determine the phase of each individual
lipid. If the peak height was below the lower threshold, a lipid was assigned in the Lq
phase. Conversely, if the peak height was above the upper threshold, a lipid was
assigned in the Lp phase. If the peak height was between the two thresholds, a lipid
was assigned in the Lo phase. Using the information from this analysis, the properties
and phase assignments for each lipid were plotted on the final positions of the lipid
tails and inspected to determine which phases were present. An example of this
calculation is illustrated in Figure S17 for the system 60% DPPC, 40% DOPC, 0%
CHOL.

3.9 Simulations of Non-lamellar Lipid Phases

3.9.1 Formation of Hexagonal Phases Using Stacked Bilayers

The stacked bilayer systems were constructed using insane® with different hydration
levels. The single bilayer configuration was then minimized for 1000 steps using the

deepest descent algorithm.

The minimized bilayer was then duplicated in z using GROMACS and minimized again
using the same approach as before. The stacked bilayer systems were then relaxed
for 15 ns followed by 2 ps production run, with a timestep of respectively 15 and 20 fs.
The settings applied during all the steps are according to the recent paper by Kim et
al. to avoid neighbor list artifacts'®®. The Berendsen!®’ and Parinello-Rahman
barostats were applied with an anisotropic pressure coupling during the relaxation and
production run, respectively, with Tp = 1ps and 12 ps and with the compressibility set
to 3- 10~ *bar?.

The Berendsen'®’ and v-rescale!'®® thermostat were used during relaxation and
production run, respectively. During both steps 17t = 1 ps and lipids were coupled

separately from the solvent.
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The reaction field method was used to treat the electrostatics and the van der Waals
interactions were truncated after 11 A206,

3.9.2 Construction of Hi1 Phases

In order to pre-built 4 channels in a hexagonal box, a single channel was first
constructed and then replicated 3 more times, using a combination of the tool TS2CG*®°
to construct a single channel of lipids, with a 10 nm length, and PACKMOL?%° to insert

the desired number of water beads and ions into the channel.

GROMACS?!® 2023.3 was used for simulations. The minimization, relaxation and
production run settings were as described above for the double bilayer systems. The

pre-built channels were simulated for 1 ys and repeated three times.

For the pre-constructed Hii-phase systems, the lattice distance Duex Was calculated
using an in-house script. First, the four water channels were identified using
DBSCAN?0. 211 followed by a cylindering fit to obtain the center coordinates for the

lattice distance measure.

3.9.3 Construction of an LNP with Hi1 Phase in the Core
The protocol for building and simulating an LNP with an Hi1 phase in the core was

done as described in Kjglbye et al.1%8,

3.9.4 Self-Assembly and Simulated Annealing of Cubic Phases

Cubic phases were self-assembled from random starting configurations of fixed
MO/water ratios. The required number of MO and water molecules were randomly
inserted into a 15 x 15 x 15 nm box and energy was minimized using the steepest
descent algorithm for 1000 steps. The system was then equilibrated for 10ns with all
nonbonded interactions set to the equivalent of the water self-interaction for the Matrtini
3 force field, following previously described approaches for correctly optimizing the
box volumel’3. After equilibration, the system nonbonded interactions were reset to

their default values to allow self-assembly to take place in a 1 ys simulation.

For both equilibration and production simulations, isotropic pressure coupling was

used, with the Berendsen'®” barostat used during equilibration, and the Parrinello-
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Rahman?88 barostat in production. The velocity-rescale thermostat was used for both

equilibration and production, with the solvent and the membrane coupled separately.

For temperature annealing simulations, a pre-assembled cubic phase was simulated
with an annealed temperature for 10 ys. The temperature increased in 10 K intervals
from 298.15 to 368.15 K, increased over 666 ns and held constant for the same interval
again. Anisotropic pressure coupling was used with the Parrinello-Rahman?8 barostat
with the time constant set to 12 ps and the compressibility set to 3 - 10™*bar?. The

velocity-rescale thermostat was used with a time constant of 1 ps.

