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Lipids — definition

Cholesterol

* Naturally occurring fats or

] Phosphatidylcholine .
fat-like compounds ’ .
. ] ~M\/V=W\NL~ |
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Examples of lipid head groups
* Hydrophobic/amphipathic - o
molecules e T ﬁ_ N

Choline Ethanolamine Inositol Serine
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Lipids — definition
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Lipids - diversity
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R A S s e Membranes contain

R 100s of different lipid

types
 Cells have 1000s

* Currently
www.lipidmaps.org
has >40.000 unique
lipid structures
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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.
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Lipids - bilayers

Lipid bilayer refers to the physical
bulk of the membrane, or the

“hydrophobic continuum”, and 'x I
the associated interfacial polar m

groups
&g &g interface hydrocarbon interface
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 Other amph|ph|les DISTANCE FROM HC CENTER (A)
-30 -20 -10 0 10 20 30

b M e m b ra n e p rote I n S White, S. H., Ladokhin, A. S., Jayasinghe, S., & Hristova, K. (2001). How membranes

shape protein structure. Journal of Biological Chemistry, 276(35), 32395-32398
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Lipids - bilayers

Gel

Fluid

Water Nitrogen Pho,«;phor'ux
Other phospholipid atoms

o Images from Eric Martz using RasMol, structures from:
I PhySICa lan d Heller et al. 1993..J Phys Chem 97:8343-8360 ‘
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Lipids — shape

Attraction  Repulsion

Mlcelle

A2
7

Negative intrinsic curvature  awacion Repuision Inverted hex?\al phase
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Lipids — properties

* Intrinsic lipid curvature (c,)
e Actual curvature (c)
* Hydrophobic thickness (d,)

* Area compression-expansion
modulus (K,)

* Splay-distortion modulus (K,)
* Fluidity

e Diffusion

* Area per lipid

* Order parameter

e Surface tension

e Acyl chain packing
* Lateral pressure profile
* Lipid packing stress

e Bilayer stiffness
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Lipids — “rafts” / domains / phases
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Lipids — bilayer/protein interactions

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

i
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Lipids — bilayer/protein interactions

i

‘

Physical, g

MscL channel

™1

Chang et al. 1998. Science 282:2220-2226 and
Perozo et al. 2002. Nature 418:942-948
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Lipids — bilayer/protein interactions

KcsA channel MscS channel

Closed Closed

Bass et al. 2002. Science 298:1582-1587
Wang et al. 20Q8. Science 321:1179-1183

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

KcsA channel MscS channel

Open

ass et al. 2002. Science 298:1582-1587
Morais-Cabral et al. 2001. Nature 414:37-42 Wang et al. 20Q8. Science 321:1179-1183
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Lipids — bilayer/protein interactions

Maltose transporter Ca?*-ATPase

Outward

o d
| <7 /s Toyoshima and Nomura. 2002.
- L Nature 418:605-611
Oldham and Chen. 2011. Science 332:1202-1205

LLL E#gséléZLaC%CSI - LLNL-PRES-737105 ;“ ﬁ” @ @

a0




Lipids — bilayer/protein interactions

Maltose transporter Ca?*-ATPase

Inward Ca?*-bound

Toy oshima and Nomura. 2002.
Nature 418:605-611

Ph l Chen Oldl avidson, and Chen. 2013. Nature 499:364-368
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LLL L'Ife Sclences LLNL-PRES-737105 | 5 z @ ' @
P Bio 9§




Lipids — bilayer/protein interactions

Protein conformational changes involving the protein hydrophobic area

are energetically coupled to the lipid bilayer.

i
i

n—B = cXp { _AG;:t_)B }
n, kT

AGA—)B — AGA—)B +AGA—)B

tot prot bilayer
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Inactive
(Closed) A
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Martini - coarse-grained (CG) MD simulations

Protein helical fragment

The Martini CG force field

* Approximately 4:1 mapping
of heavy atoms

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

 Alarge number of
parameterized lipids

* Easy backmapping to AA

Q d

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.

LLL E#gsélgl:LceS LLNL-PRES-737105 I "’

BIO % i;‘




Martini - coarse-grained (CG) MD simulations

The Martini CG force field TABLE 1: Interaction Matréxe

Q » N C
[ App 1 Iy 4- pp. g wb da é s 0 ] Kl L] 2 i da d a C 5 4 3 1
roximate 1 ma In Q @ 0 0 O W o o o0 1 1 [ [ 1 IV V ¥ v KX KX
f h ¢ 0 I ©O© m O O O I I I m 3§ IV V VI Vi X KX
0 0 I i 4] 0 (&) I I i I i v v Vi Vil X X
o eavy atoms :X u ) ) v I 0 ! i i m m i v v vl Vil X X
P S 0 O O 1 ©O0O O O O O I I 1 N V VI V1 VvVim vm
: 4 0 0 0 o o | I o m m m IV V VI VI VI VD
e A 2-3 orders of magmtude 3 B o 0. I 0. 1 B D OB OO H NNV V OVw
2:. b Y)Y T B o 8 1 o0 o B 0 mom W IV V VIV
1© F I i N e 'R 1 O 0 B O O m VIV IV OV W
Speedup com pa red to N o ds I ! ! m oot o 1 0 n o8 oW oWV VIV
d I m 1 m 1 m W 0o oM mum NV IVY VI VI oV
. 4 . I . a F I m m 1 m @m0 0 H T m IV IVV VI VI oV
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atomistic simulations cC s vV V¥V ¥ VvV OV v VOV IV IV IV IV IV IV IV IV VY
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3 VI NI VDL VL VI VIV ¥V IV VI VI VI IV IV IV IV IV IV
 Alarge number of } K X X X o viovE oV ovovyMVMVY VYN N
| X IX IX IX viai vl Vi Vi Vi Vi Vi vi Vi v v v v v

parameterized lipids LJ interactions depend on hydrophilicity of CG bead

* Easy backmapping to AA nine levels with 2.0 < ¢ < 5.6 kJ/mol: & = 0.47 nm

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.
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Martini - coarse-grained (CG) MD simulations

