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Abstract

In the purpose to design novel antituberculosis (anti-TB) drugs agents against
Mpycobacterium tuberculosis (Mtb), we have built a molecular library around
42 Halimane Diterpenoids isolated from natural sources. Two Mtb enzymes
drug targets (Mtb Mycothiol S-transterase and Mtb Homoserine transacety-
lase) have been adopted. The pharmacological potential was investigated
through molecular docking, molecular dynamics simulation, density func-
tional theory (gas phase and water) and ADMET analysis. Our results indi-
cate that (2R,5R,65)-1,2,3,4,5,6,7,8-octahydro-5-((E)-5-hydroxy-3-methylpent-
3-enyl)-1,1,5,6-tetramethylnaphtha-lene-2-ol (compound 20) has displays
higher docking score with each of the selected drug targets. In addition, this
molecule exhibits a satisfactory drug potential activity and a good chemical
reactivity. Its improved kinetic stability in the Mtb Mycothiol S-transferase
enzyme reflects its suitability as a novel inhibitor of Mtb growth. This mole-
cule has displayed a good absorption potential. Our results also show that its
passive passage of the intestinal permeability barrier is more effective than
that of first-line treatments (ethambutol, isoniazid). In the same way, this an-
ti-TB druglikeness has shown to be able to cross the blood brain barrier.
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1. Introduction

Diseases are nowadays one of the major problems facing world populations in
general and those in sub-Saharan Africa in particular [1] [2]. To cope with dis-
eases, more often chemical entities are used. Thus, several chemical entities have
been discovered as drugs and are grouped into different categories based on their
actions on the disease. Among them are antibiotics and anti-inflammatories [3]
[4] [5]. Unfortunately, these drugs often date back many years, and as a result,
resistance has been developed by pathogens that cause diseases. This is currently
a major public health concern that needs to be taken into consideration by both
governments and researchers [6] [7]. The most promising approach to fighting
with these resistances is the more than urgent development of new therapeutic
formulas. These new drugs must interact with well-known target proteins as well
as the search for new targets that might lead to new successful therapies [8] [9].
Tuberculosis (TB) is a highly contagious disease after COVID-19 caused by
Mpycobacterium tuberculosis (Mtb). Immunodepressed patients such as the
HIV-positive individuals are more susceptible to TB, and its major concern is
due to the high resistance of the bacterium to the available drugs such as isoniazid,
rifampicin, etc. [10] [11] [12]. The World Health Organization aims to reduce
mortality rates and eradicate TB under 2030 by improving access to interventions
[13]. TB is a leading cause of death among infectious diseases worldwide, resulting
in a significant global public health burden. In 2022, there were 1.30 million deaths
worldwide due to TB, with 1.13 million deaths among HIV-negative individuals
and approximately 167,000 deaths among HIV-positive individuals. Although
there was a 19% reduction in TB deaths between 2015 and 2022, the TB strate-
gy’s goal of a 75% reduction by 2025 was not met [14]. The lungs are affected
primarily by Mtb and become active when the immune system weakens. This
triggers a fight between the hosts and the pathogen, releasing free radicals (ROS)
and survival mechanisms used by Mtb. Patients with TB present more levels of
ROS than healthy individuals. Immune response and inflammation keep a sig-
nificant role in TB disease [15]. TB is a disease that can be treated with antibio-
tics. Currently active TB is treated with several regimens that can take 4, 6, or 9
months depending on the treatment plan. The available TB treatment regimens
include the 4-month Rifapentine-moxifloxacin TB Treatment Regimen and the
6- or 9-month RIPE (rifampicin, isoniazid, pyrazinamide, and ethambutol) TB
Treatment Regimen. However, there is a risk of drug resistance [16] [17] [18]. So
to combat this, more toxic drugs are available, but they are not easily accessible
to those with lower incomes. Additionally, the treatment itself has several un-
wanted side effects, such as liver toxicity, gastrointestinal issues, skin rashes, eyes
problem, and heart complications. It is essential to improve the management of
TB patients by reducing these side effects and increasing the effectiveness of the
drugs. Despite the increasing worldwide incidence of TB and its alarming threat
toward the public health, no novel anti-TB drugs have been introduced into

clinical practice over the past decades. The impact of ever-increasing drug resis-
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tance, the serious side effects of some current anti-TB drugs, and the lack of ef-
ficacy of current treatments in immunodepressed patients combine to make the
development of new antimycobacterial agents an urgent priority. One key ap-
proach is to combine anti-TB antibiotics with agents that target the antioxidant,
which may help to eliminate the disease more quickly. However, research in this
area is still in the early stages of evaluation [19]. Previous studies show that the
combination of therapeutic supplements such as vitamin C and cysteine has a
rapid inhibitory effect on bacteria, preventing their proliferation in the host [20].