DATA AVAILABILITY

The lipid parameters and central analysis scripts are deposited on Github:

https://github.com/Matrtini-Force-Field-Initiative/M3-Lipid-Parameters.
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Table S1. k¢ (kgT) values estimated by RSF and buckling. *SOPC and POPC have the same topology

in Martini 2.
ke RSF | ke Buckling | ke RSF ke Buckling | ke RSF
M3 M3 M2 M2 CHARMM36!
POPC (25°C) | 25.84£0.8 | 29.2+0.2 21.4+0.4 | 32.3+0.3 24.3+0.9
DPPC (50°C) | 30.6+1.2 | 26.9+0.3 23.8+1.0 | 31.6+0.3 34.1+1.6
DOPC 19.4+0.6 | 24.4+0.1 18.4+0.6 | 27.7+0.4 18.3+0.4
(25°C)
SOPC (25°C) | 26.4+0.8 | 28.8+0.4 * * 26.4+1.0
DMPC 30.8+0.8 | 24.6+0.2 25.8+0.6 |28.6+0.5 34.7£1.7
(30°C)
DOPG 21.0+0.6 | 24.940.2 20.6+0.6 |21.3+0.2 15.4+0.4
(25°C)

Table S2. Nomenclature for Martini 3 lipid fatty acid tails. 2Note D can also stand for Di such as in
DOPC for 1,2-Dioleoyl-sn-glycero-3-phosphocholine. ®CG beads represent two to four carbon atoms
(small and big letters respectively); the carbon chain is saturated for C beads, has 1 double bond in D
beads, and ~1.5 in F beads. °Due to the CG mapping the underlying atomistic lipids are not unique, a

few examples are given in the table.

One letter Bead Corresponding  Examples of

name assignment®  atomistic tails corresponding fatty acid
names®

T cC C8:.0 C08:0 octanoy!l

J CcC C10:0 C10:0 decanoyl

] cCC C12:0 C12:0 lauroy!

M CCC C14:0 C14:0 myristoyl

P cCCC C16:0 C16:0 palmitoyl

S Ccccc C18:0 C18:0 stearoyl

K cCCcCcC C20:0 C20:0 arachidoyl

B CCcccC C22:0 C22:0 behenoy!

X cCCCcCcC C24:0 C24:0 lignoceroyl

C CCcccc C26:0 C26:0 hexacosanoyl

R CDC Cl14: C14:1(9c) myristoleoyl

Y cCDC Cl6:1 C16:1(9c) palmitoleoyl

@] CcDcCC ci18:1 C18:1(9c) oleoyl
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G cCDCC C20:1 C20:1(11c) eicosenoyl (11-

eicosenoic acid) or gondoic

acid

E CccDcCC Cc22:1 C22:1(11c) or C22:1(13c)
erucoyl

N cCCDCC C24:1 C24:1(15c) nervonic acid

V CCDC c18:1 C18:1(11c) cis-vaccenic
acid

CDDC C18:2 C18:2(9c,12c) linoleoyl

F CDDD C18:3 C18:3(9c,12c¢,15c) alpha-
linolenic acid

I cCDDC C20:2 C20:2(11c,14c)
eicosadienoyl

Q cDDDC C20:3 C20:3(8c,11c,14c)

eicosatrienoyl or dihomo-

gamma-linolenic acid

A cFFDC C20:4 C20:4(5¢,8c,11c,14c)
arachidonoyl
D2 DFFDD C22:6 C22:6(4c¢,7¢,10c,13c,16¢,1

9c) docosahexaenoic acid

Table S3. Bilayer properties for common diacylglycerol lipids. Analysis of bilayer thickness (PO4 to
PO4, DHH, DB, and 2Dc), area per lipid (APL), area compressibility (Ka), average P lipid tail order
parameter and lipid diffusion is provided for 238 different Martini 3 lipids, by themselves or mixed in 20
mol% in a base of POPC, DLPE or SSM-Cholesterol, as well as corresponding Martini 2 lipids when
available. This table is provided in the accompanying supplementary file “autobuild-lipid-
properties.xlsx” and can also be found on GitHub (https://github.com/Martini-Force-Field-Initiative/M3-

Lipid-Parameters).
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Table S4. Average membrane properties of the eight-lipid type mammalian plasma membrane model

from Martini 22 and Martini 3.

Average properties

Martini 22

Martini 3

Bilayer thickness (nm)

3.94+0.02 (meanxSD)

Cholesterol flip-flop rate (s1)

Diffusion coefficient (cm?/s)

Number of unsaturation per tail

Fraction of cholesterol

Position 3 order parameter

Area per lipid (nm?)

