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Abstract: Developing new, more effective antibiotics against resistant Mycobacterium tuberculosis
that inhibit its essential proteins is an appealing strategy for combating the global tuberculosis (TB)
epidemic. Finding a compound that can target a particular cavity in a protein and interrupt its
enzymatic activity is the crucial objective of drug design and discovery. Such a compound is then
subjected to different tests, including clinical trials, to study its effectiveness against the pathogen
in the host. In recent times, new techniques, which involve computational and analytical methods,
enhanced the chances of drug development, as opposed to traditional drug design methods, which
are laborious and time-consuming. The computational techniques in drug design have been improved
with a new generation of software used to develop and optimize active compounds that can be
used in future chemotherapeutic development to combat global tuberculosis resistance. This review
provides an overview of the evolution of tuberculosis resistance, existing drug management, and
the design of new anti-tuberculosis drugs developed based on the contributions of computational
techniques. Also, we show an appraisal of available software and databases on computational
drug design with an insight into the application of this software and databases in the development
of anti-tubercular drugs. The review features a perspective involving machine learning, artificial
intelligence, quantum computing, and CRISPR combination with available computational techniques
as a prospective pathway to design new anti-tubercular drugs to combat resistant tuberculosis.

Keywords: Mycobacterium tuberculosis; computational drug design; molecular docking; anti-tuberculosis;
structure-based drug design

1. Introduction

Robert Koch identified the etiological agent of tuberculosis (TB) as Mycobacterium
tuberculosis (Mtb) [1]. TB generates a lot of concerns as a contagious disease that poses a
high risk to public health globally. Despite the available anti-tubercular drugs introduced
over the years, TB remains one of the leading causes of death globally [2]. According
to the World Health Organization (WHO), it is the most common infection caused by a
single bacterium. About 10 million people were diagnosed with TB in 2017, and 558,000 of
them showed resistance to the most effective first-line medication, rifampicin. According
to another WHO survey, an estimated 1.5 million deaths occurred in 2018 [3]. It infects
about a third of the world’s population and kills approximately 1.7-1.8 million people per
year, demonstrating the failure to find new antibiotics to conquer this deadly disease [4].
Therefore, antimicrobial compounds that are effective against Mtb are desperately required
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to tackle this global epidemic, worsened by resistance to medication, long-time treatment
schedule, and co-infection, especially with Human Immunodeficiency Virus (HIV). In more
than 40 years, no new antibiotic to treat TB has been created [4,5].

Recently, phenotypic screening efforts using commercial vendor libraries evolved
toward identifying compounds that inhibit Mtb development [6-8]. This intervention gives
a ray of hope in the search for new therapeutics against Mtb. The urgency to end the Mtb
epidemic requires improvement in diagnostic tools and the efficacy of therapeutics used
in treating TB in diagnosed patients. This intervention reduces the treatment regimens
usually required with strict compliance to ensure effective treatment. Rapid and cheap
diagnostic test kits that can be readily accessible to the public aids early diagnosis, while
drugs with multiple targets go a long way to improve the outcome of treatment [9]. There
is urgent attention to deliver new potential active antimicrobial agents to scale down the
resistant TB strains. Many strategies and efforts have been adopted, which involved the
structure-based design of inhibitors for a single target pathogen through computational
methods [10-13].

Target drug discovery begins with identifying and studying enzymes or proteins
necessary for the growth and development of the pathogen. Researchers then screen these
proteins against some chemicals or compounds in libraries for potency and inhibitory
effect leading to drug candidate identification using computer software after learning the
accurate details of the target and lead molecule. This procedure could help pharmaceutical
firms, agencies, and research labs avoid following the “false” clues. In contrast to the
traditional drug discovery approach, which is time-consuming, expensive, and laborious,
a new understanding of the quantitative relationship between structure and biological
activity leads to the emergence of computer-aided drug design (CADD) applications in
search of new therapeutics against TB. Table 1 shows the advantages of the computer-aided
method of designing drugs over the traditional method.

Table 1. Comparison of the traditional method of drug development with CADD (computer-aided drug design).

