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General Introduction

Neurodegenerative disorders are common diseases that afflict our society with tremendous
medical and financial burdens. As a whole, neurodegeneration strikes individuals of all ages, but
becomes increasingly frequent with age, coming to affect a very large share of our elderly
population. Due to the very complex nature of these diseases, which often result from combined
genetic and environmental pathogenic factors, the scientific community that researches the causes
and the therapy of neurodegeneration faces remarkable challenges, requiring constant
technological advancements[1].

Alzheimer's (AD) and Parkinson's diseases (PD) are the most common neurodegenerative
disturbances. Several biochemical and molecular mechanisms are involved in the AD and PD
pathogenesis, such as synaptic dysfunction, energetic deficit triggered by mitochondrial disorder,
oxidative stress and neuro-inflammation.

AD is characterized by a progressive cognitive decline due to a variety of pathological changes in
the brain, mainly in the basal forebrain cholinergic neurons. On the other hand, PD is classically
known as a chronic and progressive movement disorder related to dopaminergic
neurodegeneration of the substantia nigra pars compacta. In both illnesses, neurotrophic factors
play an essential role for the survival of neurons affected by degenerative processes [2].
Parkinson's disease is the second most common neurodegenerative disorder, after Alzheimer's
disease. It is characterized clinically by parkinsonism (resting tremor, bradykinesia, rigidity, and
postural instability) [3] pathologically by the loss of neurons in the substantia nigra and
elsewhere in association with the presence of ubiquitinated protein deposits in the cytoplasm of
neurons (Lewy bodies) [4].

The monoamine oxidases (MAO-A and MAO-B) are FAD (flavin adenine dinucleotide)-
dependent enzymes that are responsible for the metabolism of neurotransmitters, such as
dopamine (DA), serotonin, adrenaline, and noradrenaline, and for the oxidative deamination of
exogenous arylalkyl amines. Due to their central role in neurotransmitter metabolism, these
enzymes represent attractive drug targets in the pharmacological therapy of neurodegenerative
diseases and neurological disorders. Recent efforts toward the development of MAO inhibitors
have focused on selective MAO-A or MAO-B inhibitors. Selective MAO-A inhibitors are
effective in the treatment of depression and anxiety, whereas the MAO-B inhibitors are useful for

Mohamed Khider Biskra University, Master'sthesis: Pharmaceutical Chemistry
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General Introduction

treatment Parkinson’s disease [5].

Catechol-O-methyltransferases (COMT) are another important class of conjugative enzymes of
Parkinson's disease, which play a key role in the metabolism and inactivation of catechol
neurotransmitters, catechol estrogens and a wide range of endobiotics and xenobiotics that bear
the catechol group[6].

During the1960s, L-DOPA, a direct precursor of DA, which is synthesized in vivo from tyrosine
in DA neurons by tyrosine hydroxylase and is converted to DA by aromatic L-amino acid
decarboxylase, was introduced to treat this DA deficiency in the striatum. In addition to L-DOPA
as a treatment, MAO-B inhibitors (MAO-B-Is) have been used since the 1970s, first selegiline
(L-(-)-deprenyl), then rasagiline, and more recently safinamide, as an effective therapy for PD by
preventing the degradation of DA. Furthermore, monotherapy with MAO-B-I, selegiline,
rasagiline, or safinamide has been proved to be effective in the case of early PD. Accumulating
data suggest that MAOB-Is may also have neuroprotective efficacy due to several mechanisms
that may or may not be related to MAO inhibition [7].In addition, COMT inhibition can block
metabolism of catecholamines including DA. Since the increase in DA bioavailability is
dependent on the inhibition of DA metabolism at the periphery, the development of COMT
inhibitors as adjuvants to levodopa/aromatic amino acid decarboxylase (AADC) inhibitor
treatment improves the clinical benefits of PD symptomatic treatment significantly [8].

The aim of this work is to use three methods, namely; molecular docking, molecular dynamics
and ADME properties for study the interactions between a newly synthesized series of molecules
with the enzyme (4a79) involved in Parkinson’s disease, as well as the stability of the complexes
formed during these interactions.

The work of this thesis is presented in three chapters:

v A General Introduction: In which we gave an overview of PD and clarified the objective of
our work.

v The first chapter: It encompasses all the main approaches and different methods of molecular
modeling.

Mohamed Khider Biskra University, Master'sthesis: Pharmaceutical Chemistry
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v’ The second chapter: It is devoted to two parts:

1. Part (A) : Proteins, enzymes and amino acids.
2. Part (B) : Parkinson's disease.

v" In the third chapter: We have analyzed and discussed the results obtained.

v" A General Conclusion: summarizes and concludes all of the work carried out.

Mohamed Khider Biskra University, Master'sthesis: Pharmaceutical Chemistry
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CHAPTERI: MOLECULAR MODELING

1. Introduction

Computational techniques in advanced chemistry mimic atomistic systems to study their behavior
and properties mathematically. It is a theoretical approach of simplifying graphical models that
has long inspired the molecular graphics in published works, books and, more recently, on
computers. In other words, molecular modeling has revolutionized the understanding of

chemistry visually and quantitatively.

Molecular modeling is used as a computational tool for interpreting, elucidating, and
investigating existing and novel phenomena in several areas of chemistry such as molecular
structure determination by NMR spectroscopy, catalysis, biometrics, protein mutagenesis, and
nucleotides/ protein interaction studies. It has changed the face of pharmaceuticals by
contributing in drug design studies and, consequently, creating incredible opportunities for
advanced therapeutic research in the studies of drug-drug as well as drug-living organism
interactions at the molecular level [1].

2. Molecular Modeling Methods

The definition currently accepted of what molecular modeling is can be stated as this: "molecular
modeling is anything that required the use of computer to paint describe or evaluate any aspect of

the properties of the structure of a molecule [2].

Molecular modeling involves the use of theoretical calculation methods (molecular mechanics,

molecular dynamics, ab-initio or semi-empirical quantum mechanics...) [3].

2.1. Quantum Methods (QM)

Quantum mechanical methods are based on the solution of the Schrodinger equation [4,5]. This
fundamental approach is attractive since 3D structures, molecular energies, and many associated
properties can be calculated on the basis of fundamental physical principles, namely electronic
and nuclear structures of atoms and molecules. Indeed, the quantum mechanics pioneer Paul
Dirac is believed to have expressed the sentiment that the Schrddinger equation reduces
theoretical chemistry to applied mathematics [6].

Mohamed Khider Biskra University, Master'sthesis: Pharmaceutical Chemistry
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Although historically quantum calculations were practical only for very small systems, exciting
developments in both software and hardware (computer speed as well as memory) have made
quantum-mechanical calculations feasible for larger systems, including bimolecular, with various
approximations [7].

The Schrédinger equation is perhaps the most important equation in the entire field of quantum

mechanics. The time-dependent non-relativistic one-particle variant is:
1., = . ¢ .
—V2 4 V| (x, 1) = iheW (x, 1) (1)
2 ' dt

Where Dis a possibly time-dependent, possibly position dependent potential. The time
independent equation is:
1 =7 oy Yo )
l ET i ‘1;] Wix) = EP(x) )
Where E: is the energy of the system. These equations can be expanded to match a multi-particle

system [8].
2.1.1. abinitio Methods (Hartree-Fock, Roothaan)

‘ab initio’ quantum chemistry has emerged as a viable and powerful approach to address the
issues and problems related to the chemical systems. Quantum chemical calculations offer the
real promise of being able to complement experiment as a means to uncover and explore new
chemistry. It is used for predicting the properties of new materials even those which are not
synthesized in the laboratory, using computer simulation technique [9].

Hartree-Fock-Roothaan method

The Hartree method is a single electron approximation technique used in multielectron systems.
The molecular Hamiltonian is split up into individual single electron Hamiltonians. Consider a
molecular system with N-electrons, each with degrees of freedomr;. The wave function (Hartree

function) ¥, (14, 7r,, ... Ty) is given by the Hartree product as shown in Eq. 3: [10].

11':’;;(7'1:1'"2:---7",-.-') =Py (Tij-fpz (sz.fpﬁ[:fﬁj 3)
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For the n-electron system, the Hamiltonian is given by:
ﬁ.E‘ = ?E‘ + t-‘}L‘I'I-E‘ + ﬁE‘E‘ + ﬁﬂﬂ (4)

The Hartree-Fock (HF) model is a standard tool for computing an approximation of the ground
state of a molecular system within the Born-Oppenheimer setting. From a mathematical
viewpoint, the HF model gives rise to a nonquadratic constrained minimization problem for the
numerical solution of which iterative procedures are needed; such procedures are referred to as
Self-Consistent Field (SCF) algorithms [11].

It is always possible to decompose v (i) on a complete basis of known functions. The problem of
determining v (i) comes down to that of calculating the numerical coefficients of the
development of y (i) on the complete basis. It was Roothaan who used theMO-LCAO technique
to build the MO, he unblocked the crisis of ab initio methods. This method consists in expressing

the molecular orbital v (i) by a linear combination of atomic orbitals ¢ [12].

N
&, Zp:l « Py ©

Cip: are the coefficients to be varied. (Method of variations), N: is the number of OAs combined.

2.1.2. Density Functional Theory

Density functional theory (DFT) is a quantum-mechanical (QM) method used in chemistry and
physics to calculate the electronic structure of atoms, molecules and solids. It has been very
popular in computational solid-state physics since the 1970s. However, it was not until the 1990s
that improvements to the method made it acceptably accurate for quantum-chemical applications,

resulting in a surge of applications.

The real forte of DFT is its favorable price/performance ratio compared with electron-correlated
wave function-based methods such as Maller—Plesset perturbation theory or coupled cluster.

Thus, larger (and often more relevant) molecular systems can be studied with sufficient accuracy,

Mohamed Khider Biskra University, Master'sthesis: Pharmaceutical Chemistry
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CHAPTERI: MOLECULAR MODELING

thereby expanding the predictive power inherent in electronic structure theory. As a result, DFT
is now by far the most widely used electronic structure method. The huge importance of DFT in
physics and chemistry is evidenced by the 1998 award of the Nobel Prize to Walter Kohn ‘for his
development of the density-functional theory’ [12].

2.2.  Semi Empirical methods

Semiempirical calculations are set up with the same general structure as a HF calculation. Within
this framework, certain pieces of information, such as two electron integrals, are approximated or
completely omitted. In order to correct for the errors introduced by omitting part of the
calculation, the method is parameterized, by curve fitting in a few parameters or numbers, in
order to give the best possible agreement with experimental data. The merit of semiempirical
calculations is that they are much faster than the ab initio calculations. The demerit of
semiempirical calculations is that the results can be slightly defective. If the molecule being
computed is similar to molecules in the database used to parameterize the method, then the
results may be very good. If the molecule being computed is significantly different from anything
in the parameterization set, the answers may be very poor. Semiempirical calculations have been
very successful in the description of organic chemistry, where there are only a few elements used
extensively and the molecules are of moderate size. However, semiempirical methods have been

devised specifically for the description of inorganic chemistry as well [13].

In the various semi-empirical methods such as CNDO (Complete Neglect of Differential
Overlap), INDO (Intermediate Neglect of Differential Overlap), NDDO (Neglect of Diatomic
Differential Overlap), MNDO (Modified Neglected of Differential Overlap), AM1 (Austin Model
1), PM3 (Parametric Method 3), only the valence electrons are taken into account. Through these
methods, we have access to different molecular properties such as atomic charges, orbital
energies (HOMO, LUMO) among others, the ionization potential, the enthalpy of formation and
the electronic distribution [14].

Mohamed Khider Biskra University, Master'sthesis: Pharmaceutical Chemistry
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2.3. Non Quantum Methods

Empirical methods are methods of molecular mechanics based on concepts of classical
mechanics where atoms and their electrons are merged into a collection of material points. The
latter act on each other by means of an empirical potential also called field of forces depending
only on the relative position of the atoms in space. Within the computer, the representation of a
molecule therefore consists of a set of atomic coordinates, a list of chemical bonds and a set of
functions and parameters constituting the interaction potential. The empirical potential which
determines the energy conformation it of the molecule is made up of two types of terms
representing, respectively, the interactions between the bonded atoms (bond length, valence
angle, dihedral angle) and the unbound atoms (Van der Waals, electrostatic) [15].

2.3.1. Molecular Mechanics

The MM appeared in 1930 [16], but developed from the sixties when computers were no longer
accessible and more efficient. The MM is based on Born Oppenheimer's approximation that
electrons are much faster than nuclei [17].

Molecular mechanics (MM) is the simplest and fastest way to evaluate molecular systems. These
methods rely on classical potential functions, and quantum-mechanical properties of systems,
such as bond breaking or forming, are entirely neglected. Molecular mechanics can be used to
study small molecules as well as large biological systems or material assemblies with many
thousands of atoms, but only in their equilibrium states. In all-atomistic molecular mechanics
methods, each atom is represented as a single particle, and each particle is assigned a radius
(typically the van der Waals radius), polarizability, and a constant net charge, which is derived
from quantum-mechanical calculations and/or experiment. Bond interactions are treated as
“springs” with an equilibrium distance equal to the experimental or calculated bond length. The
collection of potential functions made to describe a molecular system is referred to as a force
field, which can be used to calculate molecular energy based on bond-stretching, valence bond

bending, torsions, and non-bonded interactions [18].
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Molecular mechanics methods are based on the following principles: Nuclei and electrons are
lumped into atom-like particles; Atom-like particles are spherical (radii obtained from
measurements or theory) and have a net charge (obtained from theory); 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; Note how
these principles differ from those of quantum mechanics. In short, the goal of molecular
mechanics is to predict the detailed structure and physical properties of molecules. Examples of
physical properties that can be calculated include enthalpies of formation, entropies, dipole
moments, and strain energies.... Molecular mechanics calculate the energy of a molecule and then
adjusts the energy through changes in bond lengths and angles to obtain the minimum energy
structure. Steric Energy A molecule can possess different kinds of energy such as bonds and
thermal energy. Molecular mechanics calculate the steric energy of a molecule—the energy due to

the geometry or conformation of a molecule [19].

Molecular mechanics uses the following approximations:

+ Each atom constitutes a particle.

+ The atom is considered as a rigid sphere having a radius and a specific charge.
+ Energies are calculated by formulas derived from the classical mechanics [20].

a. Term of the force field

The mathematical model representing the potential energy is called the force field of a molecule

in molecular mechanics.

The "Force Field", which represents as well as possible the variations of the potential energy with
the molecular geometry. Its purpose is to calculate the potential energy of a molecule (or of a

molecule system) according to the coordinates of the atoms:
Ep=1f(rl,r2....,Rn)

Or: ri: represents the position vector of atom i.
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Ep: Potential energy

But a better idea may be obtained by considering the situation physically. Consider a molecule as
a collection of atoms held together by elastic forces. (If you want to get even simpler then one
could consider a molecule to be a collection of point masses connected by elastic springs). Now
the forces can be written in terms of potential energy functions of various structural features such
as bond lengths, bond angle, non-bonded interactions etc. The force field is the combination of
these potential energy terms. Hence force fields are also sometimes referred to as potentials.
Thus, the energy, E, of a molecule in a force field arises from the deviations from the ideal

structural features.

