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Molecules

Protein synthesis

Ibout_io orders I spaﬁil scales
About 20 orders in time scales >

Evolutionary Developmental Cellular biology | Molecular biology
biology biology Systems biology Biochemistry
Physiology Cellular mechanics Biophysics
Reaction diffusion Biomechanics Chemical kinetics (ODEs) Molecular dynar_nics
Stochastic models Continuum models Gene regulatory network Therm_al dynamnc_s
Kinetic models % Mechanical models % Protein network Browr!lan dynafmcs
Delayed ODEs Navier-Stokes Lagevin dynamics

Quantum modeis
QM/MM
Electrostatics
Implicit models
Boltzmann equation
Viasov-Boltzmann
Fokker-Planck

Discrete models
Homology models
Machine learning

(Non-) linear elasticity @
§ Maxwell’s equation
Thermal models
Rheological models
Hodgkin-Huxley model
Lattice models

Neural networks

Mechanical models
Reaction diffusion
Phase field models
Stochastic models
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Topological models Combinatory Master equation
Topological models Homology models
Machine learning Knot theory



Hierarchy of Methods I

Mutliscale Coupling
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Continuum Mechanics

Molecular Mechanics

Partition the phase space
Identify invariant manifolds
Reduce the dimensionality
Employ macro-micro analysis
Invoke discrete-continuum
Carry out homogenization
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http://www.globalwarmingart.com/images/7/7d/Trichlorofluoromethane_Molecule_VdW.png

Minimal Surfaces
A way to minimize
energy and maximize
stability

The first man-made lie, Bacterium, M. mycoides,
hased on informationfrom a computer




Catenoid
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Jean Baptiste Meusnier
(French, June 19, 1754-June 13, 1793)

Helicoid




Free energy functional of a surface model
G =y(Area) = | yy/gdu,du,

where gamma is the surface tension and y is the Gram [1 +52 §S j

determinant: g =1+S’+S; of matrix i) =
° s 9)=l5 s 1as?

Minimizing the surface free energy with the Euler-Lagrange equation,
we arrive at the generalized mean curvature equation:

A.S = fzax Lyﬁg” a%sj_%v{%vsj_o

where A_S is the Laplace-Beltrami operator. We solve the Laplace-
Beltrami equation helow to generate minimal molecular surfaces:

55 o (/s
=~ = \/6 V- [ﬂJ (Bates, Wei & Zhao, 2006)
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Minimal Molecular surface

The first biomolecular surface constructed
with the variational principle

Bates, Wei & Zhao, 2006
J. Comput. Chem. 2008



Virus surfaces

Chen, Saxena, Wel, 1JBI, 2009



The first PDE based molecular surface model

% =Y Veld,(vs|Vv*s|+P(vs)

The cell division protein, PDB ID:
INOE, 9245 atoms in 1328 residues

Major feature: Starting from atomic information, instead of a given surface

(Wei, Sun, Zhou and Feig, 2005)



Solvation analysis
Physiological fact: 65-90% cell mass is water

Protein in vacuum:

Protein in water:
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I'mplicit solvent model




G= j [y\VS\ +Sp+(1-S)U ]dr (Wei, BMB, 2010;
@ Chen, Zhao, Baker, Bates, Wei, 2011)

area + volume + van der Waals

0S
- VS| Ve vs_P*Y | lanlace-Beltrami equation




Solvation Energy (kcal/mol)

Comparison of nonpolar solvation free energies
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G= I [Nonpolar + Electro Jdr (Wei, BMB, 2010;
€2 Chen, Baker, Wei, JCP,2010)

Geometric = area + volume + van der Waals:
Nonpolar = y|VS|+ Sp + (1- S)U

Electro = electric field + solute charges + solvent ions:
Electro = s[% Vg - ¢nj +(1- S){g—zs Vi +kTY ¢ e -1)




Variation of the total free energy functional
B _ye|y Y3 “n % v 4f +kTZc( WK _1)—gn

=Ve -p+U -
ot \VS\

Generalized Laplace Beltram| equation
~Ve(£(S)Vg)=(1-5)> gce ' +8n

o Electrostatic binding and solvation energies

e pKa, pH values

o Electrostatic forces, ionic distributions

e Electrostatic matching between proteins and ligands
e Stability of protein folding

e Molecular dynamics

e A tool for rational drug design (interactions of receptor-
inhibitor, protein-ligand, protein-protein, signal, enzyme,
regulator, etc. )
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(Chen, Baker & Wei, JCP, 2010)
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Effect of interaction potentials

Minimal molecular surface

Protein 451c

Attractive surface Connolly surface



Blind test of 17 compounds: No parameter fitting!

