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Abstract: For the last several tens of years, computer simula-
tions have become of undeniable importance. Molecular Dynam-
ics (MD) simulation techniques are used to examine the phenom-
ena which occur at the level that cannot be observed directly.
Thus, they can be successfully exploited in many different scien-
tific fields such as: materials science, applied mathematics and
theoretical physics, biochemistry, biophysics or drug design. De-
spite the increasing popularity of this technique, it is still sub-
jected to some kind of restraint and distrust by many of scien-
tists working with traditional methods. The aim of this paper
is to show to what extent one can trust a computational simula-
tion made with Molecular Dynamics technique by revealing both
major advantages and limitations of this method.

1. Introduction

Thanks to the progress in computer science, computational simulations have become
of undeniable importance. Molecular Dynamics (MD) simulation techniques provide
an efficient and insightful complement to experimental evaluation. Therefore, they
can be successfully exploited in many different scientific fields such as: materials sci-
ence, applied mathematics and theoretical physics, biochemistry, biophysics or drug
design. For areas related to protein science, computational simulation is an invalu-
able tool for studying of molecular mechanisms at different levels and to understand
the relationship between structure, dynamics and function of the protein.

Scientific simulation is supposed to mimic the reality. Thus, a simulation of a bio-
logical molecule should imitate behavior of this molecule in its natural conditions, for
example protein folding or enzyme inhibition occurring in the cellular environment.
When presenting results from MD analysis, one of the most frequently arising ques-
tions is to what extent the simulation is credible, to what point it is able to reproduce
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the real motions and structural changes of the protein.

2. Molecular Dynamics method

The molecular dynamics simulation method is based on Newton’s second law or the equa-
tion of motion,

F = mi · ai (1)

where
F – the force exerted on particle i [N],
mi – mass of particle i [kg],
ai – acceleration of particle i [m/s2].
The force can also be expressed as the gradient of the potential energy,

Fi = −∇iV (2)

where V is the potential energy of the system.
Combining equations 1 and 2 brings to:

− dV

dri
= mi ·

d2ri
dt2

(3)

Newton’s equation of motion can then relate the derivative of the potential energy
to the changes in position as a function of time.

From a knowledge of the force on each atom, it is possible to determine the ac-
celeration of each atom in the system. Integration of the equations of motion then
yields a trajectory that describes the positions, velocities and accelerations of the
particles as they vary with time. The method is deterministic; once the positions and
velocities of each atom are known, the state of the system can be predicted at any
time in the future or the past (Kumar 2005).

Many molecular dynamics programs can be used to carry out a simulation. Among
them, to most popular are listed below:

• NAMD,
• GROMACS,
• AMBER,
• CHARMM,
• TINKER.

Although very different, all of them must perform the same steps and fulfill the same
conditions in order to properly recreate behavior of a molecule (Fig. 1).

First of all, the starting structure should be prepared. For that, the high-resolution
crystal structure is required. Before performing the MD simulation, all unnecessary
hetero atoms are removed. The hydrogen bond network is optimized by addition
of polar hydrogens.

The system is then put into simulation box, which is subsequently filled with pre-
equilibrated water molecules (for example single point charge (SPC)) (Berendsen,
Postma, Vangunsteren, Dinola & Haak 1984). The simulated system must be neutral
thus, if needed, an appropriated number of ions is added to compensate the negative
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or positive charge. The energy of the system is then being minimized (for exam-
ple using the Steepest Descent algorithm). Afterwards, position restrained molecular
dynamics of about 100 ns is performed in the Canonical Ensemble (NVT, the ther-
modynamic state is characterized by a fixed number of atoms, N, a fixed volume, V,
and a fixed temperature, T). During the run all protein’s heavy atoms are position
restrained with force constant of a given value. Thus prepared, the system can be
subjected to the actual molecular dynamics run.