Diffusion coefficient (X 10-7cm?/s)

Extracellular

0.55

0.41+0.01

0.515+0.001

0.72

3.67+0.07

3.73+0.02 X 108

4.22+0.07 X 107

1.30

0.45

Cytoplasmic

0.30+0.01
0.556+0.001

4.79+0.07

4.22+0.01

5.86+0.02 X 108

4.51+0.05 X 107

Extracellular  Cytoplasmic

0.72 1.30
0.59 0.41
0.63+0.01 0.48+0.01
0.466+0.001 0.527+0.002
4.09+0.16 4.93+0.13

All standard deviation (SD) values were computed from the mean values from 4 equal parts of a 10 ps-
long trajectory for the Martini 2 model and from 4 independent 20 ps-long trajectories for the Martini 3
model. Diffusion rate was computed only for phospholipids.

Table S5. Lipid composition of the mammalian plasma membrane model adapted to the Martini 3

force field.
Leaflet CHOL DLPE SSM PAPC SAP6 POPC POPE
Extracellular 33.8% 5.9% 23.4% 11.6% - 23.4% 1.9%
Cytoplasmic 25.3% 16.8% 11.2% 7.7% 2.3% 14.4% 5.5%

Table S6. Simulation protocol for the Martini 3 mammalian plasma membrane systems.

Step Tim Total time Thermostat Barostat (semi-isotropic)

e

step
Minimization - 1500 steps - -
Equilibration 1 1fs 5 ps Berendsen Berendsen ( 1p = 10 ps)
Equilibration 2 5fs 100 ps Berendsen Berendsen ( 1p = 3 ps)
Equilibration 3 10fs 1000 ps Berendsen Berendsen ( 1p = 3 ps)
Equilibration 4 20 fs 1000 ps v-rescale Parrinello-Rahman ( 1p = 12 ps)
Production 20 fs 40 ps v-rescale Parrinello-Rahman ( 1p = 12 ps)
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Table S7. Transition temperatures of saturated lipids in kelvin. *Uncertainty of scanning calorimetry3

is ~2 K.
Annealing | Annealing Annealing Seeding Experimental*
Liquid -> Gel -> Combined Main
Gel Liquid (Equation 3) Transition*®
DPPC 311.8+2.3 | 334.0%6.5 323.1%+3.5 316-324 | 314
(16:0/16:0)
DSPC 321.8+1.3 | 354.4%6.5 338.5+3.5 328 -333 | 328
(18:0/18:0)
PSM 308.0+1.2 | 338.8%5.5 323.8%+3.0 311-316 |314
(d18:1/16:0)
SSM 307.2+1.1 | 337.2+2.8 322.5%+1.5 313-315 | 318
(d18:1/18:0)
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Figure S1. Lipid properties of common diacylglycerol lipids. All calculated lipid properties of common
diacylglycerol lipids. PO4, DHH, DB and 2Dc bilayer thickness values as well as area per lipid (APL),

lipid diffusion, area compressibility (Ka) and P2 order parameters are shown for 40 different tail acyl
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chains combined with five different headgroup types all are simulated with Martini 3 as well as Martini
2 comparisons where parameters were available. At the simulation temperature of 310 K, as expected,
several of the longer saturated-tailed lipids are in the gel phase in Martini 3 while only some of these
lipids are in the gel phase in Martini 2. Note that Martini 2 does not differentiate between tails that differ
by 2 carbons, we therefore put the same Martini 2 value for both DPPC (16:0/16:0) and DSPC

(18:0/18:0). All values are provided in Table S3.
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Figure S2. Lipid properties of mixed lipid systems. In addition to the pure simulations of the 200
common diacylglycerol lipids shown in Figure 4 and S1 the same lipids were simulated at 20 mol% in a

base of POPC, DLPE or SSM-CHOL to assess their relative changes to membrane properties. Here
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APL is shown for the pure as well at the three different base lipid mixtures. APL as well as other

calculated lipid properties are provided in Table S3.

