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▪ Lipids – the what and the why

▪ Why use Martini to simulate lipids

▪ Lipids in Martini 2 and 3
o The Martini lipidome 

o Naming standard

o Overall properties

▪ Examples of Martini lipid projects

Overview
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• Naturally occurring fats or 
fat-like compounds

• Insoluble in water 

• Soluble in organic solvents

• Hydrophobic/amphipathic 
molecules

Lipids – definition
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• Naturally occurring fats or 
fat-like compounds

• Insoluble in water 

• Soluble in organic solvents

• Hydrophobic/amphipathic 
molecules

GM1

PIP2(4,5)

Lipids – definition
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van Meer G1, Voelker DR, Feigenson GW. (2008) Membrane lipids: where they 

are and how they behave. Nat Rev Mol Cell Biol. 9:112-24.

• Membranes contain 
100s of different lipid 
types

• Cells have 1000s

• Currently 
www.lipidmaps.org 
has >50.000 unique 
lipid structures

Lipids – diversity
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Lipid bilayer refers to the physical 
bulk of the membrane, or the  
“hydrophobic continuum”, and 
the associated interfacial polar 
groups

• Lipids

• Other amphiphiles

• Membrane proteins

White, S. H., Ladokhin, A. S., Jayasinghe, S., & Hristova, K. (2001). How membranes 

shape protein structure. Journal of Biological Chemistry, 276(35), 32395–32398

Lipids – bilayers
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Images from Eric Martz using RasMol, structures from: 
Heller et al. 1993. J Phys Chem 97:8343-8360

Crystal

Gel

Fluid

Lipids – bilayers
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Inverted hexagonal phase

Positive intrinsic curvature

Negative intrinsic curvature 

Micelle

Lipids – shape
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• Intrinsic lipid curvature (c0)

• Actual curvature (c)

• Hydrophobic thickness (d0)

• Area compression-expansion 
modulus (Ka)

• Splay-distortion modulus (Kc)

• Fluidity

• Diffusion

• Area per lipid

• Order parameter

• Surface tension

• Acyl chain packing

• Lateral pressure profile

• Lipid packing stress

• Bilayer stiffness

d0

Lipids – properties
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Lipids – “rafts” / domains / phases
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Hydrophobic matching: 
to minimize exposure to 
water, a membrane protein’s 
hydrophobic domain is 
embedded in the bilayer 
hydrophobic core.

Lipids – bilayer/protein interactions
MscL channel
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Uysal et al. 2009. Proc Natl Acad Sci 106:6644-6649

KcsA channel MscS channel
3eff - cylinder

ClosedClosed

Bass et al. 2002. Science 298:1582-1587

Wang et al. 2008. Science 321:1179-1183

Lipids – bilayer/protein interactions
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KcsA channel MscS channel
1k4c - cylinder

OpenOpen

Morais-Cabral et al. 2001. Nature 414:37-42

Bass et al. 2002. Science 298:1582-1587

Wang et al. 2008. Science 321:1179-1183

Lipids – bilayer/protein interactions
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Ca2+-freeOutward

Maltose transporter Ca2+-ATPase

Toyoshima and Nomura. 2002. 

Nature 418:605-611

Oldham and Chen. 2011. Science 332:1202-1205

Lipids – bilayer/protein interactions
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Ca2+-bound Inward

Maltose transporter Ca2+-ATPase

Chen, Oldham, Davidson, and Chen. 2013. Nature 499:364-368 

Toyoshima and Nomura. 2002. 

Nature 418:605-611

Lipids – bilayer/protein interactions
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General membrane properties
e.g. Protein conformational changes involving the 
protein hydrophobic area are energetically coupled to 
the lipid bilayer. 

