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Molecular Mechanics 

Molecular mechanics is a computational method that computes the potential energy surface for a 

particular arrangement of atoms using potential functions that are derived using classical 

physics. The molecular modelling or structure-based drug discovery (SBDD) use molecular 

mechanics for molecular (protein) simulations, which are essential in the study of 

conformational flexibility (energy evaluations). 

 

Molecular mechanics can be used to study molecule systems ranging in size and complexity 

from small to large biological systems or material assemblies with many thousands to millions 

of atoms. The range of applicability of molecular mechanics includes: 

 Molecules containing thousands of atoms 

 Organics, oligonucleotides, peptides, and saccharides 

 Vacuum, implicit, or explicit solvent environments. 

 Ground state only 

 Thermodynamic and kinetic properties. 

 

Potential Energy Calculation 

There are two main computational methods for calculating the energy of a molecule or a set of 

molecules: 

 Molecular mechanics (or classical physics) is based on the idea that the atoms of the 

molecule feel forces and the energy of a conformation is related to these forces. In 

molecular mechanics electrons are not explicitly included in calculation, the energy of a 

system is calculated as a function of nuclear position only. The energy functions or 

interatomic potentials used in molecular mechanics are known as a force-field. 

 Quantum mechanics (or quantum physics) treats molecules as a system of nuclei and 

electrons. It differs from molecular mechanics in that energy, momentum, angular 

momentum and other quantities of a bound system are restricted to discrete values 

(quantization). The objects have characteristics of both particles and waves (wave-

particle duality). The quantum mechanical calculations are time demanding and their 

computational requirements growth rapidly with the size of system. 

Molecular mechanics methods are much faster than quantum mechanics and their computational 

requirements do not grow fast with size of a system. 

 

Principle of Molecular Mechanics 

The molecular mechanics method is based on the following principles: 

 Nuclei and electrons are lumped into atom-like particles 

 Atom-like particles are spherical and have a net charge 

 Interactions are based on springs and classical potentials 

 Interactions must be preassigned to specific sets of atoms 

 Interactions determine the spatial distribution of atom-like particles and their energies. 
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Molecular Mechanics Force Field 

The mechanical molecular model considers atoms as spheres and bonds as springs. The 

mathematics of spring deformation can be used to describe the ability of bonds to stretch, bend, 

and twist: 

 

 

A force field is an empirical set of energy functions that describe energy related to interaction 

between atoms. A typical force field consists of bond stretching, angle bending, torsional 

rotation, van der Waals interaction, and electrostatic interaction energy functions. Hydrogen 

bonding energy term is also used in some force fields. 

 

The molecules potential energy (E) in a given conformation is calculated as a sum of individual 

energy terms. 

E
total

 = E
bonded

 + E
non-bonded

 

Where, 

E
bonded

 = E
bonds

 + E
angles

 + E
dihedrals

 + E
impropers

 and 

E
non-bonded

 = E
van der Waals

 + E
electrostatic
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 Stretching Energy 

The stretching energy equation is based on Hook’s law. The k
r
 parameter controls the 

stiffness of the bond spring, while r
0
 defines its equilibrium length. Unique k

r
 and r

0
 

parameters are assigned to each pair of bonded atoms based on their types (e.g. C-C, C-H, 

etc.). 

2

0( )bonds r

bonds

E k r r= −  

 Bending Energy 

The bending energy equation is also based on Hook’s law. The k
θ
 parameter controls the 

stiffness of the angle spring, while θ
0
 defines it equilibrium angle. This equation estimates 

the energy associated with vibration about the equilibrium bond angle. Unique k
b
 and θ

0
 

parameters for angle bending are assigned to each bonded triplet of atoms based on their 

types. (e.g. C-C-C, C-O-C, etc.). 
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0( )angles

angles
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 Torsion Energy 

The torsion energy is primarily used to correct the remaining energy terms rather than to 

represent a physical process. The torsional energy represents the amount of energy that must 

be added to r
0
 subtracted from the Stretching Energy + Bending Energy + Non-Bonded 

Interaction Energy term to make the total energy agree with experiment or rigorous quantum 

mechanical calculation for a model dihedral angle (Ethane, for example, might be used as a 

model for an H-C-C-H bond). 

6
2

,

1

(1 cos( ))dihedrals n n

dihedrals n

E k n

=

= + −    

The equation is represented by a sum of cosine functions with multiplicities n = 1, 2, 3, … 

and amplitudes k
ϕ,n

. The phases δ
n
 are usually constrained at 0° or 180° so that the energy 

surface of achiral molecules is symmetric and so that enantiomers have the same energetic 

properties. 

 

 Improper Dihedral (Out-of-Plane) Energy 

The out-of-plane is the form of an improper dihedral, where the potential energy is harmonic 

as a function of the out-of-plane angle φ. 

2
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 van der Waals Energy 

The van der Waals energy arises from the interactions between electron clouds around two 

nonbonded atoms. The attraction is due to electron correlation which results in “dispersion” 

or “London” forces (instantaneous multipole/induced multipole). van der Waals energies are 

usually computed for atoms which are connected by no less than two atoms (e.g., 1-4 

interactions between A and D in A-B-C-D and higher). Interactions between atoms closer 

than this are already accounted for by stretching and/or bending terms. 

12 6
min min

,

2
ij ij
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R R
E

r r

    
 =  −           

  

The above equation is known as Lennard-Jones potential (often referred to as the 6
12

 

potential because of the exponents). 

 

 Electrostatic Energy 

The electrostatic contribution is modeling using a Coulombic potential. The electrostatic 

energy is a function of the charge on the non-bonded atoms, their interatomic distance, and a 

molecular dielectric expression that accounts for the attenuation of electrostatic interaction 

by the environment (e.g. solvent or the molecule itself). 

, 0

1

4

i j

electrostatic

i j pairlist r ij

q q
E

r

 
=      
  

The electrostatic potential that describes the interaction of two point of charges q
i
, and q

j
 is 

called Coulomb interaction. Where r
ij
 is the distance between the two charges, and ε

0
 is the 

electric constant. The ε
r
 is called as dielectric constant, which represents the weakening of 

the interaction due to the surrounding material. For vacuum, the dielectric constant is given 

as ε
r
 = 1. 

 

Applications of Molecular Mechanics 

Molecular mechanics is used within the following computational methods: 

 

▪ Molecular dynamics – simulates dynamic behaviour of molecules (programs AMBER, 

CHARMM, MM3, GROMOS, etc.). 

▪ Protein folding – methods for prediction of protein 3D structure from sequence. 

▪ Protein-ligand docking – methods for prediction of protein-ligand binding energy 

(programs AutoDock, DOCK, Glide, ICM, etc.). 

▪ Protein-protein or protein-DNA/RNA docking – methods for prediction of protein-protein 

or protein-DNA/RNA binding energy. 