The Traditional Method of Drug Development CADD
It involves more trial-and-error processes It is more logical
It involves blind screening It is specific and mostly target-based
It is a more expensive approach to drug development It minimizes the cost of drug development

It is a relatively more laborious and
time-consuming approach

It involves sequential steps

It involves separate interdisciplinary drug
development with more difficult processes

It reduces the duration required in the development of new drugs

It entails steps that are not only sequential but are also parallel
and straightforward.

It coordinates interdisciplinary drug development with easier processes.

The rapid advances in high-throughput screening (HTS) technologies and compu-
tational chemistry created an atmosphere that allows vast libraries of compounds to be
screened and synthesized in a short period, speeding up the drug development process [14].
CADD involves storage, management, analysis, and modeling of potential therapeutic
compounds. It refers to computational methods and techniques for storing, handling, ana-
lyzing, and modeling chemical compounds. It includes computer programs for designing
compounds, tools for systematically evaluating possible lead candidates, and the develop-
ment of digital libraries for researching chemical interactions between molecules, among
other topics [15]. Advances in drug discovery involve using computational analysis to
identify and validate vulnerable targets, which leads to the emergence of new therapeutics;
they are also used in preclinical trials, drastically altering the drug development pipeline.
Computational techniques can cut drug production costs by up to 50% [16-18]. On average,
it takes 10-15 years and $500-800 million to bring a drug to market, with lead analogue
synthesis and testing accounting for a significant portion of that cost. As a result, using
computational methods during optimization drastically reduces the expenses on drug
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development, as there are computational models that can screen thousands of compounds
before synthesis and in vitro testing.

New therapeutics against TB emerged from HTS techniques and other related software
development. There has also been an increase in biological and chemical data available
on Mitb to facilitate new target identification. Furthermore, improvements in data storage
capacity, supercomputing ability, and parallel processing encouraged the adoption of
CADD as an integral component of TB pharmaceutical research. CADD made drug
discovery all-encompassing, including different fields. Computational tools of CADD
made it possible to ascribe more than 5000 macromolecular structures in the Protein Data
Bank (PDB) to Mtb [19,20]. This repository provides a fertile ground for discovering new
compounds as potent drug molecules to combat TB [1,19].

CADD can be structure-based drug design (SBDD) or ligand-based drug design
(LBDD). These are the two most popular approaches to drug discovery (Figure 1). Currently,
no single method can meet all the necessities of drug discovery and production. As a result,
several computational methods are used widely and effectively in combinatorial and
systemic approaches [1]. This review examines the evolution of TB tolerance, current drug
management, and the development and adoption of new compounds as anti-tubercular
therapeutics. Although there were other recent studies, where developments of TB drugs
based on CADD were extensively appraised with respect to specific targets using in silico
approaches [21,22], this review provides insight into the most recent developments on the
various available resources used in TB drug design and the inclusion and contributions of
these resources to the development of new effective therapeutics against Mtb. Similarly,
the introduction of machine learning and artificial intelligence to CADD is considered as
a new perspective in TB drug management. Our study aids in a better understanding of
the current state and the allure of the potentials embedded in using computational drug
development for TB.

Computer-aided drug design
(CADD)

Ligand-based drug design

Virtual screening

Selection of compound

Lead optimization

New medication

Figure 1. An illustration of CADD.
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2. TB Pathology, Management, and Control

TB is a contagious disease that is transmitted predominantly through the air. An
individual becomes infected after inhalation of tubercle bacteria-rich droplets from con-
taminated air that enters the lungs. The newly infected person may show symptoms due
to a compromised immune system from other infectious diseases, such as HIV. However,
Mtb remains in a dormant stage if the immune system is not compromised. The alveolar
macrophages perceive the bacteria as foreign bodies and internalize them. The bacteria
multiply and eventually infect the macrophage, then spread from this point to the entire
body system via bloodstream. However, it is crucial to note that infections, such as HIV,
and lifestyle diseases, associated with alcoholism and smoking, pose a very high risk
in the pathogenesis of TB [23,24]. Generally, TB is considered latent or active (Figure 2).
The latent TB infection (LTBI) is not transmissible, and patients in this category show no
symptoms. However, patients with active TB can transmit the bacteria, and the common
symptoms exhibited by these patients include: fever, weight loss, productive cough, and
hemoptysis [25,26]. An estimated 1.7 billion people in the world may contract LTBI and
risk developing active TB. A World Health Organization (WHO) report showed that active
TB disease affects 5.7 million men, 3.2 million women, and 1.1 million children with 9% of
this population also infected with HIV in 2018 [27].