A M2, cytoplasmic leaflet C M3, cytoplasmic leaflet

POPE| 1.04 | 0.88 | 0.99 | 0.90 | 0.95 | 1.07 | 1.07 | 1.11 POPE| 1.00 | 092 | 1.06 | 0.94 | 1.01 | 0.95 | 1.04 | 1.07

POPC| 1.05 | 0.91 | 1.00 | 0.95 | 0.99 | 0.94 | 1.07 | 1.10 POPC| 1.05 | 0.87 | 1.11 | 0.97 | 0.97 | 0.90 | 1.07 | 1.05

PAP6 | 0.87 | 1.16 | 0.79 | 0.88 | 0.77 ! 0.89 | 1.04 SAP6 | 0.85 | 0.95 | 0.85 | 0.91 | 1.01 - 0.87 | 0.93

PAPS | 0.97 | 1.10 | 0.90 | 1.07 | 1.00 | 0.86 | 1.05 | 1.04 PAPS | 0.90 | 1.09 [ 0.95 | 1.03 [ 0.95 | 1.05 | 0.99 | 1.03

PAPC| 096 | 1.07 | 0.87 | 1.05 | 1.08 | 098 | 1.01 | 0.99 PAPC| 092 | 1.06 | 0.96 | 1.04 | 1.05 | 0.98 | 1.00 | 0.99

DPSM| 1.07 | 0.85 | 1.03 | 0.92 | 0.95 | 093 | 1.11 | 1.14 SSM | 1.13 | 0.74 | 1.25 | 0.92 | 0.93 | 0.87 | 1.10 | 1.06

DIPE | 0.88 | 1.17 | 0.77 | 1.02 | 1.05 | 1.25 | 0.93 | 0.93 DLPE | 0.82 | 1.27 | 0.79 | 1.08 | 1.13 | 1.03 | 0.91 | 0.97

CHOL| 0.81 | 093 | 1.03 | 0.97 [ 099 | 098 | 1.13 | 1.15 | cHOL| 0.94 | 0.83 | 1.22 | 0.95 [ 0.94 [ 093 | 1.12 | 1.08
= > 8} w © O w = o 17 w0 (6} w
o o & & & & a a o & s a a a a a
s & & & & & & &8 5 a 4 & & § & 8
B M2, extracellular leaflet D M3, extracellular leaflet
POPE | 1.01 | 0.97 | 0.96 | 0.94 | 1.06 | 1.06 POPE | 0.95 | 0.99 | 1.00 | 0.97 | 102 | 1.07
POPC| 1.01 | 0.97 | 0.94 | 0.96 | 1.04 | 1.07 POPC | 0.99 | 0.94 | 1.02 | 0.98 | 1.03 | 1.04
PAPC| 0.92 | 1.18 | 0.83 | 111 [ 0.99 | 0.97 PAPC | 0.83 | 1.25 | 0.87 | 1.12 | 0.96 [ 0.97
DpsM| 1.05 | 0.89 | 0.98 | 0.92 | 1.07 | L.10 ssM | 1.07 | 0.78 | 1.14 | 0.91 | 1.05 | 1.04
DIPE | 0.85 | 135 | 0.77 | 1.13 | 0.95 | 0.96 DLPE | 0.71 | .57 | 0.71 | 1.19 | 0.88 | 0.94
CHOL| 0.87 | 0.94 | 1.00 [ 097 | 1.10 | 1.12 CHOL | 093 | 0.83 | 115 | 0.94 | 1.09 [ 1.06
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Figure S3. Lipid enrichment/depletion indices for the cytoplasmic leaflet (A — Martini 2 (M2), C — Matrtini
3 (M3)) and extracellular leaflet (B — Martini 2, D — Martini 3) of the plasma membrane models. The
indices are color-coded. The strongest red data point shows the most depleted lipid pairs whereas the
strongest blue data point shows the most enriched lipid pairs. The indices were computed with, using a
10 ps-long trajectory for the Martini 2 model and a 40 ps-long trajectory for the Martini 3 model,

LiPyphilic® Python package with a distance cut-off of 1.5 nm.
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Figure S4. POP6 lipids in close contact with the Kir2.2 channel. POPS6 lipids that as a function of time
are found within 5 A of (A) protein residues and (B) each of the four PI(4,5)P2 binding sites (colored in
cyan, orange, green and purple). In B, the minimum distance from each site was measured
considering residues R78, W79 and K188. C. Snapshots at 30 us (left) and at 15 us (right) with two
POP6 lipids at the corresponding binding sites (POP6 ID 1955, shown with orange spheres, and
POP6 ID 1944, shown with dark blue spheres). The fractional occupancy maps for POP6 lipids of