(Chen, Baker & Wei, JCP, 2010)

Compound Area Voume G,  AG, AG | Expi] Emor
olycardl fracetae 24134 23411 233 -1236 -1003 8684 -1.19
banzyl bromide {5066 136.36 139 -487 347 238 -1.09
benzy| chioride 14314 13384 136 506 -370 -183 -177

m-bis{rifluoromethyllbenzene 26667 306.86 222 330 07 107 214
N N-dimethyl-p-methaxybenzamide 20831 20202 189 -922 722 -11.01 379
NN-4-imethybenzamide 20027 19325 181 784 583 076 383
bis-2-chloroethyl ather {5571 13080 144 416 271 423 152
1,1-tiacatoxyethane {7782 16048 167 -821 653 407 -156
1,1-disthoxyethane 16366 14373 155 463 308 328 020

1,4-dixane 10956 14373 101 564 462 505 043
diethyl propanedioate 19506 18222 187 775 588 600 0.12
dimethaxymethane 108.17 B836 102 -464 362 203 -060

athylens glycol diacetate 168.19 16095 162 -840 678 634 044
1,2-disthoxyethane 16925 14182 157 440 283 354 071

diethyl suifide 13381 11684 122 240 -1.17 -143 026
phanyl formae 14814 13484 137 782 645 408 237

imidazole 8005 6859 080 -1156 -1076 -9.81 -0.95

RMS=1.78 compared with RMS=1.87 by Nicholls et al (2008)



Binding free
energies of

protein-protein
Interactions
_ 15t o Caiculated E O Calculated
[s) i = | |=-— CF line
g |- CF line s ., :
£ _ S 5. { Experimental |/
o ¢ Experimental < ) Rl
200 | . - 2 ine
g 10 EF line o g}
3] L
e 5t L
L (Chen, Baker & Wei, £ ,
S JMB, 2011) 5 —15} _ S
m O 5 -4 -3 -2 -1 0
-3 1 Ln(l)
[T =T Surtaco L.harge of the Expanmental || L-akulatad
charga Aroa (AZ%) | frea monomars data
Eglnasa-lmg
(10) lamv -3 1465 B=+5; A=-8 217 2 52
Lactoglobulm
Dimer (57) (A-B) 1bab +26 1167 A=B=+13 -1.62 -2.02




Acid-Sensing Ion Channel in
Inflammatory Pain Hype sensitivity
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Peripheral inflammation
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Spinal cord

Increased ASIC ion channel activity in SDH

neurons promotes pain by central sensitization

The molecular mechanisms of
inherited arrhythmia

M. Tristani-Firouzi

Mutations in K* channel cause a decreased
outward K* current during the plateau phase
of the cardiac action potential, and lead to
cardiac arrhythmias and sudden death

How Human Ear Translates
Vibrations Into Sounds: Discovery

Of Ion Channel Turns Ear On Its
\ Headga o lnnefar

N bones /

Anthony Ricci

3 / ), Eustachian
Mlddle Tube Adevlc;cds

Inner hair cell mechanotransducer
calcium channels turns sounds into
electrical current



Physiological Facts
Human beings (and other living organisms) are run by electricity, and ion channels
are the core of our electrical system.

SERCA pump

Nature Reviews | Drug Discovery

e Jon channels are small highly selective pores in
the cell membrane

e Move ions or water

e Fast rate of transport 10° ions/s

e Transport is always down the gradient

e Non-equilibrium process



Ion channels - natural nano-bio devices

&3

Ion channels are Device Elements that
self-assemble into perfectly reproducible arrays.

Ion channels have Selectivity
K channel selects K+ over Na+ by ~104.

Ion channels Gate/Switch in response to chemical,i @ 5C
thermal, acoustic, photonic, mechanical stimuli

Ion channels allow Mutations and Evolutions

Ion channels give rise to Templates
for design of nano-bio devices and sensors



Differential geometry based Poisson-Nernst- Planck
(Zheng, Chen, & Wei, 2011) G

G= I {Nonpolar + Electro + Chemical jdx

mNonpolar: Y VS|+ Sp + (1_ S)Znaua
Em 2 Eq 2
GEIectro — S|:¢ZQ15(r o rj) o 7‘V¢‘ :| + (1_ S)|:Z naqa¢ o E‘V¢‘ :|
j a
o kT(In Mo —1]
naO
Nonpolar: Surface energy, mechanical work and general interactions

Electro: Electrostatic energies in protein and in solvent
Chemical: Chemical potentials and concentration effect

C-:'Chemical — (1_ S)Z na




Generalized Poisson equation
% = —Veg(SVg=5> Q5(r—r;)+(1-S)> q,n,
(S)=Se_ +(1-9)e,

Electrochemical potential
oG

n
— = = U, +kTIn—=+q ¢+U
&"I Iua lan nao qa¢ a
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Nernst-Planck equation
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Generalized Laplace-Beltrami equation
B B ys|veN2
55 ot VS|

VLB :_p_l__znaua

_ ¢ZQj5(r —r)+ %|V¢|2 + Znaqa¢ — %|V¢|2

+ >N, toy + kT(In n—“—lj

naO




Computational issues

Channel surface Computational domain Electrostatic
potential

Boundary conditions:
Poisson equation: Dirichlet and Neumann

Nernst-Planck equation: Non-flux at the interface and Dirichlet
Laplace-Beltrami equation: Dirichlet

Numerical methods
Matched interface and boundary (MIB, 2" order method!!!!)
Dirichlet to Neumann Mapping
Gummel iterations



Model validation at equilibrium

» Total energly . PB vs LB-PNP 2
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Simulation of Gramicidin A
Laplace-Beltrami and Poisson-Nernst-Planck equations
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Simulation of Gramicidin A
Laplace-Beltrami and Poisson-
Nernst-Planck equations

(Zheng, Chen, Wei, JBM, 2011)
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Proton transport

ATP production
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ATP is the energy
currency in human body

Influenza M2 proton channel
regulates viral replication
process in a host cell.