DSPC DPPC

The Martini CG force field , ,I':_J g

* Approximately 4:1 mapping ; (
of heavy atoms ! Como G pe0

* A 2-3 orders of magnitude B -
speedup compared to (
atomistic simulations |

* Alarge number of ' ::1 )¢
parameterized lipids

L

Easy backmapping to AA

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

Physical
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Lipidome — the Martini lipids website
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Lipidome — the Martini lipids website
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Lipidome - the Martini lipid tail naming schema

L

Corresponding to
atomistic tails

C04:0-C06:0
C08:0-C10:0
C12:0-C14:0
C16:0-C18:0
C20:0-C22:0
C24:0-C26:0
C12:1-C14:1(9c¢)
C16:1-C18:1(9¢c)
Cl16:1-C18:1(11c¢)
C20:1-C22:1(11¢)
C24:1-C26:1(9c)
C16:2-C18:2(9-12¢)
C16:3-C18:3(9-15¢)
C20:2-C22:2(11-16¢)

C20:3-C22:3(5-14c)
C20:4-C22:5(4-16¢)
C20:5-C22:6(4-19c¢)
C24:6-C26:6(6-21c¢)
C16:1-C18:1(3t)
C(d16:1)-C(d18:1)
C(d20:1)-C(d22:1)

C(d24:1)-C(d26:1)

Examples of corresponding fatty acid names

C04:0 butyryl - C06:0 hexanoyl

C08:0 octanoyl - C10:0 decanoyl

C12:0 lauric acid - C14:0 myristoyl

C16:0 palmitic acid - C18:0 stearoyl

C20:0 arachidoyl - C22:0 behenoyl

C24:0 lignoceroyl - C26:0 hexacosanoyl

C14:1(9c) myristoleoyl

C16:1(9c) palmitoleic acid, C18:1(9c¢) oleic acid
Cl6:1(11c¢), C18:1(11c¢) cis-vaccenic acid, C18:1(12c)
C20:1(11¢) gondoic acid, C22:1(11c), C22:1(13c) erucoyl
C24:1(9c¢) nervonic acid, C26:1(9c¢)

C18:2(9c¢,12¢) linoleic acid

C18:3(9¢c,12¢,15c¢) octadecatrienoyl

C20:2(11¢,14c) eicosadienoic acid,

C22:2(13c¢,16¢) docosadienoic acid

C20:3(5¢,8¢c,11¢) mead acid,

C20:3(8c,11¢,14c) dihomo-gamma-linolenic acid
C20:4(5c¢,8c,11c,14c) arachidonic acid,
C22:5(4c,7¢,10¢,13c,16¢) docosapentaenoic acid
C22:6(4c,7¢c,10c,13c,16¢,19¢) docosahexaenoic acid
C24:6(6¢,9¢,12¢,15¢,18¢,21¢) nisinic acid

C16:1(3t) trans-3-hexadecanoic acid

Sphingosine C16 palmitic acid - C18 stearoyl with a trans
double bond

Sphingosine C20 arachidoyl - C22 behenoyl with a trans
double bond

Sphingosine C24 lignoceroyl - C26 hexacosanoyl with a
trans double bond

One Bead

letter assignment

names

C C

T cC

L CCC

P CCCC

B CCcCcCC

X CCcccce

Y CDC

(0] CDCC

v CCDC

G CCDCC

N CCCDCC

1 CDDC

F CDDD

E CCDDC

Q CDDDC

A DDDDC

U DDDDD

R DDDDDD

J TCCC

Ppa TCC

B TCCC

Xa TCCCC
Physical;
Life Sciences

LLNL-PRES-737105

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.
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Lipidome —recent lipid improvements

L

* 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 and less “sticky” alt. parameters
developed.

* Phosphatidylinositol

Stability of Pl and PIP2 improved and
PIP1 and PIP3 added. Further improved
geometry and all variants of POP1 and
PIP2 phosphates on their way

Physical;

Old cholesterol

New cholesterol

|

i

Manuel »

Melo, M. N., Ingolfsson, H. I., & Marrink, S. J. (2015). Parameters for Martini sterols
and hopanoids based on a virtual-site description. The Journal of Chemical Physics,

Life Sciences
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143(24), 243152.
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Lipidome —recent lipid improvements

* Improved Cholesterol

Reparameterized using virtual sites, a
middle hinge and extended plane

extrusions. o & , —

« Gangliosides A e

GM1 was stabilized using virtual sites | o

and altered headgroup linking. GM3 o -

created and less “sticky” alt. parameters |

developed.

* Phosphatidylinositol e i A
Stability of Pl and PIP2 improved and

PIP1 and PIP3 added. Further improved Ruo-Xu Gu

geometry and all variants of POP1 and
Gu, R.-X., Ingolfsson, H. I., De Vries, A. H., Marrink, S. J., & Tieleman, D. P. (2017). Ganglioside-
P I P 2 p h OS p h ates 0 n t h e i r Way Lipid and Ganglioside-Protein Interactions Revealed by Coarse-Grained and Atomistic Molecular

Dynamics Simulations. The Journal of Physical Chemistry B, 121(15), 3262-3275.
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Lipidome —recent lipid improvements

* Improved Cholesterol

Reparameterized using virtual sites, a
middle hinge and extended plane

extrusions.

