
Computational Drug Design of TB
Subjects: Biochemistry & Molecular Biology | Infectious Diseases | Chemistry, Medicinal

Contributor: Monsurat Lawal

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.
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1. Introduction

Robert Koch identified the etiological agent of tuberculosis (TB) as Mycobacterium tuberculosis (Mtb) . 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 . 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 . 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 . Therefore, antimicrobial compounds that are effective against Mtb are

desperately required 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 .

Recently, phenotypic screening efforts using commercial vendor libraries evolved toward identifying compounds that

inhibit Mtb development . 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 . 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 .

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).
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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 reduces the duration required in the development of new
drugs

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

It involves separate interdisciplinary drug development with
more difficult processes

It coordinates interdisciplinary drug development with easier
processes.

The rapid advances in high-throughput screening (HTS) technologies and computational 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 . CADD involves storage, management, analysis, and modeling of potential therapeutic

compounds. It refers to computational methods and techniques for storing, handling, analyzing, and modeling chemical

compounds. It includes computer programs for designing compounds, tools for systematically evaluating possible lead

candidates, and the development of digital libraries for researching chemical interactions between molecules, among

other topics . 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% . 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 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 Mtb 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 . This repository provides a fertile ground for discovering new compounds as

potent drug molecules to combat TB .

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 . This review examines the evolution of TB tolerance, current drug management, and the development and

adoption of new compounds as anti-tubercular therapeutics.
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Figure 1. An illustration of CADD.

2. Status of Computational-Aided Drug Design and Discovery in TB

The drug discovery process for novel anti-tubercular therapies has evolved throughout the years due to the accumulation

of biological and chemical data, the identification of numerous validated targets, and the advancement of high-throughput

screening methods and software algorithm development. Aside from that, advances in data storage capacity,

supercomputing power, and parallel processing allowed computer-aided drug design (CADD) to become an integrated

component of TB drug design and discovery research during the last several years. As computing power continues to

grow, it may soon be possible to conduct extensive exploration of the vast chemical space, which is estimated to contain

about 1060 organic molecules below 500 Da, to identify potential therapeutic attractive moieties  for effective Tb

treatment.

Furthermore, the massive protein structural data, which includes more than 180,000 macromolecular structures available

in the PDB (www.rcsb.org accessed on 8 November 2021) and other protein repositories, gave the computational SBDD

(Figure 2) concept an impetus. The pulled structures allow identification of critical receptor catalytic and allosteric sites,

molecular nature, and crucial features for in silico SBDD research. There has been much focus on TB with the countless

ongoing drug discovery research, with several thousand published CADD studies. Although this is the case, Ekins et al.

 identified gaps in the application of computational methods in TB research, resulting in a slow stream of candidates’

drugs entering the TB drug pipelines, despite the evident need and immediacy for an effective treatment against this

infection. Therefore, there is a need for more rigorous efforts to develop TB drugs leveraging the benefits provided by

computational techniques.
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Figure 2. Complementary integration of Structure–Based Drug Design (SBDD) and Ligand–Based drug Design (LBDD)

approaches.

Methods based on computation or in silico are currently burgeoning and knowledge-driven, systematically evaluating

existing data to explore protein function and develop novel compounds that can modulate its activity. Depending on the

availability of protein structures, computational drug discovery techniques are typically SBDD and ligand-based drug

design (LBDD). To enhance the success rate of current drug development initiatives, it has been standard practice in the

pharmaceutical industry to integrate these approaches in a complementary manner with one another (Figure 2). When

using SBDD, it is necessary to have a three-dimensional (3D) model of the target protein to evaluate and exploit the

druggable pockets for screening and creating appropriate ligands, which can subsequently be experimentally confirmed

and enhanced. Instead of relying on protein structural data, LBDD uses the information obtained from a wide array of

ligands with proven activity to develop prediction models for hit and lead optimization .

