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Limitations of Fully Atomic
Molecular Dynamics Simulation

A recent ANl argeo me

(Pitman et. al., JACS, 127, 4576 (2005))

Al rhodopsin, 99 lipids, 24 cholesterols, 7400 waters
(43,222 atoms total)
5.5 x 7.7 x 10.3 nm periodic box for 118 ns duration

Length/time scales relevant

to cellular biology

Ans, nm (and longer)

A0 1.0 x 1.0 x 0.1 nm simulation for 1 ms
would be approximately 2 x 10° more
expensive than our abllities in 2005

AMooreds |l aw: this mi g hhig




Outline

A Elastic membrane model
I Background and simulation methods
I Protein motion on the surface of the red blood cell
I Supported bilayer fluctuations and diffusion of curved proteins

A Molecular membrane model

I Correspondence with experimental physical properties and
stress profile

I Protein induced deformation of the bilayer and detailed elastic
models



Linear response, curvature elasticity model

Helfrich bending free energy:
K .
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Linear response for normal modes:
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ch T. Temperature
4h h: Cytoplasm viscosity

K.: Bending modulus
L: Linear dimension
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Ornstein-Uhlenbeck process for each mode:
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Relaxation frequencies

Solve for relaxation of membrane modes coupled to a fluid In
the overdamped limit:

Non-inertial Navier-Stokes eq:
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Nonlocal Langevin eqguation:
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f(8 =- m—cfs Bending force

R. Granek, J. Phys. Il France, 7, 1761-1788 (1997).



Membrane Dynamics

QuickTi meE and a
decompressor
are needed to see this picture.



Extension to non-harmonic systems

Helfrich bending free energy + additional Interactions:
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Overdamped dynamics:
| d
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f(8=-% —_— L _i (or generalized

Ahk  expressions)

Solve via Brownian dynamics

Adandle bulk of calculation in Fourier Space (FSBD)
A=fficient handling of hydrodynamics
ANatural way to coarse grain over short length scales

L. Lin and F. Brown, Phys. Rev. Lett., 93, 256001 (2004).
L. Lin and F. Brown, Phys. Rev. E, 72, 011910 (2005).



Fourier Space Brownian Dynamics

g[ hk(t) =L {Rlh(r,0]+2z,0)} -
G(DX) =L, ﬁm drx (1)

1. Evaluate F(r) in real space (use h(r) frgm

orevious time step).

2. FFT F(r) to obtain F,

3. DrawGos from Gaussi an

4. Compute h(t+ 1) using above e.o.m..

5. Inverse FFT h(t+ 1) to obtainh(r) fo
next iteration.




Protein motion on the surface
of red blood cells




S. Liu etal., J. Cell. Biol., 104, 527 (1987).



M. Sheetz, Semin. Hematol., 20, 175
(1983).

M. Tomishige et al., J. Cell. Biol., 142, 989
(1998).

Spectrin ncorral so
.. = 5x10° cm?2/s (motion inside corral)




Proposed Models

Extracellular region

Intracellular region



Dynamic undulation model

K.=2x1013 ergs
h=0.06 poise
L=140 nm
T=37°C

D, icro=0.53 mm?/s
hy,=6 Nnm



Explicit Cytoskeletal Interactions

A Harmonic anchoring of spectrin
cytoskeleton to the bilayer
E= mdr [D h(r)] += V(r)h (r)u
V(r) =ga 0(r - R)

A Additional repulsive interaction along
the edges of the corral to mimic spectrin

Fep =67 €™ @ dlax +by +q)

L. Lin and F. Brown, Biophys. J., 86, 764 (2004).
L. Lin and F. Brown, Phys. Rev. Lett., 93, 256001 (2004).



Dynamics with repulsive spectrin

Qui ckTi meE and a

ecompressor
are needed to see this picture.



Information extracted from the
simulation

Arobability that thermal bilayer fluctuation exceeds
h,=6nm at equilibrium (intracellular domain size)
Arobability that such a fluctuation persists longer
than t,=23ns (time to diffuse over spectrin)

A=scape rate for protein from a corral
AViacroscopic diffusion constant on cell surface
(experimentally measured)



Calculated D

A Used experimental median value of corral size

macro

=110 nm

A Median experimental value

D . =663 10" an’s’

macro

System Size Simulation Simulation <
y Dmacro (dnzsl)
Type Geometry
L Free Membrane Square 93 1012
L Pinned Square 53 10 *?
Q Pinned Square 73 101°

Pinned & Square 10
3
o Repulsive 34310
Pinned & Triangular 10
Q 3
Repulsive 2°10




Explicit diffusion of membrane
ANprotei nso

A. Naji and F.L.H. Brown, JCP, 126, 235103 (2007); E. Reister et. al., PRE, 75, 011908 (2007).



Explicit diffusion of membrane
proteins

Numerically, the membrane shape
IS defined on a discrete grid. Protein
position is continuously variable.

Numerically, proteins A,B&C
are not equivalent.



Thi s probl em ca

/drFG(r—rg) = F

P. Atzberger et. al., J Comp Phys, 224, 1255 (2007).



