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Abstract Molecular dynamics (MD) simulation is a computational technique for
understanding the physical motions of atomic and molecular particles. In this
approach, atoms and molecules interact for a defined time period, revealing infor-
mation on the dynamic evolution of the system. Newton’s equations of motion are
used to determine the trajectories of atoms and molecules. The forces and potential
energy between atoms and molecules are calculated using molecular mechanics
force fields or interatomic potentials. The approach was originally created for
applications in the field of theoretical physics; however, it is now used in other
areas, including materials science, theoretical chemistry, computational biology, etc.
This technique determines the time-dependent behaviour of a molecular system. MD
simulation has been widely used to study the conformational changes of
biomacromolecules to explore the structure and dynamics of proteins, nucleic
acids, and their complexes. It has also been used to study the protein—ligand
interactions, which are essential for various processes inside the cell, such as signal
transduction, immune reaction, and gene regulation. The data help explore the
regulatory mechanisms of various biological processes. MD studies also provide a
theoretical background for drug design and discovery. Therefore, MD simulation has
been extensively used by researchers in combination with biochemical and biophys-
ical methods to obtain a dynamic understanding of biomolecular behaviour. This
chapter discusses various MD simulation methods and how they are used to study
the structural dynamics of proteins.

Keywords MD simulation - Force fields - Statistical mechanics - Classical
mechanics - Periodic boundary condition - Energy minimization - Metadynamics -
Umbrella sampling - Protein folding

A. Kumar () - K. K. Ojha
Department of Bioinformatics, Central University of South Bihar, Gaya, India
e-mail: kumaranil @cub.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 83
P. Saudagar, T. Tripathi (eds.), Protein Folding Dynamics and Stability,
https://doi.org/10.1007/978-981-99-2079-2_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-2079-2_5&domain=pdf
mailto:kumaranil@cub.ac.in
https://doi.org/10.1007/978-981-99-2079-2_5#DOI

84 A. Kumar and K. K. Ojha

1 Introduction

In living beings, proteins carry out various cellular functions, including transport,
cell signalling, and metabolic processes, such as catalysis. All of these processes rely
heavily on the structural dynamics of the protein. The protein sequence folds in a
specific manner to get a 3D conformation stabilized by various chemical interac-
tions, including covalent and non-covalent interactions. The general approach to
understanding the folding process of a protein is studying its unfolding behaviour.
Spectroscopic techniques, such as circular dichroism (CD) and fluorescence spec-
troscopy, are most commonly used for understanding the forces and interactions
involved in protein unfolding dynamics [1]. Understanding the protein folding/
unfolding processes necessitates detailed atomic-level data, which could not be
obtained using conventional wet-lab spectroscopic techniques. Recent years have
seen the development of molecular dynamics (MD) simulation as a tool for under-
standing protein dynamics at the atomic level [2]. This method provides information
about each atom as a function of time to characterize a molecule’s dynamic behav-
iour. MD simulation has the merit of delivering time-dependent information regard-
ing the folding and unfolding processes and inter-residue interactions [3].

In the late 1950s, Alder and Wainwright employed the MD method to investigate
the interactions of hard spheres for the first time [4, 5]. Their discoveries shed light
on the behaviour of simple liquids in various ways. Rahman made the following
significant achievement in 1964 when he simulated liquid argon for the first time
using a realistic potential [6]. Rahman and Stillinger’s simulation of liquid water in
1971 was the first MD simulation study of a realistic system [7]. In 1977, the first
protein simulation was performed [8]. MD simulation of solvated proteins, protein—
DNA complexes, and lipids are very common in today’s published reports, dealing
with various challenges such as ligand binding thermodynamics and protein folding
[9]. The number of simulation methodologies has exploded, and there is now a
plethora of techniques for specific problems, such as mixed quantum-classical
simulations for studying enzyme activities in the context of the entire protein. MD
simulation approaches are also extensively utilized in experimental methods such as
X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy to
provide dynamic information about the proteins [10].

The field of MD simulation is rapidly expanding. The improvement of numerous
approaches, such as force field advancement, sampling techniques, and superior
processing power, has enabled us to do simulations in the microsecond to millisec-
ond range with femtosecond coordinates [11]. MD simulation has the potential to
shed light on a variety of biological problems. The use of MD simulation, on the
other hand, necessitates the development of optimum models that closely resemble
the cellular environment. As a result, the MD simulation will be more effective if
more robust algorithms for modelling, docking, scoring, and energy calculations are
developed [12].