Different SB and LB tactics, or a mix of them, might be used at different phases of TB drug design, discovery, and

development to mitigate the difficulties associated with experimental techniques. With the availability of the TB genome

and proteome and a wealth of structural information, researchers can use big data and molecular simulation to identify

potential targets for treatment vs. allows choosing the most promising prospective candidates from a database comprising

millions of compounds for a specific TB target. From the validated candidates, a quantitative structural activity relation

(QSAR) study is obtainable to understand the mechanism of action and ADMET properties. QSAR facilitates compound

development with improved efficacy, as well as pharmacokinetic and pharmacodynamics properties.

The information gathered from this research (both positive and negative outcomes) may be saved and used for additional

iteration and technique optimization in designing novel TB drugs in the future. Structure-based vs. produced many anti-

tuberculosis compounds with appreciable enzymatic inhibition (Table 2 and Table 3). This study provides an overview of

the SBDD process and the current approaches for TB drug development in the modern era. Furthermore, we provide an

insight on the machine learning (ML) techniques designed to accelerate the process, procedures, management, and

application of large amounts of data in TB drug design.

Table 2. Successful SBVS approaches on anti-Mtb and activities of the best compounds *. A summary of Mtb pathways is

available in the supporting information.

System PDB Structures Function Anti-Mtb
Activity Ref.

L-alanine dehydrogenase 2VHW Biosynthesis of l-alanine IC50/35.5 μM 

L-alanine dehydrogenase 4LMP Biosynthesis of l-alanine MIC/1.53 μM
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System PDB Structures Function Anti-Mtb
Activity Ref.

L-alanine dehydrogenase 2VOJ Biosynthesis of l-alanine MIC/11.81 µM

7,8-diaminopelargonic acid
synthase 3TFU Biotin biosynthesis pathway MIC/25 μM

7,8-diaminopelargonic acid
synthase 3TFU Biotin biosynthesis pathway MIC/7.86 μM

Cyclopropane mycolic acid
synthase 1 1KPH Cell wall MIC50/5.1 μM

l,d-transpeptidase 2 3TUR Cell wall MIC94/25.0 μM
MIC89/0.2 μM

GlmU protein 3ST8  Cell wall IC50/9.0 μM   

NAD⁺-dependent DNA ligase A 1ZAU/1TAE DNA metabolism MIC /15 µM

Flavin-dependent thymidylate
synthase

2AF6  DNA metabolism MIC90/125 μM

Flavin-dependent thymidylate
synthase 2AF6 DNA metabolism IC29/100 μM 

DNA gyrase 4BAE DNA topology MIC/7.8 µM

Dihydrofolate reductase Mtb: 1DF7; human:
1OHJ Folate pathway MIC/25 μM

Salicylate synthase 3VEH Iron acquisition MIC99/156 μM

Transcription factor IdeR 1U8R Iron acquisition control MIC90/17.5
μg/ml

Flavin-dependent
oxidoreductase MelF 2WGK Needed to withstand ROS-and RNS-

induced stress MIC/13.5 μM

Leucyl-tRNA synthetase 2V0C Protein synthesis MIC/25 µM

3-dehydroquinate dehydratase 2Y71 Shikimate pathway MIC/6.25
µg/mL

3-dehydroquinate dehydratase 15 PDB structures Shikimate pathway MIC/100 mg/ml

Haloalkane dehalogenase 2QVB Unknown Kd/3.37 µM 

* Structures are provided in Table 3.   Ligand-based approach and   in vitro enzymatic essays. PDB (Protein Data Bank).

Table 3. Structure of identified molecules with the best anti-Mtb activity or enzymatic inhibition.

