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Molecular Dynamics

UGntyati) = D AR (ri=r)+ Y 1k!(6,-6)) +

bonds, i angles, i

Y k¢ - [1+cos(ng, - 6,)] +

torsions, i

» i 12 § 6 a. . (
L33 e o)) | D
nonbond pairs, (i, ]) | .
Output
» Potential of mean force
» Ton diffusion constants

» Short-range ion-ion interactions
» Ton exclusion radius
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Brownian Dynamics

"~ Dir) oD,(r)
ri(f) = o (F,)+ — 5O

i

Output

= I-V curve

= Channel conductance
= Reversal potential
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Poisson-Boltzmann & Poisson-Nernst-Planck

Nernst-Planck (NP) equation :
J.(r)= —Da(r)(VCa (r)+ ]f_aTca(r)v(p(r))

B
Poisson equation :

Ve [e(r)Vq)(r)] = —4Jt(pp(r) + gqaca (r))

Output
= I-V curve
= Channel conductance
= Reversal potential
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Atomistic

Molecular Dynamics
&
Functional Analysis

1OUTPUT

= Potential of mean force

* [on diffusion constant inside nanopore
= Short-range ion-ion interaction

= Short-range ion-nanopore interaction
= Jon-exclusion radii

INPUT

Semi-Atomistic Mean-field

Brownian Dynamics Poisson-Nernst-Planck
Electrodiffusion Theory

OUTPUT

= Current-Voltage curves
= Nanopore conductance & selectivity
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= Ton diffusion constants
= Short-range ion-ion interactions
= Ton exclusion radius

1. Validity of approximate approaches such as BD, PB, and PNP
2. Validity of the hierarchical approach
[microscopic information (inputs) from MD simulations]
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Model Systems




When Reconstituted into
Planar Membranes
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M3 X-ray ave. MD
4 barrel
L2

L3
stick models
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In a Large Aqueous OmpF Pore,




lon Distribution along OmpF pore
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Cross-sectional lon Distribution

Cl- K+
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Cross-sectional lon Distribution

Constriction zone
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Cross-sectional lon Distribution

Pore periplasmic side
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Cross-sectional lon Distribution

Periplasmic side
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On average, K* and Cl- follow two well-separated left-handed
screw-like paths spanning nearly over 40 A along the axis of the
pore crossing at the constriction zone

Three views rotated by 120°
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lon Pairing




lon Pairing along OmpF Pore
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W=const. Diffusion Constant

% W=ksin(x)
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Diffusion Constant along OmpF Pore
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Conclusions from MD Simulations




Semi-continuum Approach:
Brownian Dynamics (GCMC/BD)




~ Multi-ion Potential of Mean Force
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Multi-ion Potential of Mean Force




GCMC/BD simulation:
OmpF porin

15 ps/frame
150 mV
1 M [KCI]

K+
Cl-

Im et. al. (2000) Biophys. J.
Im et. al. (2001) J. Chem. Phys.
Im & Roux (2001) J. Chem. Phys.

Im & Roux (2002) J \#Maki Biodoos.
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PNP Electrodiffusion Theory in 3D

Ion current




= Ton diffusion constants
= Short-range ion-ion interactions
= Ton exclusion radius
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Microscopic Information from MD

. Profile of ion diffusion constant 2. Short-range ion-ion interactions
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RADIAL DISTRIBUTION FUNCTION

. Ion-exclusion radius

RADIAL DISTRIBUTION FUNCTION




lon Distribution along OmpF pore
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In Equilibrium Situations of
1M KCI Symmetric Solution




BD

300

200 +

100 +

+ 1(pA)

50 100 150

V(mV)
-200 +
-300 +
3d-PNP 300+ / (PA)
200 +
100 +
-1 '50 -1 bo 5'0 160 15'0
V(mV)
-100 +
I I‘I’of
-200 +

-300 +

= [, > [ (cation selectivity)
= Asymmetry in I-V relation
= Current (PNP) > Current (BD)
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Single Channel Conductance

Vmp=+150 mV Vmp=-150 mV
@3'2 ' 0 exp. @3'2 ' O exp.
SId =BD % ) = BD
§2-o- sPNP| 82 5 PNP
o 241 S 2-
+- +-
S1.51 51.541
2 E
§ 11 § 14
0.5¢ 0.5
0 0
2 1 0.5 0.2 2 1 0.5 0.2
KCl Concentration (M) KCl Concentration (M)

Experimental data from Nathalie Saint (Unpublished)
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Conductance-Concentration Relation

0.2 04 06 08 1
c (M)




Asymmetry in Channel Conductance




BD

Reversal Potential in 0.1:1M KCI Solution

I(pA)

T 60
T 50
T 40
T 30
+ 20
T10

I‘I’of

-25

3d-PNP

I(pA)

-25

40 22 .1 mV

exp. 24.3 mV (Schirmer, 1999
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In Non-equilibrium Situations of
Symmetric and Asymmetric Solutions




Noskov et. al. (2004) Biophys. o.

cross-sectional area 067 0.75 0.8
© Wab it JHDRGR6-




lon Distribution along a-HL Pore

Number of K * ions
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cross-sectional area number of ions
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I-V curves in Symmetric 1M KCI
with Transmembrane Potential




Single Channel Conductance

Vmp=+150 mV Vmp=-150 mV
1.2 0.7-

o exp.| & :
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In 0.5M KCI

: Vmp = +150 mV Vmp = -150 mV

protein — e IO Lo e
}r"y’l'o'g 480 510 066 158 247 027 2.44
E111 545 1362 127  -107 -465 038 334
K147 833 187 068  -935 -331 084 081
;898 408 087 274 397 044 198
DI27 299 662 064  -374 -1033 093 048
DI28 430 774 080  -336 -852 079 099
KI31 912 894 120  -289 -407 046 26l
D127-

DIZS- 350 916 084 338 943 085 099
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Comparisons with Experiments:

— IK 20 + I (pA) 20 - I (pA)




Atomistic

Molecular Dynamics
&
Functional Analysis

1OUTPUT

= Potential of mean force

* [on diffusion constant inside nanopore
= Short-range ion-ion interaction

= Short-range ion-nanopore interaction
= Jon-exclusion radii

INPUT

Semi-Atomistic Mean-field

Brownian Dynamics Poisson-Nernst-Planck
Electrodiffusion Theory

OUTPUT

= Current-Voltage curves
= Nanopore conductance & selectivity
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