In the last few decades, various approaches, including X-ray crystallography,
NMR spectroscopy, and cryo-electron microscopy (cryo-EM), have been used to
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Table 1 RCSB PDB statistics as of December 25, 2022
RCSB PDB total entries (199,507)

Types of
S. no. | Methods Entries | S. no. | molecules Entries
1 X-ray 171,640 |1 Protein only 173,443
2 Nuclear magnetic resonance 13,878 2 Protein -NA 11,157
(NMR)
3 Electron microscopy (EM) 13,665 |3 DNA only 2247
Multi-method 213 4 RNA only 1681
5 Others 111 5 Others 10,979

produce structures of a large number of biomacromolecules. However, there is still a
significant disparity between the number of available protein sequences and the
available protein structures. UniProtKB/TrEMBL’s recent release comprises
22,95,80,745 sequence entries, whereas the protein data bank (PDB) only has
1,99,507 structures as of December 25, 2022. This shows that only a tiny part of
all sequences have known structures. The PDB data as of December 25, 2022, are
displayed in Table 1. As a result, protein structure prediction is critical for closing
this huge gap. The recent development of high-end computing, such as DeepMind’s
AlphaFold, has been used to create models for half of the understudied (dark) human
proteins [13]. It has also determined around 200 million protein structures from
almost 1 million species, now available to scientists in DeepMind’s database [14].

Though biomolecules are highly dynamic, most of the above approaches provide
the structural information of a biomolecule in a static manner [15], such as a protein—
small molecule complex presented as a static pose through molecular docking. MD
simulation can aid large-scale computing to predict dynamic behaviour [5, 16]. Pro-
tein conformational dynamics serve a variety of functions, including transport,
signalling molecules, sensors, and mechanical effectors, as well as interacting with
the various substrates [17, 18].

In MD simulation, the protein and water molecules are used to create and mimic
in vivo environments. Protein and water atoms move in femtosecond (fs) time scale.
The forces on each atom are calculated using a force field. The force field includes
bonded and non-bonded potential terms in potential energy functions. Newton’s law
of motion is used to update the velocity and coordinates of the systems, which are
also updated in the trajectory with time. The first MD simulation of biological
macromolecules was performed by McCammon et al. in 1977 for the bovine
pancreatic trypsin inhibitor [8]. Later, researchers explored the role of thermal factor
() in the internal movements of protein [19-21]. Aspects of mean square variations
versus residue number were investigated in these studies. Subsequent advancements
in MD simulation revealed a broad spectrum of nucleic acid and protein motions.
Since the trajectories can store all the coordinates, they can provide an ensemble of
conformations of any structure. From MD simulation data, principal component
analysis (PCA) can also be performed [22, 23]. MD simulation provides information
on macromolecular structural flexibility and abet in comprehending experimental
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results, such as NMR parameter dynamics and the effect of solvent and temperature
on the stability of a protein [24, 25]. For X-ray structure refinement and NMR
structure determination, the simulated annealing method is commonly used [26].

MD simulation can be used for computing the temporal evolution of atomic
degrees of freedom by solving Newtonian equations of motion [27]. It allows
researchers to observe atomic processes, such as chemical reactions and atomic
diffusion, at the atomic time and length scales in large or complex systems. Analysis
of repeated simulations, each run under various conditions, allows for the develop-
ment of a model for a dynamic process [28]. It is among the essential tools for
understanding biomolecules theoretically. This approach determines the time-
dependent behaviour of a system. It provides precise information on the conforma-
tional and structural changes of proteins and nucleic acids [29]. Biomolecular
processes occur over a wide range of time scales: side chain and loop motions are
classified as local motions (0.01 to 5 A range) that take 10~ "> to 10" s to complete;
rigid body motions (1 to 10 A range) include helix, domain, and subunit motions that
typically take 10~ to 1 s; and helix-coil transitions and protein folding are examples
of large-scale motions (>5 A range) that take 10”7 to 10* s. Changes that occur in a
short period are difficult to view using macroscopic experiments, but by simulating
under physiological conditions computationally, the majority of the changes that
happen in a short period of time can be visualized. MD simulation enables the
investigation of complex biological systems, such as protein stability, protein fold-
ing, molecular recognition, ion transport, etc. It also allows researchers to investigate
computer-aided drug design using structural information of biomolecules obtained
through X-ray and NMR.

2 Statistical Mechanics

MD simulation generates microscopic data such as atomic positions and velocities.
Using statistical mechanics, this data can be converted into macroscopic observables
such as pressure, energy, and heat capacity [30]. Statistical mechanics is essential for
MD simulation of biological systems. MD simulation is commonly used to investi-
gate a system’s macroscopic properties using microscopic simulations, such as the
calculation of changes in the binding free energy of a candidate drug or to investigate
the energetics and processes of conformational changes [31]. The mathematical
formulae that correlate macroscopic properties with the motion of the atoms and
molecules are provided by statistical mechanics. MD simulation, on the other hand,
provides methods for solving particle equations of motion and evaluating these
formulae [32]. MD simulation can also be used to investigate thermodynamic
features as well as time-dependent (kinetic) processes.