Lipids – bilayer/protein interactions

Specific lipid-protein interactions
e.g. PI(4,5)P2 and binding to PLCδ1

Luís Borges-Arauj́o et al. (2022). Improved Parameterization of Phosphatidylinositide Lipid Headgroups 

for the Martini 3 Coarse-Grain Force Field. J. Chem. Theory Comput. 2022, 18, 357−373
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Pioneering

1994-2004 2004-2014 2014-2024

Basic

76 decanol

52 decanoate

30 ps

200 POPC

~ 55 ps

288 POPE

1 BtuCD

15 ns

828 diC16:0PC

540 diC18:2PC

576 Chol

12 WALP23

80 ms

63 lipid species

~ 20000 lipids

40 ms

1986-1994

Increasing

complexity

Realistic

2304 DOPC

3.6 ns

1 AQP0

278 DMPC

100 ns

1 OMPF

3 phospholipid

   species

25 LipA

24 Lps0

24 Lps5

300 ns

Siewert J. Marrinka, Valentina Corradib, Paulo C.T. Souzaa, Helgi I. Ingólfssonc, D. Peter Tielemanb, Mark S.P. 

Sansomd. Computational Modeling of Realistic Cell Membranes. Chem Rev. 2019, 119, 9, 6184–6226.

Lipid membrane molecule dynamics simulation 
have been progressing rabbity

Stevens JA, Grünewald F, van Tilburg PAM, König M, Gilbert BR, Brier TA,

Thornburg ZR, Luthey-Schulten Z and Marrink SJ (2023), Molecular dynamics 

simulation of an entire cell.

Front. Chem. 11:1106495.
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Why simulate lipids with Martini? 

Adopted from Manuel
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X. Periole and S.J. Marrink. The Martini coarse-grained force field. In "Methods in molecular 

biology", Vol 924,  L. Monticelli & E. Salonen Eds., Springer, 2013, pp 533-565.

Martini 2 coarse-grained (CG) simulations for lipids

The Martini 2 CG force field 

• Approximately 4:1 mapping 
of heavy atoms

• A 2-3 orders of magnitude 
speedup compared to 
atomistic simulations 

• A large number of 
parameterized lipids

• Easy backmapping to AA
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Marrink, S.J., H.J. Risselada, S. Yefimov, D.P. Tieleman, and A.H. De Vries. 2007. The MARTINI 

force field: coarse grained model for biomolecular simulations. J. Phys. Chem. B. 111: 7812–7824.

LJ interactions depend on hydrophilicity of CG bead 

nine levels with 2.0 < e < 5.6 kJ/mol;  σ = 0.47 nm

Martini 2 coarse-grained (CG) simulations for lipids

The Martini 2 CG force field 

• Approximately 4:1 mapping 
of heavy atoms

• A 2-3 orders of magnitude 
speedup compared to 
atomistic simulations 

• A large number of 
parameterized lipids

• Easy backmapping to AA
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The Martini 2 CG force field 

• Approximately 4:1 mapping 
of heavy atoms

• A 2-3 orders of magnitude 
speedup compared to 
atomistic simulations 

• A large number of 
parameterized lipids

• Easy backmapping to AA

DPPC, di-C16:0 palmitic tails
DSPC, di-C18:0 stearoyl tails 

Martini 2 coarse-grained (CG) simulations for lipids
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Souza et al. Martini 3: a general purpose force field for

coarse-grained molecular dynamics. Nature Methods. 2021

The Martini 3 CG force field 

• Improved interaction 
balance

• More granularity in bead 
types 

• Different granularity in 
bead size

• And still fast

Martini 3 coarse-grained (CG) simulations for lipids
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K. Pedersen et al. The Martini 3 Lipidome: Expanded and Refined Parameters Improve

Lipid Phase Behavior. ACS Cent. Sci. 2025

Martini 3 coarse-grained (CG) simulations for lipids

The Martini 3 lipidome

• Tail mapping down to 
two carbons

• Better bulk bilayer 
properties

• Improved phase 
behavior

• Weaker protein-lipid 
interactions

• Pore formation still 
needs improvement
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K. Pedersen et al. The Martini 3 Lipidome: Expanded and Refined Parameters Improve