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:

Torsion

»

Non—Bonded Interactions

Figure 1: Intramolecular interactions between bound and unbound atom

Non-bonded atoms (greater than two bonds apart) interact through van der Waals attraction,
steric repulsion, and electrostatic attraction/repulsion. These properties are easiest to describe

mathematically when atoms are considered as spheres of characteristic radii.
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The object of molecular mechanics is to predict the energy associated with a given conformation
of a molecule. However, molecular mechanics energies have no meaning as absolute quantities.
Only differences in energy between two or more conformations have meaning. A simple

molecular mechanics energy equation is given by:
Energy = Stretching Energy + Bending Energy + Torsion Energy + Non-Bonded Interaction Energy

These equations together with the data (parameters) required to describe the behavior of different
kinds of atoms and bonds, is called a force-field. Many different kinds of force-fields have been
developed over the years. Some include additional energy terms that describe other kinds of
deformations. Some force-fields account for coupling between bending and stretching in adjacent
bonds in order to improve the accuracy of the mechanical model [21,22].

Steric energy is expressed by the following equation:

E= Estretchingt Ebendingt Etorsiont Evaw +Eelect EHydrogen

The term "Stretching' represents the elongation of bonds.

The term ""Bending™ represents the variation of angles.

The term ""Torsion'" refers to the torsional energy of dihedral angles.

The term ""Vdw"" accounts for the non-covalent interaction energies between atoms unrelated.
The term ""Elec™ describes the electrostatic interaction energies between atoms unrelated.

The term ""Hydrogen'* describes hydrogen bonds [23].

b. Term of linked atoms

Intermolecular interactions only depend on coordinates internal molecules that is to say, bonds,
valence angles, and torsions. In fact, to refine the expression of the potential term is to make the
description of the system; terms of couplings between different atoms have been introduced.

The mathematical form of the energy terms varies from force-field to force-field. The more

common forms will be described.
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+ Stretching Energy:

Estretch = } bondskh(r — I'::r]2

The stretching energy equation is based on Hook's law. The kb parameter defines the stiffness of
the bond spring. Ro is the equilibrium distance between the two atoms. It should make sense that
deviations from the equilibrium length would be associated with higher energy.

Obviously only small changes in r are allowed as to large an r value would lead to bond breaking.

+ Bending Energy:

Ebending =Y angles kg (6 — HD)Z

The bending energy equation is also based on Hook's law. The k® parameter controls the
stiffness of the angle spring, while the ®q is the equilibrium angle.

+ Torsion Energy:

Etorsion=2torsi0ns All +cos(n5 )]
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The torsion energy is modeled by a periodic function, much as you have seen with energy plots

associated with Newman projections sighting down C-C bonds for example [24].

c. Interaction enerqgy between unbound atoms

Intermolecular interactions take into account interactions that do not interact by terms of bond,
angle of curvature and angle of torsion. The non-binding potential is expressed in two terms: a

Van der Walls term and an electrostatic energy term.

+ Van der Waals Interaction

Van Der Waals interactions are non-permanent dipoles with a small range of action. They are
numerous and essentially contribute to the search for steric agreement between the ligand and the

receptor protein [25].

It is generally expressed in the form of a John Lennard-Jones potential (dispersion and repulsion

or a Buckingham potential) [26].

i
Ll .-'J E )
% ’,’ van der Waals — [dlz d6 ]

i=1 j=i+1

Non-bonded interactions
{van der Waals)

di, j: distance between unbound atoms i and j
Al, j: parameters of the force field linked to the repulsion between the atoms i and j
B, j: parameters of the force field linked to the attraction between atoms i and |

The radius of van der Waals corresponds to the minimum distance between the 2 atoms
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+ Interactions electrostatics

Energy of electrostatic interactions between atoms not covalently linked. It is expressed using a

Coulomb potential.

This term increases with the polarity of the chemical bonds and can be particularly important, for

example in the case of molecules which contain heteroatom [27].

1 yeg
L electrostathue 4T[€d

-
54- i=1 j=i+1

Mon-bonded interactions

{electrostatic)

di, j: distance between atoms i and |

gi and qj: partial charge of unbound atoms i and j. Atomic partial charges can be calculated for
small molecules using an ab initio or semi-empirical quantum method (example: MOPAC and
AMPAC)

€ : permittivity of the medium = dielectric constant of the environment (the solvent or the

molecule itself)

4+ Energy of hydrogen bonds
Hydrogen bonds are the result of electrostatic (70%) and van der Waals (30%) interactions
between an electronegative atom (usually an oxygen or nitrogen atom) carrying a free electron

doublet and an atom of hydrogen carried by an electronegative atom [28].
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Al Bl m 1
ELiaism—h}-'d.mgene = Z [ 1 - 0 ]CDS B4 HD C0SO aamp
) AD

A’, B’: parameters depending on the nature of the donor and the acceptor of H bonds, distant
from r AD.

0A-H-D: angle formed by the acceptor (A), the hydrogen (H) and the donor (D).

0AA-A-H: angle formed by the history of the acceptor (AA), A and H.

m, n: exponents given by the typeof Dand A,m=0,2,4;n=0, 2.

d. Different force fields in molecular mechanics

Different force fields use the same type of energy terms but different Parameters. Force fields in

MM can be grouped into three main classes [29]:

+ Fields of force containing only the harmonic terms.
+ Force fields using higher order terms (cubic, quadratic...).
+ Fields of force suggested by Allinger et al. [30] not only considering the terms of classical
molecular mechanics but also chemical effects such as electronegativity.
= MM2/MM3/ MM4:
MM2 is the first force field developed by Allinger et al. [31,32]. It was initially designed for

simple molecules (alkanes, alkenes, unconjugated alkynes, amines, etc.), but its improved
versions MM3 (1989) [33] and MM4 (1996) [34] allow it to process more organic molecules and

more complex.

= OPLS:
The Optimized Potentials for Liquid Simulations (OPLS) program, as its name suggests, is
designed to optimize the potential for describing solvation properties. It is written by W. L

Jorgensen and J. Tirado Rives [35].

» GROMOS:
GROMOS (Groningen Molecular Simulation Program Package), is written by VanGusteren[36]
and designed specifically for biomolecules in an aqueous medium for the study of interactions

between water molecules and polar groups of proteins.
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= CHARM (Bio +):
Developed by Karplus et al [37-38], for the calculation of biomolecules. Its concept is similar to
that of AMBER. Although initially this force field was designed for amino acids and proteins,

now it deals with other biomolecules.

= SPASIBA:
(Spectroscopic Potential Algorithm for Simulating biomolecular conformational Adaptability),
developed by Gérard Vergoten et al. (1995).
It combines the Urey-Bradly-Shimanouchi modified spectroscopic force field [39] and the
AMBER force field. It makes it possible to find the structures, the conformational energies and

the vibrational frequencies at the minimum energy of a molecule [40].

= EMO:
The EMO program (Energy Of Molecule), is developed by B. Blaive[41-44], it is based on the
force field MM2

= AMBER:
AMBER (Assisted Model Building with Energy Refinement), was written by Kollman [45]. The
field is configured for proteins and nucleic acids (UCSF, 1994).

e. Minimization of steric energy

Minimization of a model is done in two steps. First, the energy expression (an equation
describing the energy of the system as a function of its coordinates) must be defined and
evaluated for a given conformation. Energy expressions may be defined that include external
restraining terms to bias the minimization, in addition to the energy terms

Next, the conformation is adjusted to lower the value of the energy expression. A minimum may
be found after one adjustment or may require many thousands of iterations, depending on the

nature of the algorithm, the form of the energy expression, and the size of the model.
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The efficiency of the minimization is therefore judged by both the time needed to evaluate the
energy expression and the number of structural adjustments (iterations) needed to converge to the

minimum [46].
2.3.2.Molecular Dynamics

Molecular dynamics simulations are important tools for understanding the physical basis of the
structure and function of biological macromolecules. The early view of proteins as relatively
rigid structures has been replaced by a dynamic model in which the internal motions and resulting
conformational changes play an essential role in their function [47]. Molecular dynamics is the
study of how molecules move, deform, and interact over time. Predicting or interpreting these

changes is essential in chemistry, physics, biology, engineering, and other fields [48].

a. Molecular Dynamics calculation

Molecular dynamics are generally simulated in these stages:[49]

% Minimization

This step involves finding the global minimum energy with respect to the position of side chains
atoms that represents the geometry of the particular arrangements of atoms in which the net
attractive force on each atom reaches a maximum

% Heating the system
In heating phase, initial velocities (at 0 K) are assigned to each atom of the system during energy
minimization and Newton’s equations of motion that represent the time evolution of system are
numerically integrated. At short predefined intervals, new velocities are assigned corresponding
to a slightly higher temperature and the simulation is allowed to continue until desired
temperature is achieved.

0,

% Equilibration

Equilibration stage is used to equilibrate kinetic and potential energies means distribute the
kinetic energy “pumped” into the system. In explicit solvent simulation, protein positions are
fixed and waters move accordingly. Once the solvent is equilibrated, the constraints on the
protein can be removed and the whole system (protein solvent) can evolve in time.

R/

¢+ Production phase
Production phase is the last step of the simulation methodology to remove constraints on protein
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« Analysis
In this step, stored coordinates and velocities of the system are used for further analysis.

b. Applications of Dynamic molecular

Molecular dynamics can now be routinely applied in the investigation of a wide range of dynamic
properties and processes by researchers in numerous fields, including structural biochemistry,
biophysics, enzymology, molecular biology, pharmaceutical chemistry, and biotechnology. Using
MD simulations, one is able to study thermodynamic properties and time-dependent (i.e., kinetic)
phenomena. This enables an understanding to be developed of various dynamic aspects of
biomolecular structure, recognition, and function. However, when used alone, MD is of limited
utility. An MD trajectory (i.e., the progress of simulated structure with respect to time) generally
provides data only at the level of atomic positions, velocities, and single-point energies. To obtain
the macroscopic properties in which one is usually interested requires the application of statistical

mechanics, which connects microscopic simulations and macroscopic observables [50].

2.3.3. Molecular Docking

Molecular docking is the process that involves placing molecules in appropriate configurations to
interact with a receptor. Molecular docking is a natural process which occurs within seconds in a

cell when bound to each other to form a stable complex.

Ligand Molecular Docking

Figure 2: Molecular Docking process
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Docking is frequently used to predict the binding orientation of small molecule drug candidates
to their protein targets in order to predict the affinity and activity of the small molecule. Hence

docking plays an important role in rational drug design [51].

Molecular docking programs use scoring functions to estimate the binding energetics of the
predicted ligand-receptor complexes. Scoring functions are categorized in the three following

groups: force-field-based, empirical, and knowledge-based functions [52].

1cking Scoring
_h. —-
E tc

Ligand

D

Léecepteur

Complete # AG

Figure 3: Docking and Scoring function

a. Different types of Interactions

Interactions between particles can be defined as a consequence of forces between the molecules
contained by the particles. These forces are divided into four categories.
¢ Electrostatic forces: Forces with electrostatic origin due to the charges residing in the

matter. The most common interactions are charge-charge, charge-dipole and dipole-dipole.

¢+ Electrodynamics forces: The most widely known is the Van der Waals interactions.

+ Steric forces: Steric forces are generated when atoms in different molecules come into very
close contact with one another and start affecting the reactivity of each other. The resulting forces

can affect chemical reactions and the free energy of a system.
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++ Solvent-related forces: These are forces generated due to chemical reactions between the

solvent and the protein or ligand. Examples are Hydrogen bonds (hydrophilic interactions) and
hydrophobic interactions.

% Other physical factors: Conformational changes in the protein and the ligand are often

necessary for successful docking [53].

b. General protocol of docking

The approaches currently used are exclusively calculative and evaluated by visualization tools.
These approaches can be broken down into four to five successive phases: [54].

(1) Choice of the mode of representation of proteins (all atoms, pseudo-atoms, grid, etc.).

(2) Conformational exploration (rigid body position / orientation of the ligand and / or flexible

position / orientation / shape of the ligand).

(3) Minimization of the interaction energy evaluation function (or score function) of the

conformations resulting from the exploration.

(4) Grouping by similarities and classification by evaluation or finer re-evaluation of the score,
accompanied by a non-automatic step of visual evaluation of the results when the score does not

allow discriminating the native conformation from the different conformations generated.

(5) An optional step of refining the complexes selected by minimization or molecular dynamics.
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Figure 4: The general docking protocol

¢. Molecular docking programs

There are three main docking simulations types, depending on considered degrees of freedom
(DoF):[55].

>

K/
*

Rigid docking (target and ligand are considered rigid)

D)

DS

» Remi-flexible docking (flexible ligand and rigid target)

DS

» Flexible docking (flexible ligand and partly flexible target)

Rigid docking programs are very fast but often inaccurate since the required bioactive
conformation of the ligand is rarely known. The program FRED [56] behaves as a fully rigid tool
during the sampling step, but it uses a pool of conformers for each ligand FlexX [57], Glide [58],
DOCK [59] and Surflex [60] are widely used software of the semi-flexible category.

Eventually, programs like Autodock [61,62] and Gold [63, 64] may explicitly sample target DoF
local flexibility, from rearranging polar hydrogens to sidechain rotations. Programs like
RosettaLigand [65],FlipDock [66] allow for both backbone and sidechain flexibility.
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Over the last two decades, more than 60 different docking tools and programs have been
developed for both academic and commercial, use such as GOLD [67],MOE [68], MOE-Dock
[69],AutoDock Vina [70],and many others.

3. ADME

ADME is the four-letter acronym for absorption, distribution, metabolism and excretion that has
described pharmacokinetics for 50 years. These terms were first presented together in English by
Nelson in 1961, rephrasing resorption, distribution, consumption and elimination used by Teorell
in 1937. Other relevant seminal works include Widmark’s description of first-order elimination in
1919 and Dost’s 1953 treatise defining the term pharmacokinetics. ADME (T) has become a
standard term, widely used in the literature, in teaching, in drug regulation and in clinical practice
[71].

To be effective as a drug, a powerful molecule must reach its target in the body in sufficient
concentration, and remain there in a bioactive form long enough for the expected biological
events to occur. Drug development involves the evaluation of absorption, distribution,
metabolism and excretion (ADME) earlier and earlier in the discovery process, at a stage where
the compounds considered are numerous but access to physical samples is limited. In this
context, computer models are valid alternatives to experiences.