'l:uhercle bacteria-ri;h \ /
. droplets - “ s ‘n““““e ﬁ %
— P L ise -
- o

i;&:tion fru )

( Point of infection)

'Lgltvtntpl'lva:sve )
Figure 2. An illustration of tuberculosis (TB) infection phases.

2.1. TB Drug Management and Classification

The complete invention and design of the first-line therapy for the treatment of TB
in the 1960s was also the first effective treatment and cure of an infectious disease. The
classification of anti-tubercular drugs may be according to source, which is either natural or
synthetic; mode of action; and situation of the patient (phase or treatment regimen), which
are classified as first-line and second-line regimens [28]. Approximately 20 medications are
currently available on the market for the management of TB. The use of these therapies
can be singly or combined [29]. If left untreated, TB can be fatal. Between 2000 and
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2018, physicians rescued approximately 58 million infected people using a traditional
regimen. In 2017, there was a report of an 85 percent global success rate in the treatment of
newly diagnosed TB cases. However, a 56 percent treatment success rate was reported for
drug-resistant TB cases globally in 2017 [27].

2.2. First-Line Drugs

The first-line treatment regimen of TB includes isoniazid, rifampicin, pyrazinamide,
streptomycin, and ethambutol (Figure 3) [29]. For latent TB infection (LTBI), the WHO
recommends isoniazid alone or combined rifampicin for 3-9 months [30]. Over the years,
drug-sensitive TB treatment has entailed the conventional regimen of first-line medications
for 2 months, then followed by a combined therapy of isoniazid and rifampicin for another
4 months [2]. Nonetheless, this treatment plan has a high success rate. However, the
extended treatment period results in various side effects, such as skin rashes, dizziness,
and gastrointestinal disturbance, among others, resulting in patient noncompliance [31].
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Figure 3. Chemical structures of first-line drugs used in management of TB.

2.3. Second-Line Drugs

When first-line drugs fail or there is reduced effectiveness, medical practitioners
usually introduce second-line drugs. They often prescribe these medications whenever a
patient shows signs of drug resistance to one or more medications [32]. The drastic reduc-
tion in treatment efficacy that involves incomplete TB treatment regimens often results in
disease relapse and resistance. Managing TB resistance entails the fast-tracked develop-
ment of several drugs to help with global TB control efforts. The second-line treatment
regimen includes para-aminosalicylic acid (PAS), ethionamides, cycloserine, viomycin, and
ciprofloxacin (Figure 4). These therapies are long-acting, with questionable effectiveness
and high toxicity, which also leads to lower compliance and unfavorable outcomes.
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Figure 4. Chemical structures of second-line drugs used in management of TB.

2.4. Emergence and Treatment of Multi-Drug Resistant TB (MDR-TB) and Extensively
Drug-Resistant TB (XDR-TB)

Researchers attributed the emergence of resistance to several factors, including poor
compliance to a course of prescribed medications, inconsistent monitoring, medication
abuse, and mutations in strains. Resistance can also develop due to change in membrane
pumps, changes in the interaction of the drug or target, and chromosome mutations [33].
Another reason may include the low permeability of the mycobacterial cell wall due to its
lipid-rich nature, which prevents the accessibility of compounds to targets.

