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Molecular Dynamics Simulations 

Molecular simulation methods constitute a reliable tool for the prediction of 3D molecular 

structure and the understanding of the mechanisms and phenomena at the atomic level. 

Molecular dynamics and Monte Carlo are two such methods used to investigate the structure, 

dynamics, and thermodynamics of biological molecules and their complexes. They are also used 

in the determination of structures from x-ray crystallography, NMR, or spectroscopy. 

 

 
 

Figure: Characteristic length-scales associated with varying levels of biomolecular simulations. 

 

Time and Length Scales of Biomolecules 

The biological functions inside and between different biomolecules are governed by the 

interactions of individual atoms and groups of atoms.  These interactions occur at multiple time 

scales, spanning more than 15 orders of magnitudes between them. The range starts from femto-

seconds (10−15 s) and can go beyond the second (s) time range.  The accessible time and length 

scale coverable for each simulation method are different.  The common simulation methods 

include quantum mechanics, molecular dynamics, and Brownian dynamics. 

 

Biological molecules exhibit a wide range of time scales over which specific processes occur 

 Local Motions (0.01 to 5 Å, 10-15 to 10-1 s) 

• Atomic fluctuations 

• Sidechain Motions 

• Loop Motions 

 Rigid Body Motions (1 to 10 Å, 10-9 to 1s) 

• Helix Motions 

• Domain Motions (hinge bending) 

• Subunit motions 

 Large-Scale Motions (> 5 Å, 10-7 to 104 s) 

• Helix coil transitions 

• Dissociation/Association 

• Folding and Unfolding 
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Statistical and Classical Mechanics 

Molecular dynamics simulations generate information at the microscopic level, including atomic 

positions and velocities. The conversion of this microscopic information to macroscopic 

observables such as pressure, energy, heat capacities, etc., requires statistical mechanics. 

 

Experiment Molecular Simulation 

 
 

Macroscopic Microscopic 

 

In a molecular dynamics simulation, one often wishes to explore the macroscopic properties of a 

system through microscopic simulations. The connection between microscopic simulations and 

macroscopic properties is made via statistical mechanics. Statistical mechanics is the branch of 

physics that studies macroscopic systems from a molecular point of view. Classical mechanics 

is the branch of physics that studies the motion of particles under the influence of forces 

(F = m × a). With molecular dynamics simulations, one can study both thermodynamic 

properties and/or time dependent (kinetic) phenomenon.  

 

Principle of Molecular Dynamics Simulation 

In a molecular dynamics simulation, the time dependent behavior of the molecular system is 

obtained by integrating Newton’s equations of motion and the potential energy function. The 

result of the simulation is a time series of conformations; this is called a trajectory or the path 

followed by each atom in accordance with Newton’s laws of motion. Most molecular dynamics 

simulations are performed under conditions of constant N, V, E, but more recent methods 

perform simulations at constant N, T and P to better mimic experimental conditions. 

An ensemble is a collection of all possible systems which have different microscopic 

states but have an identical macroscopic or thermodynamic state. 

There exist different ensembles with different characteristics. 

• Microcanonical ensemble (NVE): The thermodynamic state characterized by a fixed 

number of atoms, N, a fixed volume, V, and a fixed energy, E. This corresponds to an 

isolated system. 

• Canonical Ensemble (NVT): This is a collection of all systems whose thermodynamic 

state is characterized by a fixed number of atoms, N, a fixed volume, V, and a fixed 

temperature, T. 
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• Isobaric-Isothermal Ensemble (NPT): This ensemble is characterized by a fixed 

number of atoms, N, a fixed pressure, P, and a fixed temperature, T. 

• Grand canonical Ensemble (mVT): The thermodynamic state for this ensemble is 

characterized by a fixed chemical potential, m, a fixed volume, V, and a fixed 

temperature, T. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Initialization 

To begin a molecular dynamics simulation, you must first choose an initial configuration of 

the system, a starting point, or time = 0. Most often, in simulations of biomolecules, an x-ray 

crystal structure or an NMR structure is (obtained from the RCSB PDB) used as the initial 

structure. It is also possible to use a theoretical structure developed by homology modeling. 

The choice of the initial configuration must be done carefully as this can influence the 

quality of the simulation. It is often good to choose a configuration close to the state that you 

wish to simulate. Prior to starting a molecular dynamics simulation, it is advisable to do an 

energy minimization of the structure. This removes any strong van der Waals interactions 

that may exist, which might otherwise lead to local structural distortion and result in an 

unstable simulation. 

Yes 

No 

Initial Coordinates 

Minimize Structure 

Assign Initial Velocities 

Heating Dynamics 

Equilibration Dynamics 

Rescale Velocities 

Production Dynamics 

Analysis of Trajectories 

Temp 

OK? 
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At this point, explicit water molecules are added to solvate the protein. If you are starting 

from an x-ray crystal structure, then it is likely that some water molecules are already 

present, but the amount is usually insufficient for solvation. The solvating water molecules 

are usually obtained from a suitable large box of water that has been previous equilibrated. 

The entire box of water is overlayed onto the protein and those water molecules that overlap 

the protein are removed. At this point, another energy minimization should be done with the 

protein fixed in its energy minimized position. This allows the water molecules to readjust to 

the protein molecule. 

 

2. Heating the system 

Initial velocities at a low temperature are assigned to each atom of the system and Newton’s 

equations of motion are integrated to propagate the system in time. If you are running an 

explicit solvent simulation, first fix the protein positions and let the waters move to adjust to 

the present of the protein. Once the waters are equilibrated, the constraints on the protein can 

be removed and the whole system (protein + water) can evolve in time. During the heating 

phase, initial velocities are assigned at a low temperature and the simulation is started. 

Periodically, new velocities are assigned at a slightly higher temperature and the simulation 

is allowed to continue. This is repeated until the desired temperature is reached. 

 

3. Equilibration 

Once the desired temperature is reached, the simulation of protein/water system continues 

and during this phase several properties are monitored; in particular, the structure, pressure, 

temperature, and energy. The point of the equilibration phase is to run the simulation until 

these properties become stable with respect to time. If the temperature increases or decreases 

significantly, the velocities can be scaled such that the temperature returns to near its desired 

value. 

 

4. Production phase 

The final step of the simulation is to run the simulation in “production” phase for the time 

length desired. This can be from several hundred pico-seconds to nano-seconds or more. It is 

during the production phase that thermodynamic parameters can be calculated so the 

simulation must conform to one of the ensembles described earlier. 

 

Analysis of Molecular Dynamics Simulations 

When carrying out a molecular dynamics simulation, coordinates and velocities of the system 

are saved; these are then used for the analysis. Time dependent properties can be displayed 

graphically, where one of the axis corresponds to time and the other to the quantity of interest, 

such as energy, RMSD, etc. Other approaches have been developed for representing the time 

dependence of angle rotations (dihedrals). Average structures can be calculated and compared to 

experimental structures. Molecular dynamics simulations can help visualize and understand 

conformational changes at an atomic level when combined with molecular graphics programs 

which can display the structural parameters of interest in a time dependent way. 
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Some quantities that are routinely calculated from a molecular dynamics simulation include: 

 

(1) Mean Energy 
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and the relation between the RMS fluctuations and the crystallographic B factors; 
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(4) Radius of Gyration 
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where r
i
 - r

cm
 is the distance between atom i and the center of mass of the molecule. 

 

From a molecular dynamics simulation, time dependent properties such as correlation functions 

can also be calculated. These, in turn, can be related to spectroscopic measurement. 

 