* Gangliosides Y

GM1 was stabilized using virtual sites 6ho

and altered headgroup linking. GM3 o
created and less “sticky” alt. parameters 5-b-a o \-0-b
developed. ‘ ¥ 2

* Phosphatidylinositol

Stability of Pl and PIP2 improved and AN e N
PIP1 and PIP3 added. Further improved " .
geometry and all variants of POP1 and

Carlos

PIP2 phosphates on their way

: http://en.wikipedia.org/wiki/Phosphatidylinositol (3,4,5)-trisphosphate
l“ Physical;
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Lipidome —recent lipid improvements

L

Lipopolysaccharides (LPS)
More than on set of Martini parameters

More sterols

Using the same backbone as the
improved cholesterol

Plant galactolipids

Slightly modified parameters compared
to the previous glycolipid headgroups

P.C. Hsu, D. Jefferies, and S. Khalid (2016) Molecular
Dynamics Simulations Predict the Pathways via Which
Pristine Fullerenes Penetrate Bacterial Membranes. J. Phys.
Chem. B 120:11170-11179

Brad Van Osten and Thad Harroun. A MARTINI extension
for Pseudomonas aeruginosa PAO1lipopolysaccharide, J.
Mol. Graph Model 63:125-133, 2016

Ma H, Irudayanathan FJ, Jiang W, Nangia S. Simulating
Gram-Negative Bacterial Outer Membrane: A Coarse Grain
Model. J Phys Chem B. 2015 Nov 19;119(46):14668-82.

Lipid A

O-Arntipen Core algosscchands Yol el '
Ra Re s /
.‘l'. o
fen]
N AG | GRNA A
Gl ) (? .' ) I
e, — ] W el nt F P P
T e 500 Y o CAY 3 |/ o T\ ksl
Gl > ) ! e {.1 L o
o 2P, 1
2 i(r)
S-40 repeats e
- Rbl Lipid A
LIPS o o
LIS = x
Ph : l www.researchgate.net/figure/49629406 fig2 FIG-2-General-structure-of-E-coli-LPS-The-sugar-moz1eties-
ySI Ca a nd in-the-core-region-and-the
Life Sci 2
1Te Sciences LLNL-PRES-737105 A

BIO Y§



Lipidome —recent lipid improvements

* Lipopolysaccharides (LPS)
More than on set of Martini parameters

Ergosterol Hopanes
* More sterols :

Using the same backbone as the
improved cholesterol

* Plant galactolipids ] ) (BHT
teri tet
Slightly modified parameters compared ACLETIONOPANELEtro g 0 )

to the previous glycolipid headgroups

Manuel

Melo, M. N., Ingolfsson, H. I., & Marrink, S. J. (2015). Parameters for Martini sterols
and hopanoids based on a virtual-site description. The Journal of Chemical Physics,
143(24), 243152.

Physical
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Lipidome —recent lipid improvements

* Lipopolysaccharides (LPS)

More than on set of Martini parametess; MGDG
* More sterols &5 | ¢ ,
Using the same backbone as the ‘ "

DGDG SQDG

improved cholesterol

* Plant galactolipids z

Slightly modified parameters compared
to the previous glycolipid headgroups

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.

Physical
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Lipidome - Martini lipidomics

Using the insane
membrane builder and
the Martini 2.0 building
blocks we created and
characterized 100

$i * %
different lipid types, oo & %% ¥ %
$5% 3% $
. % ! L
combining 5 headgroups -
(PC, PS, PG, PA, PE) and _— '#gel phase
1 O o o
20 tails. 0 O QAo
S5 0 0O O QO OO0 O 0 0O 0 0
_—c OO 0O OO0 OO0 0O000 0000000
Ty QO O0O00O0OO00O0O000O00000 0000
b=t OO0 000000000 OLOUONO 0O OLOL OO OO
= Q Q Q =)
QN O O O O 0O 0 Q O QO
e QO O QOO OO OO0 0O VUOO0
— c OO0 0000000000000 O00O0of
O O 0000 OLOLULOLVOOLULOOL0OOLOUOOVOOAOaOQ
OO0 0O 0OOL0OO0OOL0OOLLOLOOLOO OO0OOLOOLOLOUOoOo
— N O F N © N~ 0 OO O «~ N MO T W O N~0 OO
&' 'O O O @'QMD @ N ¥ velivmiee oy oy g w0
Wassenaar T.A., Ingélfsson H.I.,, Bockmann 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.

Area per lipid / nm?
o
[ ~

0.9-

o
[o4]
1

= PC
A PS
v PG
* PA
e PE

;
"

%
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\
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i
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Lipidome — Martini lipidomics

e ool prase [ -

Using the insane
membrane builder and | | &
the Martini 2.0 building NiEklil e Wy 8
blocks we created and | | of -

Bilayer thickness / nm
\
Lateral diffusion / 1e® cmfls
4
-
-

characterized 100 o fjow nose | L
different lipid types, » £ AR
combining 5 headgroups : 1111 : S8 U T J
Sof FEEFT ¢ A RRRL S "8 R
(PC, PS, PG, PA, PE) and 5 vg B 8 i £ | 5 £
M s 8 ?‘ - ,'\_
20 taIIS- 0.2 ﬁ’ .V..' 3200- ":& .
. , ;
b~ 08§ o g Sk{ (] QLY - 083 [ 3 'l QO QO [
Eq g8 °8§§u g.88 83 88 2888, .8,88
B iioUNHBE R e S BB S
e838858B8SsryxvendaB - E-PEEEREERES- -4 NN N N-

Wassenaar T.A., Ingolfsson H.I., Béckmann R.A., Tieleman D.P. and Marrink S.J. Computational lipidomics with

Physica land 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

CHARMM-GUI v
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e
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Building bilayers - CHARMM-GUI Martini Maker

CHARMM-GUI e D T o Solution,

(Suten s Pyt et et e Mnapia e’ W Farpas
_ u
CHARMI G s ot S0 0 Ll B0 % e WA 4 Iangms. Cortadt ve (Ll o CHASIOM S0 £ yoe e oy ot/ ansien Girvras. Mlcelle

