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•  Future	
  Mar1n	
  lipids	
  



Lipids – definition 

•  Naturally	
  occurring	
  fats	
  
or	
  fat-­‐like	
  compounds	
  

•  Insoluble	
  in	
  water	
  	
  

•  Soluble	
  in	
  organic	
  
solvents	
  

•  Hydrophobic/
amphipathic	
  molecules	
  



Lipids – diversity 

	
  
•  Membranes	
  contain	
  

100s	
  of	
  different	
  
lipid	
  types	
  

•  Cells	
  have	
  1000s	
  
•  Currently	
  

www.lipidmaps.org	
  
has	
  >40.000	
  unique	
  
lipid	
  structures	
  

van Meer, G., D.R. Voelker, and G.W. Feigenson. 2008. Membrane lipids: where they 
are and how they behave. Nat. Rev. Mol. Cell Biol. 9: 112–124. 



Lipids – bilayers 

Lipid	
  bilayer	
  refers	
  to	
  the	
  physical	
  
bulk	
  of	
  the	
  membrane,	
  or	
  the	
  	
  
“hydrophobic	
  con1nuum”,	
  and	
  
the	
  associated	
  interfacial	
  polar	
  
groups	
  

•  Lipids	
  

•  Other	
  amphiphiles	
  

•  Membrane	
  proteins	
  

White et al. 2001. J Biol Chem 276:32395-32398 



Lipids – bilayers 

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

Inverted	
  hexagonal	
  phase	
  

Posi1ve	
  intrinsic	
  curvature	
  

Nega1ve	
  intrinsic	
  curvature	
  	
  

Micelle	
  



Lipids – properties 

•  Intrinsic	
  lipid	
  curvature	
  (c0)	
  
•  Actual	
  curvature	
  (c)	
  
•  Hydrophobic	
  thickness	
  (d0)	
  
•  Area	
  compression-­‐expansion	
  

modulus	
  (Ka)	
  
•  Splay-­‐distor1on	
  modulus	
  (Kc)	
  
•  Fluidity	
  
•  Diffusion	
  
•  Area	
  per	
  lipid	
  
•  Order	
  parameter	
  
•  Surface	
  tension	
  
•  Acyl	
  chain	
  packing	
  
•  Lateral	
  pressure	
  profile	
  
•  Lipid	
  packing	
  stress	
  
•  Bilayer	
  s1ffness	
  

d0	
  



Lipids – “rafts” / domains / phases 

Feigenson, G.W. 2006. Phase behavior of lipid mixtures. Nat. Chem. Biol. 2: 560–563. 



Lipids – bilayer/protein interactions 

Hydrophobic	
  matching:	
  to	
  minimize	
  exposure	
  to	
  water,	
  a	
  membrane	
  protein’s	
  
hydrophobic	
  domain	
  is	
  embedded	
  in	
  the	
  bilayer	
  hydrophobic	
  core.	
  



Lipids – bilayer/protein interactions 

Chang et al. 1998. Science 282:2220-2226 and 
Perozo et al. 2002. Nature 418:942-948 

MscL	
  channel	
  



Lipids – bilayer/protein interactions 

Closed Closed 

KcsA channel MscS channel 

Bass et al. 2002. Science 298:1582-1587 and 
Wang et al. 2008. Science 321:1179-1183 Uysal et al. 2009. Proc Natl Acad Sci 106:6644-6649 



Lipids – bilayer/protein interactions 

Open Open 

KcsA channel MscS channel 

Morais-Cabral et al. 2001. Nature 414:37-42 
Bass et al. 2002. Science 298:1582-1587 and 
Wang et al. 2008. Science 321:1179-1183 



Lipids – bilayer/protein interactions 
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Protein	
  conforma2onal	
  changes	
  involving	
  the	
  protein	
  hydrophobic	
  area	
  are	
  
energe1cally	
  coupled	
  to	
  the	
  lipid	
  bilayer.	
  	