A large variety of in silico methods share the objective of predicting ADME parameters from the
molecular structure [72]. Of note, the pioneering work of Lipinski et al examined oral active
compounds to define physicochemical intervals for a high probability of being an oral
medication. (That is, the drug resemblance) [73]. this is called Rule-of-delve which defines the
relationship between pharmacokinetics and physicochemical parameters.

ADME and toxicological studies are critical parts of any drug development program, and
essential for compliance with regulatory guidelines [74].

Early ADME provides the necessary data for selecting preclinical candidates, appropriate dosage
forms, formulation and accelerates the timeline for investigational new drug applications and

subsequently new drug application submission to the FDA [75,76].
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a. Pharmacokinetics

Pharmacokinetics may be simply defined as what the body does to the drug[77].
Pharmacokinetics is essentially the study of the absorption, distribution, metabolism andexcretion
(ADME) of drugs ; how the body affects the drug Pharmacokinetics doesnot limit its scope to
healthy or normal subjects but rather it includes variations in bioavailability, physiological or
pathological conditions, disease related dose adjustment, and drug interactions [78].
Pharmacokinetics is explain The movement of drug molecules from the site of application to the
systemic circulation, through various barriers, their conversion into another chemical form and

finally their exit out of the body can be expressed [79].

b. Absorption, Distribution, Metabolism, Elimination (ADME)

Understanding these processes is extremely important for prescribers because they form the basis

on which the optimal dose regimen is chosen and explain the majority of the inter-individual

variation in the response to drug therapy.

The main processes involved in pharmacokinetics are absorption, distribution, and the two routes

of drug elimination, metabolism and excretion. Together they are sometimes known by the

acronym ‘ADME’. Distribution, metabolism and excretion are sometimes referred to collectively

as drug disposition.

 absorption is the process by which drugs enter the body.

 Distribution is the process by which drugs move around the body.

» Metabolism is the process by which drugs are chemically altered to make them sufficiently
water-soluble for excretion in urine or faces (via the biliary tract).

« Excretion is the process by which drugs leave the body [80]. 4 steps in the pharmacokinetics
of adrug are: Absorption - Distribution - Metabolism — Elimination (ADME).

%+ Absorption

The intent of drug administration is for the active component of the drug to reach the site of

action and initiate a series of events that will culminate in a drug effect. The sum of all the

processes that are entailed in the movement of the drug from the site of administration to the

inside of the body is considered to be absorption. For most practical purposes, administration is
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considered to be complete when all of the drug has entered the circulatory system and is thus
being distributed to the rest of the body [81].

Routes of administration can be considered in two categories:

Enteral: Drugs given by mouth are normally swallowed before being absorbed in the stomach or
small bowel, after which they enter the portal venous system and pass through the liver before
gaining access to the systemic circulation. Some drugs introduced into the alimentary tract are
absorbed directly into the systemic circulation without passing through the liver (e.g. via the
buccal, sublingual or rectal routes), thereby avoiding the potential hazards of gastric acid, binding
to food, and metabolism by gut wall or liver enzymes (first-pass metabolism).

Parenteral: This includes any route that avoids absorption via the gastrointestinal tract such as
administration by injection, inhalation or by application to the skin [82].

s Distribution

Distribution of the drug to its site of action is the description of the differential distribution of the
drug within the body. Distribution is easier to consider after bioavailability and clearance have
defined steady-state concentration in the systemic circulation. Importantly, the concentration
gradient between the systemic circulation and the site of action is often determined by transport
processes. Although drug transport is important to bioavailability and clearance, it sits more
comfortably under the heading of distribution [83].

Some drugs leave the bloodstream very slowly because they bind tightly to proteins circulating in
the blood. Others quickly leave the bloodstream and enter other tissues because they are less
tightly bound to blood proteins. Some or virtually all molecules of a drug in the blood may be
bound to blood proteins. The protein-bound part is generally inactive. As unbound drug is
distributed to tissues and its level in the bloodstream decreases, blood proteins gradually release
the drug bound to them. Thus, the bound drug in the bloodstream may act as a reservoir for the
drug [84].

«* Metabolism

Metabolism is the process by which drugs are chemically changed from a lipid-soluble form

suitable for absorption and distribution to a more water-soluble form that is suitable for excretion.
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The process effectively eliminates the parent drug.

Drug metabolism occurs in two phases:

Phase I: in which drug molecules are altered chemically (by oxidation, reduction or hydrolysis)
to make them suitable for Phase Il reactions or for excretion. Oxidation is much the commonest
form of Phase 1 reaction and involves chiefly members of the cytochrome P450 family of
membrane-bound enzymes in the smooth endoplasmic reticulum of the liver cells. Most products
of Phase 1 metabolism are pharmacologically inactive, although some retain activity to a greater
or lesser degree, while others have activity that the parent drug did not possess.

Phase IlI: in which molecules of Phase | metabolite (or in some cases, unchanged drug) combine
with an endogenous substrate to form an inactive conjugate that is much more water-soluble than
the Phase | metabolite. Phase Il reactions include synthesis of glucuronide or sulphate products,
acetylation or methylation, and conjugation with glutathione [85]. The substances that result from
metabolism (metabolites) may be inactive, or they may be similar to or different from the original
drug in therapeutic activity or toxicity. Some drugs, called prodrugs, are administered in an
inactive form, which is metabolized into an active form. Metabolites may be metabolized further
instead of being excreted from the body. The subsequent metabolites are then excreted. Excretion

involves elimination of the drug from the body, for example, in the urine or bile [86].

% Elimination

All drugs are eventually eliminated from the body. They may be eliminated after being
chemically altered (metabolized), or they may be eliminated intact. Most drugs, particularly
water-soluble drugs and their metabolites are eliminated largely by the kidneys in urine.
Therefore, drug dosing depends largely on kidney function. Some drugs are eliminated by
excretion in the bile (a greenish yellow fluid secreted by the liver and stored in the gallbladder).
Some drugs are excreted in saliva, sweat, breast milk, and even exhaled air. Most are excreted in
small amounts. The excretion of drugs in breast milk is significant only because the drug may
affect the breastfeeding infant. Excretion in exhaled air is the main way that inhaled anesthetics
are eliminated [87].
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1. Introduction

The basic elements of the functioning of any living system, proteins and nucleic acids (DNA -
deoxyribonucleic acids or RNA - ribonucleic acids) are long chains of polymers made up of
hundreds or thousands of atoms, mainly carbon, oxygen, nitrogen and hydrogen.

Ribosomes are nanometric-sized structures (or organelles). Present in the cytoplasm of living
cells, they serve to assemble amino acids to form proteins [1].

A human organism is a huge "machine™: biochemical reactions take place continuously. Proteins
are essential actors in these reactions and cellular mechanisms. These long chains made up of
thousands of atoms have an astonishing property: to be active, they must be folded correctly if
not, their function is disturbed. The shape of a protein is imposed by the interactions between
atoms [2].

Protein-protein interactions are an essential aspect of biological processes. They are strongly
involved in the formation of macromolecular structures, in signaling, in regulation and in the
various metabolic pathways.

Protein interaction, major goal in the study of biological systems. Protein-protein interactions
play a significant role in the induction of many disease states and in the processes important for
the pathogenesis of bacterial and viral infections [3].

The high specificity of these interactions makes them ideal targets for therapeutic agents [4].
Therefore, their study has enormous importance in understanding the functioning of the human
body and in the fight against deadly diseases. Because of the very great complexity of proteins,
(the average size of a protein is several thousand atoms), computer processing is necessary to
analyze their structure [5].

In this chapter we will give some biological concepts concerning the structures of proteins, and

their interactions.

2. The proteins

Proteins discovered by Dutch chemist Gerhard Mulder (1802-1880). The term protein comes
from the ancient Greek prétos which means first, essential. This probably refers to the fact that
proteins are essential for life and that they often constitute the majority (=60%) of the dry weight
of cells. Proteins take many forms and perform multiple functions. But this was not discovered

until much later, during the 20th century [6].
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Proteins are remarkable and mysterious molecules. Not only they are the most abundant
molecules in biology (besides water) but they are also responsible for every chemical process that
makes the existence of living systems possible. Proteins are synthesized as polymeric sequences
of amino acid residues but, in order to be functional, most proteins need to acquire a specific
three-dimensional structure. The folding process is usually extremely efficient, leading to the
formation of highly specific structures that grant proteins selective and diverse functions [7].

Proteins are the main building blocks of all cells in the human body. These are chains of amino
acids that can enter into the composition of muscles, skin, nails, hair, blood, etc. These are also
the basis of many hormones, enzymes and antibodies and are necessary for the growth, repair and

defense of human body tissue.

» Protein characteristics:

% Macro nutrients essential for life

%+ Made up of amino acids, essential or not, which define the quality of the protein
% In the diet we find animal proteins and vegetable proteins

% They have many roles in the body (enzyme, transport, tissue structure, etc...)

% Protein requirements change over a lifetime [8].

2.1.Definition of proteins

A protein is a biological polymer comprising numerous amino acids linked recursively through
peptide bonds between a carboxyl group and an amino group of adjacent amino acids to form a
long chain with the defining side group of each amino acid protruding from it. The sequence of
amino acids in a protein is defined by a gene and encoded in the genetic code, which selects
protein components from a set of 20 "standard™ amino acids.

Some proteins function as separate entities while others associate together to form stable
functional complexes, such as the ribosomes, which comprise more than 50 proteins. Along with
polysaccharides, lipids, and nucleic acids, proteins are one of the major classes of
macromolecules that make up the primary constituents of biological organisms [9].in that they
contain not only carbon, hydrogen and oxygen, but also nitrogen. This composition exists both in
small molecules, amino acids and, in macromolecules, proteins. These are in fact formed by the

chain of amino acids attached to each other by so-called peptide bonds (—CO-NH-) associating
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the acid function of an amino acid with the amine function of the next amino acid [10].

n3
2%

Figure 1: The molecular structure of a peptide (a small protein) consists of a
sequence of amino acids.

Proteins are the essential elements of the life of the cell: they can play a structural role, a role in
mobility, a catalytic role (enzymes), a role in regulating DNA compaction or gene expression,
etc. In fact, the vast majority of cellular functions are carried out by proteins. Proteins are
essential elements for tissue growth and repair, the proper functioning of living cells and their
structure [11].

2.2.The peptide bond

The common property of all proteins is that they consist of long chains of a-amino (alpha amino)
acids. The general structure of a-amino acids is shown in Figure 2 . The a-amino acids are so
called because the a-carbon atom in the molecule carries an amino group (—NH3); the a-carbon
atom also carries a carboxyl group (—COOH) [12].

Amino acids can be linked by acondensation reaction in which an —OH is lost from the
carboxyl group of one amino acid along with a hydrogen from the amino group of a second,
forming a molecule of water and leaving the two amino acids linked via an amide called, in this
case, a peptide bond. At the turn of the 20th century, German chemist Emil Fischer first proposed

this linking together of amino acids. Note that when individual amino acids are combined to form
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proteins, their carboxyl and amino groups are no longer able to act as acids or bases, since they

have reacted to form the peptide bond.

Amino acid (1) Amino acid (2)

N-terminus C-terminus

Peptide bond H_ H y .

i e

- @ Water

Dipeptide

Figure 2: Formation of a peptide bond

Amino acids joined by a series of peptide bonds are said to constitute a peptide. After they are
incorporated into a peptide, the individual amino acids are referred to as amino acid residues.
Small polymers of amino acids (fewer than 50) are called oligo-peptides, while larger ones (more
than 50) are referred to as polypeptides. Hence, a protein molecule is a polypeptide chain
composed of many amino acid residues, with each residue joined to the next by a peptide bond.
The lengths for different proteins range from a few dozen to thousands of amino acids, and each

protein contains different relative proportions of the 20 standard amino acids [13].

2.3.Protein structure

Proteins have different levels of structure within the body. These levels vary according to the
type of protein (i.e. according to the amino acid sequence of the protein defining its
functionality), the level of maturation of a protein, or according to the medium in which the

protein is found [14].
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There are 4 levels of structure:
v" Primary structure
v’ Secondary structure
v’ Tertiary structure

v' Quaternary structure

a. Primary structure

A protein’s primary structure is the unique sequence of amino acids in each polypeptide chain
that makes up the protein. Really, this is just a list of which amino acids appear in which order in
a polypeptide chain, not really a structure. But, because the final protein structure ultimately
depends on this sequence, this was called the primary structure of the polypeptide chain [15].

Primary structure

amino acid sequence

Figure 3: Primary structure of a protein.

b. Secondary structure

The nitrogen and carbon atoms of a peptide chain cannot lie on a straight line, because of the
magnitude of the bond angles between adjacent atoms of the chain; the bond angle is about 110°.
Each of the nitrogen and carbon atoms can rotate to a certain extent, however, so that the chain
has a limited flexibility. Because all of the amino acids, except glycine, are asymmetric L-amino
acids, the peptide chain tends to assume an asymmetric helical shape; some of the fibrous
proteins consist of elongated helices around a straight screw axis. Such structural features result
from properties common to all peptide chains. The product of their effects is the secondary
structure of the protein [16].
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Hydrogen
bond

Figure 4 : Secondary structure

The two main types of secondary structure are the a-helix and the R-sheet:

The a-Helix: The o-helix is a common secondary structure encountered in proteins of the
globular class. The formation of the a-helix is spontaneous and is stabilized by H-bonding
between amide nitrogens and carbonyl carbons of peptide bonds spaced four residues apart. This
orientation of H-bonding produces a helical coiling of the peptide backbone such that the R-

groups lie on the exterior of the helix and perpendicular to its axis.

Not all amino acids favor the formation of the (a-helix due to steric constraints of the R-groups.
Amino acids such as A, D, E, I, L and M favor the formation of a-helices, whereas, G and P favor
disruption of the helix. This is particularly true for P since it is a pyrrolidine based imino acid
(HN=) whose structure significantly restricts movement about the peptide bond in which it is
present, thereby, interfering with extension of the helix. The disruption of the helix is important
as it introduces additional folding of the polypeptide backbone to allow the formation of globular

proteins.

The B-Sheets: Whereas a a-helix is composed of a single linear array of helically disposed amino
acids, B-sheets are composed of 2 or more different regions of stretches of at least 5-10 amino
acids. The folding and alignment of stretches of the polypeptide backbone aside one another to
form B-sheets is stabilized by H-bonding between amide nitrogens and carbonyl carbons.
However, the H-bonding residues are present in adjacently opposed stretches of the polypetide
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backbone as opposed to a linearly contiguous region of the backbone in the a-helix. B-sheets are
said to be pleated. This is due to positioning of the a-carbons of the peptide bond which alternates
above and below the plane of the sheet. B-sheets are either parallel or antiparallel. In parallel
sheets adjacent peptide chains proceed in the same direction (i.e. the direction of N-terminal to C-
terminal ends is the same), whereas, in antiparallel sheets adjacent chains are aligned in opposite
directions. B-sheets can be depicted in ball and stick format or as ribbons in certain protein

formats [17].

