Simple Solvent-Free Molecular Model
to Simulate Bilayer Membrane
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- Biomembrane

Cell Structure
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Membrane models
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Tieleman, et al. BBA 1331, 225 (1997)
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@® curved surface

® theory: continuous surface
K
F = /[A,' + 5((71 + (9 — C‘o)2 + RC1Cs]dA

Cl , Czlprincipal curvatures., CO:spontaneous curvature

@ simulation: discretized surface

@® mesh methods @ meshless methods

WAk T @

A particle represents
a membrane patch.




@® mesh method
degrees of freedom: positions and connections of particles

fluid membrane
by bond flip (Monte Carlo)

for fixed topology
works very well

Ochanomizu Lecture (Auqg. 23)
by G. Gompper

disadvantage

dynamics with topological changes



@® meshless methods

1) degrees of freedom: positions and orientation

Drouffe, Maggs, S. Leibler Science 254, 1353 (1991).

Del Popolo (2008); T. Kohyama (2009);
P. Liu (2009); H. Yuan (2010).

2) degrees of freedom: only positions

Noguchi and Gompper Phys. Rev. E 73,021903 (2006).

Advantage:
Naturally applied to the topological changes




k. and ¢ dependence
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K and I" can be independently varied.




Very large membrane Ry./o >> 8K /e

Buckling into two vesicles is also possible.



@ rupture
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Noguchi and Gompper J. Chem. Phys. 125, 164908 (2006).



curved surface
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1 particle or segment
> 100 lipid molecules

o > thickness
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molecular model

1 coarse-grained molecule
= 1~4 lipid molecules




» Coarse-graining of lipids

with explicit solvent without explicit solvent

atomistic models coarse-grained models

—>

Klein et al.

0.1nm Tnm



solvent-free molecular model for bilayer membrane

H. Noguchi, M. Takasu (2001)

! ‘ modifications

O. Farago (2003)

G. Brannigan, F.L.H. Brown (2004)

G. Brannigan, P.F. Philips, F.L.H. Brown (2005)
|.R. Cooke, K. Kremer, M. Deserno (2005)

Z.J. Wang, D. Frenkel (2005)

J.D. Revalee, M. Laradji, P.B.S.Kumar (2008).
M. Hoemberg, M. Mueller (2010).

Only narrow parameter range

. !

Aim 1: make a model for wide parameter range



Aim 2: Coarse graining more to simulate larger scale
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Continuum theory 9 Vu
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Membrane bending, area dilation,

molecular tilt, chain stretching.

Fournier, EPL 43, 725 (1998).



Tilt + bending of membrane
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Kozlovsky and Kozlov, Biophys. J. 2002
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® Our new model

U
= Yl

1<J

+ € Z Uate (p;)
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kbend 2 :
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local density Pi = Z feut(1i5/0)
J#



® Self-assembly

Vesicle formation




surface tension
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bending rigidity

h(q)?) =
(hla)") vq? + kqg?

linear dependence
on Kijr and Kpeng
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line tension of
membrane edge

line tension

line tension




@ rupture

C’y=0->0.85



@ droplet-vesicle transition

0 2

Bilayer is metastable at k;;;; = O.



Preliminary simulation: Membrane fusion
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Optical tweezers > Bmm

Dai et al., J. Neurosci. 18, 6681 (1998).




Experimental studies
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microscopy images Bars, 100 nm. V.A. Frolov et al. Biophys. J. 85, 1725 (2003
Kanaseki et al. J. Cell Biol. 137, 1041 (1997). i - Blophys. J. 69, (2003).



fusion pathways found by simulations
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Solvent-free models 7&?
Noguchi et al. 2001 ,_£
Lattice MC ;

Mueller, et al. 2002
stalk intermediate

LJ model @% %
Marrink et al. 2003 (d) UL
Stevens et al. 2003 |-£

Smeijers, et al. 2006

trans- monola er contact
Kasson et al. 2007 y

DPD model side pore

Li and Liu 2005 %
Shillcock et al. 2005
Atomistic model

Knecht and Marrink 2007 hemifusion d|aphragm



Membrane fusion by mechanical force

Pathway of modified stalk model

tr, 100




My previous simulation
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Noguchi J. Chem. Phys. 117, 8130 (2002).



Summary

O A new CG model is proposed.
- Minimum molecular size: a sphere and orientation

- Membrane properties can be varied in wide range
(including metastable bilayer).

- Application: \
: O\
membrane fusion etc. aento
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