[ ot o SR

PO Nencw n

Cveer Neate Tre Vet Moy’ Vans' & g o 1 rovion Coa" s e ed Mmuate” kysdeme 73 rous 0 Sayw we'g De Vatn e fec Vesl c I e
oiens Tre Vet Gcs 1eds salacu » OARVW CU o ,
B

o el Vet 2 1 evvo audd Viates 1 3 ipeis andd ronooerdalie seiler
e e o metn22p Vartes 22 20w ervno sccn. Matn 1 D ioite 0 poRraatie weter

u
VerCrwre B o wirady Daafin Nebarrs # Dynprsuis. A wiasie refas o vl Br Py ot Vet 1 0 il ol mor g Dby wale? and Blla er
Ve Ve o oredy o Powr eredy" pomn Varan 1D Iode ¢ Joersatie vakr

908 6O oy Nt Nates witigd wete’ boads Ondy tguly o senliabn

Porcery Nowrte ot Ao Vet Vigenr

— Now supports
Lipopolysaccharides (LPS)

Bart and Paulo Yifei Qi

P-C. Hsu, B.M.H. Bruininks, D. Jefferies, P.C.T. Souza, J. Lee, D.S. Patel, S.J. Marrink, Y. Xl Cheng,

Qi, S. Khalid, and W. Im. CHARMM-GUI Martini Maker for Modeling and Simulation of
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Building bilayers — insane

INSert membrANE !

A flexible CG bilayer
builder that supports

-~ o s
'

both complex lipid , » , s
templates and on the fly i ,:.\ i e
lipid definitions. PN -8 <.
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Wassenaar T.A., Ingolfsson H.I., Béckmann R.A., Tieleman D.P. and Marrink S.J. Computational lipidomics with

I Phys‘cal insane: a versatile tool for generating custom membranes for molecular simulations. JCTC, 2015, 11, 2144-2155. o "
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Building bilayers — insane

Initial 30 n 1000 ns
INSert membrANE Sy W e e— ,
A flexible CG bilayer
builder that supports ASTTENENS Ao
both complex lipid i3 P
templates and on the fly T
lipid definitions.

ek 4

R Wi
e
R0
B

i

Asymmetric
DAPC:DOPC:DLPC:cholesterol
DPPC:DIPC:cholesterol

Tsjerk

Wassenaar T.A., Ingolfsson H.I., Béckmann R.A., Tieleman D.P. and Marrink S.J. Computational lipidomics with

l Phys‘ca land insane: a versatile tool for generating custom membranes for molecular simulations. JCTC, 2015, 11, 2144-2155. ,
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Calculating bilayer properties

.

Intrinsic lipid curvature (c,)
Actual curvature (c)
Hydrophobic thickness (d,)

Area compression-expansion
modulus (K,)

Splay-distortion modulus (K_)
Fluidity

Diffusion

Area per lipid

Order parameter

Surface tension

Acyl chain packing

Lateral pressure profile

Lipid packing stress

Bilayer stiffness

Physical, g
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Calculating bilayer properties

.

Intrinsic lipid curvature (c,)
Actual curvature (c)
Hydrophobic thickness (d,)

Area compression-expansion
modulus (K,)

Splay-distortion modulus (K_)
Fluidity

Diffusion

Area per lipid

Order parameter

Surface tension

Acyl chain packing

Lateral pressure profile

Lipid packing stress

Bilayer stiffness

Physical, g
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Calculating bilayer properties

* Intrinsic lipid curvature (c,)
e Actual curvature (c)
* Hydrophobic thickness (d,)

* Area compression-expansion
modulus (K,)

* Splay-distortion modulus (K,)
* Fluidity

e Diffusion

* Area per lipid

* Order parameter

e Surface tension

e Acyl chain packing

* Lateral pressure profile
* Lipid packing stress

Bilayer stiffness
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Calculating bilayer properties

.

Intrinsic lipid curvature (c,)
Actual curvature (c)
Hydrophobic thickness (d,)

Area compression-expansion
modulus (K)

Splay-distortion modulus (K_)
Fluidity

Diffusion

Area per lipid

Order parameter

Surface tension

Acyl chain packing

Lateral pressure profile

Lipid packing stress

Bilayer stiffness

Physical, g
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Calculating bilayer properties

.

Intrinsic lipid curvature (c,)
Actual curvature (c)
Hydrophobic thickness (d,)

Area compression-expansion
modulus (K)

Splay-distortion modulus (K_)
Fluidity

Diffusion

Area per lipid

Order parameter

Surface tension

Acyl chain packing

Lateral pressure profile

Lipid packing stress

Bilayer stiffness

Physical, g

Density (kg m>)
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Calculating bilayer properties

* Intrinsic lipid curvature (c,)
e Actual curvature (c)
* Hydrophobic thickness (d,)

* Area compression-expansion
modulus (K)

* Splay-distortion modulus (K,)
* Fluidity

e Diffusion

* Area per lipid

* Order parameter

e Surface tension

1 2
* Acyl chain packing Sseg = '2'(3(COS 0) — 1)
* Lateral pressure profile

* Lipid packing stress

Bilayer stiffness
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Calculating bilayer properties

.

Intrinsic lipid curvature (c,)
Actual curvature (c)
Hydrophobic thickness (d,)

Area compression-expansion
modulus (K)

Splay-distortion modulus (K)
Fluidity

Diffusion

Area per lipid

Order parameter

Surface tension

Acyl chain packing

Lateral pressure profile

Lipid packing stress

Bilayer stiffness

Physical, g

Bending modulus (K)

kg T
Az’“14

S.(q9) =

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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Calculating bilayer properties

* Intrinsic lipid curvature (c,)
e Actual curvature (c)
* Hydrophobic thickness (d,)

* Area compression-expansion
modulus (K)

e Splay-distortion modulus (K,)

* Fluidity

e Diffusion

* Area per lipid

e Order parameter -

e Surface tension +2y |

* Acyl chain packing v -

e Lateral pressure profile ———N 0

- plz) —»

ﬂ.]]]