Secondary Protein Structure

B-pleated
sheet

O H H R .
o
T 1 a1 1 T 1 g H n N7
C-N7CSC=N1c,C-N7CNC-Nc,C-N7CNC-N\c,C-NCSC-N c.C é/cl'
1 1 U 1 1 1 1 1 1 1 1
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Figure 5:a and g conformations of the secondary structures of a protein

c. Tertiary structure

The tertiary structure of a polypeptide chain is its overall three-dimensional shape, once all the
secondary structure elements have folded together among each other. Interactions between polar,
nonpolar, acidic, and basic R group within the polypeptide chain create the complex three-
dimensional tertiary structure of a protein. When protein folding takes place in the aqueous
environment of the body, the hydrophobic R groups of nonpolar amino acids mostly lie in the
interior of the protein, while the hydrophilic R groups lie mostly on the outside. Cysteine side
chains form disulfide linkages in the presence of oxygen, the only covalent bond forming during

protein folding. All of these interactions, weak and strong, determine the final three-dimensional
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shape of the protein. When a protein loses its three-dimensional shape, it will no longer be
functional [18].

"
CH,-CH,-CH,-CH,=NH;* ~O-C-CH,

lonic bond

Types of side chain interactions Overall 3D shape (3° Structure)

Figure 6: Tertiary structure of a protein

d. Quaternary structure

Quaternary Structure refers to the structure of a protein macromolecule formed by interactions
between multiple polypeptide chains. Each polypeptide chain is referred to as a subunit. Proteins
with quaternary structure may consist of more than one of the same type of protein subunit. They

may also be composed of different subunits. [19]

Each of the subunits has its own primary, secondary, and tertiary structure. The subunits are held
together by disulfide-bridges and hydrogen bonds and, van der Waals forces between non polar
side chains [20].

Figure 7: Quaternary structure of a protein
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2.4 Protein functions

Proteins are large, complex molecules that play many critical roles in the body. They do most of
the work in cells and are required for the structure, function, and regulation of the body’s tissues
and organs.

Proteins can be described according to their large range of functions in the body: [21].

% Antibodies
Protein forms antibodies that help prevent infection, illness and disease. These proteins identify
and assist in destroying antigens such as bacteria and viruses. They often work in conjunction
with the other immune system cells. For example, these antibodies identify and then surround

antigens in order to keep them contained until they can be destroyed by white blood cells [22].

% Growth and Maintenance
Protein is required for the growth and maintenance of tissues. Your body’s protein needs are

dependent upon your health and activity level.

®,

% Causes Biochemical Reactions

Enzymes are proteins that aid the thousands of biochemical reactions that take place within and
outside of your cells

The structure of enzymes allows them to combine with other molecules inside the cell called
substrates, which catalyze reactions that are essential to your metabolism

Enzymes may also function outside the cell, such as digestive enzymes like lactase and sucrase,
which help digest sugar.

Some enzymes require other molecules, such as vitamins or minerals, for a reaction to take place.
Bodily functions that depend on enzymes include:

-Digestion -Energy production -Muscle contraction

% Acts as a Messenger
Amino acid chains of various lengths form protein and peptides, which make up several of your

body’s hormones and transmit information between your cells, tissues and organs.

% Provides Structure
A class of proteins known as fibrous proteins provides various parts of your body with structure,

strength and elasticity.
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% Maintains Proper pH
Proteins act as a buffer system, helping your body maintain proper pH values of the blood and
other bodily fluids.
% Balances Fluids
Proteins regulate body processes to maintain fluid balance.
Proteins in your blood maintain the fluid balance between your blood and the surrounding tissues.
% Bolsters Immune Health
Proteins form antibodies to protect your body from foreign invaders, such as disease-causing
bacteria and viruses.
% Transports and Stores Nutrients
Some proteins transport nutrients throughout your entire body, while others store them.
% Provides Energy
Protein can serve as a valuable energy source but only in situations of fasting, exhaustive exercise

or inadequate calorie intake [23].

3. The enzymes

the word ‘enzyme’ was first used by the German physiol-ogist Wilhelm Kuhne in 1878, when he
was describing the ability of yeast to produce alcohol from sugars, and it is derived from the
Greek words en (meaning ‘within’) and zume (meaning ‘yeast’).In the late nineteenth century
and early twentieth century, signifi cant advances were made in the extraction, characterization
and commercial exploitation of many enzymes, but it was not until the 1920s that enzymes were
crystallized, revealing that catalytic activity is associated with protein molecules [24].

Enzymes are proteins that act as catalysts within living cells. Catalysts increase the rate at which
chemical reactions occur without being consumed or permanently altered themselves. A chemical
reaction is a process that converts one or more substances (known as reagents, reactants, or
substrates) to another type of substance (the product). As a catalyst, an enzyme can facilitate the
same chemical reaction over and over again.

On the surface of each enzyme is a special cleft called the active site, which provides a place
where reagents can 'meet' and interact. Much like a lock and its key, an enzyme's active site will
only accommodate certain reagents, and only one type of chemical reaction can be catalyzed by a

given enzyme [25].
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3.1. Classification of enzymes

According to the type of reactions that the enzymes catalyze, enzymes are classified into six
categories, which are oxidoreductases, transferases, hydrolases, lyases, isomerases and ligases.
Oxidoreductases, transferases and hydrolases are the most abundant forms of enzymes. Individual
enzyme classes are further classified systematically based on the chemical name of the substrate
and its reaction mechanism [26, 27].

Table 1: Represents classifications of enzymes
Enzyme class Reaction type Description

EC1 Catalyze redox reaction and can be categorized
Oxidoreductases Are d +B., — on + Bred into oxidase and reductase.

0X 7«

EC2 Catalyze the transfer or exchange of certain

Transferases AB+ C—A +BC groups among some substrates

EC3 Accelerate the hydrolysis of substrates

Hydrolases A-B + H,0 — A-H + B-OH

EC4 A-B —m— A + B Promote the removal of a group from the

Lyases (reverse reaction: synthase)  Substrate to leave a double bond reaction or
catalyze its reverse reaction

EC5 A-B-C —— A-C-B Facilitate the conversion of isomers, geometric

Isomerases isomers or optical isomers.

EC6 A+B+ATP A-B+ADP+Pp, Catalyze the synthesis of two molecular

Ligases substrates into one molecular compound with the

release energy

3.2.Nomenclature
= Before 1961, enzymes were named after the name of the S on which they act by adding the
suffix "ase".
= Then there was a functional nomenclature, where the name of the enzyme indicates both:

v The name of the substrate

v’ The catalyzed reaction
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v Followed by the suffix "ase"
e The Enzyme Commission has established a classification that assigns each enzyme a
number with four figures E.C. X1.X2.X3.X 4.
This nomenclature specifies and supplements the functional nomenclature.
The four digits of the EC nomenclature of enzymes each designate a characteristic of the enzyme

which makes it possible to identify it according to the type of catalyzed reaction:

* X1: The first number which can vary from 1 to 6 indicates the type of reactions

» X2: The second designates the subclass of the enzyme which is defined according to its
mechanism of action.

* X3: The 3rd number designates the nature of the molecule that serves as an acceptor, when it is
a transfer of electrons.

* X4: The 4th number is a serial number in the group and in the subgroup [28].

3.3. Notions of specificity

One of the properties of enzymes that makes them so important as diagnostic and research tools
is the specificity, they exhibit relative to the reactions they catalyze. A few enzymes exhibit
absolute specificity; that is, they will catalyze only one particular reaction. Other enzymes will be
specific for a particular type of chemical bond or functional group. In general, there are four
distinct types of specificity :

< Absolute specificity - the enzyme will catalyze only one reaction.

< Group specificity - the enzyme will act only on molecules that have specific functional groups,
such as amino, phosphate and methyl groups.

% Linkage specificity - the enzyme will act on a particular type of chemical bond regardless of

the rest of the molecular structure.

% Stereo-chemical specificity - the enzyme will act on a particular steric or optical isomer [29].
The specificity is manifested, on the one hand with respect to the reaction catalyzed by the
enzyme, on the other hand with respect to the substrate of the reaction

The specificity of the enzyme is due to the presence of a three-dimensional region called "active
site"™ which recognizes and fixes the substrate. Enzymes therefore have the ability to target

reactions or even prevent other undesirable ones [30].
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Enzyme changes shape Products
Substrate slightly as substrate binds

Active site

>

y [

= = =

Substrate entering Enzyme/substrate Enzyme/products Products leaving
active site of enzyme complex complex active site of enzyme

Figure 8 : Action of an enzyme

3.4.The Active Site

The active site of an enzyme is the region where specific substrates bind to the enzyme,
catalyzing the chemical reaction. Substrate binding site along with the catalytic site form the
active site of the enzyme. The enzyme binds with a specific substrate in order to catalyze a
chemical reaction that changes the substrate in some way. The substrate is smaller in size than its
enzyme. The substrate is perfectly oriented inside the enzyme by the active site. One or more
substrate binding sites can be found in an enzyme. The catalytic site occurs next to the binding
site, carrying out the catalysis. It is composed of around two to four amino acids, involved in the
catalysis. The amino acids that form the active site are located in distinct parts of the amino acid
sequence of the enzyme. Therefore, the primary structure the enzyme should fold into its 3D
structure; it is a spatial structure enabling the active site to come together [31].

Two models have been proposed to elucidate this specificity:

e Fisher model (1890): key and lock model the form of substrate (key) is complementary to

that of the active site of the enzyme (the lock)

e Koshland model (1985): induced adjustment model the enzyme is not rigid, but flexible,

the enzyme and the substrate mutually adapt their respective forms, which are
complementary only within the substrate enzyme complex [32].
3.5.Cofactors

The proper functioning of enzymes requires the presence of a molecule, called a cofactor. The

cofactor is a chemical body necessarily involved in an enzymatic reaction to transport or
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complete a substrate, to accept a product and as participating in the structure of the enzyme
[33].

A cofactor is a non-protein chemical compound that is required for the protein's biological
activity. Many enzymes require cofactors to function properly. Cofactors can be considered
"helper molecules™ that assist enzymes in their action. Cofactors can be ions or organic molecules
(called coenzymes). They can bind temporarily or more permanently depending on their action.
Inactive enzymes without a cofactor are called apo-enzymes and when the cofactor is attached to
them and the enzyme is functional, they are called holo-enzymes [34].

3.6.Enzyme-Substrate Complex (E-S)

The enzyme substrate complex is a temporary molecule formed when an enzyme comes into
perfect contact with its substrate. Without its substrate an enzyme is a slightly different shape.
The substrate causes a conformational change, or shape change, when the substrate enters the
active site. The active site is the area of the enzyme capable of forming weak bonds with the
substrate. This shape change can force two or more substrate molecules together, or split
individual molecules into smaller parts. Most reactions that cells use to stay alive require the
actions of enzymes to happen fast enough to be useful. These enzymes are directly coded for in
the DNA of the organism.

The enzyme substrate complex is extremely important for a number of reasons. First, the enzyme
substrate complex is only temporary. This means that once the substrate has changed, it can no
longer bind to the enzyme. The products are released and the enzyme is ready for another
substrate molecule. A single enzyme can operate repeatedly millions of times, meaning only a

small amount of enzyme is needed in each cell [35].
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Figure 9: Enzyme-Substrate Complex

3.7.Enzymatic Inhibition

An enzyme inhibitor is a molecule that disrupts the normal reaction pathway between an enzyme
and a substrate and it prevent the formation of an enzyme-substrate complex and hence prevent
the formation of product.

An enzyme inhibitor is a substance that binds to an enzyme and decreases its activity. It can
prevent the fixation of the substrate on the active site by fixing itself in its place and make the
enzyme less active. The organization of the enzymatic activity can be ensured by compounds
called effectors (activators or inhibitors) which are generally of low molecular mass. They act
directly or indirectly on the active site of the enzyme. Positive effectors (activators) stabilize the
active catalytic configuration of the enzyme and thus increase its activity. Negative effectors
(inhibitors) act on the contrary by binding to the enzyme to decrease its catalytic activity [36].

Natural inhibitors can take many forms: antibiotics, toxins, drugs, poison [37].

3.8.Different kinetic types of enzyme inhibitors

If the speed of an enzymatic reaction decreases under conditions where the enzyme is not
denatured, this means that the enzyme is inhibited. Substances that decrease the activity of an
enzyme in this way are called inhibitors [38].

Enzyme inhibitors are classified as reversible or irreversible. Reversible inhibitors bind non
covalently with the enzyme; irreversible inhibitors commonly form stable covalent bonds with

the enzyme.
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Reversible inhibitors associate with enzymes through non-covalent bonds such as hydrogen
bonds, hydrophobic interactions, and ionic bonds. Many low energy bonds between inhibitor and
active site combine to produce a strong and specific bond. Unlike irreversible substrates and
inhibitors, reversible inhibitors do not undergo a chemical reaction when they bind to the enzyme

and can be easily removed by dilution or dialysis [39].

3.8.1. Reversible inhibitors

In reversible inhibition, which is further subdivided into competitive, noncompetitive, and
uncompetitive, types, the activity of the enzyme is fully restored when the inhibitor is removed

from the system in which the enzyme functions [40].

a. Competitive inhibition

Competitive inhibition involves a molecule, other than the substrate, binding to the enzyme’s
active site but without giving a reaction. The molecule (inhibitor) is structurally and chemically
similar to the substrate (hence able to bind to the active site). T he inhibitor (1) compete directly
with the substrate (S) for an active site of the enzyme (E). The fixation of the inhibitor prevents
that of the substrate and vice versa. Their bindings are mutually exclusive. There is therefore the
formation of two complexes (El) and (ES). As the inhibitor is in competition with the substrate,

its effects can be reduced by increasing substrate concentration [41].

We schematize the reaction by:

Inhibition compétitive

k" k el

E+S < — ES =, —E+P
k_; k_>

i

K; I
'
1 F. Jaspard ¢ 201 7)

b. In competitive (or anti-competitive) inhibition

This type of inhibition is also called inhibition by blocking of the intermediate complex. This
designation better describes the mechanism: the enzyme and the substrate first form the enzyme-
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substrate complex (the intermediate complex), then the inhibitor binds to this complex.

An inactive ESI ternary complex is formed. Binding of the substrate (S) to the enzyme, at the

active site, induces a change in conformation, thus forming the binding site of the inhibitor (I)

[42].

We schematize the reaction by:

Inhibition incompétitive
E+s - — ms U Cpap
- T— k-f ' — k-z )
i
K; |
r
S1 I, Fasperd (208 7)

¢. Non-competitive or mixed inhibition

Non-competitive inhibition is observed when inhibitor can bind with both enzymes and enzyme-

substrate complex. The inhibitor bears no structural resemblance to substrate and bind to distinct

site than the substrate. There is no competition between substrate and inhibitor for the active site

of the enzymes. This type of inhibition cannot be overcome by increasing the substrate

concentration. This may bind to enzyme or enzyme-substrate complex making both of them

catalytically inactive [43].