  



Coarse-grained (CG) MD simulations 

	
  
The	
  Mar2ni	
  CG	
  force	
  field	
  	
  
•  Approximately	
  4:1	
  

mapping	
  of	
  heavy	
  atoms	
  
•  A	
  2-­‐3	
  orders	
  of	
  magnitude	
  

speedup	
  compared	
  to	
  
atomis1c	
  simula1ons	
  	
  

•  A	
  large	
  number	
  of	
  
parameterized	
  lipids	
  

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. 



Lipidome – new lipids website 

The	
  new	
  Mar2ni	
  lipid	
  website	
  



Lipidome – new lipids website 



Lipidome – Martini lipid tail naming schema 
One 
letter 
names 

Bead 
assignment 

Corresponding to 
atomistic tails 

Examples of corresponding fatty acid names 

C C C04:0-C06:0 C04:0 butyryl - C06:0 hexanoyl 
T CC C08:0-C10:0 C08:0 octanoyl - C10:0 decanoyl 
L CCC C12:0-C14:0 C12:0 lauric acid - C14:0 myristoyl 
P CCCC C16:0-C18:0 C16:0 palmitic acid - C18:0 stearoyl  
B CCCCC C20:0-C22:0 C20:0 arachidoyl - C22:0 behenoyl 
X CCCCCC C24:0-C26:0 C24:0 lignoceroyl - C26:0 hexacosanoyl 
Y CDC C12:1-C14:1(9c) C14:1(9c) myristoleoyl  
O CDCC C16:1-C18:1(9c) C16:1(9c) palmitoleic acid, C18:1(9c) oleic acid 
V CCDC C16:1-C18:1(11c) C16:1(11c), C18:1(11c) cis-vaccenic acid, C18:1(12c) 
G CCDCC C20:1-C22:1(11c) C20:1(11c) gondoic acid, C22:1(11c), C22:1(13c) erucoyl 
N CCCDCC C24:1-C26:1(9c) C24:1(9c) nervonic acid, C26:1(9c) 
I CDDC C16:2-C18:2(9-12c) C18:2(9c,12c) linoleic acid 
F CDDD C16:3-C18:3(9-15c)  C18:3(9c,12c,15c) octadecatrienoyl 
E CCDDC C20:2-C22:2(11-16c) C20:2(11c,14c) eicosadienoic acid,  

C22:2(13c,16c) docosadienoic acid 
Q CDDDC C20:3-C22:3(5-14c) C20:3(5c,8c,11c) mead acid,  

C20:3(8c,11c,14c) dihomo-gamma-linolenic acid 
A DDDDC C20:4-C22:5(4-16c)  C20:4(5c,8c,11c,14c) arachidonic acid,  

C22:5(4c,7c,10c,13c,16c) docosapentaenoic acid 
U DDDDD C20:5-C22:6(4-19c) C22:6(4c,7c,10c,13c,16c,19c) docosahexaenoic acid 
R DDDDDD C24:6-C26:6(6-21c) C24:6(6c,9c,12c,15c,18c,21c) nisinic acid 
J TCCC C16:1-C18:1(3t) C16:1(3t) trans-3-hexadecanoic acid 
Pa TCC C(d16:1)-C(d18:1) Sphingosine C16 palmitic acid - C18 stearoyl with a trans 

double bond 
Ba TCCC C(d20:1)-C(d22:1) Sphingosine C20 arachidoyl - C22 behenoyl with a trans 

double bond 
Xa TCCCC C(d24:1)-C(d26:1) Sphingosine C24 lignoceroyl - C26 hexacosanoyl with a 

trans double bond 
aSphingosine lipids and have one C bead less as a few of the first carbons of the tail are part of the AM1 linker bead. 