Lipid Phase Behavior. ACS Cent. Sci. 2025

Martini 3 coarse-grained (CG) simulations for lipids

The Martini 3 lipidome

• Tail mapping down to 
two carbons

• Better bulk bilayer 
properties

• Improved phase 
behavior

• Weaker protein-lipid 
interactions

• Pore formation still 
needs improvement
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K. Pedersen et al. The Martini 3 Lipidome: Expanded and Refined Parameters Improve

Lipid Phase Behavior. ACS Cent. Sci. 2025

Martini 3 coarse-grained (CG) simulations for lipids
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The Martini 3 lipidome

• Tail mapping down to 
two carbons

• Better bulk bilayer 
properties

• Improved phase 
behavior

• Weaker protein-lipid 
interactions

• Pore formation still 
needs improvement
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K. Pedersen et al. The Martini 3 Lipidome: Expanded and Refined Parameters Improve

Lipid Phase Behavior. ACS Cent. Sci. 2025

Martini 3 coarse-grained (CG) simulations for lipids

The Martini 3 lipidome

• Tail mapping down to 
two carbons

• Better bulk bilayer 
properties

• Improved phase 
behavior

• Weaker protein-lipid 
interactions

• Pore formation still 
needs improvement

POCL and POPC 

arrangement 

around the 
ADP/ATP carrier 
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K. Pedersen et al. The Martini 3 Lipidome: Expanded and Refined Parameters Improve

Lipid Phase Behavior. ACS Cent. Sci. 2025

Martini 3 coarse-grained (CG) simulations for lipids

The Martini 3 lipidome

• Tail mapping down to 
two carbons

• Better bulk bilayer 
properties

• Improved phase 
behavior

• Weaker protein-lipid 
interactions

• Pore formation still 
needs improvement

Potential Mean Force (PMF) of pore formation 
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Lipidome – Martini 3 lipidomics

K. Pedersen et al. The Martini 3 Lipidome: Expanded and Refined Parameters Improve

Lipid Phase Behavior. ACS Cent. Sci. 2025

The Martini 3 lipidome

• Lipid building blocks

• Lipid topology generator 
supporting all major 
headgroup and tail 
groups

• Setup with insane 
(next talk)

• Some changes in tail 
nomenclature

• https://github.com/Martini-Force-Field-
Initiative/M3-Lipid-Parameters
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Lipidome – Martini 3 lipidomics

K. Pedersen et al. The Martini 3 Lipidome: Expanded and Refined Parameters Improve

Lipid Phase Behavior. ACS Cent. Sci. 2025

The Martini 3 lipidome

• Lipid building blocks

• Lipid topology generator 
supporting all major 
headgroup and tail 
groups

• Setup with insane 
(next talk)

• Some changes in tail 
nomenclature

• https://github.com/Martini-Force-Field-
Initiative/M3-Lipid-Parameters
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• Cholesterol 

Updated bonded setup, shape, 
volume, and hydrophobicity

• Phosphatidylinositol 

Improved conformational dynamics 
and stability for all PIPs

• Glycolipids 

Some lipopolysaccharide (LPS) and a 
protocol for parameterizing 
disaccharides

Luís Borges-Arauj́o et al. (2023). Martini 3 Coarse-Grained Force Field for Cholesterol

. J. Chem. Theory Comput. 2023, 19, 7387−7404

Lipidome – Martini 3 lipidomics
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• Cholesterol 

Updated bonded setup, shape, 
volume, and hydrophobicity

• Phosphatidylinositol 

Improved conformational dynamics 
and stability for all PIPs

• Glycolipids 

Some lipopolysaccharide (LPS) and a 
protocol for parameterizing 
disaccharides

Luís Borges-Arauj́o et al. (2022). Improved Parameterization of Phosphatidylinositide Lipid Headgroups 

for the Martini 3 Coarse-Grain Force Field. J. Chem. Theory Comput. 2022, 18, 357−373

Lipidome – Martini 3 lipidomics
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• Cholesterol 

Updated bonded setup, shape, 
volume, and hydrophobicity

• Phosphatidylinositol 

Improved conformational dynamics 
and stability for all PIPs

• Glycolipids 

Some lipopolysaccharide (LPS) and a 
protocol for parameterizing 
disaccharides

Lipidome – Martini 3 lipidomics
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• Bartender, SwarmCG, etc

• Use what already exists

• Rationalize changes

• Current naming standards

• Be aware of over fitting

• Test, test and test

• .itp file format

• Make accessible to others, 
git, MAD, Martini website

Make your own lipid Martini force field 
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Moiset, G., C.A. Lopez, R. Bartelds, L. Syga, E. Rijpkema, A. Cukkemane, M. Baldus, B. Poolman, and S.J. Marrink. 