We schematize the reaction by:

E+S k! - ES k.-:.nrr -
’ k. T ko
f f

K; I Qg 1
f f

Inhibition non compétitive

E+P

El = - ESI . Jaspard ( 2000 7)
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There are two types of non-competitive inhibition: pure non-competitive inhibition and mixed
non-competitive inhibition.

We call "pure", non-competitive inhibition where the inhibitor binds with the same affinity to the
free enzyme E and to the enzyme-ES substrate complex (KI = K'l); we call "mixed", non-
competitive inhibition where the inhibitor is fixed with different affinities to E and ES (different
KI K'I).

Non-competitive inhibition is rare and examples are found primarily in the case of allosterically

regulated enzymes [44].

3.8.2. Irreversible inhibitors

Irreversible inhibition occurs, when inhibitor molecule bind with enzyme so strongly that it does
not dissociate from the enzyme. This kind of inhibitor binds rapidly with the enzyme and
deactivated the enzyme completely [45].

The action of an inhibitor is irreversible when a covalent bond is formed between the enzyme and
the inhibitor: it is called an in-activator. And also called suicide inhibitors

The study of the effect of irreversible inhibitors is often used to determine the active groups of
the catalytic site.

A classic example of an in-activator is di-isopropylfluorophosphate or DFP. The study of the
effect of this compound on the activity of serine proteases has made it possible to identify serine
195 as one of the two residues involved in catalysis (the second being histidine 57).

The complex is inactive

e, but depending on the relative concentration of the enzyme and the inhibitor, any free enzyme
molecule is obviously fully active [46].

We schematize the reaction by:

Inactivation

k, k
. e cat .
E+S < -~ ES = - E+P
K.y 2
E+1 — EIl
;('f L Tospard (20007 )
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4. Amino acids

Amino acids are the monomeric building blocks of proteins. The a carbon atom (C,) of amino
acids, which is adjacent to the carboxyl group, is bonded to four different chemical groups: an
amino (NH2) group, a carboxyl (COOH) group, a hydrogen (H) atom, and one variable group,
called a side chain or R group. All 20 different amino acids have this same general structure (see
figure 10), but their side-chain groups vary in size, shape, charge, hydrophobicity, and reactivity
[47].

a-carbon
R-gr9up % H
» l/ a-carboxwyl

a-amine

H H
- 59 H

Figure 10: General structure of amino acid

Amino acids are building blocks of protein. More than 300 amino acids have been described, but
only 20 amino acids take part in protein synthesis. All twenty amino acids did not appear
simultaneously in nature. Instead some of them appeared early, while others were added into the
genetic code later [48].

4.1.Classification

There are many possibilities to classify amino acids, according to the criteria selected to this
aim[49].

++ Based on their chemical structure
¢ A classification based on structure and physical and chemical properties
% The same amino acid can be assigned to more different classification groups based on the
property considered:
v Non polar / hydrophobic (Gly, Ala, Leu, Tyr, Phe, Trp, Met ...).
v Polar / hydrophilic (Asn, GIn, Ser, Thr, Lys, Arg, His, Asp, Glu, [Cys, Tyr])
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a. Non-polar amino acids

The side chain of these acids is a non-polar group. We distinguish those whose side chain is an

alkyl (alanine, valine, leucine and isoleucine), those containing a heteroatom (methionine, which

contains a sulfur atom) and those whose chain contains one ring (proline, phenylalanine and

tryptophan) [50].

The chemical structures of these amino acids are:

Ilt Ell H
1rz:u—it—c0011 HyN—C—COOH H}N-—(IT——(‘.OGH
CH, H=—C~CHy CH,
alanine CH;y H—C—CH,
(Ala,A) ) |
valine CH,
(Val, V)
leucine
(Leu, L)

) | 1
IEJ&—T—COOII IIIN-—T—COOH HIN—(l‘—{‘OOH
H H—(l‘-—(TH; (ITH 3
glycine H, CH,

(Gly, G) |
CH, T
isoleucine CHy
(lle, 1} . x
methionine
(Met, M)

tryptophan
(Try or Trp, W)

phenylalanine
(Phe, F)

|

HC. Chy

Xl
¢
H,

proline
(Pro,P)
an imino acid

b. Polar, uncharged amino acids

Amino acids are serine, cysteine, threonine, tyrosine, asparagine, and glutamine. The side chains
in this group possess a spectrum of functional groups. However, most have at least one atom

(nitrogen, oxygen, or sulfur) with electron pairs available for hydrogen bonding to water and

other molecules [51].

The chemical structures of Group Il amino acids are:

H
HyN— l,——coou
CHy,
H
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(Ser, 8)

H
HyN— : —COOH
CH,

&
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o NH,
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SH
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III
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CH,
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"
o NH,
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5. Parkinson’s disease

5.1.History of Parkinson's disease

The history of Parkinson's disease begins in 1817, with the publication of a 66-page book entitled
"An Essay on the Shaking Palsy" under the signature of James Parkinson, Member of the Royal
College of Surgeons. The author thus defined agitating paralysis: "involuntary trembling
movement, associated with a decrease in muscular strength, occurring in parts of the body at rest
(not in action) and even sustained, with a propensity to curve the trunk forward and go from

walking to running, the senses and the intellect remaining intact. " [52].

A

ESSAY

SHAKING PALSY.

SAMES PFPARKINSON,

Dr. James Parkinson Yon susnwOoeD. NEELY. AN® JoNme
1755 - 1824 .

Figure 11: James Parkinson with his short monograph which is the first

clear medical document dealing with Parkinson’s disease

5.2.Causes of Parkinson’s disease

Although the exact cause of Parkinson’s disease is not yet known, it is considered to be

potentiated by the interaction of environmental and genetic factors [53]:

a. Environmental factors

Although many studies were conducted to determine the environmental influencers of PD, they
have all been deemed to yield inconclusive results. The focus has been on the effects of pesticide
exposure and water-borne risk factors. The GeoParkinson study explored these associations in

five European countries and found that a large percentage of pesticides containing manganese
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were found in the brains of patients after a necropsy study. It was suggested that even the
slightest amount of pesticide exposure can greatly increase the risk of PD. Though this study was
able to show that pesticides do in fact have an influence on the development of PD, it was limited

due to its inability to determine the specific agent within the pesticide that induced this risk.

b. Genetic factors

Though the genetically induced PD constitutes a small portion of the cases, it can provide a
strong and clear understanding of the underlying mechanisms. A study by Kurosinski et al. aimed
to find the exact genetic mutations that can be attributed to the onset of PD using transgenetic
mice and fly models. Another study, by Abramov et al. looked at the human disease model.
Findings from the study suggested that the manifestation of PD can be attributed to different

genes, since different protein products relate to PD.

5.3.Pathophysiology of the disease

The substantia nigra (SN) is a midbrain dopaminergic nucleus which has a critical role in
modulating motor movement and reward functions as part of the basal ganglia circuitry.
Projections from the SN to the putamen, called the nigrostriatal pathway, are critically involved
in the motor deficits observed in Parkinson's disease. These dopaminergic neural projections
leave the SN via the medial forebrain bundle and forming synapses on multiple neuronal
populations throughout the basal ganglia, but especially in the putamen. The basal ganglia are a
grouping of interconnected subcortical nuclei that mitigate and control functions ranging from
voluntary movement, cognitive planning, emotions and reward functions, and even cognition and
learning. The substantia nigra is classically considered to be the primary input into the basal
ganglia circuitry and a critical element to these functions. When these subcortical nuclei are
damaged such as in stroke or during neurodegeneration, a multitude of neurological conditions
can result, including Parkinson disease, Huntington disease, Tourette syndrome, schizophrenia,
attention-deficit hyperactivity disorder, and obsessive-compulsive disorder [54].

The PD is characterized by two major pathologic processes [55]:
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a. Premature selective loss of dopamine neurons

Dopamine is a neurotransmitter in the brain which has an important role in the functioning of the

different brain activities such as motor coordination, memory etc. It also works as signaling

molecule and act is a signaling pathway for the brain cells to communicate with each other.

The chemical structure of Dopamine is as follows:

HO NH;

HO

The loss of the dopamine neurons in the midbrain of the human brain is the main feature of

Parkinson’s disease. Approximately 50%-60% of the dopamine neurons are damaged, when a

person is detected with Parkinson’s disease [56].
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Figure 12: Healthy and PD patient synaptics

Mohamed Khider Biskra University, Master'sthesis: Pharmaceutical Chemistry
2019/2020

56



Chapter I1 : Proteins, Enzymes, Amino Acids

b. The accumulation of Lewy bodies, composed of a-synuclein

Lewy bodies are largely the result of intracellular aggregations composed of the a-synuclein
protein, which in this case is present in an insoluble form and in an abnormal conformation.

Lewy's bodies gradually accumulate in neurons, slowly leading to their degeneration [57].
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Figure 13 : Lewy bodies

Loss of substantia nigra (SN) neurons causes Parkinson's disease. Pathological examination of a
healthy patient (A) reveals typical pigmented DA neurons in the SN (arrows); in contrast, loss of
SN neurons leads to pigment disappearance in the PD brain (B, arrows). Magnification of the SN
area reveals a dense network of melanin-pigmented SN neurons in the healthy brain (C) while
most of SN neurons are lost in PD (D). Some of the remaining neurons in PD contain insoluble
cytoplasmic protein aggregates (Lewy Bodies, E) that are made of aggregated alpha-synuclein

and other proteins. The melanin-containing granules have a red-brown hue and are distributed in
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the cytosol of all SN neurons (C-E). The picture in E is the higher magnification of the dark-
boxed area in D.

5.4.Monoamine oxidase

Monoamine oxidases (MAQOs) are among a family of flavin adenine dinucleotide (FAD)-
dependent enzymes that play a key role in the breakdown of endogenous and exogenous amines
[58]. These enzymes are located on the mitochondrial outer membrane, mostly in the brain, and
are also present in the liver, gut, intestine, skin, placenta, lymphocytes, and platelets [59].

MAOs are responsible for catalyzing the oxidative deamination of various biogenic amine
neurotransmitters and a variety of xenobiotic amines, and modulate their concentrations in the

brain and peripheral tissues [60].

a. Isoforms

The MAO enzymes exist as two isoforms, MAO-A and MAO-B, with a sequence similarity of
73% but with different inhibitor selectivity, substrate specificity, and tissue distribution [61]. The
MAO-A isoform predominantly deaminates serotonin, norepinephrine, and epinephrine, whereas
MAO-B has substrate specificity for benzylamine and b-phenylethylamine. Tyramine and
dopamine are common substrates for both isoforms [62].

b. MAO-A

MAO-A is the predominant isoform in the intestinal tract. It deactivates circulating
catecholamines and dietary vasopressors, and also plays a role in the breakdown of serotonin and

catecholamines in the brain. MAO-A inhibitors are used in the treatment of psychiatric [63].

Although the chain-fold of hMAO A is similar to that human MAO B (hMAO B), hMAO A is
unique in that it crystallizes as a monomer and exhibits the solution hydrodynamic behavior of a
monomeric form rather than the dimeric form of h(MAO B . hMAO A's active site consists of a

single hydrophobic cavity of =550 A 3, which is smaller than that determined from the structure
of deprenyl-inhibited hAMAO B (=700 A 3)[64].
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Figure 14: Three Dimensional structure of MAO-A

c. MAO-B

MAO-B is an enzyme with a molecular weight of approximately 63 KDa which constitutes a
dimer of 520 amino acids.

MAO-B forms a dimer in which each subunit (59000 daltons) contains one covalently-bound
FAD linked to cysteine 397. Each monomer has one helix buried in the mitochondrial outer
membrane and further surface area thought to associate with the membrane.

In MAO-B, two amino acid side chains (Ile199 and Tyr326) form a “gate” between the entrance
cavity and the catalytic site. The gate is easily opened by movement of these side chains, to
accommodate large ligands [65].So the crystal structure of human MAO-B shows that the
enzyme is composed of three domains which are also, the “FAD-binding” domain (in blue), the
substrate domain “substrate-binding” (in red), and the “membrane-binding” domain (in green)
(Fig. 15). MAOB supports some locations hydrophobic Pro109, 1le110, Trp157 which are close

to the C-terminal, likely to be involved in the attachment of the membrane [66].
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Figure 15: Three dimensional structure of MAO-B

5.5.Symptoms of Parkinson’s disease

a. The motor symptoms

There are four cardinal features of PD that can be grouped under the acronym TRAP: Tremor at
rest, Rigidity, Akinesia (or bradykinesia) and Postural instability. In addition, flexed posture and
freezing (motor blocks) have been included among classic features of Parkinsonism [67].

% Tremor at rest: There are a number of tremors that may affect patients with Parkinson's

disease, but the classic is tremor-at-rest. The tremor is also seen during postural action after a
short pause, and is often called re-emergent tremor [68].

+ Rigidity: Rigidity is defined by increased resistance during passive mobilization of an
extremity, independent of direction and velocity of movement. The underlying mechanism of
rigidity in PD is poorly understood, and no direct relationship exists between dopamine
deficiency and rigidity, making it difficult to explain through the classic model of basal ganglia

pathophysiology [69].
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++ Bradykinesia: The term bradykinesia was first used by James Parkinson to describe one of the
cardinal features of the disease that now bears his name. Bradykinesia is often used
synonymously with two other terms: akinesia and hypokinesia. Strictly speaking, bradykinesia
describes the slowness of a performed movement, whereas akinesia refers to a poverty
spontaneous movement or associated movement [70].

+ Postural instability: Postural instability (PI) is one of the most debili-tating motor symptoms

of Parkinson’s disease (PD), as it is associated with an increased risk of falls and subsequent
medical complications (e.g. fractures), fear of falling, decreased mobility, self-restricted physical
activity, social isolation, and decreased quality of life. Pl is more common among PD patients

with rapid disease progression as well as in advanced rather than early stages of PD [71].

Figure 16: The etching of an individual with Parkinson’s disease included in

William Gowers’ A Manual of Diseases of the Nervous System
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b. The non-motor symptoms

Before motor symptoms appear and the diagnosis is made, patients may have a variety of pre-
motor symptoms. These may start as early as 10 or more years before the diagnosis and
presentation with non-motor symptoms may delay the diagnosis .One study of 109 recently
diagnosed patients who had not yet started treatment showed that symptoms such as a lack of
emotional involvement and interest (apathy), excessive daytime sleepiness, sleep problems and
constipation may occur in up to 60—70% of patients prior to the diagnosis and these symptoms
were more common than in normal controls. Other pre-motor symptoms included inability to
experience pleasure from activities usually found enjoyable (anhedonia) memory complaints, loss
of smell and taste, mood disturbances, excessive sweating, fatigue and pain. Constipation, dream-
enacting behavior (REM behavior sleep disorder), frequent nightmares, daytime drowsiness and
postprandial fullness were often reported to occur more than 10 years before onset of motor
symptoms. Depression and anxiety may also occur long before the diagnosis is made.