MDR-TB was first noticed in the 1990s as the bacteria failed to respond to first-line
therapy (isoniazid and rifampicin) [34]. Between 2013-2014, there were reportedly approxi-
mately 500,000 new cases of MDR-TB worldwide, resulting in about 200,000 deaths [35].
XDR-TB occurs when both first-line and second-line medications are unsuccessful. Out of
the total number of MDR-TB cases registered per year (500,000), 5-7% become XDR-TB [36].
At the end of 2012, the US Food and Drug Administration (FDA) approved bedaquiline
(Figure 5 as a medication for resistant TB in response to this emergence [1]. The European
Medicines Agency (EMA) granted conditional approval for delamanid (Figure 5) to manage
MDR-TB in adults in 2014. The FDA recently approved pretomanid (Figure 5) therapy
combined with bedaquiline and linezolid to treat resistant TB [1]. However, this drug
has high toxicity and usage associated with an increase in the risk of death. This adverse
effect raised concerns about its approval. There was approximately a four-fold increment
in mortality among patients managed with bedaquiline during clinical trials compared
with those who received the alternative placebo therapy [37]. The threat of drug resistance,
on the other hand, is a sobering thought, so there is a need for the development of new
therapeutic agents with no cross-resistance to existing treatments.
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Figure 5. Chemical structures of new Mtb drugs at different clinical trial phases.

2.5. Current TB Drugs’” Mechanism and Resistance Development

One of the first-line compounds synthesized for TB treatment is isonicotinic acid
hydrazide. Otherwise called isoniazid, the compound has a molecular formula C¢H;N3O
and weight 137.139 g/mol [38]. Although the specific action mode of isoniazid is still a
query, researchers proposed several mechanisms. The hydroxyl radical oxidizes INH at the
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primary nitrogen of the hydrazyl moiety, and the hydrated electron reduction occurs at the
pyridine ring, according to a recent analysis by Khan et al., in 2016 [39]. Another related
study suggested cell wall penetration of the bacteria via passive diffusion. Subsequent
oxidative activation by catalase peroxidase enzyme (KatG) forms a reactive intermediate
isonicotinyl acyl radical. This step, preceded by the formation of the INH-NAD, adducts
and inhibits InhA (2-trans-enyolacyl carrier protein reductase) of Mtb. Overall, the process
limits the formation of mycolic acid, an essential component of the cell wall [38,40,41].

Similarly, other studies proposed the formation of highly reactive oxygen species
(ROS) by the KatG-mediated INH activation. The suggested ROS may include superoxide,
nitric oxide, peroxide, and hydroxyl radicals and isonicotinic acyl anion. ROS attack dif-
ferent targets in Mtb cells [42,43], causing more oxidative stress and decreasing INH Mtb
resistance [44]. INH resistance emerges from a mutation in the KatGat S315T, a catalase
peroxidase enzyme [45]. This possibility, confirmed by another study, involved a computa-
tional model to understand the mode of action of isoniazid as an anti-tubercular drug. The
investigation showed the involvement of the KatG mutation at position 315 (S315T/S315N)
in forming hydrogen bonds between INH and mutant Thr(T)/Asn(N) residues, leading to
the formation of an INH free radical [46]. Mutations in eight other genes (furA, inhA, kasA,
rv0340, iniB, iniA, iniC, and efpA), as well as two regulatory DNA regions (oxyR-ahpC
and the promoter of mabA-inhA), were also related to the resistance of INH [45].

Ethambutol (EMB) is a crucial component in anti-TB treatment. It is used in treating
Mtb infection in combination with other first-line agents and has a molecular formula of
C10H24N20, and a molecular weight of 204.31 g/mol. The actual mechanism of EMB, like
those of some other anti-TB medications, is unclear. Studies showed that EMB inhibits
Mtb cell wall synthesis by disrupting arabinogalactan synthesis and inhibiting arabinosyl
transferase [47]. EMB resistance is in about 65% of INH-resistant strains [33]. Most cases of
EMB resistance are inherent from mutations that occur in the embB gene (mutations in the
embC-embA intergenic region (IGR)). Researchers linked resistance to EMB to mutations
in the Mtb embB306 gene codon 306, embB406, embA(-16), and embB497 in the majority of
cases. There are likelihoods of EMB resistance linked to overexpression and mutations in
ubiA [48-50].