* Lipid packing stress
B i I aye r St iffn e S S 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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Calculating bilayer properties

* Intrinsic lipid curvature (c,)
e Actual curvature (c)
* Hydrophobic thickness (d,)

* Area compression-expansion
modulus (K)

e Splay-distortion modulus (K,)
* Fluidity

e Diffusion

* Area per lipid

e Order parameter

e Surface tension

e Acyl chain packing

* Lateral pressure profile

* Lipid packing stress
Bilayer stiffness FRENDS i ot oy
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Calculating bilayer properties

* Intrinsic lipid curvature (c,)
e Actual curvature (c)
* Hydrophobic thickness (d,)

* Area compression-expansion
modulus (K)

e Splay-distortion modulus (K,)

* Fluidity

e Diffusion

* Area per lipid ” : %z . /ao S

* Order parameter ) E 3

* Surface tension 2 E ~KmKom =/0 dz 0o(z)(z— ) ,

* Acyl chain packing o] m—— _ /°° 5
K = dzop(z)(z—20)" .

e Lateral pressure profile ple) —» O o Ja 0(2)( )

* Lipid packing stress
Hu, M., D.H. de Jong, S.J. Marrink, and M. Deserno. 2013. Gaussian curvature elasticity

B i I aye r' St i ffn e S S dctcrmmcd from global shape transformations and local stress distributions: a comparative

study using the MARTINI model. Faraday Discuss. 161: 365-82— discussion 419— 59
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Calculating bilayer properties

* Intrinsic lipid curvature (c,)
e Actual curvature (c)
* Hydrophobic thickness (d,)

* Area compression-expansion
modulus (K)

e Splay-distortion modulus (K,)

* Fluidity

* Diffusion Mean square displacement (MSD) with time
 Area per lipid Einstein relation (D*t+c) t

e Order parameter — runsio

* Surface tension R

e Acyl chain packing

MSD (nm’)

%3
(=3
S

* Lateral pressure profile
* Lipid packing stress

Bilayer stiffness = .

[ ]
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Calculating bilayer properties

* Intrinsic lipid curvature (c,)
e Actual curvature (c)
* Hydrophobic thickness (d,)

* Area compression-expansion
modulus (K)

e Splay-distortion modulus (K,)

* Fluidity
. . Lo =146
« Diffusion as e

* Area per lipid
e Order parameter
e Surface tension

We. AL o (0
\'Lf\\' “A_\S‘ﬁi'f\"‘}\\,é} Lot (S

e Acyl chain packing

SRRt R acit

b Sk i o 1o o,
SR SR ) RN {

* Lateral pressure profile

* Lipid packing stress

Venable, R. M., Ing6lfsson, H. 1., Lerner, M. G., Perrin, B. S., Camley, B. A., Marrink, S. J.,

Bilayer stiffness
et al. (2017). Lipid and Peptide Diffusion in Bilayers: The Saffman-Delbriick Model and

[ J
L3
I Phys‘ca land Periodic Boundary Conditions. The Journal of Physical Chemistry B, 121(15), 3443-3457.
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Martini Examples - lipid domains
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™ Trehalose Sucrose Glucose
Disaccharides Impact the Lateral Organization of Lipid Membranes
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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.

lll Ph Slcal 2014. Disaccharides impact the lateral organizatioﬁot‘lipid membranes. J. Am. Chem. Soc. 136: 16167-16175.
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Martini Examples - lipid domains
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Hydrophobic Compounds Reshape Membrane Domains

Jonathan Barnowd', Giulia Rossi’, Siewert J, Marrink®, Luca Monticelli'*
TR OWES UV S0 L pom Frenin. 2 Usiversid Clande Sevand Lyt L Lo, Fanie. 2Dt f 1

Scencm and Boechraogy menase ond Demka eton or Adacced Weseraln, Unverwey of O ‘ x
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Abstract mno«m Octane
Cel memiranes have 3 complex lateral orpanizaton featuring
Mﬂnmmﬂn&haﬁhma&hamm i
membeane domains (0.9, By drugs or Epcphilic compounda) hive major ¢ Cholesterol

Barnoud, J., G. Rossi, S.J. Marrink, and L. Monticelli. 2014. Hydrophobic
compounds reshape membrane domains. PLoS Comput. Biol. 10: e1003873.
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Martini Examples - lipid domains
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PHYSICAL CHEMISTRY FPSp——

Multiscale Modeling of Four-Component Lipid Mixtures: Domain
Composition, Size, Alignment, and Properties of the Phase Interface

David G. Ackerman and Gerald W. Feigenson®
Depatmunat of Moleceler Blology and Genetics, Cornell Unbweruity, Ithaca, New Yock 14845, Usited Seates

experinens, the molecular bevel detas goversing their phase Sedawior are 208 yet known, Increasing
We addrew this soce by wing molecdler dpmamics wrnulations to sulyze how phise _M__
wepanation evolves a3 COMPONent Fyitens it Tanntoas from sl domaes 1o (PUPC+DUPC)

large doeraina. To do so, we fx concmtrations of the bigh meling Ipid 164,160

phosphandyicholine (DPPC) sad Bol, aad Incremensally replace the nanedomain-

aduciag low melting lpid 160,182 PC (PUPC) by the macrodocnsin inductag low

melting Bped 182,382-0C (DURC). Coarve gratned simndations of this four-component ~
vywem

reved Sat lipid demiving increases as The amount of DUPC lacremsen

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

PUPC

lll Ph Slcal composition, size, alignment, and properties of the phase interface. J. Phys. Chem. B. 119: 4240-4250.
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Martini Examples — phases separation
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Martini Examples — phases separation