The premotor symptoms vary from patient to patient, but they continue while other motor or non-
motor symptoms of PD may appear in the clinical course. With advancing disease, the non-motor
symptoms generally become more troublesome for the patients than the motor symptoms. The
non-motor symptoms are categorized here into disturbances in autonomic function, sleep

disturbances, cognitive and psychiatric disturbances and sensory symptoms [72].

5.6.Treatment of Parkinson’s disease

Many current therapies of PD can only address the symptoms and not the underlying
neurodegeneration of PD [73]. The treatment of Parkinson's disease is symptomatic with the use

of dopaminergic medications: levodopa, dopaminergic agonists and enzymatic inhibitors [74].

a. Levodopa (L-dopa)

Levodopa (3,4-dihydroxy-L-phenylalanine), a naturally occurring amino acid, is an intermediate
in the pathway of dopamine synthesis [75].

Levodopa is the most effective drug available for the symptomatic treatment of Parkinson's

disease (PD) and is the gold standard with which other therapies must be compared. Levodopa
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improves most parkinsonian symptoms and is associated with an apparent decrease in mortality
rate [76].

In vitro studies with high doses of L-dopa and absent glia had shown that it may be neurotoxic,
but other tissue culture studies show L-dopa to be neuroprotective. Most studies in animal models
and clinico-pathological and mortality studies in humans failed to show evidence in favour of

accelerated dopaminergic neuronal loss with long-term L-dopa therapy [77].

b. Dopaminergic agonists

An agonist is a molecule capable of binding to a membrane receptor, thus mimicking the effect of
its endogenous ligand. Dopaminergic agonists (Figure 10) mimic the effect of DA at the synapse
by acting directly on post-synaptic DA receptors. However, they have a more moderate effect on

motor skills than the DA itself (eg Apomorphine, Bromocriptine and Piribedil) [78].

¢. Enzyme inhibitors

These molecules have the effect of prolonging the effect of L-DOPA by inhibiting its degradation
by two enzymes: COMT and MAO-B.

COMT inhibitors (ICOMTSs) are competitive inhibitors (they attach to the active site of the
enzyme). They are always administered in combination with the L-DOPA, which they extend the
duration of action, saving 20% of the total daily dose. Currently, only entacapone (Comtan) is
marketed, the most potent inhibitor tolcapone (Tasmar) of COMT was available in 1998 but
quickly its commercialization was discontinued as it was implicated in three cases of fatal
hepatitis (it remains available in Switzerland and the United States).

MAO inhibitors (MAO) have been known for many years. Selegiline (Deprényl) is a non-
competitive MAO-B inhibitor (it attaches not to the active site but to another part of the molecule
and distorts the active site). Combined with dopatherapy, it increases the effect by 20 to 30%.
The beneficial effects are prolonged but also the side effects. It can be administered on its own,

even if its effectiveness is more modest [79].

Inhibitors of MAOB (e.g. selegiline, rasagiline) are used clinically to provide symptomatic
benefit in Parkinson’s disease because of the elevation of brain dopamine by inhibiting its

breakdown [80].
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Parkinson’s Disease Drugs
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Figure 17: Parkinson’s disease drugs

d. Surgery

Deep brain stimulation therapy is rarely used for certain types of brain-related disorders including
PD, dystonia, obsessive compulsive disorder and treatment resistant depression. When PD
symptoms are very severe and medications cannot moderate them, surgery and DBS can be
considered as the final options for the treatment. It involves sending electrical impulses to certain
parts of the brain (usually SN or globus pallidus, which communicate with the SN) by a
neurostimulator device that is a brain implant known as a ‘brain pacemaker.” The target arca of
DBS is usually the subthalamic nucleus (STN). The stimulation of the dorsolateral STN border
alongside the surgery can improve its efficiency. Later it was found that stimulation of caudal
zona incerta (cZI) can be more effective with fewer complications after the surgery. Stimulation
of neurons may also lead to neurogenesis and neuroplasticity and thus can improve for long-time

motor problems, such as dyskinesia and tremor, and all other levodopa-responsive symptoms, for
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a long time. However, there are two problems with DBS, namely a 3- to 6-month waiting period

required for optimal results and the possibility of brain infection [81].

Deep brain stimulation

Extension

) Neurostimulator

Figure 18 : Deep Brain Simulation (DBS)
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1. Introduction

Computational prediction of drug-target interactions (DTIs) has become an important step in the
drug discovery or repositioning process, aiming to identify putative new drugs or novel targets
for existing drugs [1].

The interaction between a protein and its substrate (frequently: VVan der Waals, hydrogen bond,
hydrophobic effect ...) is the first step in most biological reactions. Understanding how it works
means defining what residues are involved:

= The affinity between two molecules.

= The distances between the amino acids of the active site of the enzyme and those of the

inhibitors.

= The energy of interaction.
Although enzymes are absolutely essential for life, abnormally high enzyme activity can lead to
disease conditions. Hence, overactive enzymes are attractive targets for development of inhibitor
molecules to alleviate disease conditions. Manipulation of enzyme catalysis with inhibitors is
critical for prevention of diseases [2]. For this purpose, those molecular modeling techniques

have been developed.

In recent years researchers have been trying to combine different methods of molecular
modeling, namely: molecular dynamics and molecular docking. Molecular docking is used to
predict the structure of the inter-molecular complex resulting from the association between at
least two molecules [3], knowing that molecular dynamics is used as a method of validating the
results of molecular docking. The use of these methods has led to many successes in the field of

discovery of new bioactive molecules (drugs) [4, 5].

This work consists in studying the interactions between the different inhibitors with enzyme by
the methods of molecular modeling.

In this chapter we have included all the calculation results carried out in this study and the
discussion that we are going to engage is based on the interaction energies and the distances

between certain groupings of the side chain of the enzyme and those of inhibitors.
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*PDB access code.

*Choice of a good
resolution.

*Choice of R factor.
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*Downloading the enzyme.
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other chains.
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= Ligands (with MM, semiempiric..)
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* Properties of structures..
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Figure 1: Simulation protocol
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2. Materials and methods
2.1. Target and Compounds preparations

2.1.1. Target preparation

The enzyme was downloaded from the Bookhaven Protein Data Bank database
(www.rcsb.org/pdb). Crystal structureof Human Monoamine Oxidase B (MAO-B) (PDB ID:
4a79) is complexed with pioglitazone (RS)-5-(4-[2-(5-éthylpyridin-2-yl)éthoxy] benzyl)-1,3-
thiazolidine-2,4-dione (C19H20N203S) [6].

The 3D structure of our enzyme was obtained by X-ray diffraction with a resolution of 1.89 A
and R-Value Free: 0.208, R-Value Work: 0.178.

Figure 2: The dimeric form of MAO-B
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All MAO-B's information (PDB: 4A79) are grouped in the following table:

Table 1: The atomic composition of the 4a79 complex

Compounds Chain Residues Atoms

Total O N C S
MAO-B A 499 3974 728 681 2541 24
(PDB : 4a79) B 494 3940 721 676 2519 24
P1B A 1 25 3 2 19 1

B 1 25 3 2 19 1

Total O N C P

FAD A 1 53 15 9 27 2

B 1 53 15 9 27 2

Water A 348 348 348 / / /

B 147 347 347 / / /

FAD: FLAVIN-ADENINE DINUCLEOTIDE, P1B: (5R)-5-{4-[2-(5-ethylpyridin-2-yl)ethoxy]benzyl}-1,3-thiazolidine-2,4-dione.

Clément, G. et al [7] and Didierjean, C et al [8] demonstrate that the protein structure with a
resolution between 1.5 and 2.5 A has a good quality for further studies, whereas, the resolution
values of MAO-B target belong to this interval. In addition, we note that the R-value of all

enzymes belongs to the range of typical values according to Kleywegt, G. J. etal [9].

For simplify the structure of this enzyme, all ions and Co-crystal ligand molecules were deleted
from the structure and the PDB, but the water molecules are kept because Klebe, G [10] shows
that the presence of water is sometimes essential to ensure a relay between the compound and the
active site and thus create networks of hydrogen bonds. On the other hand, Marechal.Y [11]
confirmed that water molecules in the cavities of proteins can sometimes be a fundamental
element some algorithms are able to simulate the presence of water molecules in the cavities of

proteins.

Since all PDB structure has its crystal structure in a state that represents the pharmacological

targets for the development of new drugs to PD, this PDB was selected for modeling studies.
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2.1.2.Compounds preparation

In our work, we study a series of 4-(benzyloxy)phenyl and biphenyl-4-yl derivatives by
modifying the benzyloxyphenyl moiety [12] , a common structure of potent, selective, and

reversible MAO-B inhibitors such as safinamide and sembragiline.

First, the structures of all the 48 compounds were drawn by ChemDraw Ultra 11.0 [13], then, the
three-dimensional structures of all compounds tested (Tables.2,3)were pre-optimized by means of
the Molecular Mechanics using Force Field MM+. After that, the resulted minimized structures
were further refined using the semi-empirical method AM1 [14] with default parameters such as:
the Polak-Ribiere conjugate gradient algorithm of 0.01 kcal/(Amol). All methods are
implemented in Hyperchem 8.0.8 software [15]. In the end, the database was created in which all
the compounds were converted into their 3D structures and this database was used as input MOE-
docking [16].

Table 2: Basic structure table

Ligand L1 L2 L3 L4 L5
Py £ T o =
= Fd 4 = =

Basic structure
e}
o
o
0]
g
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Table 3: Chemical structures of compounds

Structures Compounds Substituent
n R1 R2 R3
L6 1 H H H
L7 1 CFs H H
n N L8 1 H CFs H
HaN L9 1 H H CF3
/H\Q s L10 1 F H H
G L11 1 H F H
- L12 1 H H F
L13 1 H Cl H
L14 1 H H Cl
L15 1 H OMe H
L16 1 H H OMe
2 L17 / CFs H H
i r1 L18 / H CFs H
R2 L19 / H H CFs
. L20 / F H H
L21 / H F H
L22 / H H F
L23 0 CF3 H H
L24 0 H CF3 H
L25 0 H H CF3
L26 0 F H H
n L27 0 H F H
HaN R L28 0 H H F
k2 L29 2 CFs H H
g L30 2 H CFs H
L31 2 H H CF3
= L32 2 F H H
L33 2 H F H
L34 2 H H F
L35 2 Cl H H
L36 2 H Cl H
L37 2 H H Cl
L38 2 H OMe H
L39 / H CF3 H
L40 / H H CF;
e R L41 / F H H
O R2 L42 / H F H
L43 / H H F
L44 / Cl H H
® L45 / H cl H
L46 / H H Cl
L47 / H OMe H
L48 / H H OMe
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The information of all compounds was obtained from MOE [16] software and MVD software
[17, 18] given in table 4.

Table 4: Some properties of the compounds studied

Compds Toxic Rsynth  Weight TPSA Number

(%)  (g/mol) A2 of Torsion
L1 Yes (aromatic methylamine) | 100.00 | 213.28  21.26 (don:1l,acc:1) 4 (out of 4)
L2 No 100.00 227.26  52.32 (don:l,acc:2) 4 (outof 4)
L3 Yes (aromatic amine) 100.00  199.25 | 35.25(don:l,acc:l) 3 (out of 3)
L4 No 100.00 227.31  35.25(don:l,acc:2) 5 (out of 5)
L5 No 0.00 197.28  26.02 (don :1,acc:1) 3 (out of 3)
L6 Yes (aromatic methylamine)  100.00  213.28  21.26 (don :1,acc:1) 4 (out of 4)
L7 Yes (aromatic methylamine) | 100.00 | 281.28  21.26 (don:1l,acc:1) 5 (out of 5)
L8 Yes (aromatic methylamine)  100.00  281.28  21.26 (don:1,acc:1) 5 (out of 5)
L9 Yes (aromatic methylamine) | 100.00 | 281.28  21.26 (don:1l,acc:1) 5 (out of 5)
L10 No 100.00 231.27  35.25(don:l,acc:2) 4 (out of 4)
L11 No 100.00  231.27  35.25(don:l,acc:2) 4 (outof 4)
L12 No 100.00 231.27  35.25(don:l,acc:2) 4 (outof 4)
L13 No 100.00 247.72 | 35.25(don:l,acc:2) 4 (out of 4)
L14 No 100.00 247.72  35.25(don :l,acc:2) 4 (out of 4)

L15 Yes (aromatic methylamine) | 100.00 | 243.31  30.49 (don:1l,acc:2) 5 (out of 5)
L16 Yes (aromatic methylamine)  100.00  243.31  30.49 (don:l,acc:2) 5 (out of 5)

L17 No 100.00  295.26 | 52.32 (don :l,acc:2) 5 (out of 5)
L18 No 100.00 295.26  52.32 (don :1,acc :2) 5 (out of 5)
L19 No 100.00  295.26 | 52.32 (don:l,acc:2) 5 (out of 5)
L20 No 100.00 24525  52.32 (don:l,acc:2) 4 (outof 4)
L21 No 100.00  245.25 | 52.32 (don:l,acc:2) 4 (out of 4)
L22 No 100.00 24525  52.32 (don:l,acc:2) 4 (outof 4)
L23 Yes (aromatic amine) 100.00  267.25 | 35.25(don:l,acc:l) 4 (out of 4)
L24 Yes (aromatic amine) 100.00 267.25  35.25(don:l,acc:l) 4 (out of 4)
L25 Yes (aromatic amine) 100.00  267.25  35.25(don:l,acc:1) 4 (out of 4)
L26 Yes (aromatic amine) 100.00 217.24  35.25(don :1l,acc:l) 3 (out of 3)
L27 Yes (aromatic amine) 100.00 217.24 | 35.25(don:l,acc:l) 3 (out of 3)
L28 Yes (aromatic amine) 100.00 217.24  35.25(don :l,acc :1) 3 (out of 3)
L29 No 100.00  295.30 | 35.25(don:l,acc:2) 6 (out of 6)
L30 No 100.00  295.30  35.25(don :l,acc:2) 6 (out of 6)
L31 No 100.00  295.30 | 35.25(don:l,acc:2) 6 (out of 6)
L32 No 100.00 24530  35.25(don:l,acc:2) 5 (outof5)
L33 No 100.00 24530  35.25(don:l,acc:2) 5 (out of 5)
L34 No 100.00 245.30  35.25(don :l,acc:2) 5 (out of 5)
L35 No 100.00 261.75 | 35.25(don:l,acc:2) 5 (out of 5)
L36 No 100.00 261.75  35.25(don:l,acc:2) 5 (out of 5)
L37 No 100.00  261.75  35.25(don:l,acc:2) 6 (out of 6)
L38 No 100.00  257.33  44.48 (don :l,acc :3) 6 (out of 6)
L39 No 0.00 265.28  26.02 (don:1,acc:1) 4 (outof 4)
L40 No 0.00 265.28  26.02 (don:l,acc:l) 4 (outof 4)
L41 No 0.00 215.27 | 26.02 (don :1,acc:1) @ 3 (outof 3)

Mohamed Khider Biskra University, Master'sthesis: Pharmaceutical Chemistry
2019/2020 78



__ ChapterIL: Resultsand discussion

L42 No 0.00 21527  26.02 (don:1l,acc:1) 3 (out of 3)
L43 No 100.00  215.27 | 26.02 (don:l,acc:l) 3 (out of 3)
L44 No 0.00 231.73  26.02 (don:l,acc:1) 3 (out of 3)
L45 No 0.00 231.73  26.02 (don:l,acc:1) 3 (outof 3)
L46 No 100.00 231.73  26.02 (don :1,acc:l) 3 (out of 3)
L47 No 5.88 227.31  35.25(don:l,acc:2) 4 (out of 4)
L48 No 100.00 227.31  35.25(don:l,acc:2) 4 (out of 4)

We note that compounds L1, L3, L6, L7, L8, L9, L15, L16, L23, L24, L25, L26, L27, and L28
are toxic. Also, the compounds L29, L30, L31, L37, and L38 have a high flexibility (table 4) with
6 (out of 6) torsion. In the end, compound L38 has high acceptor.

