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Species  Organs  Cells  Molecules  

Reaction diffusion  
Stochastic models  
Kinetic models  
Delayed ODEs  
Discrete models  
Homology models  
Machine learning  

Continuum models  
Mechanical models  
Navier -Stokes  
(Non -) linear elasticity  
Maxwellôs equation 
Thermal models  
Rheological models  
Hodgkin -Huxley model  
Lattice models  
Neural network s 
Geometric models  
Topological models  
 

Chemical kinetics (ODEs)  
Gene regulatory network  
Protein network  
Neural networks  
Hodgkin -Huxley model  
FitzHugh -Nagumo model  
Mechanical models  
Reaction diffusion  
Phase field models  
Stochastic models  
Statistical models  
Monte Carlo  
Combinatory  
Topological models  
Machine learning  

Molecular dynamics  
Thermal dynamics  
Brownian dynamics  
Lagevin  dynamics  
Quantum models  
QM/MM  
Electrostatics  
Implicit models  
Boltzmann equation  
Vlasov -Boltzmann  
Fokker -Planck  
Monte Carlo  
Master equation  
Homology models  
Knot theory  

              
About 20 orders in time scales  

About 20 orders in spatial scales  

Molecular biology  
Biochemistry  
Biophysics  

Cellular biology  
Systems biology  
Cellular mechanics  

Developmental 
biology  
Physiology  
Biomechanics  

Evolutionary  
biology  



 

Hierarchy of Methods  
 

Ab initio, CI  

Length scale  

Continuum Mechanics   

Molecular Mechanics  

SE-QM 
approx -DFT 

HF, DFT  
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Å Partition the phase space 
Å Identify invariant manifolds  
Å Reduce the dimensionality 
Å Employ macro-micro analysis 
Å Invoke discrete-continuum 
Å Carry out homogenization 

http://www.globalwarmingart.com/images/7/7d/Trichlorofluoromethane_Molecule_VdW.png


Minimal Surfaces  
A way to minimize 

energy and maximize  
stability   

Viral morphology 



Leonhard Paul Euler    
(Swiss Mathematician,       

April 15, 1707 ï Sept 18 1783   

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

Helicoid  

Catenoid  

Jean -Baptiste  
Siméon Chardin  
(Mid-18th Century) 

Minimal Surfaces   
Joseph -Louis Lagrange   
(Italian Mathematician,  
January 25 1736 ï April 10, 1813) 
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Free energy functional of a surface model 
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where gamma is the surface tension and g is the Gram 

determinant:                                            of  matrix 

Minimizing the surface free energy with the Euler-Lagrange  equation, 

we arrive at the generalized mean curvature equation:    

where             is the Laplace-Beltrami operator.   We solve the Laplace-

Beltrami equation below to generate minimal molecular  surfaces: 
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(Bates, Wei & Zhao, 2006) 

http://psp.88000.org/r?12


Minimal Molecular surface  
The first  biomolecular surface constructed 

with the variational principle  

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

Generalized Laplace-Beltrami flow:  
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Virus surfaces 

Chen, Saxena, Wei, IJBI, 2009 



(Wei, Sun, Zhou and Feig, 2005) 

The first PDE based molecular surface model 
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Major feature:  Starting from atomic information, instead of a given surface  

The cell division protein, PDB ID: 
1N0E, 9245 atoms in 1328 residues 



Implicit solvent model 

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

Protein in vacuum: 

Protein in water:  
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Differential geometry based nonpolar solvation model 

area + volume + van der Waals 

1m SW =

0

s

S

W

=

(Wei, BMB, 2010; 
Chen, Zhao, Baker, Bates, Wei, 2011) 
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Laplace-Beltrami equation 



Ratkova et al, (integral eqn theory) 
J. Phys. Chem. B, 114, 12068, 2010.  

Wagoner and Baker. PNAS,103, 
8331, 2006.  

Gallicchio, Kubo, Levy, J. Phys. Chem. 
B, 104, 6271, 2000  

Variational multiscale (Chen, 
Zhao, Baker, Bates, Wei, 2011)  

Comparison of nonpolar solvation free energies  

11 Alkanes 11 Alkenes 
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Differential geometry based solvation model 

Geometric = area + volume + van der Waals: 

Electro = electric field + solute charges + solvent ions: 

1m SW =

0

s

S

W

=

(Wei, BMB, 2010; 
Chen, Baker, Wei, JCP,2010) 



Variation of the total free energy functional 
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Generalized Laplace Beltrami equation 

Generalized Poisson-Boltzmann equation 
Å Electrostatic binding and solvation energies  

Å pKa, pH values  

Å Electrostatic forces, ionic distributions  

Å Electrostatic matching between proteins and ligands  

Å Stability of protein folding  

Å Molecular dynamics  

Å A tool for rational drug design  ( interactions of receptor -
inhibitor, protein - ligand, protein -protein, signal, enzyme, 
regulator, etc.  )  
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