Structure IUPAC Name Enzymatic Inhibition

(2S,2′S,3S,3′S,4R,4′R,5R,5′R,6S,6′S)-6,6′-([1,1′-biphenyl]-4,4′-
diylbis(azanediyl))bis(2-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol)

Biosynthesis of l-
alanine 

tert-butyl 2-(4-(benzyloxy)benzamido)-3-carbamoyl-4,7-dihydrothieno [2,3-
c]pyridine-6(5H)-carboxylate

Biosynthesis of l-
alanine 

N , N -bis(benzo[d]thiazol-2-yl)-2-(isonicotinamido)cyclobutane-1,3-
dicarboxamide

Biosynthesis of l-
alanine 

(Z)-N-(2-isopropoxyphenyl)-2-oxo-2-((3-
(trifluoromethyl)cyclohexyl)amino)acetimidic acid

Biotin biosynthesis
pathway 

(E)-4-((2-(1-naphthoyl)hydrazono)methyl) benzoic acid Biotin biosynthesis
pathway 
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Structure IUPAC Name Enzymatic Inhibition

N-(2,5-diethoxy-4-(3-(4-nitro-1,3-dioxoisoindolin-2-yl)propanamido)phenyl)
benzamide

Cell wall 

(Z)-N-(2-(5-methyl-1H-1,2,4-triazol-3-yl) phenyl)-4-
(methylsulfonamido)benzimidic acid

Cell wall 

(Z)-5-(furan-3-ylmethylene)-6-hydroxy-3-(4-methoxyphenyl)-2-thioxo-2,5-
dihydropyrimidin-4(3H)-one Cell wall 

N-(1,3-dioxo-2-(2-(pyrrolidin-1-yl)ethyl)-2,3-dihydro-1H-benzo[de]isoquinolin-
5-yl)-N-oxohydroxylammonium DNA metabolism 

2-(10-hydroxydecyl)-5,6-dimethoxy-3-methylcyclohexa-2,5-diene-1,4-dione DNA metabolism 

7-chloro-3,5-dihydro-4H-imidazo [4, 5-d]pyridazin-4-one DNA metabolism 

4-(7-chloroquinolin-4-yl)-N-(4-fluorophenyl)piperazine-1-carbothioamide DNA topology 

4-((3-acetyl-1-benzyl-2-methyl-1H-indol-5-yl)oxy)butanoic acid Folate pathway 

5-(4-nitrophenyl)furan-2-carboxylic acid Iron acquisition 

1-(3-chloro-4-methylphenyl)-3-tosylpyrrolidine-2,5-dione Iron acquisition control

(E)-N-(4-(2-(4-((5-(diethylamino)pentan-2-yl)amino)-6-methoxyquinolin-2-
yl)vinyl)phenyl)-N-oxohydroxylammonium

Needed to withstand
ROS- and RNS-induced
stress 

(Z)-4-((2-(4-(4-bromophenyl)thiazol-2-yl)hydrazono)methyl)-2-methoxy-6-
nitrophenol Protein synthesis 

3-(((Z)-5-((E)-4-(benzyloxy)benzylidene)-3-methyl-4-oxothiazolidin-2-
ylidene)amino)benzoic acid Shikimate pathway 

7-((4,5-dihydroxy-6-(hydroxymethyl)-3-((3,4,5-trihydroxy-6-methyltetrahydro-
2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-5-hydroxy-2-(4-
hydroxyphenyl)chroman-4-one

Shikimate pathway 

2-phenyl-5-(4H-1,2,4-triazol-4-yl)benzo[d]oxazole Unknown 
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3. Data Application and Management in Tuberculosis Drug Development

Massive data and complex data analysis are the hallmark of the fourth industrial revolution (4IR), profoundly impacting our

daily lives’ coordination and conduct. The rise of a big data approach transformed our strategies to deal with age-old

challenges in tuberculosis drug development through innovation in cloud data storage and management and improvement

in bioinformatics and cheminformatics algorithms. Furthermore, the affordable sequencing technology enables studying all

aspects of molecular characters of diseases. Examples are epigenetics, RNA sequencing, metagenomics, targeted

sequencing, whole-genome sequencing, and variant detection sequencing . SBDD and other forms of drug

development leverage the analysis of vast biological and chemical data generated and stored on publicly available

database repositories in cyberspace .