Statistical mechanics is a discipline of physics that looks at macroscopic systems
from a molecular perspective to deduce macroscopic phenomena from the properties
of the molecules that make up the system and to forecast them [33]. Time-
independent statistical averages are frequently used to connect the macroscopic
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system to the microscopic system. In the following paragraphs, we will try to explain
a few definitions of statistical mechanics to represent a physical system.

A thermodynamic state of a system is characterized by a set of parameters, such as
temperature, pressure, and the number of particles, N. The equations of state and
other fundamental thermodynamic equations can be used to calculate various ther-
modynamic properties. The atomic locations, g, and momenta, p, constitute the
mechanical or microscopic state of a system, which can alternatively be considered
coordinates in a multi-dimensional space (phase space). This space has 6N dimen-
sions for a system of N particles. The state of the system is represented by G, a single
point in phase space. A group of locations in a phase space that satisfies the criteria of
a specific thermodynamic state is termed an ensemble. As a function of time, MD
simulation generates a series of points in phase space that are part of the same
ensemble and correspond to the various conformations and momenta of the system.
There are descriptions of several different ensembles. An ensemble is a collection of
all feasible systems with distinct microscopic states but the same macroscopic or
thermodynamic state. There are several ensembles available for studying physical
systems, such as microcanonical ensemble (NVE), canonical ensemble (NVT),
isobaric-isothermal ensemble (NPT), and grand canonical ensemble (uVT). A
given number of atoms, a fixed volume, and a fixed energy characterize the thermo-
dynamic state of NVE. This is similar to an isolated system. In NVT, the number of
atoms, volume, and temperature are considered fixed. In NPT, the number of atoms,
pressure, and temperature remains fixed. However, in pVT, volume and temperature
are fixed for a given chemical potential.

An experiment is frequently performed on a macroscopic sample containing a
large number of atoms that sample a vast number of different conformations.
Averages for experimental observables are defined using ensemble averages in
statistical mechanics [34]. An ensemble average is a calculation that takes into
account a large number of system copies at the same time (Fig. 1).

The ensemble average is computed as follows:
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(A)Ensemble://dedrNA(pN,fN)P(PN’rN)

where A ( pN , ™) is observable, defined as a function of the system’s momenta ( p)
and locations (7). Integration is performed on all possible variables of r and p. The
ensemble’s probability density is given by

oY) = 1@ exp[— H(p", ) /ksT]

where H represents the Hamiltonian, 7 is the temperature, kg is Boltzmann’s
constant, and Q is the partition function.

Q://dedrN exp[—H(pN,rN)/kBT]

This integral is highly difficult to calculate since it necessitates calculating all
possible system states [35]. Because the points in an ensemble are generated
sequentially in time in an MD simulation, the simulations must traverse through
all conceivable states that match the specific thermodynamic constraints to calculate
an ensemble average. Another method, which is used in MD simulations, is to
calculate a temporal average of A, which is written as:

T

(A)timezrlingol / AN (1), (1)) de ~ % > AP, )
t=1

T
t=0

where ¢ is the time of simulation, M represents time steps, and A(pN,rN) is the value
of A at a particular instant.

MD simulation can compute only temporal averages, while the experimental
observables are considered ensemble averages. The ergodic hypothesis, which is
one of the fundamental principles of statistical mechanics, states that the temporal
average equals the ensemble average [35]. The central premise is that if a system is
allowed to grow indefinitely, it will pass through all possible states. As a result, one
of the goals of an MD simulation is to create enough sample conformations to satisfy
this equality [36]. Experimentally relevant data on structural and thermodynamic
properties can be calculated with a reasonable resource of computing power. As the
simulations have a defined time, it is important to sample enough phase space
[37]. The average potential energy of the system is represented as
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where M represents the trajectory configurations and V' is the potential energy of a
particular configuration.
The average kinetic energy is expressed with the following equation:

M (N .
K=(K)= ]ll/l >N %vi.vi j

ji=1 Li=1

where M represents the number of configurations, N is the atoms number, m; and v;
are the mass and velocity of the particle i, respectively. An MD simulation must last
long enough to sample a large number of relevant conformations.