This paves the way for research into natural tropical antioxidants that are ac-
cessible to all. Research has been carried out on halimane diterpenoids isolated
from plant sources (Marchantiophyta, Magnoliophyta) and animal sources (Po-
rifera, Mollusca, Chordata, Cnidaria) showing their potential to inhibit the viru-
lence factors of the Mtb responsible for this disease [21]. Three labdane-type of
diterpenoids (18-nor-labd-13(E)-ene-8a, 15-diol, labd-13(E)-ene-8a, 15-diol and
austroinulin) has been extracted from the stem bark of Croton Sylvaticus [22].
From DPPH free radical scavenging, Frum et al. have previously described the re-
levant antioxidant activity of the extract of the stem bark of Croton Sylvaticus
[23]. Research on the ethnobiological activity on plants shows that South African
traditional healers used this plant to treat the TB and mental disorder [24].
These findings are a proof of the double competence of these extracts from the
stem bark as a tonic and as a therapeutic agent for TB. In addition, the require-
ments for the incorporation of diastereomers of the same halimane diterpenoids
into other halimane diterpenoids in clearly defined ratios blocks the phagoly-
some maturation and macrophage phagocytosis in human cells [25]. For in-
stance, the compound tuberculosinol can be added in the proportion (1:1) to the
mixture of the diastereoisomers isotuberculosinol (R) and isotuberculosinol (S)
in turn in the proportion (1:3) [26]. Minor studies on the stereo-clarification of
halimane diterpenoids discovered to date have been carried out by Roncero ef al.
[21].

Despite these advances, an analysis of the impact of their biological, pharma-
cokinetic and medicinal activities is lacking. Among 42 halimane diterpenoids
compound selected, we have investigated the better anti-TB druglikeness able to
block the development and maturation of the Mtb. Consequently, molecular
docking and dynamic simulation have been performed. The pharmacokinetic
parameters of this elected anti-TB druglikeness estimated have compare to those

of three first-line treatments: ethambutol Isoniazid and amikacin.

2. Materials and Methods

2.1. Ligands Preparation and Selection

Forty-two (42) halimane diterpenoids compounds of natural origin, as they oc-
cur in African flora. The absolute configurations are presented in Table 1 [21].
They are carried out with under force field in the Open Babel plug-in tool of
PyRx 0.8 tool to obtain optimized geometric [27]. After that, they became as
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Table 1. Molecular registration and substituent specification.

H

CHj
H
N* R, R, R, R,
(1) CH3-CH2-(CH3)C-(0)-CH=CH3 COOMe CH, H
) CH,-CH,-(CH,)C(OH)-CH=CH, COOMe CH, H
(3) CH,-CH,-C(CH,)-CH(OH)-CH,0H COOH CH, H
(4) CH,-CH,-(CH,)C(OH)-CH(OAc)-CH,0Ac COOMe CH, H
5) CH,-CH,-(CH,)C(OH)-CH=CH, COOH CH, H
(6) CH,-CH,-(CH,)C(OH)-CH=CH, COOH CH, OH
(7) CH,-CH,-(CH,)C(OH)-CH=CH, COOH CH,
(8) CH,-CH,-(CH,)C=CH-COOH CH, CH,0H
) CH,-CH,-(CH,)C=CH=CH,OH CH, CH,0H OH
(10) CH,-CH,-(CH,OH)CH-CH,-CH,OH CH, CH, H
N° R, R,
(11) CH,-CH,-(CH,)C(OH)-CH=CH, OH
(12) CH,-CH,-(CH,)C(OH)-CH=CH, OMe
(13) CH,-CH,-(CH,)C(OH)-CH=CH, OFEt
H Ry CHs
H 4a CHj
Rq 8a H
HaC Rs 'y
N R, R, R, R,
(14) CH,-CH,-(CH,)C=CH-CHO H CH, OH
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Continued
(15) CH,-CH,-(CH,)C=CH-COOH H CH, H
(16) CH,-CH,-(CH,)C=CH-COOMe H CH,
(17) CH,-CH,-(CH,)C(OH)-CH=CH, H CH,
(18) CH,-CH,-(CH,)C(OH)-CH=CH, H CH, OH
(19) CH,-CH,-(CH,)CH-CH,-COOH H CH, H
(20) CH,-CH,-(CH,)C=CH-CH,OH H CH, OH
(21) CH,-CH,-(CH,)C(OH)-CH=CH, H CH, OH
(22) CH,-CH,-(CH,)C(OH)-CH=CH, H CH,OH H
(23) CH,-CH,-(CH,)C(OH)-CH=CH, H CH, OAc
(24) CH,-CH,-(CH,)C(OH)-CH=CH, 0 CH,OH H
(25) CH,-CH,-(CH,)C(OH)-CH=CH, OAc CH, H
(26) CH,-CH,-(CH,)C(OH)-CH=CH, OAc CH, H
(27) CH,-CH,-(CH,)C(OH)-CH=CH, OAc CH, H
(28) CH,-CH,-(CH,)C(OH)-CH=CH, OH CH, H
(29) CH,-CH,-(CH,)C(OH)-CH=CH, OH CH, H
(30) CH,-CH,-(CH,)C(OH)-CH=CH, OMe CH, H
(32) CH,-CH,-(CH,)CH-CH,-CH,0H H CH, OH
HoR, CHs
H CHs
Rs R,
Ré cHy g
N* R, R, R, R, R
(25) CH,-CH,-(CH,)C(OH)-CH=CH, OAc CH, CH,
(31) CH,-CH,-(CH,)C=CH-CH,OH OH O CHOAc O
N° R, R, R, R,
(33)  CH(OAc)-CH,-(CH,)C=CH-COOH H CH, H
(34) CH,-CH,-(CH,)CH-CH,-COOH H CH,OH H
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Continued