Considering that tuberculosis is a long-standing disease, volumes of accumulated information await usage to curb this

infection. Information on TB drug development is available on the TB Database

(http://tbdb.bu.edu/tbdb_sysbio/MultiHome.html; accessed on 5 September 2021) . Similarly, Mycobrowser

(https://mycobrowser.epfl.ch/; accessed on 5 September 2021)  contains information on mycobacterium multi-omics.

This repository  stores experimental and computational models of TB molecular mechanism pathways and several

pathogenic mycobacteria. Mycobrowser also connects with UniProt (https://www.uniprot.org/; accessed on 5 September

2021) , the most widely used protein database containing mycobacterium protein information. Clinical data on TB are

also accessible on the TB Portals (https://tbportals.niaid.nih.gov/; accessed on 5 September 2021) . Innovations in

structural biology and bioinformatics resulted in an influx of structural data. These interventions led to thousands of 3D

protein structures generated from X-ray crystallography, nuclear magnetic resonance (NMR), cryo-electron microscopy

(cryo-EM), and homology modeling experiments. PDB , PDBsum , and other structural databases store these

research results. Hence, the availability of chemical libraries (Table 4) was made possible by expanding the digital

chemical space  and advancements in chemical synthesis .

Table 4. Accessible public and commercial repositories on TB drug development.

Database Number of
Compounds Website * Ref.

** Enamine REAL 700 million https://enamine.net/

** ZINC 230 million http://zinc.docking.org/

** GDB-17 166 billion http://gdb.unibe.ch/

** PubChem 97 million https://pubchem.ncbi.nlm.nih.gov/

** ChemSpider 77 million http://www.chemspider.com/

*** eMolecules 24.6 million http://www.emolecules.com  

** ChEMBL 1.9 million https://www.ebi.ac.uk/chembl/

*** ASINEX 600,000 http://www.asinex.com  

** NCI 460,000 https://cactus.nci.nih.gov/download/roadma/

Note: * links accessed 5 September 2021, ** and *** indicate public and commercial types of databases, respectively.

3.1. SBDD Based on Mtb Proteins

The availability of therapeutically important protein 3D structures made SBDD the most desirable approach for drug

design and development ahead of ligand-based drug design (LBDD). However, to enhance the success rate of recent

drug development initiatives, it has become customary to integrate SBDD with LBDD approaches in a complementary

manner. Using the 3D structures of targets to study and exploit the catalytic pocket, SBDD can search and create

appropriate ligands that can subsequently be verified and optimized experimentally. To mitigate the difficulties associated

with experimental techniques, several types of SB and LB tactics, or a mix of them, might be used at various phases of TB

drug design and development. With the availability of TB multi-omics and a large amount of structural biodata, we can use

cheminformatics data mining, data engineering, docking, and homology modeling to identify potential targets.

Virtual screening facilitates choosing the most promising prospective ligand(s) from a database comprising millions of

identified molecules for a specific tuberculosis target. The output of candidate compound validation using structure-activity

(SA) studies enables a better understanding of the mechanism of action and ADMET (absorption, distribution,
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metabolism, excretion, and toxicity) properties, thus allowing better development of compounds with improved activity and

better pharmacological profiles. The information gathered from this research (both good and negative outcomes) may be

saved and used for additional iteration and technique optimization in the future design of new tuberculosis drugs. More

than 800 CADD software and webservers (free or commercial) are available, hosted by the Swiss Institute of

Bioinformatics at www.click2drug.org (accessed on 5 September 2021). These provide unlimited opportunities to explore

drug discovery and design . Table 5 summarizes some available CADD software.

Table 5. Accessible websites to retrieve software for CADD.

Purpose Program Website * Refs.