3 C(Classical Mechanics

Newton’s second law, F' = ma (where F is the force applied on the particle, m is the
particle’s mass, and a is the particle’s acceleration), is the sole foundation of the
traditional MD simulation. It is possible to determine each atom’s acceleration in a
system using the force acting on each atom [38]. A trajectory that depicts the
locations, velocities, and accelerations of the particles over time is created after
integrating the equations of motion [37]. This method can be used to calculate the
average values of the particle properties. Since it is a deterministic method, the
system’s state can be calculated at any point in time, past or future, if the positions
and motions of each atom are known. MD simulation can be time-consuming and
expensive; computers, on the other hand, are becoming robust and cheaper. Up to the
nanosecond time scale, simulations of solvated proteins can be calculated; nonethe-
less, simulations of the millisecond time scale have also been recorded using high
performance computing. Newton’s equation of motion is expressed as:

F i = ma;
where F; represents the force acting on particle i, while m; and g; are the mass and

acceleration, respectively. The force can also be described as a potential energy
gradient.

Combining these two equations result to:

v
d}’i - dar?

where V represents the system’s potential energy. This equation can be used to relate
the derivative of potential energy to changes in position as a function of time.
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3.1 Newton’s Second Law of Motion

% d*x
F:m-a:m~E:m~W

Considering the acceleration as constant

v
T dt

After integration, the expression for the velocity can be written as
v=at+ vy

since

dx
dt

after further integration
X=v-t+Xxg

Combining the above equation with the velocity, we get the below relation that
gives the value of x at time ¢ as a function of the initial position (xy), the acceleration
(a), and the initial velocity (vy).

x:%a*t2+vo*t+xo

The acceleration is calculated using the derivative of potential energy with respect
to the position (r).

Therefore, the initial positions of the atoms, an initial velocity distribution, as well
as the acceleration determined by the gradient of the potential energy function are all
required to construct a trajectory [39]. The positions and velocities at time zero
determine the positions and velocities at every other time (¢), as the motion equations
are deterministic. The initial positions can be taken from experimental structures,
such as the protein’s X-ray crystal structure or NMR structure. The initial velocity
distribution is commonly derived from a random distribution with magnitudes that
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conform to the requisite temperature and that are corrected to ensure that there is no
overall momentum, which is represented by

N
p= ZmivizO

i=1

The probabilities of an atom having a velocity vy in the x direction at a temper-
ature T are determined by selecting velocities, v;, at random from a Maxwell-
Boltzmann or Gaussian distribution.

(vix) = i lx —lmiviz"
PVi) =\ 22k ) 2 P |7 2 T

The temperature can be obtained as follows:

(3N) =1 2mi

where N represents the number of atoms in the system.

3.2 Integration Algorithms

The potential energy is a function of all atoms in a system’s atomic locations (3N).
The equations of motion have no analytic solution due to the intricate nature of this
function; they must be solved numerically [40]. Several numerical techniques have
been devised to integrate the equations of motion, such as the Verlet algorithm,
Leap-frog algorithm, Velocity Verlet ,and Beeman’s algorithm. While choosing an
algorithm, one should consider that the algorithm should conserve energy and
momentum. It should be computationally efficient and allow a long-time step for
integration. The locations, velocities, and accelerations of all the integration tech-
niques are assumed to be approximated by a Taylor series expansion:

P+ 80) = r(e) + V(031 + S () + .

r(t 4 8t) =v(t) + a(t)dt + %b(r)éﬂ + ...

a(t+6t)=a(t) + b(t)ot + . ..

where r represents the position, v is the velocity (the first derivative with respect
to time), and a is the acceleration (the second derivative with respect to time), etc.
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3.2.1 Verlet Algorithm

To derive the Verlet algorithm, one can write:

P+ 80) = (1) + V(031 + L (1)

(= 1) = r(t) — V()61 + 3 (1)o7

After summing the above two equations:
r(t+ 8t) =2r(t) — r(t—5t) + %a(l)étz

The Verlet method calculates new positions at time ¢ + dt by combining locations
and accelerations at time ¢ with positions from time #-dt. There are no stated
velocities in the Verlet algorithm. The Verlet algorithm is simple with minimal
storage needs, but the disadvantage is that the algorithm is of moderate
precision [41].

3.2.2 The Leap-Frog Algorithm

In this method, the velocities are calculated at time ¢ + 1/2dt. Further, these are used
to find the positions () at time ¢ + dt. In this way, the velocities leap over the
positions, and then the positions leap over the velocities [42].

r(t+6)=r(t) + v(t + %5:) S5t

v(t + lét) :v<t +15t) +a(r)ét
2 2
This approach has the advantage of explicitly calculating velocities; however, it
has the disadvantage of not doing so simultaneously with the positions. The rela-
tionship can be used to approximate the velocities at time .

v(t)= % [v(t— %&) +v(t+%6t)]

3.2.3 The Velocity Verlet Algorithm

This algorithm returns positions, velocities, and accelerations at time t. Precision is
not uncompromised.
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r(t+8t)=r(t) + v(t)dt + %a(t)étz

1+ 60) = (1) + s la(t) + a(i + o)t

3.2.4 Beeman’s Algorithm

This algorithm is very similar to the Verlet algorithm.

r(t+8t)=r(t) +v(t)dt + %a(l)étz - éa(r— o)t

v(t + 8t) =v(t) + v(t)6t + %a(l)ét + %a(r)ﬁt - éa(l— 5t)6t
This algorithm has the advantage of providing a more accurate expression for
velocities and better energy conservation [43]. The disadvantage is that more
complex expressions increase the cost of the calculation.