(35) CH,-CH,-(CH,)CH-CH,-COOH H CH, OH
(36) CH,-CH,-(CH,)CH-CH,-COOH H CH,0H OH
(37) CH,-CH,-(CH,)C=CH-CH,0H H CH,

(38) CH,-CH,-(CH,)C(OH)-CH=CH, H CH,

(39) CH,-CH,-C(CH,)-CH=CH, H CH,

(40) CH,-CH,-(CH,)C(OH)-CH=CH, H CH, OAc
(41) CH,-CH,-(CH,)C(OH)-CH=CH, o) CH, H
(42) CH,-CH,-(CH,)C(OH)-CH=CH, H CH, OH

ligand and automatically converted to pdbqt format.

2.2. Targets Selection and Preparation

Two validated Mtb drug targets namely Homoserine transacetylase (PDB ID
8F2L) and Mycothiol S-transferase enzyme (PDB ID 8F5V) have been selected
according to their potential roles in Mtb maturation besides development [28]
[29]. Their 3D co-crystallized structures have been retrieved in PDB code with
respectively PDB ID 8F2L and 8F5V. Each of the two selected targets has been
obtained by X-ray diffractions with resolution 2.89 AA and 1.45 AA respectively.

The two receptors were prepared for docking by removing all water mole-
cules, co-crystallized ligands, cofactor ions, as well as charges and hydrogens us-
ing the BIOVIA Discovery Studio 2021 client software [30]. Opened in the PyRx
virtual screening tool, everyone is treated as a macromolecule structure and

saved in pdbqt format [31].

2.3. Molecular Docking Validation and Study Process

1) Description

In the field of computer-aided drug design, molecular docking is popular tech-
nique employed to predict the affinity between the three-dimensional structures of
a small molecule (ligand) and a macromolecule (protein). This method uses ma-
thematical algorithms to study the interactions of natural compounds with specific
protein targets such as mycobacterial enzymes. It is based on the binding affinity
energy of compounds with proteins. The result is the formation of complexes, the
most stable of which corresponds to the lowest affinity energy [32] [33].

2) Validation of Docking Protocol

Separation of the co-crystallized ligand from each protein and repetition of
the docking studies in the same region with the re-docked nature ligand is a
useful way of validating molecular docking. The docking simulations of the
orientation and position of the ligands used have been validated by redocking
experiments, through a representation of the valid and reasonable potential
binding mode of the inhibitors. The molecular structure of halimane derivatives

was optimized using the Gaussian 09 and Gauss View 6.0 suite programs, with
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density functional theory (DFT) and Becker’s three-parameter calculation me-
thod (B3) combined with Lee, Yang, and Parr’s non-local correlation functional
(LYP) and a 6-311++G (d, p) basis set [34] [35] [36] [37] [38]. DFT was chosen
as it provides reliable results in predicting molecular geometry and properties,
such as total energy and molecular shape [37] [39]. The 6-311++G (d, p) basis
set was selected due to its ability to account for diffusion, polarization, and an-
gular flexibility in hydrogen-bonded organic systems [40]. All geometric opti-
mizations were followed by determination of the vibrating frequencies. Before
carrying out molecular docking experiments on the Mtb enzymes Homoserine
transacetylase and Mycothiol S-transferase, a protocol was developed to focus on
the active site of these enzymes and take into account surrounding amino acid
residues. Cofactors, water molecules and co-crystallized ligands were removed
from the enzymes. The co-crystallized ligand was docked into the protein struc-
ture to determine the best conformation using the calculated RMSD value [41].
Each amino acid residue interacting with the ligand was realigned using PyMol
software [42].