Fig. 1. Molecular Dynamics setup

Parameters controlling the simulation run are of not lesser importance. The ex-
ample below shows the parameters for a simulation of a system composed of a large
protein (1 456 amino acids, 14 280 atoms) in complex with 4 copies of a small ligand
(20 atoms each), 116 701 molecules of water, 20 sodium ions and 4 magnesium ions,
performed with GROMACS 4.05 simulation package (Van Der Spoel, Lindahl, Hess,
G., M. & Berendsen 2005, Hess, Kutzner, van der Spoel & Lindahl 2008). Gromos96
subtype 43a2 force field, recommended for simulations of protein systems, has been
chosen.

The simulation was run for 300 ns in the NPT ensemble at 300 K. The periodic
boundary conditions and removal of the center of mass translation were used and
the temperature remained constant at 300 K using Berendsen-thermostat method.
The elements of the systems were divided into 3 groups: protein, ligands and rest
(water and ions). For each of these groups, the temperature was coupled to a
reference temperature bath with the coupling constant of 0.1 ps (Berendsen et al.
1984). The pressure was maintained constant using Berendsen exponential relaxation
pressure coupling with time constant of 0.5 ps and the reference pressure of 1 bar
(Berendsen et al. 1984). At each step, the vectors of the simulation box were re-
scaled. Initial velocities were randomly generated according to the Maxwell distribu-
tion at the temperature of 300 K. The long-range electrostatic interactions were han-
dled by the particle-mesh Ewald (PME) algorithm (Darden, York & Pedersen 1993).
Bond lengths were constrained at their optimal values using the LINCS algorithm
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(Hess, Bekker, Berendsen & Fraaije 1997), which allowed a relatively large integra-
tion time step of 2 fs to be set. The individual systems states comprising coordinates
and velocities were collected every 10 000 steps, the energies were saved every 500
steps and the compressed trajectory files were updated every 3 000 steps.

3. Verisimilitude of a simulation

Although crystallography provides only static proteins’ structures, crystallographic
temperature factors, known as B-Factors, constitute a measurement of structure’s
flexibility. For that reason the correlation between calculated root mean square fluc-
tuations (RMSF) from mean structure and experimental B-factors is a good manner
of testing the quality of the real protein behavior recreation by the MD simulation.
The result of this analysis, shown in Fig. 2, indicates that the atomic fluctuations
recreated by the exemplary simulation resemble to great extent the B-Factors of
the crystal structure used as the simulation model (2PUV). The correlation between
these graphs indicates that the remodeling of protein’s behavior was of good quality
for the analyzed simulation. Therefore, the verisimilitude has been verified.

Fig. 2. Comparison of RMSF values for a 115 ns fragment of a 300 ns MD with
crystallographic B-Factor values of the structure (PDBID:2PUV)

4. Limitations of molecular dynamics

For the verisimilitude and quality of simulation, the parameters of molecular dynamics
are crucial. As MD simulations can be time consuming and computationally expen-
sive, the choice of an appropriate size of the system, especially with explicitly treated
water molecules, provides a great computational challenge. Generally, the timescale
of MD simulations for solvated systems containing large macromolecules is limited
to hundreds of nanoseconds, which is significantly shorter than the biologically rel-
evant timescale of conformational changes that may require milliseconds or longer.
Therefore, inefficient sampling is still a significant obstacle to extracting meaning-
ful correlated motions from MD simulations (Hess 2000, Balsera, Wriggers, Oono &
Schulten 1996).

The other major limitation of MD simulations is the quality of structures used
as the simulation model. Available structures are often incomplete – there are frag-
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ments missing – or of poor resolution which makes it necessary to remodel the missing
elements. Thus, the credibility of results is not as good as it could be with a perfectly
clear starting structure.

5. Conclusion

Molecular dynamics methods are a fast and useful tool. To large extent, compu-
tational simulations are trustworthy and constitute not only a succor for analysis
made with traditional methods, but a valuable technique enabling an insight view
into phenomena which cannot be analyzed by traditional methods.

Although MD simulations have several limitations and it is important to be aware
of them in order to make reasonable use of the method, the technique is very promising
and still developed which hold our hope that, with time, computational simulation
will become more and more powerful.
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