4 Principle of MD Simulation

The Born-Oppenheimer approximation, which separates the slow atomic degrees of
freedom from the fast motion of light electrons, is the core of MD simulation
[43]. Binding in solids and molecules is due to the interaction of electrons with the
atomic core, which is seen almost at rest by the electrons. This interaction also
provides interatomic forces when the atom cores are treated as classical particles.
While it was required to approximate these forces with appropriate interatomic
potentials initially, the introduction of fast electronic computers and the Car—
Parrinello method enabled the interaction to be treated on a first-principles basis,
allowing predictive quantitative simulations [43].

4.1 Periodic Boundary Condition

Periodic boundary conditions (PBCs) are a group of boundary conditions that are
used to approximate a large (infinite) system with a small component called a unit
cell. Simulations and mathematical modelling frequently employ PBCs. PBCs are
used in MD simulation to eliminate finite-size boundary effects and to make the
system similar to an infinite one at the expense of potential periodicity effects
[43]. The existence of PBC ensures that every atom that exits a simulation box via
the right-hand face must re-enter via the left-hand face. If we look at the face of the
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simulation box opposite the one from where the protein is protruding in the case of a
large protein, we will notice a hole in the solvent. The molecule(s) shift from where
they were initially situated within the box since they are free to diffuse around in
most simulations [44]. During the simulation, the box is not centred on anything.
Molecules are not automatically made complete. Using PBCs to solve the surface-
effects problem is an alternate and preferred method. PBCs can be approached in
various ways, but we will stick to the minimum-image convention. We must first
understand the concept of a unit cell before discussing PBCs. A unit cell is the
simplest representation of a system. If we are imitating a crystal, we might pick a tiny
cell with a few hundred atoms that match the desired crystal form. When simulating
a gas, our unit cell could be a small volume containing several hundred gas
molecules. We can start with a tiny unit cell volume, even if the purpose of the
simulation is to obtain insight into bulk crystal or gas properties (easily >10"°
molecules). Then we can make neighbouring copies (images) of the unit cell that
duplicate the contents of the unit cell in adjacent volumes. The images are a duplicate
of the original simulation region and are used to lessen or eliminate border effects by
providing an equivalent surrounding environment of atoms to every atom in the unit
cell, independent of position in the unit cell. We can update the original unit cell’s
positions, forces, and velocity. Mirror replicas of the unit cell will be updated in the
surrounding image cells. As a result, the atoms in the image cells have no physical
significance on their own and are only constructs for PBCs.

The seeming “never-ending” aspect of the unit cell, that is, when an atom exits
through a wall in the unit cell, it subsequently re-enters on the opposite side of the
unit cell with the same velocity, is one of the simple and attractive effects of PBCs
[45]. The layout of the image cells supports this continuity because as an atom
departs the unit cell, the same atom’s image may be seen entering the unit cell from
an image.

4.2 Ewald Summation

Ewald summation is a technique for calculating long-range interactions in periodic
systems, such as electrostatic interactions [46]. The total electrostatic energy of NN
particles and their periodic images can be calculated using the following:

I DI I

nx ny onk i rij,n

The box index vector is (n4,ny,1,) = n, and the asterisk mark designates that terms
with i = j should be omitted in case (ny.ny.n,) = (0,0,0). The distance ryj,, as
opposed to the minimum image, represents the actual distance between the charges.
Although incredibly slow, this sum is conditionally convergent. Ewald summation
was initially developed to determine the long-range interactions of the periodic
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images in crystals. The goal is to split the single, slowly convergent sum into two
components that swiftly converge and a constant term.

4.3 Particle Mesh Ewald (PME) Method

The Particle Mesh Ewald (PME) method is given by Tom Darden to enhance the
reciprocal sum performance. The charges are interpolated to a grid instead of just
adding wave vectors. Cardinal B-spline interpolation or smooth PME (SPME), is
used in GROMACS [47]. Using a 3D FFT technique, the grid is then Fourier
transformed, and the reciprocal energy term is calculated by summing the grid in
k-space. The inverse transformation is used to calculate the potential at grid points,
and interpolation factors are used to determine the forces working on each atom. In a
medium to large systems, the PME technique is noticeably faster than standard
Ewald summation. Ewald may still be preferable on relatively small systems to
save time setting up grids and transforms. The PME direct space potential is moved
by a constant in the Verlet cut-off scheme so that the potential is zero at the cut-off.
In contrast to the Lennard-Jones potential, where all shifts add up, this shift is minor,
and because the net system charge is almost zero, the total shift is also minimal. We
nonetheless apply the shift to make the potential precisely equal to the integral of the
force.