Rifampicin (RIF) is a natural product with molecular formula C43H55N4O1; and a
mass of 822.94 g/mol. It is an antibiotic from a Gram-positive bacterium Amycolatopsis
rifamycinica of the rifamycin group. In addition to Mtb, it has a broad-spectrum antibiotic
effective against fungi and viruses. Other derivatives of rifampicin identified over time
include rifamycin, rifamixin, rifabutin, and rifapentine. Its activity entails the inhibition of
DNA-dependent RNA synthesis. Increasing rifampicin/rifampin use resulted in a mutation
in the RNA polymerase b-subunit, causing resistance development. The critical mutant
is in the rpoB gene’s codons between 507 and 533, known as the rifampicin resistance-
determining region. Codons 516, 526, and 531 are mutated in most rifampicin-resistant
cases [51].

Pyrazinamide (PZA) is a compound with the molecular formula CsHs5N30 and weighs
123.113 g/mol. PZA is another active medication used in first-line therapy for nearly four
decades. It is considered a prodrug with the capacity to penetrate the bacterial cell wall
through passive diffusion. It is converted to pyrazinoic acid, its active metabolite, by the
action of pyrazinamidase. Pyrazinoic acid inhibits Mtb activity through multiple pathways,
including inhibition of the fatty acid synthase (FAS) I enzyme, bonding to the ribosomal
protein S1 (RpsA), and membrane inhibition [52,53]. In 1996, the PZA-resistant strain
of Mtb reportedly originated in the pncA gene [54]. Similarly, investigators noticed that
pncA mutations were responsible for PZA resistance [55]. However, there is evidence on
PZA-resistant strains without pncA mutations, suggesting the mediation of PZA resistance
by other genes and mechanisms [56]. According to studies, mutated recombinant pncA
reduced enzymatic activity, depending on the mutation’s position and form. Any structural
defect might potentially impact PZase function significantly [57,58].
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Streptomycin (STR), an aminoglycoside antibiotic, has a molecular formula of Cy; H39N7O1
and weighs 581.574 g/mol. It is a natural product effective in the treatment of TB. It comes
from Streptomyces griseus, a soil actinomycete. STR inhibits protein synthesis by binding
irreversibly to the 30S ribosomal subunit and 165 rRNA that codes genes rpsL and rrs [59].
Mutations in gidB, a gene encoding a conserved 7-methylguanosine methyltransferase
specific for the 165 rRNA, were identified as the cause of resistance to STR in recent
years [60]. The main mechanisms of STR resistance are mutations in rpsL and rrs, which
account for around 70% of the resistance observed. A switch in codon 43 from lysine to
arginine, which results in high-level streptomycin resistance, is the most widely recorded
mutation in rpsL. The most specific mutations in rrs are in between nucleotides 530 and
915 [61]. There are still many streptomycin-resistant strains that do not show mutations
rpsL and rrs, which suggests the existence of other possible mechanisms of resistance.

Ethionamide is an isonicotinic acid derivative that resembles isoniazid in structure. It
is also a prodrug that requires activation by ethA-encoded monooxygenase. The mode of
action involves generating an adduct with NAD and inhibiting the enoyl-ACP reductase
enzyme, which results in mycolic acid synthesis inhibition [62]. Mutations in the etaA/ethA,
ethR, and inhA genes lead to ethionamide resistance [63]. Furthermore, experiments with
spontaneous isoniazid- and ethionamide-resistant mutants of Mtb indicated that they map
to mshA, which encodes a mycothiol biosynthesis enzyme [64].

The first discovery of para-aminosalicylic acid (PAS) was in 1948. It acts by inhibiting
thymidylate synthase in iron uptake interference and synthesis of folate. A recent study
showed that numerous missense mutations in the folC gene, which encodes dihydrofolate
synthase, resulted in resistance to PAS in Mtb isolates [65]. Mutations in the thyA gene
associated with PAS resistance were available in clinical isolates resistant to PAS in one
research using transposon mutagenesis [66]. Nonetheless, mutations in thy A were found
in less than 40% of PAS-resistant strains, suggesting that other drug-resistance pathways
may be present [66,67].