Virtual screening was then carried out by converting Mtb ligands and enzyme
receptors to PDBQT format using PyRx software [43]. Ligands with the best
binding energy and lowest RMSD value were selected. Finally, the hydrogen,
hydrophobic and protein-ligand interactions of the best ligands were studied

using Discovery Studio [30].

2.4. Pharmacokinetic and Drug-Likeness Study

In the biological system, the pharmacokinetic parameters of candidate therapeu-
tic molecules, such as their ADMET are crucial to the selection of those with
drug potential activity. This selection enables the creation and development of
new innovative drugs. Availability of a therapeutic compound for administration
and absorption in the body is an essential aspect of drug-likeness. It is based on
evaluating the most suitable candidates in accordance with the ADMET’s rules.
Maestro Schrodinger software and the online resource Swiss-ADME were used
to perform the ADMET properties of the compounds [44] [45] [46].

2.5. DFT Studies

The electrophilic reactivity and stability of the optimized halimane compounds
was classified according to their electrophilicity index (w). The index was calcu-

lated using the following expression in Equation (1).
o=y’ [2n 1

with the variables 4 7, S, and y correspond to chemical potential, hardness,
global softness, and electronegativity (see Equation (1)). They are determined by
expressing the energy of the HOMO and LUMO orbitals using the following

formulae [47].

H =]/2(EHOMO + ELUMO) )
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n :]/Z(EHOMO + ELUMO) (3)
S=1/2n 4)
x=-n (5)

2.6. Molecular Dynamics Simulation (MDs)

The MDs is a study conformational changes and the stability of ligand-binding
complexes over simulation time. These simulations were conducted using the
Desmond simulation package in Schrédinger software, based on two complexes
obtained from protein docking [48]. These simulations were performed at stan-
dard temperature and pressure, with a 100 ns duration and snapshots recorded
every 100 ps. Short-range interactions were analyzed using OPLS4 force field
parameters and a cutoff radius of 9.0 A, while long-range electrostatic interac-
tions were calculated using the Particle-Mesh Ewald approach [49]. The
Nose-Hoover and Martyna-Tobias-Klein chain coupling scheme was used for
constant temperature and pressure conditions. Water molecules were modeled
using a simple point-charge model. This analysis included evaluating factors of
root mean square deviation (RMSD) and fluctuation (RMSEF), as well as ex-
amining ligand contacts with amino acids using the Desmond interaction dia-
gram [50] [51].

2.7. Interaction Energy Calculations

The unbound interactions between the ligand compound and enzyme residues
were analyzed using the Discovery Studio software to calculate the interaction
energy values [30]. In addition, the molecular modeling interaction values be-
tween the ligand compound and enzyme residues in unbound interactions were
determined using the same software such describe in our previous work [52]
[53]. This study utilized the interaction energy protocol with the CHARMm
force field and dielectric constant to identify electrostatic and van der Waals
forces [54]. By analyzing the interaction energy contributions per active site re-
sidue, the significance of individual interactions was identified and facilitated
comparative analysis. This method allows for the selection of affinity values that
predict favorable and unfavorable PEP substitutions.

3. Results and Discussion

3.1. Docking Procedure

3.1.1. Validation Protocol

To create a model able to correlate the structure of candidate molecules with
their ability to bind to receptor crystal structures (PDB ID: 8F2L and 8F5V) [55].
For each structure, we started by testing a combination of parameters to best re-
produce (with high accuracy) the native ligand conformation, in order to create
a reliable protocol. In this context, the ligand was removed and then re-docked
according to the rigid docking process with the crystal structure. The RMSD ob-
tained between the native ligand and the realigned ligand in Homoserine trans-
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acetylase and Mycothiol S-transferase enzyme was respectively 1.326 A and
3.404 A.

3.1.2. Molecular Docking Analysis of the Mtb’s Protein

Now that the submitted protocol has been validated, candidate molecules are
subjected to molecular docking to determine the best binding mode for the li-
gand-Mtb enzyme protein complex. Each ligand that docked into the binding
site of the Mtb protein produced different poses. Molecular docking of 42 hali-
mane diterpenoids produced the highest affinity of ligand for binding to each
Mtb enzyme (Table 2). Each ligand (target molecule)-protein bond is stable due
to this binding affinity. Adjustment of the binding pocket is best when the bind-
ing affinity value is negative. For this reason, binding affinity represents a more
efficient binding pocket fit [56].

In view of the higher calculated affinity results in complex Homoserine trans-
acetylase and its top 5 position in complex Mycothiol S-transferase enzyme,
(2R,5R,6S)-1,2,3,4,5,6,7,8-octahydro-5-((E)-5-hydroxy-3-methylpent-3-enyl)-1,1
,5,6-tetramethylnaphthalen-2-ol (compound 20) can be selected as the most effi-
cient anti-TB halimane diterpenoids in the series. The different energy parame-
ters of the ligand 20-enzyme Mtb bond in each of the crystal structures are pre-
sented in Table 2. To analyze the electrostatic effect of the ligand, the ligand of
compound 20 and every one of the Mtb enzymes proteins was generated using

Discovery Studio Visualizer software [57].