CHOL

i

LO
Lilo  Lllg
Ly/L,
e e e e e ™ M, "L, L, "L L M.
--------------------- : —\:
Physlic.a land John F. Nagle. Faraday Discuss., 2013,161, 11-29
Life Sciences LLNL-PRES-737105

Tim Carpenter

), Bls

Al
v,

BIO Y§

-



Martini Examples — phases separation

Tim Carpenter

DOPC

UL_ Physical, g

Life Sciences



Martini Examples — phases separation

Tim Carpenter
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Martini Examples - tethers

12 Doptyucal Joural Voume 102 Aol 2002 88010

Molecular Structure of Membrane Tethers

Svethna Baouking, "' Sewen J Mavmk" and D. Pater Tiokrman ™™
Wdlkbocs Scences ard “irattae ‘o Docompisaty and =i

‘WGroningen Bomoecuier Sciences and Botechaglogy ietene and Zeméan I
Groringes, The Netheriands
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Baoukina, S., S.J. Marrink, and D.P. Tieleman. 2012. Molecular
structure of membrane tethers. Biophys. J. 102: 1866—1871.
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Martini Examples — complex membrane
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Characterization of thylakoid lipid membranes from cyanobacteria and @ oy
higher plants by molecular dynamics simulations
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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.
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Martini Examples — complex membrane
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Lipid Clustering Correlates with Membrane Curvature as
Revealed by Molecular Simulations of Complex Lipid
Bilayers A

Heidi Koldse, David Shorthouse, Jean Hélle, Mark S. P. Sansom*
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Abstract
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Koldse, 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.
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PM - plasma membrane

JACS ==

PLERAMLIN T AN AR S EME M Y

Lipid Organization of the Plasma Membrane

Helg L Ingbifsscn,’ Mnmnd\'Melo Floets J. m!:adu\. ClémeatAnwa. Cesar A Lopez,’
Tw&A.Wm. Xavier Pericle,” Alex H. de Viries,' Dl’aa'ndumn and Siewert J. Marrink®™"
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Ingolfsson, H. 1., Melo, M. N., van Eerden, F. J., Arnarez, C., Lopez, C. A., Wassenaar, T. A., et al. (2014).
lll Phys.lcal Lipid Organlzatlon of the Plasma Membrane. JACS 136, 14554-14559. "
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PM - cell envelopes / plasma membranes

* Hundreds of different
lipid species

 Asymmetric leaflet
distribution

e Lateral
inhomogeneity

SBGMENT OF  ——=—— —xy
ALPA ML S PASTEN C;-—

CrOLEsTERL
Mouritsen OG, Ansersen OS (1998) Biologiske Skrifter, Danish Royal Science Society 49:7—12.
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PM - Idealized mammalian plasma membrane

Lipids mol 16:0- 20:0- 24:0- 16:1- 20:1- 24:1,2- | 18:2 20:2 20:3 20:4 22:5

% 18:0 22:0 26:0 18:1 22:1 26:1 22:4 22:6

4bead Sbead 6bead 4bead Sbead 6bead 4bead Sbead Sbead Sbead Sbead
PC (phosphatidyicholine) 39% | 48% 0% 0% 20% 0% 0% 25% 1% 0% 5% 1%
PE (phosphatidylethanolamine) 20% | 37% 0% 0% 20% 0% 0% 8% 0% 2% 25% 8%
SM (sphingomyelin) 22% | 44% 12% 20% 1% 1% 22% 0% 0% 0% 0% 0%
PI (phosphatidylinositol) 3%
PS (phosphatidylserine) 7% | 48% 0% 0% 10% 0% 0% 4% 0% 2% 25% 11%
PA (phosphatidylacetate) 1%
PIP (PI phosphate) 1%
Glycolip (GMs, GCER) 4%
Cer (ceramide) 1%
LPC (lyso-PC) 1%
DAG (diacylglycerol) 1%
Cholesterol/Lipid fraction 0.66
outer inner outer inner

GM

pa

L

Lipid tail
unsaturation

Headgroups
2

M.

Total of 63 different CG lipid types

Ingolfsson, H. 1., Melo, M. N., van Eerden, F. J., Arnarez, C., Lopez, C. A., Wassenaar, T. A., et al. (2014).

I Ph S.Ical Lipid Organization of the Plasma Membrane. JACS, 136, 14554—14559. ‘
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PM - lipid composition