4.4 Thermostat in MD

By altering the system’s temperature in some way, thermostats are intended to assist
a simulation sample from the appropriate ensemble (i.e. NVT or NPT). We must first
define what is meant by temperature. The “instantaneous (kinetic) temperature” in
simulations is typically calculated from the system’s kinetic energy using the
equipartition theorem. In other words, the system’s total kinetic energy is used to
calculate the temperature [48]. The purpose of a thermostat is not to maintain a
constant temperature because doing so would mean fixing the total kinetic energy,
which is wrong and not what NVT or NPT are intended to do. Instead, it guarantees
that a system’s average temperature is correct.

Consider a glass of water placed in a space to understand this case. Consider
estimating the kinetic energy of a few molecules in a small area of the glass by
looking at them extremely closely [49]. Because there are so few particles, you
would not anticipate the kinetic energy to be perfectly constant; instead, you would
anticipate fluctuations in the kinetic energy. The fluctuations in the average decrease
as you average across more and more particles, and when you ultimately consider the
entire glass, you can conclude that it has a “constant temperature”. Compared to a
glass of water, MD simulations are quite small, which causes larger fluctuations
[50]. Therefore, it would be fair to consider the role of the thermostat in this situation
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to ensure that we have the proper average temperature and fluctuations of the
correct size.

4.5 Solvent Models

A solvent model is a computer technique used in computational chemistry to predict
the behaviour of solvated condensed phases. Simulations and thermodynamic cal-
culations for reactions and processes that occur in solutions are made possible by
solvent models [51]. Environmental, chemical, and biological processes are among
them. Such computations can result in new predictions about the physical processes
due to greater understanding. Generally, there are two groups of models: explicit and
implicit models, each of which has advantages and disadvantages of its own
[52]. Implicit models often have good computing efficiency and can provide a
good description of the behaviour of the solvent, but they are unable to consider
the local variations in solvent density near a solute molecule. When water is used as a
solvent, the density fluctuation behaviour caused by solvent ordering around a solute
is more common. Explicit models can provide a physical, spatially detailed descrip-
tion of the solvent but are frequently inefficient in terms of computational efficiency
[53]. Although many of these explicit models may fail to replicate specific experi-
mental results, this is often due to differences in fitting methods and
parameterization.

4.6 Energy Minimization

Energy minimization is the process of arranging a group of atoms in space in such a
way so that the net interatomic force acting on each atom is as close to zero as
possible while it is stationary on the potential energy surface (PES) [53]. The atoms
could combine to form a single molecule, an ion, a condensed phase, a transition
state, or a combination of these.

5 Current Tools for Molecular Dynamics

Various tools are available for performing MD simulations both in proprietary and
open-source domains. Some of them are discussed below:
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5.1 Gromacs

Gromacs is an MD simulation software package designed primarily for simulating
proteins, nucleic acids, and lipids. It was created in the University of Groningen’s
Biophysical Chemistry department, and it is now maintained by various contributors
from research institutions all over the world. It is one of the widely used software
available that can run on a computer with basic configuration as well as on high-end
workstations. It is a freely available open-source software distributed under the
General Public License (GNU) [54, 55].

5.2 Amber

A set of bimolecular simulation tools are included in Amber. It was started in the late
1970s, and a vibrant development community continues to maintain it. Two objects
are being referred to by the term “Amber”. First, it is a collection of molecular
mechanical force fields for simulating biomolecules available in the public domain.
Second, it is a collection of molecular simulation programs that also includes
demonstrations. AmberTools21 and Amber20 are the two components of Amber.
AmberTools21 can be used without Amber20, but not the other way around [56].

5.3 CHARMM

CHARMM is a molecular simulation tool with extensive applicability to many-
particle systems that supports multi-scale methods, including quantum mechanics/
molecular mechanics (QM/MM), molecular mechanics/coarse-grained (MM/CG), a
variety of implicit solvent models, and a large collection of energy functions. It
targets biomolecules such as proteins, small molecules, nucleic acids, lipids, and
carbohydrates found in solution, crystals, and membrane environments. CHARMM
also have a wide range of applications for inorganic materials. CHARMM includes a
comprehensive set of tools for analysis and model construction. It performs well on a
variety of systems, such as GPUs and parallel clusters [57].

