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\What are ion channels?

Natural nanotubes In
piological cells

Made of proteins e o
With: highly localized p——

charge inside the channel

Controls the flow: of Ions
and water in and out the
cells

Selectivity and Gating A porin monomer filled with water
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Why PNP?

= Molecular Dynamics (MD)
= Most popular and accurate
= | imits simulation times to ~100ns
= Steady-state conduction eccurs over mueh

longer timescales

m Ppejssen-Nernst-Planck (PNP)
= Knewn as Diifit-Diffusion theory
= Continuum model
= Widely ' used in device simulation
= Viuehrless) computational cost
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Conventional PNP model

= Ppisson equation

&, V(e(r)Ve(r)) = _Z Z;en; () —Pieq (1)
" Nernst-Planck eguation:

ZieT D, (1), (r)V 4 (r)

Ji(r):_K

1 (r) = 2;5,6(r) + KT In[p, (r)]

B

= Ahove coupled eguations are solve
self-consistently:
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Problem with PNP

= Continuum model treat ions as a continuum: fluid
of point particles

= |gnores the size ofi iens and water molecules

= |gnores non-singular distributien of charge on
the ion

Result:

= Overestimate Coulemib screeningl and'ion packing
= Cannot describe 1on selectivity
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Free Energy Model for Inhomogeneous Fluid Mixtures:
Yukawa-Charged Hard Sphere, General Interactions, and Plasmas

Yaakov. Rosenfeld, J. Chem. Phys, 98, 8126 (1993).
&
D. Gillespie, W. Nonner, and R. S. Eisenberg, J. Phys. 14 12129 (2002).
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Excess Chemical Potential (ECP)

= FCP Is Iintroduced to add these additional effects
to the PNP model

= Vodified Nernst-Planck equation:

zie

J; () =——— D () V(A9 (1) + 15 (1))
Where KBT

/Uiid (r)=2z,e4(r)+kgT In[p; (r)]
w1y (r) = ,UiHS (r)+ ,UiES (r)
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Excess Chemical Potential (ECP)

= TWwo components of ECP
= Hard Sphere (HS)

" Enite-sized 1ons
= Present ofi water molecules
= Electrostatic compoenent (ES)
= Nen-singular charge distribution on the 1on
" ECP s a function of len and water
densities and can be calculated by DET
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Coupled PNP/ECP equations

Modified Nernst-Planck equation with the ECP correction:

e _
Ji () =———D; (Np; NV (1) + (1)

KgT
Here u(r) = 1™ (r) + 1> (r) is a function of  2;(r) oy o(r)

Next slide shows how to calculate uiex In detalil

Q > Poisson equation: ;)

g, V(e(r)Ve(r)) = _Z Z;en, () =P ieq (1)
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Elow chart for PNP/ECP: model

11/18/2004

Initial guess of water density

4

Solve conventional PNP model for ion densities

A 4

Calculate ECP correction

A 4

Update water density

uoN931109 dD3J
10} uoIne.I3)l apIsu|

A

Add ECP correction to PNP model

Final solution for potential, ion and water densties
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Inside lteration for ECP: correction
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3D test structure

Dimension of 96x96x96 A

Membrane in the X-Y
plane with length 28 A
In Z direction

Rectangular channel of
8x8x28 A on the protein
wall along Z direction

Y

lon concentration at bath region is 1M/L zj
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Cation density without fixed charge

Result from test structure without permanent charge

PNP model without ECP correction PNP model with ECP correction

0
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Anion density without fixed charge

Result from test structure without permanent charge

PNP model without ECP correction PNP model with ECP correction

0
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loni densities without fixed charge
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Cation density: Comparnson

Result from test structure with positive permanent charge

PNP model without ECP correction PNP model with ECP correction

0
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Anion density: Comparison

Result from test structure with positive permanent charge

PNP model without ECP correction PNP model with ECP correction

| .
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loni densities with fixed charge
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Future Work

= Comparisens with particle simulations

= |mplementation ofi a realistic biolegical ion
channel

= Vlore efficient computational procedure
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