Table 2. Energy value of the binding affinity of each enzyme with each compound and

ligand.
Molecules Binding Affinity against 8F5V Binding Affinity against 8F2L
(Kcal/mol) (Kcal/mol)

1 -7.6 -7.2
2 -7.2 -6.8
3 -6.9 -7.6
4 -6.5 -7

5 -6.9 -7.1
6 -6.8 -7.2
7 -7.2 -7.3
8 -6.9 -7.5
9 -6.5 -7.2
10 -7.1 -7

11 -7.3 -7

12 -6.9 -7

13 -6.9 -6.8
14 -7.3 -6.7
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Continued
15 -6.9 -7.7
16 -7.6 -7.1
17 -6.8 -6.8
18 -7 -7
19 -7.1 -7.3
20 -7.6 -8.1
21 -7.6 -7.5
22 -6.9 -7.2
23 -6.6 -6.7
24 -6.7 -7
25 -7.3 -6.3
26 -7.2 -6.6
27 -6.9 -6.6
28 -7 -6.9
29 -6.3 -6.2
30 -6.5 -7.4
31 -8.5 -6.8
32 -6.7 -7.5
33 -7.9 -6.9
34 -7.1 -7.6
35 -7.4 -7.9
36 -7.1 -7.7
37 -7.3 -7.5
38 -7 -6.7
39 -7.1 -6.6
40 -6.7 -6.5
41 -7.1 -6.7
42 -6.7 -7
Natural ligand —6.6 -4.1

In Figure 1, 2D graph shows the various molecular interactions between li-
gand compound 20, the best potential anti-TB drug, and each of the target en-
zymatic proteins.

1) Interaction with Mycothiol S-transferase enzyme

Figure 1(a) shows three dark green circles, each connected to a dotted line of the
same colour, representing the three conventional hydrogen bonds formed between:

a) The oxygen atom of the terminal hydroxide group of the 5-hydroxy-3-me-

DOI: 10.4236/cmb.2024.142003 44 Computational Molecular Bioscience


https://doi.org/10.4236/cmb.2024.142003

L. G. E. Andiga et al.

thylpent-3-enyl substituent bonded to carbon 5 of the naphthalene ring and an
acceptor hydrogen atom of the X (N or O)-H bond of THR 89;

b) The hydrogen atom of the hydroxide group of the same substituent and a
donor atom of the X (N or O) -H bond of THR 89;

¢) The hydrogen atom of this terminal group of the same substituent bonded
to carbon 5 of the naphthalene ring and a donor atom of the X (N or O) -H bond
of TYP 91. An analysis of the interaction of ligand 20 with Mtb revealed
pi-sigma bonds with the acid TRP 139 (purple color).

Additionally, the dark purple indicates the interaction of the Pi-sigma bond
with the amino acid TRP 139, which also forms alkyl and pi-alkyl bonds shown
in light purple. The amino acids THR 91, VAL 56 and ILE 59 are also colored in
the same way.

2) Interaction with Homoserine transacetylase enzyme

In Figure 1(b), the three conventional hydrogen bonds formed are materia-
lized by:

Als1
(@ ‘
TRP
A139 ARG
~ Al48
Ry GLN
o A:60
(\ \\\ / '{\
N ~ 7’\'
\/ \‘\\
TYR \
A9l )
. /
’ Y — ILE
., / A\ A59
* (/: \
ASP Hy
A:88 A HIS
o . VAL A:87
Ay * A56
GLY THR
A:90 A:89

Interactions

van der Waals

- Pi-Sigma

Conventional Hydrogen Bond

Carbon Hydrogen Bond

Hjn |n

Unfavorable Acceptor-Acceptor

[:] Alkyl
|:] Pi-Alkyl
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(b) PHE LyYs

A353 A272 GLN
LEU A:269
A:354
< ASP
SER y
¢ A:351 ARG
A157 A227 THR
ARG A76
A:276
TRP
£ I A79
| / \ d L
~—l YV PRO
y On_/ / ; A77
s \ V4 ‘/‘\\ ‘:'
THR / f \ J
A1 N — S O
» “ow L GLY
% o % A78
*  J .
ALA 2 ¢ %
TYR :
A234 & GLY HiD
A62 ASP A65
A63
HID
A58
Interactions

E] Unfavorable Donor-Donor

[:] Alkyl
[:] Pi-Alkyl
Figure 1. Interaction diagram of (2R,5R,6S)-1,2,3,4,5,6,7,8-octahydro-5-((E)-5-hydroxy-

3-methylpent-3-enyl)-1,1,5,6-tetramethylnaphthalen-2-ol with Mycothiol S-transferase
enzyme (a) and Homoserine transacetylase enzyme (b).