Multiscale model for proton transport

Multiscale model for

ion channels

Applied
Voltage

@»  Water Molecule

Fixed Charge

Proton
Lipid atom

J
=




Total energy functional for proton transport
G = J'QGfdQ = L[Nonpolar + Electro + QM [dr

Geometric = area + volume + van der Waals:
Nonpolar = »|VS|+ Sp + (1— S)U

Electro = electric field + point charges + proton charges:
Electro = %E(S)W\Z - SZqié(r —1)—(1-S)¢n

OM = kinetic + potential + Lagrange multiplier :

OM :(1_S)Mh f Gc[n]}dEm[j flye | dE—%ﬂ

Proton density: n= j ‘WE‘ (E f = (E-w)/iT
(Chen & Wei, IINMBE,2011)




Variation of the total free energy functional

ﬁzv.
ot

72 -0~ e+ Dt 1) - -

Generalized Laplace Beltrami equation
~Ve(s(S)V¢)=52 q(r—r)+(1-S)n

hZ
_%VZWE + (UGC [n]- CW)WE = Ezye

where : U.c[n]= 86‘;;[”]

Generalized Kohn-Sham eqguation
with Boltzmann statistics and scatlaring houndary conditions






Angstrom
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__Simulation of Gramicidin A
~ Laplace-Beltrami and Kohn-Sham
- equations

(Chen, Wei, CiCP, 2011)

Potential profile at C=0.1 molar
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Angstrom

14

Simulation of Gramicidin A
Laplace-Beltrami and Kohn-Sham
" equations

12

(Chen, Wei, CiCP, 2011)
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Proton transport of Gram|C|d|n A (Expl: Eisenman et al., 1980)
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To improve variational multiscale models

Need to describe the configurational changes due
to receipt binding

Need to account for the structural response to the
ion permeation

Need to reflect water flow due to the cellular
material balance

Need to account for ion-ion and ion-water
correlations



Electro-Chem-Fluid-MM model

G= j j j [Nonpolar + Electro + Chemical + Fluid + MM pxdzdt

Gyonpotar=7|VS|+Sp+(1-5)> n U,
GElectro _S|: __‘V¢‘ :|+(1 S)|: Zn q __‘V¢‘ :|
GChemical — (1_ S)Zna|::u0a T kTKIn n_a _1j:|

naO

2
2 . OV,
Gruig =—(1-3) PSV—— p+ﬁ t[ﬁv' + Jj dt'




Generalized Navier-Stokes Equation

L Ve(l-SJT+F

ov
—+V-VV [=-Vp+
o G +vevv )=

_ S [_yp_1=8 Pn
F—l_s( Vp—= V(psus+§naqa¢j+ S V(S¢)]

V.v=
Generalized Newton equation for molecular dynamics
d°z
dt’

: 1-S
fSJSI — _ij( sUs)

) _ £ j )
— fSSI T fRF T fPI

. 1-S
fl =%vj(s¢)—ijnaqa¢

fo =—VU(2)



Generalized Poisson-Boltzmann Equation

~Ves(SVg=5Sp,+(1-5)> n.q,
£(S)=Se, +(L-9S)e,

Electrochemical potential

%.C n
— = =u, +kTIn—=+q ¢+U
éh lLla lLlOO( nao qa¢ o

(04

Nernst-Planck equation

Ja:—DanaV&, an“+VOVna:—VOJa
KT ot

< 4veVn, = V{Da(vr\a o V[¢+ua]ﬂ



Generalized Laplace-Beltrami equation

il \vs\{v-WS +V, }
ot VS|

VLB — _p_l_znaua _pm¢+g7m‘v¢‘2 +Znaqa¢_%‘v¢‘2

+ Z”{ﬂo +KkT In(:“ - ﬂ
a a0

2
v° U ct| ov. 8vj
—| ps——P+= L+ dt'
Py " PTg [axj ij

+ Z{pj Z—Zj—U (Z)}



Multiscale Molecular dynamics

Multiscale MD of Trp-cage miniprotein (1L2Y)
(Geng & Wei, JCP, 2011)






Concluding remarks

e Integration of multiscales/multiphysics/multidisciplines
* Fundamental laws of physics

e Total energy functional paradigm for multiscale and
multiphysics

e Validation with experimental data
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