Lipidome – new/improved lipids 

•  Improved	
  Cholesterol	
  	
  
Reparameterized	
  using	
  virtual	
  sites,	
  
a	
  middle	
  hinge	
  and	
  extended	
  plane	
  
extrusions.	
  
	
  

•  Gangliosides	
  	
  
GM1	
  was	
  stabilized	
  using	
  virtual	
  
sites	
  and	
  altered	
  headgroup	
  linking.	
  
GM3	
  created	
  from	
  GM1.	
  
	
  

•  Phospha2dylinositol	
  	
  	
  
Stability	
  of	
  PI	
  and	
  PIP2	
  was	
  improved	
  
and	
  PIP1	
  and	
  PIP3	
  created.	
  

New	
  cholesterol	
  	
  

Old	
  cholesterol	
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http://en.wikipedia.org/wiki/GM3 
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Lipidome – new/improved lipids 

•  Improved	
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Reparameterized	
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  virtual	
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  hinge	
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  PI	
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  was	
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  and	
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  created.	
  

Lipid	
  charge	
  ???	
  

http://en.wikipedia.org/wiki/Phosphatidylinositol_(3,4,5)-trisphosphate 



Lipidome – Martini lipidomics 

Using	
  the	
  insane	
  membrane	
  
builder	
  and	
  the	
  Mar1ni	
  2.0	
  
building	
  blocks	
  we	
  created	
  
and	
  characterized	
  100	
  
different	
  lipid	
  types,	
  
combining	
  5	
  headgroups	
  
(PC,	
  PS,	
  PG,	
  PA,	
  PE)	
  and	
  20	
  
tails.	
  

Wassenaar T.A., Ingólfsson H.I., Böckmann R.A., Tieleman D.P. and Marrink S.J. Computational lipidomics with 
insane: a versatile tool for generating custom membranes for molecular simulations. JCTC, 2015, 11, 2144–2155. 
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Building bilayers – CHARMM-GUI Martini Maker  

Solu2on,	
  Micelle,	
  Vesicle,	
  and	
  Bilayer	
  Builders	
  for	
  Mar2ni	
  

Qi Y., H.I. Ingólfsson, X. Cheng, J. Lee, S.J. Marrink and W. Im. CHARMM-GUI 
Martini Maker for coarse-grained simulations with the Martini force field. JCTC, 2015,  

Yifei	
  Qi,	
  
Xi	
  Cheng,	
  
Jumin	
  Lee,	
  and	
  
Wonpil	
  Im	
  



Building bilayers – insane 

INSert	
  membrANE	
  
A	
  flexible	
  CG	
  bilayer	
  
builder	
  that	
  supports	
  
both	
  complex	
  lipid	
  
templates	
  and	
  on	
  the	
  fly	
  
lipid	
  defini1ons.	
  

Wassenaar T.A., Ingólfsson H.I., Böckmann R.A., Tieleman D.P. and Marrink S.J. Computational lipidomics with 
insane: a versatile tool for generating custom membranes for molecular simulations. JCTC, 2015, 11, 2144–2155. 



Building bilayers – insane 

INSert	
  membrANE	
  
A	
  flexible	
  CG	
  bilayer	
  
builder	
  that	
  supports	
  
both	
  complex	
  lipid	
  
templates	
  and	
  on	
  the	
  fly	
  
lipid	
  defini1ons.	
  

Asymmetric	
  DAPC:DOPC:DLPC:cholesterol	
  vs.	
  
DPPC:DIPC:cholesterol	
  bilayer	
  

Ini2al	
   30	
  ns	
   1000	
  ns	
  

Wassenaar T.A., Ingólfsson H.I., Böckmann R.A., Tieleman D.P. and Marrink S.J. Computational lipidomics with 
insane: a versatile tool for generating custom membranes for molecular simulations. JCTC, 2015, 11, 2144–2155. 