I:l van der Waals

- Conventional Hydrogen Bond
I:] Carbon Hydrogen Bond

a) The hydrogen atom of the hydroxide group of the 5-hydroxy-3-methylpent-
3-enyl substituent bonded to carbon 5 of the naphthalene ring and a donor atom
of the X (N or O)-H bond of PRO 77;

b) The oxygen atom of the hydroxide group bonded to carbon 2 and an ac-
ceptor hydrogen atom of the X (N or O)-H bond of GLY 62;

¢) The hydrogen atom of the same group bonded to carbon 2 of the naphtha-
lene ring (Figure 2(b)) and a donor atom of the X (N or O) -H bond of THR 61.
The final oxygen atom of the substituent 5-hydroxy-3-methylpent-3-enyl con-
nected to carbon 5 of the naphthalene ring and the amino acid TRP 79 also form
a carbon-hydrogen bond.

The amino acids contributing to the pi-alkyl and alkyl bonds formation are as
for ALA 59: three, and one each for LEU 354, TYR 234 and TRP 79.

3.2. Results of Modelling and Optimization Structures

Evaluation of the chemical library’s molecules by kinetic stability and chemical
reactivity requires analysis of the HOMO-LUMO gap presented in Table 3. This
descriptor provides a measure of the energies of electronic interactions between or-
bitals. During the interactions, the frontier orbitals can be electron acceptors for the
high altitude electronically unoccupied or electron donors for the low altitude elec-
tronically occupied orbitals [58]. A molecule with a high HOMO-LUMO energy
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gap has low chemical reactivity and high kinetic stability [59]. Compounds consi-
dered unstable and highly reactive have a low HOMO-LUMO energy gap.

In Table 3, we show the comparison between the HOMO-LUMO energy gap
in gas and water. In gas, the orbitals energies are 6.855 eV. The electronic transi-
tion from the HOMO frontier orbital to its LUMO counterpart in this absolute
configuration of this compound proves to be therefore very difficult. In aqueous
media, there is an average decrease of 1983 eV compared with gaseous media.
This decrease in the energies of the frontier orbitals is due to the solvation effect
claimed by De Proft and Geerlings [60] [61].

A more extensive kinetic assessment of stability through the different global
reactivity descriptors (electronegativity y, global hardness (7), global softness
(S), and electrophilicity index (w)) was also performed.

The information on the resistance to electron change by a deformation of the
electron cloud caused by a small disturbance from the chemical reaction is found
from the hardness (7). The selection of the most kinetically stable compound is
made according to the criterion of the highest hardness. The average achieved
hardness difference is equal to 1585 eV. Our results prove that solvation in water
significantly decreases the hardness of the studied molecules. This reduction in
hardness values occasioned by the solvation of neutral molecules has been
claimed earlier by De Proft and Geerlings [61]. We have measured the deteriora-
tion in binding energy due to maximum electron flow between a donor and an
acceptor using the overall electrophilicity index (w). This descriptor, through the
measurement of the capacity of a system to gain an electron, enables the predic-
tion of the chemical reactivity of the compound. In gas phase, the highest elec-
trophilicity index is 1.460 for 2.393 in water. The compounds in aqueous solu-
tion show that solvation enhances the reactivity. A correlation between the
change in the global reactivity descriptor and the solvation energy observed by

Parr et al. in the framework of the reaction field theory has been confirmed [62].

3.3. Pharmacokinetic and Drug-Likeness Study

Drug-likeness refers to the prediction of whether a specific compound can be devel-
oped into a drug. In order to determine drug-likeness, various physiochemical prop-
erties of the compound are analyzed using established rules and properties [63].

In 1997, Lipinski and colleagues established the “rule of five”, a filter com-
monly used to determine whether a molecule is likely to be absorbed orally. Ac-

cording to this rule, to be considered absorbable, a molecule must not exceed

Table 3. HOMO-LUMO gap, electronegativity j; global hardness (7), global softness (S), and electrophilicity index (w) in eV of
some compounds of halimane diterpenoids.