3. Computational approach

3.1. Molecular Docking Protocol

3.1.1. Default parameters and steps of Molecular Docking

Molecular docking is one of the key computational chemistry technics that are routinely applied
to drug discovery [19]. Docking methods fit a ligand into a binding site by combining and
optimizing variables like steric, hydrophobic and electrostatic complementarity and also

estimating the free energy of binding (scoring)[20].

The identification of the most likely binding conformations requires two steps:

a) Exploration of a large conformational space representing various potential binding modes;

b) Accurate prediction of the interaction energy associated with each of the predicted binding
conformations.

Molecular docking software performs these tasks through a cyclical process, in which the ligand
conformation is evaluated by specific scoring functions. This process is carried out recursively
until converging to a solution of minimum energy [21].

The MOE program was used for our study because:

1st: it is easy to handle.

2nd: it has proven its effectiveness in several studies, we can cite some example of work: Eman
K.A. Abdelall et al [22], Matteo Aldeghi et al [23], Sarah T. A. Al-Rashood et al [24], Khac-
Minh Thai et al [25],Somaia S. Abd El-Karim et al [26], Sheng Liu et al [27],Tamer Nasr et al
[28],Jiansong Fang et al [29] and Sally S. EI-Nakkady et al [30].
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During the interaction, the flexibility of the ligand (often) and the target protein (rarely) is
engaged. In addition, the ligand has too much degree of freedom to be taken into account directly

in an optimization algorithm.
3.2. Molecular Dynamics (MD) Simulation

In order to find the best inhibitor, MD simulations were carried out to evaluate the
conformational changes and to understand the stability of complexes formed between receptors
and inhibitor [31, 32]. The Compounds-MAO-B complexes with the best docking scores were
considered as input files for 1000 ps (1ns) molecular dynamic (MD) simulations.

The enzyme topology file was prepared by Chimera.1.8.1. Software [33]. Then, the compounds-
protein interactions were studied by the MOE package [16]. The procedure was given on our
previous study [34].

3.3. ADME predictions

For in silico ADME (Adsorption, Distribution, Metabolism and Excretion) evaluation, and
estimation of drug-likeness with physicochemical parameters. All these properties were

computed by the freely offered web server Swiss ADME online (http://www.swissadme.ch/) [35,

36] by entering the chemical structure followed by SMILES format.

In particular, our study based on the analysis of relevant pharmaceutical properties, including:
blood-brain barrier (BBB) partitioning [37], human intestinal absorption [38-40], oral
bioavailability [38], Caco-2 permeability [41,42], and including solubility [43], Topological Polar
Surface Area (TPSA), Lipinski [44], Veber [45] and Egan [46] rules violations.

4. Results and Discussion
4.1. Docking and Pose Analysis
4.1.1. Active site residues identifications of target

Enzymes are made up of several active sites. The MOE 2014 software allowed us to identify and

present the residues that form the active sites (the cavities) using the "Site Finder" module [47].

The Site Finder methodology is based upon Alpha Shapes which are a generalization of convex
hulls developed in [48-50].
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The properties of the first cavity detected by MOE are listed in the table below:

Residues

1. (VAL10 GLY11l GLY12 GLY13
ILE14 SER15 GLY16 LEU33 GLU34
ALA35ARG36 GLY40 GLY41ARG42
THR43 LEU56 GLY57 GLY58 SER59
TYR60 GLN65 GLU84 LEUSS
PRO102 PHE103 PRO104 TRP119
LEU164 LEUl167 PHE168 LEU171
CYS172 TYR188 THR195 ILE198
ILE199 SER200 THR201 GLYZ205
GLN206 ARG233 PRO234 VALZ235
ALA 263 ILE264 PRO65 LEU268
LYS271 ILE272 VAL294 LYS296
THR314 ILE316 TYR326 LEU328
LEU326 PHE343)

Figure 3: Simplified model and the selected 4A79 cavity.

This method of detecting active site residues is validated by the both previous studies of Krueger
MJ et al [51] and Veselovsky AV et al [52] which are confirmed that the active site of MAO-B is
formed by the following residues: Tyr60, Phel68, Leul71, Cys172, Tyrl188, 11198, 1le199,
GIn206, Tyr326, Phe343, Tyr398 and Tyr435.

4.1.2. Interactions of compounds with MAO-B target and calculation of binding free energy

The docking results of compounds with MAO-B target were obtained by using MOE 2014
Software [16], and the corresponding docking poses were visualized in workspace (Ligand
Interactions). Subsequently, the binding free energy values calculate for each pose and the

distances of Interactions of compounds with MAO-B target were listed in table 5.
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Table 5: S-score, IC50 and the interactions between the residues of the active site and the atoms of
the compounds

Compds Pose S-score 1Cso Bonds between atoms of compounds and active site residues
(kcal/mol)  value
(LM)
Atom of Involved = Involved Type of Distance = Energies
compound | receptor = receptor interaction A (kcal/mol)
atoms residues bond
L1 -7.230 / N-3 0] HOH2348 H-don 2.78 -3.0
8 0O-4 OH TYR435 H-acc 3.13 -1.3
0O-4 0] HOH2183 H-acc 2.90 -1.9
6-ring CA ILE 199 pi-H 3.78 -0.70
L2 5 -7.561 / N-17 @] HOH2348 H-don 3.30 -0.40
L3 6 -6.279 / 6-ring CG LEU171 Pi-H 4.14 -0.60
L4 7 -7.626 / N-32 0] HOH2183 H-acc 3.08 -1.80
L5 8 -6.740 / N-23 OH TYR435 H-acc 3.22 -1.80
N-23 0] HOH2183 H-acc 3.48 -0.50
L6 9 -7.526 3.225 N-16 OH TYR435 H-acc 3.18 -1.20
6-ring CG LEU171 Pi-H 3.79 -0.70
L7 8 -7.183 3.146 / / / / / /
L8 7 -8.083 0.387 6-ring CG LEU171 Pi-H 3.77 -0.70
L9 8 -7.813 0.136  ARJ3ILH / / / / /
A
L10 9 -7.479 1.462 C-8 6-ring TYR326 H-Pi 4.44 -0.08
L11 7 -6.868 0.926 / / / / / /
L12 9 -6.945 0.452 / / / / / /
L13 9 -7.941 0.257 N-8 OH TYR435 H-acc 3.13 -1.40
6-ring CG LEU171 Pi-H 3.78 -0.70
L14 6 -7.926 0.440 N-16 OH TYR435 H-acc 3.16 -1.30
6-ring CG LEU171 Pi-H 3.80 -0.70
L15 10 -7.750 0.175 C-8 6-ring TYR326 H-Pi 4.52 -0.80
L16 8 -7.573 0.283 / / / / / /
L17 9 -7.916 2.023 0-21 OH TYR435 H-acc 3.07 -2.1
0-21 O HOH2183 H-acc 3.33 -0.7
6-ring CG LEU 171 Pi-H 3.81 -0.6
L18 9 -8.454 1.108 N-16 o] HOH2348 H-don 3.22 -0.7
0-17 OH TYRA435 H-acc 2.92 -2.6
0-17 o] HOH2183 H-acc 3.03 -1.6
L19 6 -8.315 0.642 N-16 O HOH2348 H-don 3.07 -0.5
O-17 OH TYR 435 H-acc 2.96 -2.7
O-17 O HOH2183 H-acc 2.94 -1.8
L20 9 -7.629 1.055 N-16 0 HOH2348 H-don 3.27 -0.5
0-18 OH TYR435 H-acc 2.95 -2.6
O-18 @) HOH2183 H-acc 3.11 -1.3
L21 8 -6.843 -1.550 6-ring CG LEU171 Pi-H 3.79 -0.6
6-ring CB ILE199 Pi-H 3.91 -0.8
L22 8 -7.758 0.271 N-16 0 HOH2348 H-don 3.26 -0.5
0-17 OH TYR435 H-acc 2.95 -2.6
0-17 0 HOH2183 H-acc 3.08 -1.4
L23 8 -7.213 >10 6-ring CG LEU171 Pi-H 3.81 -0.6
L24 9 -7.535 1.507 C 6-ring TYR326 H-Pi 4.37 -0.6
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L25 9 -7.470 0.402 / / / / / /
L26 7 -6.111 >10 N-14 SG CYs172 H-don 3.73 -1.4
6-ring CA ILE199 Pi-H 3.81 0.7
L27 7 -7.024 2.483 C-6 6-ring TYR326 H-Pi 4.38 -0.6
L28 6 -7.176 3.324 C-6 6-ring TYR326 H-Pi 4.38 -0.6

L29 8 -7.664 1.803 / / / / / /
L30 6 -8.481 0.110 N-17 OH TYR435 H-acc 3.02 -1.06
L31 8 -7.875 0.009 N-17 OH TYR435 H-acc 3.32 -1.2
N-17 0 HOH2183 H-acc 3.27 -1.2

L32 9 -8.127 0.396 / / / / / /
L33 9 -71.757 0.193 6-ring CG LEU171 Pi-H 3.82 -0.7
L34 8 -7.751 0.109 6-ring CG LEU171 Pi-H 3.81 -0.7
L35 9 -8.007 2.849 6-ring CG LEU171 Pi-H 3.78 -0.7
L36 8 -7.821 0.062 N-17 OH TYR435 H-acc 3.11 -1.2
N-17 0] HOH2183 H-acc 2.92 -1.6

L37 9 -8.302 0.059 / / / / / /
L38 9 -8.548 0.305 C-7 6-ring TYR326 H-Pi 4.44 -0.70
L39 4 -71.720 1.568 6-ring CG LEU171 Pi-H 3.78 -0.7
6-ring CB ILE199 Pi-H 3.68 -0.6

L40 6 -7.466 0.041 / / / / / /

L41 6 -6.874 >10 / / / / / /
L42 6 -6.835 >10 N-14 OH TYR435 H-acc 3.23 -1.80
N-14 0] HOH2183 H-acc 3.50 -0.50
L43 4 -6.868 6.806 N-14 0] HOH2183 H-acc 3.36 -0.90
6-ring CA ILE199 Pi-H 3.85 -0.60

L44 7 -6.889 8.340 / / / / / /
L45 7 -7.166 2.110 6-ring CA ILE199 Pi-H 4.21 -0.60
L46 3 -6.948 0.625 6-ring CA ILE199 Pi-H 4.30 -0.60

L47 8 -7.540 5.003 / / / / / /

L48 6 -7.554 5.757 / / / / / /
Pioglita -10.125 / N3-3 @] HOH2348 H-don 2.78 -3.0
zone 04-1 OH TYR 435 H-acc 3.13 -1.3
04-1 @] HOH2183 H-acc 2.90 -1.9
6-ring CA ILE199 Pi-H 3.78 -0.7

The results obtained from docking simulation show that the binding free energy values of
complexes formed between compounds and MAO-B target were included in the interval -6.111
and -8.548 Kcal/mol, and we note also, that compounds: L18, L19, L30, and L38 forms
complexes which have the lowest score of binding energy compared to the other complexes.
These complexes give the best docking scores, based on the binding free energy, citing here:
-8.454, -8.315, -8.481 and -8.548 respectively. This justifies that these complexes are more
stable than others.

The binding free energy of complex formed by compound L38 has a score value very close
(slightly higher) to the value of the native Ligand (Pioglitazone) which binding free energy was
-10.125 Kcal/mol.
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Complex 4A79-L38 gives the lowest score energy -8.548 kcal/mol (see Table 5). We observed
that compound L38 establishes one interaction with the pocket of the receptor, this type
interaction H-Pi does appear in Figure 4, it is between atom C-7 of a compound L38 and 6-ring of
TYR326 with a distance 4.44 A. Furthermore, recently published research[53-55]confirmed that
TYR326 is responsible for the formation of different interactions Pi-Pi or H-Pi in the pocket of
the MAO-B target.

Compound L30 forms one interaction with active site residue of MAO-B target, an H—acceptor
interaction was observed between atom N-17 of a compound and aromatic residue TYR435 with
distance equal 3.02 A. This distance is considered strong according to A. Imberty et al [56].
Additionally, recent evidence [57-60]suggests that TYR435 is responsible for the formation of
different interactions H-bond (H-acc and H-don) with the active site residues of MAO-B target.
Similarly compound L18 forms complex with 4A79 which has a low score energy -8.454
kcal/mol (see Table 5) and establish three interactions with the active site residues of the MAO-B
target (Figure. 4). The first one is H-donor with a distance 3.22 A, it is between atom N-16 of a
compound and O of HOH2348. Both other interactions are of types H-acceptor formed; the first
one is making between atom O-17 of a compound and OH of TYR435 with a distance 2.92 A.
The second interaction is formed between atom O-17 of a compound and OH of HOH2183 with a
distance 3.03 A. In addition, H-donor is considered weak and both interactions H-acceptor are
considered strong according to A. Imberty et al [56].

We note also that, a complex formed by compound L19 has low score energy values -8.315
kcal/mol. Compound L19 is involved in making three interactions with the active site residues of
the target are shown in (Table 5). That interacts with one amino acid and two Water molecules
(TYR435, HOH2348 and HOH2183).

The first one is H-donor with a distance 3.07 A; it is between atom N-16 of a compound and OH
of TYR435. Both other interactions are of types H-acceptor formed; the first one is making
between atom O-17 of a compound and O of HOH2348 with a distance 2.96 A. The second
interaction is formed between atom O-17 of a compound and O of HOH2183 with distance
2.94A. Furthermore, according to A. Imberty et al [56], all these distances belong to the interval
between 2.5 and 3.1 which are considered as strong interactions.