Calculating bilayer properties 

•  Intrinsic	
  lipid	
  curvature	
  (c0)	
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Brandt, E.G., A.R. Braun, J.N. Sachs, J.F. Nagle, and O. Edholm. 2011. Interpretation 
of fluctuation spectra in lipid bilayer simulations. Biophys. J. 100: 2104–2111. 
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Cantor, R.S. 1997. Lateral Pressures in Cell Membranes: A Mechanism for 
Modulation of Protein Function. J. Phys. Chem. B. 101: 1723–1725. 
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Hu, M., D.H. de Jong, S.J. Marrink, and M. Deserno. 2013. Gaussian curvature elasticity determined 
from global shape transformations and local stress distributions: a comparative study using the 
MARTINI model. Faraday Discuss. 161: 365–82– discussion 419–59. 



Martini Examples – lipid domains 

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 

Barnoud, J., G. Rossi, S.J. Marrink, and L. 
Monticelli. 2014. Hydrophobic compounds 
reshape membrane domains. PLoS Comput. 
Biol. 10: e1003873. 



Martini Examples – lipid domains 

Ackerman, D.G., and G.W. Feigenson. 2015. Multiscale modeling of four-component lipid mixtures: domain 
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PM – plasma membranes 



PM – cell envelopes / plasma membranes 
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•  Hundreds	
  of	
  

different	
  lipid	
  
species	
  

•  Asymmetric	
  leaflet	
  
distribu1on	
  

•  Lateral	
  
inhomogeneity	
  



PM – Idealized mammalian PM 

Lipid composition PLASMA membrane 
 
• saturated tails at sn1 position, unsaturated at sn2 position 
• tails of minority components should be a mix comparable to PC/PE/PS for the glycerol based lipids, and SM for sphingo based lipids 
• For the membrane asymmetry, 80% of the PC and SM will be assigned to the outer layer whereas 80% of the PE will reside in the 

inner leaflet. PS, PI, and PA are exclusively present in the inner monolayer, and LPC only in the outer leaflet assuming it is degraded 
in the inner leaflet. Glycolipid will also be assigned exclusively to the outer layer. Cholesterol will be distributed equally. 

• For the glycolipids, GM1 and GM3 should be included. For PIP: PIP, PIP2 and PIP3 (equal amounts) 
 

Lipids mol
% 

# 16:0-
18:0 
4bead 

20:0-
22:0 
5bead 

24:0-
26:0 
6bead 

16:1-
18:1 
4bead 

20:1-
22:1 
5bead 

24:1,2-
26:1 
6bead 

18:2 
 
4bead 

20:2 
 
5bead 

20:3 
 
5bead 

20:4 
22:4 
5bead 

22:5 
22:6 
5bead 

PC (phosphatidylcholine) 
PE (phosphatidylethanolamine) 
SM (sphingomyelin) 
PI (phosphatidylinositol) 
PS (phosphatidylserine) 
PA (phosphatidylacetate) 
PIP (PI phosphate) 
Glycolip (GMs, GCER) 
Cer (ceramide) 
LPC (lyso-PC) 
DAG (diacylglycerol) 
Cholesterol/Lipid fraction 

39% 
20% 
22% 

3% 
7% 
1% 
1% 
4% 
1% 
1% 
1% 

0.66 

4680 
2400 
2640 

360 
840 
120 
120 
480 
120 
120 
120 

8000 

48% 
37% 
44% 
 
48% 

0% 
0% 
12% 
 
0% 

0% 
0% 
20% 
 
0% 

20% 
20% 
1% 
 
10% 

0% 
0% 
1% 
 
0% 

0% 
0% 
22% 
 
0% 

25% 
8% 
0% 
 
4% 

1% 
0% 
0% 
 
0% 

0% 
2% 
0% 
 
2% 

5% 
25% 
0% 
 
25% 

1% 
8% 
0% 
 
11% 



PM – lipid composition 



PM – setup with insane 

•  Different	
  area	
  per	
  lipid	
  in	
  upper/lower	
  leaflet	
  
•  Need	
  to	
  measure	
  with	
  “all”	
  lipids	
  present	
  	
  
•  Remove	
  undula1ons	
  with	
  z-­‐pos	
  constraint	
  	
  