Figure 7 are also shown as a reference. Arginine, lysine and tryptophan residues surrounding the

sites are shown as dark cyan, light cyan and white spheres, respectively.
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Martini 3

Figure S5. POCL and POPC arrangement around the ADP/ATP carrier (PDB ID 10KC). Fractional
occupancy maps resulting from a second 30 ms-long Martini 3 (A) and a Martini 2 (B) simulation.
Maps are shown for cardiolipins (POCL) at isovalues of 0.2 (red) and 0.1 (yellow), and for POPC lipids
at the isovalue of 0.1 (blue) around the ADP/ATP carrier. The CG structure corresponds to the last
frame of the simulation, and superimposed is PDB ID 10KC, with the three bound cardiolipins shown
in green (CDL800), cyan (CDL801) and orange (CDL802) sticks.
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Figure S6. Cardiolipins (POCL) in close contact with the ADP/ATP transporter as a function of time in
two Martini 3 (A and B) and one Martini 2 (C) simulations. The first and second panel show the POCL
molecules that are within 5 A of the protein, for both upper and lower leaflet. The third panel for each
simulation shows POCL molecules within 5 A of the experimental CDL sites, with CDL800 in green,
CDL801 in blue and CDL802 in orange. Snapshots of POCL molecules at the CDL sites are shown in
the right most panel. The minimum distance for each CDL site was calculated with respect to residues
72-74 for CDL800, 272-274 for CDL801 and residue 176 for CDL802, shown as red spheres.
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Figure S7. Interaction of BtPI-PLC with a DMPC membrane. None of the replicates led to binding in

the right orientation for a long time.
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Figure S8. Interaction of BtPI-PLC with a DMPC membrane over longer timescales. These simulations

were performed independently from the previous sets to test timescale effects.
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Figure S9. Interaction of BtPI-PLC with a POPC membrane. The protein binds correctly in all the
replicates. Even when the initial interaction with the membrane was via the non-binding face of the

protein, the protein reoriented on the membrane surface to find the correct binding mode (panels B and

E).
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Figure S10. Interaction of wild-type SaPI-PLC with a POPC (negative control) and POPG (positive

control) membrane. Both the cases lead to the desired outcome meaning no binding with POPC and
binding with POPG.
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Figure S11. Interaction of the PH domain with a bilayer containing POPC:POPS:PIP:PIP3 (73:20:5:2).
Both replicates led to membrane binding in the right orientation.
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Figure S12. Interaction of the PH domain with a bilayer containing POPC:PIP; (95:5). The two

replicates did not lead to membrane binding in the right orientation or complex formation for long time

scales.
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Figure S13. Distributions of minimum protein-membrane distances and minimum distances between
selected membrane binding residues with the membrane for PH domain with a bilayer containing
POPC:PIP; (95:5). These distributions highlight the non-binding events.
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Figure S14. Analysis of the interaction between FGF2 and the membrane. In the upper panel, the
unbound and bound fractions were calculated by determining the contact occupancy. The bottom panel
illustrates the percentage of frames in the bound fraction where the protein was in contact with the
experimentally known binding pockets (K127, R128 and K133).
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Figure S15. Modeling the Impact of Ca?* on phosphatidylserine-containing bilayers using Martini 2.
Bilayer snapshots of 12 nm2 100% POPS bilayers, in the absence (A) and presence (B) of Ca?*. Bilayer
snapshots of 20 nm2 POPS:POPC 50:50 bilayers, in the absence (A) and presence (B) of Ca?*. A Ca?*-
to-PS ratio of 1.5 was used. Shown snapshots were taken from the end of each simulation (10 us).
POPS and POPC GL* beads are shown in red and grey, respectively. Acyl-chains are colored in grey.
Ca?*is shown as translucent blue. The density profile of ions (Na*, Ca?*), phosphate (PO4) and glycerol
linker (GLs) obtained from simulations of 12 nm2 100% POPS bilayers, in the absence (E) and presence
(F) of Ca?*. All bilayers are centered around its hydrophobic center. Relative enrichment/depletion of
POPS neighboring lipids (within 1.2 nm) obtained from simulations of 20 nm? POPS:POPC 50:50
bilayers, in the absence (G) and presence (H) of Ca?*. POPC and POPS neighbor enrichment/depletion

is shown in blue and red, respectively.
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Figure S16. Area per lipid of DMPC, DPPC, POPC, SOPC, DOPC, and DOPG lipid bilayers simulated
using CHARMM36?, Martini 2 and Martini 3.