Physicians often prescribe fluoroquinolones (levofloxacin (Figure 6) and melofloxacin
(Figure 5)) as second-line drugs for MDR-TB treatment. Fluoroquinolones function by
blocking topoisomerase II (DNA gyrase) and topoisomerase IV. These proteins are essential
for bacterial multiplication and survival encoded by genes gyrA, gyrB, parC, and parE [68].
Chromosome mutations in the quinolone resistance-determining area of gyrA or gyrB are
the most common cause of fluoroquinolone resistance in Mtb. GyrA mutations at positions
90 and 94 are the most common, but mutations at other positions were also identified [69].
Other compounds prescribed (Table 2) for the treatment of TB as second-line drugs and in
combination therapy include capreomycin, kanamycin, viomycin, amikacin, cycloserine,
macrolides (clarithromycin), clofazimine, and linezolid, among others (Figures 4-6).

Table 2. New Mtb drugs and their mode of action in different clinical trial phases.

Class of Clinical Trial
Drug Compound Target Approach Phase
Linezolid Oxazolidinone 50S ribosomal subunit Revisiting establlghed Phase 2
targets (repurposing)
Sutezolid Oxazolidinone 50S ribosomal subunit Revisiting estabhs.hed Phase 1
targets (repurposing)
Bedaquiline (TMC207) Diarylquinoline ATP synthase Phenotypic-HTS Approved
TBAJ-587 Diaryquinoline ATPsynthase Revisiting novel target Preclinical
. N . . HTS; modification of
Delamanid Nitroimidazoles Cell wall biosynthesis drug scaffold Approved
. N . . HTS; modification of
Pretomanid Nitroimidazoles Cell wall biosynthesis drug scaffold Approved
Telacebec (Q203) Imldzlzl(:fi};ldme Cytochrome bcl complex HTS Phase 2
Gatifloxacin Quinolones DNA gyrase; gyrA, gyrB Revisiting established Phase 3/4

targets (repurposing)
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Table 2. Cont.

Class of Clinical Trial
Drug Compound Target Approach Phase
. . . . Revisiting established
Moxifloxacin Quinolones DNA gyrase; gyrA, gyrB targets (repurposing) Phase 3/4
. Decaprenylphosphoryl-
Benzothiazinone Benzothiazole B-p-ribose-2'-oxidase HTS Phase 2
(BTZ-043)
(DprE1)
Macozinone (PBTZ) Benzothiazole DprEl HTS Phase 2
OPC-167832 Carbostyril DprE1l HTS Phase 2
TBA7371 Azaindoles DprE1 HTS; modification of Phase 2A
drug scaffold
Electrogenic pathway, I .
Clofazimine Riminophenazine reduced by NADH I:::lsim(lf eflt:bhsiiec)i Approved
dehydrogenase II gets (repurposing
SPR720 Benzimidazole class GyrB ATPase Revisiting estab11§hed Phase 2
target (repurposing)
Inhibition of MmpL3, . e
SQ109 Ethylenediamine MenA, and MenG HTS; modification of Phase 2
drug scaffold
and ATP
GSK 070 Oxaborole Leucine tRNA synthase Revisiting estab11§hed Phase 2
target (repurposing)
Delpazolid Oxazolidinones Ribosomal subunit Revisiting estabhshed Phase 2
targets (repurposing)
OTB-658 Oxazolidinones Ribosomal subunit Revisiting estabhghed Preclinical
targets (repurposing)
TBI-223 Oxazolidinones Ribosomal subunit Revisiting estabhs.hed Phase 1
targets (repurposing)
Contezolid Oxazolidinones Ribosomal subunit Modification of drug scaffold Phase 3
Conte?;)iloddic;f)osamll Oxazolidinones Ribosomal subunit Modification of drug scaffold Phase 3
Sanfetrinem Carbapenem Cell wall biosynthesis Revisiting established target Phase 2
Sanfe(t;;r;eClTuc;;exetll Carbapenem Cell wall biosynthesis Revisiting established target Phase 2

Source: [70-78].

2.6. New TB Drugs Discovered through HT'S and Other Approaches

Researchers discovered several TB drugs through the available information when
introducing a new compound into the drug regimen. Drug repurposing, drug scaffold mod-
ification, revisiting existing targets, target-based screening, and phenotypic screening are
among the methods used to discover new anti-tubercular drugs. High-throughput screen-
ing applies to Mtb drug discovery, whereby investigators examine compound databases for
anti-mycobacterial activity against mycobacterial cells in culture. In most studies, it is ratio-
nal to establish the potency of the identified hit compounds based on in vitro and in vivo
procedures. The development of most recently approved TB drugs and potential agents in
clinical trials (Figure 5) entails drug-to-target pathways involving whole-cell screening.