5.4 NAMD

NAMD is a parallel MD programme designed for the high-performance modelling
of large biomolecular systems. It won the Gordon Bell Award in 2002, the Sidney
Fernbach Award in 2012, and the Gordon Bell Prize in 2020. As NAMD is based on
Charm++ parallel objects, it can scale from hundreds to over half a million cores for
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larger simulations. NAMD uses the well-known molecular graphics application
VMD to set up the simulation and analyse the trajectory, in addition to being file-
compatible with AMBER, CHARMM, and X-PLOR. The source code for NAMD is
freely available. NAMD is available as a self-built project or as downloadable
binaries for many different platforms [58].

5.5 HyperChem

HyperChem is a powerful molecular modelling system with a reputation for excel-
lence, adaptability, and user-friendliness. HyperChem provides access to several
molecular modelling tools more than any other programme by fusing 3D visualiza-
tion and animation with different computational approaches. It incorporates several
computational techniques, including density functional theory, semi-empirical and
ab-initio molecular orbital methods, MD, and MM. HyperChem includes
HyperChem Data and HyperNMR. Among the frequently added features are
CHARMM protein simulations, molecules in magnetic fields, compatibility with
third-party applications, etc. Both large and small molecules can be used with
HyperChem. It also supports scripting [59].

6 GUI-Based Software for MD Trajectories Analysis

The MD simulation output trajectories can be visualized using GUI-based software.
The following are some of the most popular software:

6.1 Visual Molecular Dynamics (VMD)

A research group of theoretical biophysics at the University of Illinois created visual
molecular dynamics (VMD) [60—62]. It is a highly effective tool for observing and
investigating various biological systems, including nucleic acids, proteins, lipids,
and carbohydrates. It supports a wide range of formats, such as PDB and GROMOS
for biomolecules. It can handle a massive amount of data processing to display
changes in a trajectory [63]. The molecules can be seen as animated, and the input
trajectory can also be used to make a movie. It works with any operating system that
has a basic computer configuration. It is included with NAMD as well. The addi-
tional features of VMDs include [64]:

1. It can be used to visualize macromolecules.
2. An amino acid and atoms can be chosen.
3. Structure alignment can be performed.
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. Support for user activity logs is present.

. Support for the Raster3D format is available.
. Ramachandran plots can be generated.

. It supports various molecular image types.

. It supports command lines.

. It utilizes vectors and arrays.

. It has JavaScript support.
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6.2 PyMOL

Structural biologists extensively use the PyMOL software [65]. PyMOL can accept
various file formats, including SDF, Mol2, PDB, etc. The trajectory can be imported,
and the simulation results can be analysed on PyYMOL. A surface view model can be
generated. To further study the MD simulation results, several additional plug-ins
are available. The user can use this tool to create high-quality figures as well as
animated movies.

6.3 Chimera

UCSF Chimera is a sophisticated tool for molecular modelling systems that is free
for academic usage [66]. Advanced UCSF ChimeraX is also freely available for
academic use. The Gromacs and Amber trajectory formats are supported by Chimera
1.13.1 and later versions. Following the import of these trajectories, the user can
create a movie with a time frame and produce attractive images. Aligning two or
more structures is possible. The surface cavity analysis during the trajectory run can
also be generated. It supports the command line option and has a variety of functions.

7 Other Advanced MD Simulation Methods

7.1 Metadynamics

An improved sampling technique known as metadynamics uses a set of collective
variables (CVs) that specify transitions along a reaction coordinate to explain the
system. The system’s position in this CV space is established during the simulation,
and then positive biasing Gaussian functions are added, modifying the system’s
Hamiltonian [67].
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H=T+V+ZVGAUSSH=T+V++ZVGAUSSH

As a result of the accumulation of these Gaussian functions in properly sampled
regions of the CV space, the system can more easily navigate through regions of CV
space that correspond to free energy maxima while simulating the unmodified
Hamiltonian. The simulation can now examine the entire energy landscape. Know-
ing the sampling of the modified Hamiltonian and the deposited Gaussian functions
allows one to retrieve the free energy surface of the unmodified Hamiltonian.

7.2 Umbrella Sampling

The purpose of any MD simulation is to sample all possible states in which a
molecule may exist. Based on this method, the probability (free energy) for the
molecule to be in any state can be determined. Often, some protein states are
separated from others by very high energy barriers. Sometimes, it would take
years of conventional MD simulation to go through all molecular states. Umbrella
sampling allows us to accelerate the sampling by flattening those hills and ridges,
which prevents MD simulation from accessing certain states. In umbrella sampling,
the energy landscape is flattened by adding artificial umbrella potentials that are
supposed to mirror and thus annihilate the real barriers. However, making an
umbrella potential account for all degrees of freedom in the system would be
difficult. Hence, the umbrella potential involves only a few (one to three) degrees
of freedom, often called CVs or reaction coordinates. The sampling of a system is
considered complete when it has visited all values of CVs for an accurate and
unbiased calculation of state probabilities [68].