Molecules  oMO-

Lumo gap A€V

20 6.855 3.427

Gas phase Water
HOMO-LU
n(eV) s w (eV) MO gap x(eV) H(eV) s w (eV)
4.021 0.124 1.46 4.872 3.414 2.436 0.205 2.393
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a certain molecular weight (500 Da), octanol/water partition coefficient (5),
number of hydrogen bond donors (5), and number of hydrogen bond acceptors
(10) [64]. The Egan filter proposes a maximum lipophilicity (5.88) and total po-
lar surface area (131) for optimal oral bioavailability [65]. Veber and colleagues
suggest a maximum number of rotating bonds (10) and total polar surface area
(140) for good oral bioavailability [66]. Muegge and his team established criteria
including molecular weight (200 - 600), lipophilicity (between —2 and —5), total
polar surface area (<150), number of rings (<7), number of carbons (>4), num-
ber of heteroatoms (>1), number of rotatable bonds (<15), hydrogen bond ac-
ceptors (<10), and hydrogen bond donors (<5) [67]. The pharmacokinetic study
was based on prediction of blood-brain barrier (BBB) crossing with criterion
values (between —3.0 and 1.2), prediction of Caco-2 permeability (<25 low
and >500 high), percentage oral absorption in humans with values 1, 2, or 3 for
low, medium, or high, skin permeability (8.0 to —1.0) [68]. According to the
results of the analysis in Table 4, compound 20 has appropriate physicochemical
parameters to be considered as a drug crossing the brain barrier (BBB).
Compounds derived from therapeutic treatment of TB meet the criteria for
drug eligibility. Compound 20 also shows good results. With regard to Human
Oral Absorption (HOA), which is strongly recommended by the WHO as an
absorption criterion, compound 20 has good absorption potential. It is more ef-
fective at passively crossing the intestinal permeability barrier than first-line

treatments (ethambutol, isoniazid).

3.4. Molecular Dynamic Simulation Results

Molecular dynamics simulation (MDs) is an essential computational tool for
understanding the physical and chemical properties of drug candidate com-
pounds. It is seen as a study of relative positional changes of a moving molecule
system in a protein over time [69].

MDs first bring to life biomolecular structures in solution at different time-
lines, giving a view of natural dynamics. Secondly, it allows us to find values for
several molecular properties as close as possible to experimental data. Finally, it

explores the different conformations of molecular structures in space [70].

Table 4. Assessment of the pharmacokinetic profiles of compound 20 and anti-TB drugs therapy (ethambutol Isoniazid and ami-

kacin), using the recommended screening for 95% of known drugs.

Human-
Plog- Pl PlogK QPI Pl
Molecules MW QPlog dQPlogPw HBA HBD QPlog QPPCaco Volume #rotor QPlogK QPlog  QPlog PSA Oral
Po/w BB hsa HERG Kp .
Absorption
Compound
20 306.5 3.964 6.821 34 2.000 -0.636 1253.6 1105.062 6 0.642 -3.723 -3.05 49.813 3
ethambutol 204.312 -0.232 11.357 6.400 4.000 -0.241 66.852  830.487 0 -0.785 -5.413 -6.463 63.513 2
isoniazid 137.141 -0.649 11.122 4500 3.000 —0.838 275.982 495.524 0 -0.755 -3.543 -3.773 81.402 2
L. 322.55
amikacin. 585.607 —8.352  53.383 26.900 17.000 —4.341  0.004  1549.406 1 -2.258 -5.699 -12.007 7 1
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Our study will examine the stability of docking-validated complexes to see
how they perform in MDs.

The Root Mean Square Deviation (RMSD) serves as a metric for evaluating
the stability of a system. Specifically, it measures the average displacement of a
set of atoms relative to a reference frame. For globular and small proteins, the
permissible range of structural conformations falls between 1 and 31. The RMSD
evolution between the Mtb Homoserine transacetylase and the ligand (com-
pound 20) is depicted in Figure 2(a). Between 0 and 40 nsec, the Lig fit Prot
curve is far from the reference protein scaffold, suggesting instability within the
complex. However, from 40 to 60 nsec, there is an alignment with the reference
protein backbone, indicating structural stability. Beyond 60 nsec, there is an
RMSD deviation as a function of time, indicating instability of ligand-protein
conformations. In contrast, Figure 3(a) illustrates the stable structural confor-
mation of the ligand and the atoms of the reference protein Mycothiol
S-transferase enzyme. Although there is a sudden shift away from each other
between 55 and 90 nsec, reflecting instability of the complex, the two structures
converge once more in the last 10 nsec. Both complexes exhibit an RMSD of less
than 3.0 A, indicating their stability.

In accordance with the analysis of the protein-RMSF graph, the RMSF value
proves to be a useful tool for assessing the fluctuations of residues in molecular
dynamics simulations. It is particularly beneficial in evaluating the quality of
amino acid binding at a binding site. RMSF values that are high suggest subop-
timal binding. Upon examining the protein-RMSF plot depicted in Figure 2(b),
it is apparent that the interaction between the compound 20 and the protein’s
residue, as indicated by the green lines, is stable, with values below 1.8 A. Con-
versely, residue fluctuation values on the protein that are greater than 2 A sug-
gest a weak interaction between the ligand and the protein. Figure 3(b) also illu-
strates the stability of the compound 20 and residue, although the RMSF value is
2.2 A, which is below the cut-off value of 2.5 (vita). However, all pro-
tein-mediated fluctuations remain below 2 A, indicating a strong interaction.