Johnson & Johnson discovered bedaquiline (TMC207 or R207910) by screening around
70,000 compounds against Mycobacterium smegmatis. They unveiled the compound in 2004
at the Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC), later
approved by the FDA around 2012. Bedaquiline inhibits adenosine 5’ triphosphate (ATP)
synthase activity and subsequent energy supply, providing unique targeting. Mtb ATP
synthase has become a commonly validated target since the discovery of bedaquiline [79].
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Figure 6. Chemical structures of drugs used in management of resistant TB.

Pethe et al. [72] uncovered two series of imidazopyridine amides (IPA) from a phe-
notypic HTS of a library of 121,156 chemical compounds at the Pasteur Institute in Korea
for their ability to inhibit Mtb growth in mouse macrophages [80]. The synthesis and
evaluation of 477 derivatives of the hit compound resulted in the optimized IPA called
telacebec (Q203). The primary target of Q203 is the cytochrome unit bcl complex, a critical
component of the electron transport system necessary for ATP synthesis [81]. Qurient
Co. Ltd. is currently conducting a phase 2 clinical trial to assess the bactericidal efficacy,
safety, tolerability, and pharmacokinetic properties of Q203 in repeated oral doses. Other
compounds discovered through HTS include benzothiazinone and maconizone, azaindoles,
and OPC-167832.

Further chemical research on some existing antimicrobial molecules through modifica-
tion of drug scaffolds led to the development of many analogues, including pretomanid and
delamanid. These compounds were recently recorded as anti-TB drugs and are constituents
of the new multi-drug resistant (MDR) regimen. Delamanid (OPC-67683) and pretomanid
(PA-824), both nitroimidazoles, were discovered in Streptomyces eurocidicus [82]. In 2014,
the European Medicines Agency (EMA) granted conditional approval of delamanid, a
nitro-dihydro-imidazooxazole derivative. Otsuka Pharmaceutical developed delamanid
for managing MDR-TB in adults. Delamanid and pretomanid have a similar multi-target
mode of action, influencing biosynthesis of the cell wall via disruption of methoxy- and
ketomycolic acid synthesis, as well as respiratory toxicity through nitric oxide release
during bacterial drug metabolism [83].
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Pretomanid is another analogue that shows activity against Mtb [83]. PathoGenesis
Corporation, under the aegis of the Global Alliance for TB Drug Development, discovered
pretomanid. In animal models, this relatively small molecule demonstrates excellent
in vitro and in vivo activity and seems healthy and well-tolerated. The mode of action is
through nitroreductase activation, which hinders the synthesis of proteins and cell wall
lipids [84]. More clinical trials are currently being conducted on the drug. The FDA
approved a review of a new drug application for pretomanid recommended to treat XDR-
and MDR-TB in conjunction with bedaquiline and linezolid.

The search for a new medication as a second-generation drug from ethambutol led to
creating a library containing 63,238 compounds based on 1, 2-ethylenediamine pharma-
cophore. These compounds, screened against Mtb, resulted in the potent SQ109 discovery
through a joint effort by scientists from Sequella, Inc. (Rockville, MD, USA) and the US
National Institutes of Health [85]. The mode of action of SQ109 involves inhibition of
MmpL3, which is a membrane carrier for trehalose monomycolate involved in cell wall
synthesis. It also inhibits MenA and MenG, which are essential enzymes in the biosynthesis
of menaquinone. SQ109 acts as an uncoupler by reducing ATP synthesis [86].

Contezolid and contezolid acefosamil (Figure 5) are designed by modification of the
linezolid scaffold to overcome the limitations associated with its clinical use, which include
myelosuppression and serotonergic monoamine oxidase inhibition. Contezolid is currently
in phase 3 clinical study and its intravenous administration is facilitated by the introduction
of its water-soluble prodrug called contezolid acefosamil [70,87], which has no appreciable
antimicrobial activity. The in vitro activity of contezolid against resistance Mtb is related to
that of linezolid [71,88].