Figure S17. Calculation of phase existence in three-component systems. The histogram of first peak
heights (A) is shown for the DPPC (blue) and DOPC (red) lipids. The upper and lower thresholds to
determine lipid phase are shown as vertical dashed lines (blue for DPPC and red for DOPC — the upper
threshold for DOPC is the same as the upper threshold for DPPC, so is not visible). The absolute value
of the peak height for each lipid is projected onto the position of the lipid tails at t = 10 ps (B). The values
are colored on a blue-green-red jet’ color scale, and DPPC tails are represented as triangles, while
DOPC tails are represented as circles. Using the thresholds indicated in (A), the assigned phase for
each individual lipid is also projected onto the position of the lipid tails at t = 10 ps (C). Here, blue is Ly,
green is Lo, and red is Lq. Again, DPPC tails are represented as triangles, while DOPC tails are
represented as circles. Finally, the position of the lipid tails at t = 10 us are colored by lipid type (D),
blue for DPPC and red for DOPC (all tails represented as circles).
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Figure S18. Lattice parameters for QIID unit cells at varying water/lipid compositions, comparing Martini

2 and Martini 3 parameters.
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Figure S19. (A) Potential Mean Force (PMF) of pore formation in atomistic and coarse-grained DPPC
membrane systems along pore formation coordinate ¢; systems were simulated with CHARM36m
(blue), Martini 2 (yellow), original Martini 3 (orange), and reparametrized Martini 3 (green) lipid models.
Curve uncertainty (in the single-digit kJ mol! range) is represented by shading in the same colors along
the corresponding curve (for some points at the edges of the reaction coordinate range an error could
not be estimated). Onset of a water-continuous membrane defect occurs at the PMF inflection points:
close to £=0.8 for the all-atom system and £=0.6 for the Martini systems. While pore formation is overall
too energetically unfavorable under Martini, the Martini 3 lipids, and especially the reparametrized
models, have improved significantly on the energy difference to atomistic values. (B) Snapshots of the
DPPC membrane systems with the reparametrized lipid model along the reaction coordinate; lipid PO4
beads are represented in orange and water beads in blue (only those in the vicinity of the lipid
headgroups or the established defect are represented); the rest of the membrane is represented as a
translucent surface.
For both AA and CG pore simulations, we used the GROMACS simulation package to run the lipid
pore umbrella sampling simulations (version 2018 for AA and Martini 2 systems, version 2021 for the
Martini 3 versions). We followed the reaction coordinate described by Hub and Awasthi® implemented
using PLUMED?® version 2.5.0. 40 or 48 umbrella windows were used per AA or CG system,
respectively, with force constants between 5000 and 17000 kJ mol-1. Simulation times were 66 ns for
the AA systems and between 730 and 2100 ns for the CG systems (reaction coordinates were sampled
every 10 ps for AA systems and every 20 ps for CG ones). The same pore reaction coordinate settings
were employed for AA and CG systems: the coordinate was computed over 20 cylindrical slices, of 0.2
nm thickness and 1.2 nm radius, with a slice occupancy switch function ¢ parameter of 0.25. Because
of the different resolutions, the reaction coordinate values are not directly comparable between AA and
CG,; still, the energy differences between PMF minima (the unbiased membrane state) and the inflection
points (onset of defect formation) can be compared.
The CHARMM36 force field® was used for all AA proe simulations. Membranes were built using
CHARMM-GUI 12 and equilibrated according to its protocol. Systems had 144 DPPC lipids per leaflet,
solvated with ~13300 TIP3P water molecules with 150 mM NaCl ionic strength, in a 9.5x9.5x7.5 cubic
box. Particle-Mesh Ewald'® (PME) summation was used to compute electrostatics and Van der Waals
interactions were switched off smoothly from 1.0 to 1.2 nm. The Verlet list scheme was employed to
update the particle neighbor list. A Nosé-Hoover# thermostat with a coupling time of 1.0 ps was used
to maintain the temperature at 323 K. A semi-isotropic pressure coupling to 1.0 bar was employed using
the Parrinello-Rahman® barostat with a relaxation time of 5.0 ps.
The PMF was estimated using the WHAM program?é by Alan Grossfield version 2.0.11.
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