2014. Disaccharides impact the lateral organization of lipid membranes. J. Am. Chem. Soc. 136: 16167–16175.

Martini Examples – lipid domains
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van Eerden, F.J., D.H. de Jong, A.H. de Vries, T.A. Wassenaar, and S.J. Marrink. 2015. Characterization of thylakoid lipid 

membranes from cyanobacteria and higher plants by molecular dynamics simulations. BBA - Biomembranes. 1848: 1319–1330.

Martini Examples – complex membranes
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Koldsø, H., D. Shorthouse, J. Hélie, and M.S.P. Sansom. 2014. Lipid clustering correlates with membrane curvature 

as revealed by molecular simulations of complex lipid bilayers. PLoS Comput. Biol. 10: e1003911.

Martini Examples – complex membranes
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Avg.

Brain

Martini Examples – complex membranes

Ingólfsson, H. I., Melo, M. N., van Eerden, F. J., Arnarez, C., Lopez, C. A., Wassenaar, T. A., et al. 

(2014). Lipid Organization of the Plasma Membrane. JACS, 136, 14554–14559. 

Ingólfsson, H. I., et al. (2017). Computational Lipidomics of the 

Neuronal Plasma Membrane. Biophysical Journal 113, 2271–2280. 
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Martini Examples – lipids fingerprints

AQP1

Corradi et al. (2018). Lipid−Protein Interactions Are Unique Fingerprints 

for Membrane Proteins. ACS Cent. Sci., doi: 10.1021/acscentsci.8b00143. 
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Martini Examples – lipids fingerprints

Ingólfsson, Neale, Carpenter, et al. 2022. Machine learning-driven multiscale 

modeling reveals lipid-dependent dynamics of RAS signaling proteins. PNAS

▪ A very-large and well sampled simulation 
ensemble (120K simulations with 
different PM compositions)

▪ Revealed strong RAS-lipid coupling

▪ Lipid composition dictating RAS 
aggregation and membrane configuration

MuMMI multiscale 
simulations to 
highlight RAS plasma 
membrane dynamics

Di Natale et al. 2019. A massively parallel infrastructure for adaptive multiscale 

simulations: modeling RAS initiation pathway for cancer. In SC19.

RAS
Averaged lipid densities for 

different RAS states 

ML RAS state prediction 

from lipid snapshots 
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Baoukina, S., S.J. Marrink, and D.P. Tieleman. 2012. Molecular 

structure of membrane tethers. Biophys. J. 102: 1866–1871.

Martini Examples – membrane deformation/tethers

Baoukina, S., H.I. Ingolfsson, S.J. Marrink, and D.P. Tieleman. 2018. Curvature-Induced 

Sorting of Lipids in Plasma Membrane Tethers. Adv. Theory Simul. 2018, 1800034
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H.I. Ingolfsson, et al. 2015. Phytochemicals Perturb Membranes and Promiscuously 

Alter Protein Function. ACS Chem. Biol. 2014, 9, 1788−1798

Martini Examples – small molecules 
change membrane bulk properties 
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Martini Examples – proteins sensing change in 
membrane properties

Louhivuori, Proc. Nat. Ac. Sci., 2010 Melo, JACS, 2017 Melo et al. 2017. High-Throughput Simulations Reveal Membrane-Mediated 

Effects of Alcohols on Mscl Gating. J. Am. Chem. Soc., 139, 2664−2671
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Martini Examples – even bigger and more complex
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