3 3 g £ ¥ Glycolip- monasialodihexosylganglioside - GM3
- i,, EE p&E ¥ B TCC cccc DPG3 0 000 8 1.00
2 Xe § £ 535 3% 2: TCCCC  CCCCCC  DXG3 0 000 51 1.00
TCC PNG3 0 000 B4 100
n""_'?yf’kwh"x 550 031 1205 0.69 TCCCC  CCCDCC  XNG3 0 000 51 1.00
- : Total 0 000 255 1.00
49 032 106 068
810 031 1772 069 lesphlﬂd)llmsllol -Pl
12 031 71 069 ceee POPI 137 100 0 0.00
129 031 283 0'69 cope PIPI 120 1.00 0 0.00
16 031 35 069 - [2)8]3)0 o PAPI 120 1.00 0 0.00
12 0'31 71 0-69 JCCC poonDC  PUPI 51 100 0 0.00
g g Total: 428 1.00 0 0.00
1618 031 3543 069 Pho lu idk d d PA
Phuphtld)lﬂhmolunhe PE paaiiai =, o P— R
. ccoc POPE 569 081 135 0.19 - M sded  © i
DOPE 190 081 44 0.19 oODDC PAPA 30 1,00 0 000
:I‘:E 332 g:: g g:: DDD JLL PUPA 17 1.00 0 0.00
PAPE 622 081 124 0.9 Total: 141 1.00 0 0.00
PAD > J l’hoiphaikl)ilnmllol(I-S)plosphale PIPs
DAPE 332 081 78 0.19 e ok i g R .
1 DC FUPE 190 081 4 0.19 ee  oohe  meps % 150 8 am
DDDECRC DODDPC DUPE 95 081 22 019 i s POPY 48 1‘00 0 0'00
Total: 2373 081 559 0.19 A== - 55 - -~
oy oo Ceramide - CER ' ’ '
¢ SM
f.".\ 279031 611 089 TCC cCcee DPCE 15 0.33 31 067
. 01031 R0 T0CCC CCK DXCE 9 035 17 065
Al ‘:3 gg: 2;; gg TCC PNCE 10 0.31 22 069
17 0'31 28 0-69 TCCCC XNCE 9 035 17 065
76 051 351 0.0 Total: 44 034 86 0.66
8 031 191 069 Lysophosphatidylcheline -« LPC
ccee PPC 0 000 64 1.00
121 03 267 069 % obe 0 000 20 1.00
Total: 868 031 1906 069 s ‘,'P;' 0 0'00 18 "00
(7 ARC 0 000 18 1.00
el S B R o dom ik
BS  3% 100 0000 Toal: 0 000 127 1.00
PAPS 461 1.00 0 om Diacylglycerol - DAG
DAPS 20 1'00 0 0-00 ccee cecoe PODG 17 040 25 060
pUBS 180 100 O 0.00 ’CCC €DBC PIDG 15 039 23 061
Ky 20 100 0 000 DDDDC  PADG 15 039 23 061
Tm‘ 999 1.00 0 000 CCCC  DDDDDC PUDG 6 040 9 060
Giycolip - momosialoctraheosyganglioide - GM1 e & Toal: 52 039 81 061
ceee DPG1 0 000 89 1.00 e
p ~ DXG1 0 000 51 1.00 CHOL 2653 046 3107 054
! 0 000 &4 100 \yjipids types total: 9323 048 9916 0.52
0 000 51 100
0 000 255 1.00
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PM - setup with insane

~20,000 lipids
~300,000 CG water
150 mM NacCl
+counterions

» Different area per lipid in upper/lower leaflet
* Need to measure with “all” lipids present
* Remove undulations with z-pos constraint

Physical,
LLL L'Ifg SC'IenceS LLNL-PRES-737105 | ot LA




PM - idealized plasma membrane

Outer leaflet:

Headgroups Tail unsaturation

Inner leaflet:

Headgroups Tail unsaturation
p'w Cholesterol 0

LL Physical,
L'lfe SC'lenceS LLNL-PRES-737105



PM - cholesterol redistributes

=« Lipid heads rocarbon
s+, One cholesterol, head T e
p _':-v-f;“e( head > - /
e outer - outer
1~ c ’,-.-:—; - ——
< s.0C
So 2 o
0 @ K~
8 8' Nea ::._- - o
N -2 N 2] e
inner e inner
- v v . . — . v v —
0 10 20 30 40 0 025 05 0.75 1
Physic Time / us Normalized density B
LLL L'Ife SCleﬁéég LLNL-PRES-737105 i ‘ﬁ:k @ @
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PM - flip-flops

2000 Cholesterol » 60 DAG w CER
g g g 2.51 = inner to outer
S o o = outer to inner
= T a5 Y
— -— —
@ 1900
8 8 & 15
0 ) 0
e Q Q
o TR §
= = =
Q1800 -1 2 05
™ T w

o

o

10 20 30 40

Time/ us‘

Flip-flop rates:

Cholesterol 6.53+0.01 x 106 s
DAG 5.87+0.05 x 106 s

CER 2.0+£04 x104s
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PM - idealized plasma membrane

Outer leaflet:

Headgroups Tail unsaturation

Inner leaflet:

Headgroups Tail unsaturation
Ot Cholesterol

=Y O P

P e B g
-; '. A \‘.:,,\;—1_ o
'. !k‘ ‘ ") LS N }z‘) '»;ii ‘ \@/

10 nm
uL' El?esslcclglnces L NLPRES73710 "
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PM - lipid headgroups

Other _Cholestercl Cholesterol

¢

g GM g'Pl

3 3 ps

S s &

m m S e "\:‘\
£ e outer inner * g

Headgroups

| | 10m\
Physical,
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PM - lipid clustering

outer

o}
PA 12047
!

<Pl \
:.G:‘ 1104 |
1\
204 &
104
1 \
{ ~———r
10 20 30 40 SO0 123 45
Cluster size Cluster size
Physical ﬁ
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PM - lipid clustering

outer inner_

outercior ¢ PE  SM
CHOL
ne
PE
M
GM

INNErcHOL PC PE__ SM
CHOL : :

e 1. . . . . .
P [DOB|0OO7|0GB|081] 1.02] 1.00] 1.
sM [T 151101/ 055 1. o7] 1.00] 1.06
S| 595] 1.01] 0. 5
Pl . . 01
PIPs

LLL E#gsglgl:t\ces LLNL-PRES-737105 I ‘*” @ . @

BIO 1 i;‘



PM - tails

Lipid tail
unsaturation

_inner

Tails

Physical | . w""

yS'ICa
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PM - domains

200 ns avg. 78-80 us
outer inner outer inner
_ [T AT RRmd Ky .o ¢
< kg
g ‘ ! r >+B80%
O | \
§ J ‘ ~60%
| «40%
11 b ~20%
8
@©
3 F =
@©
n L -20%
o - -40%
S -
MRS [ i"%
= % ’, o 00%
5 SRV
c >.807
; 'J“ﬁ SN
I 3 A
a LRI
0.10 us
" o
s - G
outer o @ & inner @o\ “(,w‘ oD
OO g™ o et — > i
Cholesterol 093] 0.90| 1.09| 1.05 +8 - +25 Cholesterol 0.94] 0.84] 1.14] 1,08
Polyunsaturated| 0.77] 2.41] 0.74| 0.95 8- +8%|  Polyunsaturaied | 0:67| 2:49] 0.64| 0.86
Saturated 1.09] 0.84| 1.09| 0.97 8 = 25 Saturated 1.15] 0.76] 1.10] 1.01
Other 1.02| 1.05| 0.94| 0.98 > -25 Other 1.04| 098 0.97| 0.98
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PM - domains

Bilayer
Thickness

Root mean square
fluctuations

Order parameter
(tail 2-3)

inner

0 am

ERR 0% ___48
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PM - conclusions / outlook

We optimized and extended the Martini CG force field
lipidome and improved membrane building tools.