According to Figure 2(c) show the protein amino acids that interact with the
ligand. Therefore, we have THR 61, SER 157 and HIS 350 for hydrogen bonds.
The amino acids involved in hydrophilic interactions are as follows: ALA 59,
LEU 60, ALA 230 TYP 234, TYR 282, LEU 289, LEU 322, PHE 353 and LEU 354.
We have selected ALA 59, LEU 60, THR 61, ASP 63, HIS 65, THR 76, PRO 77,
SER157, ARG 227 and ASP 351 for protein-ligand interactions with hydrogen in
water (water bridges). For Figure 3(c), hydrogen bonds are established between
GLN 60, HIS 87, ASP 88, THR 89, TYR 91, TRP 139, ASN 140, SER 151, ASP
154 and ASP 155. In terms of hydrophobic bonds, the ligand interacts with VAL
56, ILE 59, TYR 91, TRP 139, ASN 140, PRO 141 and ILE 152. Atoms of the li-
gand and the acids HIS 52, GLN 60, ARG 86, HIS 87, ASP 88, THR 89, GLY 90,
TYR 91, SER 138, TRP 139, ASN 140, PRO 141, ALA 147, ARG 148, SER 151,
ASP 154 and ASP 155 form water bridges. The ligand and ASN 140 bond in po-

lar mode.
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3.5. Interaction Energy Calculations

The study of the non-bonded interactions between each residue of the receptor
and the small molecule revealed the individual contribution of each residue to
the total interaction energy. This was done by calculating the sum of the van der
Waals and electrostatic interaction energies of each residue. This analysis al-

lowed us to understand the role of each residue in binding to the small molecule.

DOI: 10.4236/cmb.2024.142003 50 Computational Molecular Bioscience


https://doi.org/10.4236/cmb.2024.142003

L. G. E. Andiga et al.

(a)
2.4
‘ 9.0
'l "W mh nh ol
21 [ J( ' [yl ‘\} u“’ [ | ‘ ‘ b | l I
| 75
| | |
18 I i
— | ‘ M
= I | 1 il )=
. 6.0 Q
a 15 i | N =1
s o
-4 | ;ZU
c
= 1.2 wv
3 4.5 o
[ =
o =
09
3.0
0.6
NC oM Lig) fit on Prot 15
03
20 40 60 80 100
Time (nsec)
( ) 4.0
EC-alphas
35
3.0
25
=
@
s 2.0
4
15
1.0
0.5
0 Zb 40 60 80 100 120 140 160
Residue Index
(©)
5031
©
©
It
w
2
s
502
o
Q
€
0.1
0.0 : I : : - .
o < L4 & 03 & ® ® < L} L & K » K K3 K4 & & K4 K4 Kd
& R K% 0@/ v‘?(:/ &7 Y{;Q ’ & (7\‘,\/ & G:\/ & (,;8" & v‘;\/ qu, v\?/ §~0/ é?" & ‘?{} 7 Y"Q 7 c’\;\/

Figure 3. Simulation Interactions graphs of compound 20 (ligand) —8F5V (protein): (a) Protein-Ligand RMSD. (b) Protein RMSF.
(c) Protein-Ligand Contacts.

Several residues showed lower interaction energy values ranging from 0 to —12.0
kcal/mol. The results allow us to rank our residues in descending order accord-
ing to their protein-ligand interaction stability: THR 89, GLY 90, ARG 148, VAL
56, GLN 60. This compensated for the perturbing contribution energies of resi-
dues such as ILE 59, HIS 87 and ASP 88 whose total energy was greater than.
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Figure 4. Interaction energies (electrostatic, van der waals, total) of some residues of
Mycothiol S-transferase enzyme and ligand.

4. Conclusion

Evaluation of the molecules in our chemical library by molecular docking shows
that (2R,5R,6S)-1,2,3,4,5,6,7,8-octahydro-5-((E)-5-hydroxy-3-methylpent-3-enyl)-
1,1,5,6-tetramethylnaphthalene-2-ol is the best ligand for binding affinity with
the Mtb Mycothiol S-transferase and Mtb Homoserine transacetylase enzymes,
respectively. Molecular dynamics simulations reveal that the interaction between
the crystalline structure of the Mtb Mycothiol S-transferase enzyme and is the
most effective over time. Analysis of kinetic stability and chemical reactivity
through the HOMO-LUMO gap study shows good stability of the compound
with excellent stability of the series in both media. For pharmacokinetic re-
quirements, our molecule meets all the criteria. Further studies can be carried

out, such as in vitro and in vivo evaluations are recommended.
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