~20,000	
  lipids,	
  	
  
~300,000	
  CG	
  water	
  
~6,000	
  Na+	
  
~3,200	
  Cl-­‐	
  	
  



PM – idealized plasma membrane 

Headgroups Tail unsaturation 

Headgroups Tail unsaturation 

Outer leaflet: 

Inner leaflet: 



PM – cholesterol redistributes 

outer	
  

inner	
  

outer	
  

inner	
  

outer	
  

inner	
  

One cholesterol, head	
  



PM – flip-flops 

Flip-­‐flop	
  rates:	
  
•  Cholesterol	
  6.53±0.01	
  	
  x	
  106	
  s-­‐1	
  
•  DAG	
  5.87±0.05	
  	
  x	
  106	
  s-­‐1	
  
•  CER	
  2.0±0.4	
  	
  x	
  104	
  s-­‐1	
  	
  



PM – idealized plasma membrane 

Headgroups Tail unsaturation 

Headgroups Tail unsaturation 

Outer leaflet: 

Inner leaflet: 



PM – lipid headgroups 



PM – lipid clustering 



PM – lipid clustering 



PM – tails 



PM – domains 



PM – domains 

ou
te

r 

Bilayer	
  	
  
Thickness	
  

Order	
  parameter	
  
(tail	
  2-­‐3)	
  

Root	
  mean	
  square	
  
fluctua1ons	
  



PM – conclusions / outlook 

A	
  molecular	
  level	
  view	
  of	
  the	
  lipid	
  organiza2on	
  of	
  an	
  idealized	
  
mammalian	
  plasma	
  membrane,	
  that	
  shows:	
  
•  Cholesterol	
  favors	
  the	
  outer	
  leaflet	
  
•  Mul1ple	
  levels	
  of	
  non-­‐ideal	
  mixing	
  /	
  domain	
  forma1on	
  
•  GM	
  clusters	
  
•  PIPs	
  self	
  associate	
  

We	
  op2mized	
  and	
  extended	
  the	
  Mar2ni	
  CG	
  force	
  field	
  
lipidome	
  and	
  improved	
  membrane	
  building	
  tools.	
  

Next	
  steps:	
  
•  Membrane	
  protein	
  /	
  lipids	
  interac1ons	
  
•  More	
  new	
  lipids	
  
•  Altered	
  PM	
  lipid	
  composi1on	
  
•  Other	
  cell	
  envelopes	
  	
  



Future – PM projects 

•  Effect	
  of	
  temperature	
  

	
  
	
  
	
  
	
  
•  Cholesterol	
  concentra2on	
  

	
  
•  Lipid	
  protein	
  interac2ons	
  
•  Lipid	
  shor2ng	
  and	
  tether	
  pulling	
   Elizabeth	
  Ploetz	
  



Future – Martini lipids 

Methyl-­‐branched	
  ether	
  lipids	
  

Cyclic	
  lipids	
  

Ergosterol	
   Hopanes	
  

Bacteriohopanetetrol	
  (BHT)	
  	
  

Inositolphosphoceramide	
  (IPC)	
  

Mannosyl-­‐di-­‐IPC	
  (MIP2C)	
  

Mannosyl-­‐IPC	
  (MIPC)	
  

Lipid	
  A	
  



Future – your own new lipid 

•  Current	
  naming	
  standards	
  
•  Use	
  what	
  already	
  exists	
  
•  Ra1onalize	
  changes	
  
•  Be	
  aware	
  of	
  over	
  fiong	
  
•  Test,	
  test	
  and	
  test	
  
•  .itp	
  file	
  format	
  
•  Add	
  to	
  Mar1ni	
  website	
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