8 Structural Parameters to Analyse MD Simulation Data

8.1 Root Mean Square Deviation (RMSD)

The root mean square deviation (RMSD) is the Euclidean distance between the
structure and a reference structure that measures the relaxation between the struc-
tures [69]. It is a common way to quantify the distance of structural coordinates. It
determines how far apart, on average, a group of atoms, such as the protein’s
backbone atoms, are from one another [70]. Calculating the RMSD between two
sets of atomic coordinates, such as two points in time from the trajectory, measures
how much the protein structure has changed. It is possible to compute the RMSD for
each residue, the backbone, the side chains, and C-alpha. It is calculated with
reference to the simulation time [71]. A lower RMSD value indicates a very stable
structure over the course of a simulation.
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8.2 Root Mean Square Fluctuation (RMSF)

The average variation of a particle over time from a reference position is measured
by the root mean square fluctuation (RMSF) [69]. As a result, RMSF examines the
structural elements that deviate the most from their mean structure. The variability
around each atom’s average position is captured by the RMSF. This reveals infor-
mation on the flexibility of the protein’s various regions and relates to the crystal-
lographic B-factors. It can be used to check whether the simulation findings are
consistent with the crystal structure because one would typically anticipate similar
profiles for the RMSF and the B-factors. Atoms in bends and coils fluctuate more
than in helices and sheets; hence they have lower RMSF values, whereas bends and
coils have higher RMSF values.

8.3 Radius of Gyration (Rg)

The measurement of the radius of gyration (Rg) indicates the shape and compactness
of a molecule at a particular time. The gyrating radius is compared to the hydrody-
namic radius that can be measured empirically [69]. Additionally, this provides the
individual components that are equivalent to the eigenvalues of the inertia matrix.
This means that the first component corresponds to the molecule’s longest axis and
the last to its shortest. The three axes effectively provide a global indication of the
shape of the molecule [72].

8.4 Solvent Accessible Surface Area (SASA)

The area of the protein that is accessible to solvent is known as solvent accessible
surface area (SASA), which can be further divided into a hydrophilic and hydro-
phobic SASA [73, 74]. The SASA of the expanded form of the protein is higher than
that of the folded globular protein. It is known that when a temperature of a system
rises, proteins begin to unfold and expose their hydrophobic interiors to the solvent.
SASA consequently increases upon unfolding. Additionally, the SASA can be used
to estimate the free energy of solvation together with a few empirical
parameters [75].

8.5 Hydrogen Bonds

The number of internal hydrogen bonds with a protein or external hydrogen bonds
between a protein and its surrounding solvent is another characteristic that can be
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informative [76, 77]. The distance between a donor-H acceptor pair and the donor-H
acceptor angle can be used to determine the presence or absence of a hydrogen bond.
Hydrogen bonds are vital for maintaining protein secondary structures; therefore,
simulations of protein folding must adequately represent the hydrogen bond inter-
actions. Hydrogen bonding is treated as a non-bonded interaction in modern classical
force fields where electrostatic interactions are predominant. Atomic charges, on the
other hand, are fixed and are established in a mean-field fashion in the frequently
utilized non-polarizable force fields. The native structure cannot be appropriately
populated when the non-polarizable AMBER force field is used in the folding
simulations of small peptides. When the polarization effect is added to the simulation
using either the on-the-fly charge fitting or the polarizable hydrogen bond model, the
native structure becomes more prominent in the free energy landscape. These results
emphasize how crucial the electrostatic polarization effect is for simulating
proteins [78].

9 Summary

MD simulation has been a popular method for understanding the dynamic represen-
tation of any biological system for the last few decades [79-81]. In recent years,
GPU-based high computational capability systems have significantly reduced the
time required in the MD simulation of biological macromolecules. It is a handy
technique for understanding molecular interactions such as protein—protein and
protein—ligand interactions, as well as protein folding. It creates the cell-like envi-
ronment around the macromolecules by considering pH and the surrounding mole-
cules such as water, lipids, ions, as well as co-enzymes. It provides atomic-level
interaction details that offer insights into how molecules function. Tools such as
MM-PBSA can be used to predict the free energy of binding, various energy
constituents, and contribution to binding with a small molecule at the residue
level. The implementation of the QM and MM method in the MD simulation has
improved the accuracy of these predictions. MD simulation can thus be used to
investigate the dynamics of a biological system by selecting an appropriate model
and physical conditions.
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