Besides, the results of other bonds formed between atoms of compounds and active site residues

of the target are given in (See Table 5 and Annex).
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According to Yeon, Seul Ki, et al [12] the compound L31(12c) has the most potent inhibitory
activity (ICs0=0.009 pM) against MAO-B and they are considered it a potent and selective MAO-
B inhibitor with structural features that can be a good starting point for the development of
therapeutic agents for PD. Moreover, we can note also that L37(12i) has a low value of I1Cso=
0.062 uM, with high potency against MAO-B.

Turning now to the result of molecular docking, it can seem that both compounds L31 and L37
have a high score energy value: -7.875 and -8.302 kcal/mol respectively (See Table 5), and
compound L31 established two Hydrogen bonds (H-acc) with the pocket of MAO-B, the first one
with TYR435 (3.32 A) and the second with HOH2183 (3.27 A). (See Table 5 and Annex), also, it
was observed that no one interaction formed between a compound L37 and the active site cavity
of MAO-B. (See Table 5 and Annex).

On the other hand, several recently published papers [61-65] have confirmed that it has a
relationship between activity and affinity. On the contrary, we find that M.H.J. Seifert [66] have
demonstrated that it has no relationship between these two parameters because the score is an
estimate of the affinity between the macromolecule and the compound (molecular docking).
Also, a score therefore in no way predicts an activity but rather an affinity.

A comparison of the results obtained from molecular docking, it can seem that the four best
compounds L38, L30, L18 and L19 have average values of ICs given here: 0.305, 0.110, 1.108
and 0.642 uM respectively, and complexes formed by these compounds are given low score
energy with justifying by formation the many interactions between these compounds and
catalytic site of MAO-B.

Overall, this finding indicates that the results obtained by the molecular docking study are in
good agreement with those obtained with the experimental study, knowing that the four best
compounds obtained at docking have a good inhibitory activity (ICso) against MAO-B compared

to the other compounds.
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Figure 4. Detailed view of both compounds L18, L19,
L30 and L38 binding in the active site of the enzyme
(enzyme PDB: 4A79).
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4.2. Analysis on molecular dynamic simulations

4.2.1. Stabilities and flexibilities of the four simulation systems

Molecular dynamics simulations performed on best docked conformations of compounds L18,
L19, L30 and L38 binding with MAO-B target obtained from molecular docking in order to
evaluate their structural stability. The Potential energy (U) was used to check the stability of
complex protein-compounds after molecular docking during the MD simulations. The plot of
Potential energy (U) as a function of simulation time (during 1000ps = 1ns) is reported in (Figure
5,6, 7 and 8).
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Figure 5 :(A) : 3D diagram of interaction between L18 with MOA-B using docking (green color)
and dynamics (blue color) simulations, (B): 2D diagram of interaction between L18 with MOA-B
using molecular docking, (C): 2D diagram of interaction between L18 with MOA-B using
molecular dynamics, (D): Potential energy (U) as a function of simulation time (during 1000ps =

1ns).

Mohamed Khider Biskra University, Master'sthesis: Pharmaceutical Chemistry

2019/2020 88



(D)

U(kcal/mol)

4000

2000

-2000

-4000

4A79-L19

Chapter I11: Results and discussion

i
L

(B)

-6000

T
200

T
400

T
600

t(ps)

T
800

T
1000

Figure 6 :(A) : 3D diagram of interaction between L19 with MOA-B using docking (green color)
and dynamics (blue color) simulations, (B): 2D diagram of interaction between L19 with MOA-B
using molecular docking, (C): 2D diagram of interaction between L19 with MOA-B using
molecular dynamics, (D): Potential energy (U) as a function of simulation time (during 1000ps =

1ns).
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Figure 7 :(A) : 3D diagram of interaction between L30 with MOA-B using docking (green color)
and dynamics (blue color) simulations, (B): 2D diagram of interaction between L30 with MOA-B
using molecular docking, (C): 2D diagram of interaction between L30 with MOA-B using
molecular dynamics, (D): Potential energy (U) as a function of simulation time (during 1000ps =
1ns).
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Figure 8 :(A) : 3D diagram of interaction between L38 with MOA-B using docking (green color)
and dynamics (blue color) simulations, (B): 2D diagram of interaction between L38 with MOA-B
using molecular docking, (C): 2D diagram of interaction between L38 with MOA-B using
molecular dynamics, (D): Potential energy (U) as a function of simulation time (during 1000ps =
1ns).
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The plot of Potential energy (U) as a function of simulation time during 1000 ps of four
complexes 4A79-L18, 4A79-L19, 4A79-L30 and 4A79-L38 is reported in four Figures above:
Fig. 5(D), 6(D), 7(D) and 8(D) respectively.

Fig. 5(D), 6(D), 7(D) and 8(D), during first 100 picoseconds, the backbone fluctuation has been
observed initially as indicated by Potential energy value of MAO-B protein with compounds
(L18, L19, L30 and L38).

The curve for complex 4A79-L18 (Fig. 5(D)) showed a potential energy change from -412,981 to
-645.845 kcal/mol between 100 and 400 ps, we also notice a slight change in the potential
energy: -645.845t0 -663.348 kcal/mol in the second interval between 400 and 600 ps. Finally, we
can clearly see that the last interval (between 600 and 1000 ps) indicating that the complex 4A79-
L18 is retaining full stability.

For the curve of the second complex 4A79-L19 (Fig. 6(D)), it showed that we found two
intervals of time, the first one: it is between 100 and 400 ps with a slight change of potential
energy between -35.129 to -37.216 kcal/mol. The values of potential energy in the last interval

clearly indicate that compound 19 is retaining the stability of the protein complexation.

In the curve of third complex 4A79-L30 (Fig. 7(D)), we note also that is three intervals of time.
The first between 100 and 400 ps with a variation of potential energy: -314.499 and -451.200
kcal/mol, we also notice a slight change in the potential energy: -451.200to -439.259 kcal/mol, in
the second interval between 400 and 600 ps. Finally, we can clearly see that the last interval
(between 600 and 1000 ps) indicating that the complex 4A79-L30 is retaining full stability.

The last curve of complex 4A79-L38(Fig. 8(D)), it showed that potential energy variation from -
628.508 to -993.054 kcal/mol in an interval between100and 400 ps, the second interval between
400 and 700 ps with a slight change in the potential energy: -993.054 and -1240.138 kcal/mol.
Finally, we can clearly see the stability of the 4A79-L18 complex from 7000 ps up to 1000 ps.
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Table 6, gives the new different interactions formed between the active site residues of MAO-B
and the four best compounds (L18, L19, L30 and L38) according to the calculation of molecular

dynamics.

Table 6: Molecular dynamics results of the four best poses obtained by molecular docking

Compds Pose S-score Bonds between atoms of compounds and residues of active site
(kcal/mol)
Atom of Involved | Involved Type of Distance = Energies
compound | receptor | receptor interaction A) (kcal/mol)
atoms residues bond
L18 9 -8.454 6-ring 5-ring TRP119 Pi-Pi 3.84 -0.00
6-ring 6-ring TRP119 Pi-Pi 3.97 -0.00
L19 6 -8.315 N-16 O HOH2060 H-don 2.83 -0.90
O-17 OH TYR398 H-acc 3.15 -2.40
L30 6 -8.481 N-17 O HOH2205 H-acc 2.89 -1.40
L38 9 -8.548 6-ring CA ILE199 Pi-H 3.94 -0.7

From the table above, we easily found that, according to the results of molecular dynamics, the
four compounds formed new types of interactions with the residues of the active site of MAO-B
comparing with the results of molecular docking, except in the case of the compounds L30 and
L38 formed the same interactions with the active site residues of the target. On the other hand,
compounds L18 and L19 both form three interactions in the docking molecular simulation and
both form two interactions in the case of dynamics molecular simulations. At the end, both
complexes 4A79-L.30 and 4A79-L.38 are better stable in molecular dynamics because they keep
the same types of interactions which are obtained through the simulation of molecular docking.

4.3. In silico evaluation of the ADME properties and drug-likeness

The prediction of the ADMET properties plays an important role in the drug design process
because these properties account for the failure of about 50-60% of all drugs in the clinical
phases. In addition, it is estimated that close to 50% of drug candidates fail because of
unacceptable efficacy[67]and that up to 40% of drug candidates have failed in the past due to
toxicity [68]. A computational study of four top scoring lead compounds was performed for

assessment of ADME properties and the obtained value is depicted in table 7.
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Table 7: ADME properties for the top four compounds

Entry ABS
Rule -

L18 High
L19  High
L30 High
L39  High

BBB
Permeability ROTB

yes
yes
yes

yes

n-

5
5
6

6

MW  MLog
P
<500 <5
295.26  3.29
295.26  3.29
29530 3.82
257.33 2.57

n-ON

acceptors

<10

5
5
5
3

n-

donors
<5

I I

Lipinski’s
OHNH  Violations

<1

Yes
Yes
Yes
Yes

Veber

violations

<1
yes
yes
yes

yes

Egan
Violations

<1

Yes
Yes
Yes
Yes

ABS: Absorption, BBB: blood-brain barrier, n-ROTB: Number Of Rotatable Bonds, MW: Molecular Weight, MLog P: logarithm of partition

coefficient of compound between n-octanol and water, n-ON acceptors: Number of hydrogen bond acceptors, n-OHNH donors: Number of hydrogen

bonds donors.

The results presented in table 7 revealed that the four compounds have high absorption. In

addition, the authors report that if exists a good correlation between logP and BBB permeation

compounds able to cross the BBB [69,70].In our study, we found that LogP values are ranging

from 2.57 — 3.82 (Table7), indicating that the five compounds are likely able to cross the BBB.

Also, we can be observed that all compounds are respected the Lipinski’s rule of 5, Veber and
Egan, where logP values ranged between: 2.57 — 3.82 (<5), MW range 257.33 — 295.30 (<500),
HBA range 3 — 5 (< 10) and HBD is equal to 1 (<5). In the end, we can suggest that these

compounds would not be expected to cause problems with oral bioavailability and thus showing

possible utility for developing the news compounds with a good drug-like properties against
MAO-B.
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General Conclusion

In this study, we used three methods: molecular docking analyzes, MD simulations and
ADME properties to investigate the potential of new compounds such as: 4-(benzyloxy)phenyl
and biphenyl-4-yl derivatives with MAO-B target witch that can be new inhibitors against

Parkinson disease (PD).

The results of molecular docking simulation show that the top four compounds L18, L19, L30
and L38 of 4-(benzyloxy)phenyl and biphenyl-4-yl derivatives form complexes which have a
lowest score energy compared to other compounds, this is justified, that these compounds have
ahigh affinity with the MAO-B pocket and they established many types of interactions with
active site residues of the target.

However, to validate the results of docking simulation; molecular dynamic calculation is used to
confirm the stability of the complexes formed between these four compounds and of the active
site residues of MAO-B.

The potential energy (U) was used to verify the stability of the complexes protein-compounds
during 1000 ps which obtained by molecular dynamic simulation and according to the type of
interactions, we found that both compounds L30 and L38 maintain the same type of interactions,
which were H-acc type in the case of complex 4a79-L.30 with a distance of 2.89 A and Pi-H type
with the complex 4a79-L.38- with a distance of 3.94 A.

A comparison of the results obtained from molecular docking and molecular dynamic
simulations, it can seem that both top 4-(benzyloxy)phenyl and biphenyl-4-yl derivatives
candidates, compound L30 and compound L38 have weak values of ICso given here: 0.110 and
0.305 uM respectively, and complexes formed by these compounds are given low score energy
justify by thee formation the many bonds between these compounds and catalytic site of MAO-B.

Moreover, these both compounds respect the Lipinski, Veber and Egan rules, they are able to
cross the BBB, in addition, these findings are in good agreement with the experimental results. In
conclusion, we can be concluded that the three methods used in this study have proven to be able
to discover a new class of MAO-B inhibitors and both compounds L30 and L38 are considered a
potent MAO-B inhibitor with structural features that can be a good starting point for the
development of therapeutic agents for PD.
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Interactions between ligands
and active site residues for the 4A79 enzyme
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Abstract:

Parkinson's disease (PD) is the second most common neurodegenerative disorder, after Alzheimer's
disease. Several studies have been conducted to discover new and effective drugs for this rapidly
spreading disease, knowing that, to this day, no medicine has been discovered to treat this disease, but
there have been attempts to reduce its severity.

In order to study the inhibition of enzymes involved in this disease and to identify novel inhibitors, our
work focused to use molecular modeling methods based on molecular docking and molecular dynamics
using MOE software, as well as by an estimation of the ADME properties.

Our discussion is based on two parameters: energy score and distances of interactions between active
site residues of MAO B and a series of 4-(benzyloxy) phenyl and biphenyl-4-yl derivatives.

After the simulations and according to the comparison between the results of the two previous methods,
the compounds L30 and L38 selected to be the best inhibitors of MAO-B and more, both compounds
respect the Lipinski, Veber, and Egan rules, they are able to cross the BBB, and they may behave the
potential to be used in the development of novel pharmacological agents for the treatment of patients
with PD.

Keywords: Parkinson's disease, Molecular Docking, Molecular Dynamic, ADME, Interaction.

Reésumeé :

La maladie de Parkinson (MP) est le deuxiéme trouble neuro-dégénératif le plus courant, aprés la
maladie d'Alzheimer. Plusieurs études ont été menées pour découvrir de nouveaux médicaments
efficaces contre cette maladie a propagation rapide, sachant qu'a ce jour, aucun médicament n'a été
découvert pour traiter cette maladie, mais des tentatives ont été faites pour en réduire la gravite.

Afin d'étudier l'inhibition des enzymes impliquées dans cette maladie et d'identifier de nouveaux
inhibiteurs, nos travaux se sont concentrés sur l'utilisation de méthodes de modélisation moléculaire
basées sur le docking moléculaire et la dynamique moléculaire a lI'aide du logiciel MOE, ainsi que par
une estimation des propriétés ADME.

Notre discussion est basée sur deux parameétres : le score énergétique et les distances d'interactions entre
les résidus de site actif de MAO-B et une série de dérivés 4-(benzyloxy) phényl et biphényl-4-yle.

Apres les simulations et selon la comparaison entre les résultats des deux méthodes précédentes, les
composés L30 et L38 sélectionnés pour étre les meilleurs inhibiteurs de MAO-B et plus, les deux
composés respectent les regles de Lipinski, Veber et Egan, ils sont capables de traversent le BBB, et ils
pourraient avoir le potentiel d'étre utilisés dans le développement de nouveaux agents pharmacologiques
pour le traitement des patients atteints de MP.

Mots clés : Maladie de Parkinson, Docking moléculaire, Dynamique moléculaire, ADME, Interaction.