Sanfetrinem and its oral prodrug sanfetrinem (Figure 5), cilexetil, are novel car-
banepem introduced by GSK in clinical study. The discovery of the drug was through
screening nearly 2000 (3-lactams against Mtb H37Rv. It was also investigated against MDR
and XDR clinical isolates promising activity. Other new TB drugs in different clinical trial
phases are available at www.newtbdrugs.org (accessed on 7 November 2021) [72]. Table 2
shows some new Mtb drugs at different clinical trial phases.

2.7. Protein Target in Mtb Drug Design

In recent times, the development of new Mtb therapeutics entails identifying com-
pounds that effectively inhibit specific targets essential for the bacterium survival and
proliferation in the host. Mtb is known to secret essential proteins that: aid the acquisition
of its nutrients, alter the host immune system, and help to develop resistance against
therapeutics [89,90]. These constitute the crucial aspect of host—pathogen interactions.
So, inhibiting any of these essential proteins disrupts pathogen activities in the host and
limits their devastating effects on the host. Inhibition has been the dimension adopted
in drug design. Computational methodologies enabled the screening of several libraries
of compounds against some essential proteins known for Mtb survival. Despite more
than 500 discovered essential proteins of Mtb, there are only 73 established targets and
10 potential targets in the discovery of new anti-tubercular drugs (Figure 7). Therefore,
there is a need to explore the inhibition of several other essential proteins for identifying
new effective medications against Mtb [91]. Some scientists opine that a suitable drug
should have the capacity to inhibit multiple protein targets that restrict the possibility
of the pathogen building resistance over a long period. Such an approach reduces the
complicated regime associated with the treatment of Mtb infections.
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Figure 7. A representation of the genome of Mtb genes, essential proteins, and the number of proteins
currently in use as targets for drug discovery, redrawn from the literature [91].

3. SBDD as an Indispensable Tool in Computational Drug Design

Like target discovery and identification, novel drug development through identifying
compounds that can inhibit protein targets is critical in the drug discovery process. The
traditional method of identifying potential leads is through experimental HTS, which is
laborious, time-consuming, and relatively expensive [92]. A typical drug research cycle
might take up to 14 years [15] and cost about USD 1 billion [93] from the point of target
identification to FDA approval. With this traditional method, there has been a recent
decline in the number of new medications entering the market due to failures in various
phases of clinical trials [94], despite the invested time and limited available resources. In
November 2018, a study [95] showed the estimated total cost of pivotal trials for developing
novel FDA-approved medications. According to the American Pharmaceutical Association,
the median amount for effectiveness studies of the 59 new medicines authorized by the
FDA in 2015-2016 was USD 19 million [95]. As a result, it is critical to overcome the
constraints of current drug discovery approaches with computational alternatives that are
efficient, low-cost, and broad-spectrum in nature.

Conversely, rational drug design is more efficient and cost-effective than the traditional
drug discovery technique (classical or forward pharmacology). Reverse pharmacology is
another term used to describe the drug design and discovery process. The initial step is
to identify and confirm the target proteins, then use them to screen small-molecule data
libraries [96]. This concept benefitted from significant progress made in structural and
molecular biology and improvements in biomolecular structural identification techniques.
More than 100,000 proteins had their three-dimensional (3D) structures determined using
these approaches [97]. In combination with the storage and appropriate organization of
large amounts of data, there is a lot of excitement about developing sophisticated and
robust computational methods.

The completion of the Human Genome Project and advancements in bioinformatics
led to the availability of target proteins. These target proteins enhanced the pace of drug
development, laying the background for developing SBDD. SBDD is an increasingly impor-
tant component of industrial drug development initiatives and academic research [98,99].
It is a more precise, time-efficient, and hands-on approach for lead identification and opti-
mization (Figure 8). The most often utilized computational approaches in SBDD include
structure-based virtual screening (SBVS), molecular docking, and molecular dynamics
(MD) simulations, which are all examples of applicable techniques. These approaches have
several applications, including binding energetic predictions, ligand—protein or protein—
protein interactions study, and evaluating conformational changes [100]. The current
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