A molecular level view of the lipid organization of an idealized

mammalian plasma membrane, that shows:

* Cholesterol favors the outer leaflet

* Multiple levels of non-ideal mixing / domain formation
* GM clusters

* PIPs self associate

Next steps:

* Membrane protein / lipids interactions
 More new lipids

 Altered PM lipid composition

* Other cell envelopes

Physical
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Plasma membranes - tissue specific
Brain vs Avg.

Lipid tail

Headgroups

Avg. 3 Chotestorey UNSatUration
ycod |
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Brain vs Avg. — properties

Flip-flop rates (10-¢ s)

Ave. Brain Avg.  eows i,
CHOL 7.29 +0.02 / 4.820+0.004 Br  oner Croesors St
DAG 7.66 £0.05 / 2.80 #0.07 5., 2‘
CER 0.027+0.006 / 0.015+0.005 5 . y

1
Cholestero! 3

Lipid lateral diffusion (10" cm?/s), outer/inner leaflet P

Avg.  3.140.3 / 4.3%0.3 ps"
Brain 1.6+40.2 / 2.8+0.2 : A~

PE 1

inner

Average tail order parameter at position #3

Avg. 0.425 / 0.358
Brain 0.441 / 0.306

outer

Average number of unsaturation’s per tail

Avg. 0.77 / 1.32
Brain 0.90 / 1.63

Physical
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Brain vs Avg. — cholesterol density

Avg . .. Cholesterol - Norm. density - Outer leafiet Chalesterol - Norm. density - Inner leaflet
v | !
0N
. 2
-
: |
! 8%
. B
3 — —
NS
n
Braln Cholesterol - Norm, density - Outer leafiet Chalesterol - Norm. density - Inner leafiet

g — 0.05 us
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Brain vs Avg. — domain size(s) and dynamics?

outer inner
: . .
E
(41]
M— | om—
S0% 25% 0 +25% +50%
Physical
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Brain vs Avg. — domain size(s) and dynamics?

outer inner o »
'8 154
Q O
= =
E 'm 104
[ o
> Q 5
< €
§o
e
®
c ‘g"*
g 8
D
L w
£ .
P— | p— 2
S0% 25% O *25% +50%
0
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Brain vs Avg. — domain size(s) and dynamics?

outer inner
Q
(o)
g :°° o Average outer
> 0%, © Brain outer
< % ¢
° %
€ %0 b
@, oo
3 100 °°°b % ) g,
O %075, °
o %
o o
c ° o °
o§ % ooo o
m @ o o o
. g0 __o o
6 200 400 600
Number of cholesterols
P— | —
S0% -25% 0 *25% +50%
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Brain vs Avg. — domain size(s) and dynamics?

— Average - outer

outer inner 1 — Brain - outer

M— | o—

50% 25% 0 +25% +50%

¢ &

Cholesterols in
largeit cluster
=

Average

g ¢

o
o

- Average - inner
= Brain - inner

3

¢

Brain

Cholesterols in
Iargegt cluster

L

0 20 40
Time / us
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Brain vs Avg. — domain size(s) and dynamics?

outer inner

Q

g 06
< 06-

S 2.
o 04

< ©
8 024
=
2 o
@

c b

- -— @-0.2

z 3

o 04

[— | —

S0% -25% (') *25% +50%
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Future — PM projects

* Effect of temperature

60
50
E 40
2

10 A

1 +—8—

* Cholesterol concentration

Elizabeth
Antara
Sebastian

CER s DAG Cholesterol
1 | 25000 < *
S500) = ]
% 4004 B .
3 - g
] 8 300 - . 8 13000 -
g 200 - g JOOOK) < o
- ]
. 100 = 5000 °
" o ® i®
| SERCEN BN D P | -+ o+ 7T
280 290 300 310 320 330 280 290 300 310 320 330 280 290 300 310 320 330
Temprature (K) Temprature (K) Temprature (K)
] = outer
: 55 -
% = Inner
¥
3]
3
c 50-
°
9
7]
g 45
o
£
3]
. R
Tieleman © 40- SR
0.1 0.2 0.3 04 0.5

* Lipid protein interactions

* Lipid shorting and tether pulling group

Physical, g

Cholesterol mol fraction
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Future — Martini lipids

Inositolphosphoceramide (IPC)

H N
. . FWNWW\/\/\
O<z—0
o O In

(0]

Mannosyl-IPC (MIPC)

o (@)
O,
o

o 0 9 Q¥
A AL T A
(e] o W 00

Mannosyl-di-IPC (MIP,C)

o 0 2

Qo
o 0 __P._
0 0" g0
0 0 ) o H
0 B X
o O'OO

HN_O
o

Methyl-bfanc:hed:ether lipids

H OJWV\A/W

N. A

~"o P/O\A/o\r]/\/\/\/\/\/\/\/
o o]

Ester / ether lipids
%:NW
JA

Jk/\/\/\/\/\/\/\
0 R
R’-phorphlu:r. ASY) satoripse

Preayl ether hipid

methyl sidechans

ether h!;?;;age

palacos.com/eukarya/eukarya_origins 1.html
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Future — your own new lipid

* Current naming standards
e Use what already exists

e Rationalize changes

 Be aware of over fitting
 Test, test and test

e .itp file format

e Add to Martini website
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