Prediction of binding
sites and drugability

** fpocket https://github.com/Discngine/fpocket

** PockDrug http://pockdrug.rpbs.univ-paris-diderot.fr/cgi-bin/index.py?
page=home

** PocketQuery http://pocketquery.csb.pitt.edu/

** PASS http://www.ccl.net/cca/software/UNIX/pass/overview.html

Docking

** Autodock http://autodock.scripps.edu/

*** GOLD https://www.ccdc.cam.ac.uk/solutions/csddiscovery/components/gold/

*** Glide https://www.schrodinger.com/glide/

*** FlexX https://www.biosolveit.de/flexx/index.html

QSAR

*** SeeSAR https://www.biosolveit.de/SeeSAR/

** Open3DQSAR http://open3dqsar.sourceforge.net/?Home

** ChemSAR http://chemsar.scbdd.com/

ADMET

*** QikProp https://www.schrodinger.com/qikprop

*** ADMET
Predictor https://www.simulations-plus.com/software/overview/

** admetSAR http://lmmd.ecust.edu.cn/admetsar1/home/

** VirtualToxLab http://www.biograf.ch/index.php?id=home

Note: * links accessed 5 September 2021, ** and *** mean freely and commercially accessible, respectively.

SBDD takes advantage of target protein 3D structure availability. However, if the 3D model of the therapeutically important

receptor is not available, computational approaches through homology modeling enable the 3D model prediction of the

receptor. Homology modeling or comparative modeling is the most reliable method for 3D protein structure prediction. The

methodology entails predicting the 3D structure of the receptor from a homologous protein with at least a 40% similarity

index. Threading and ab initio modeling are also methods of protein structure prediction . After obtaining the 3D

structure of the target, it is crucial to validate the model by examining the molecular characteristics in a Ramachandran

plot. This metric shows the distribution of the ϕ and ψ dihedral angle conformations of the constituting residues in the

receptor structure . There are several techniques to validate the predicted protein model .

After determining the target structure, the next step is to determine the catalytic pocket. Catalytic or binding pockets are

tiny spaces where ligands attach to the target, inducing the intended result. Consequently, it is crucial to identify the most

suitable location on the target protein for ligand binding. Even though protein is dynamic in nature, only a few techniques

can identify possible binding residues in the binding pocket. Identification of binding sites on a particular target requires

the knowledge of interaction energy and van der Waals (vdW) forces. There are many strategies for catalytic site

mappings using interaction energy computation through SBDD. This technique can identify locations on the target

receptor that interact positively with functional moieties on the drug-like compounds. These approaches find probes that

have energetically advantageous interactions with proteins. Q-SiteFinder  is an energy-based technique for predicting

catalytic sites widely utilized in the pharmaceutical industry. It is possible to compute the vdW interaction energies of

proteins with a methyl probe by using this approach. Those with favored energy values are maintained and grouped in the

final product. The total interaction energies of these probe clusters serve as the determinant of their ranking. Aside from
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that, the functional annotation of interacting protein residues in the binding site allows for the determination of the binding

site.

It is also essential to remember that additional possible binding sites, referred to as allosteric sites, may also be present

on the target protein surface. Drug development attempts in the conventional sense frequently target the important

(orthosteric) binding site to prevent natural substrate binding. Besides, researchers have unveiled noncatalytic sites of Mtb

proteins. Shi and colleagues identified a second druggable binding site (allosteric) in Mtb UDP-galactopyranose mutase

(UGM) . MS-208, a well-known Mtb-UGM inhibitor, was categorized as a noncompetitive/mixed inhibitor based on NMR

and kinetics investigations. This observation implies that MS-208 binds to another location in the receptor and affects the

natural enzyme substrate from recognizing the primary pocket. They  predicted the allosteric sites for MS-208 on the

enzyme via docking with AutoDock Vina . The two identified regions, designated A-site and S-site, show favorable and

stable interaction with the ligand after molecular dynamics using Amber . Simulations facilitate structural and functional

relationship determination. Because the A-site-bound structure demonstrated the most stable complex formation with

good interaction energy and a higher number of contacts, they hypothesized that this site represents an allosteric

druggable binding site in Mtb-UGM .

After appropriate identification of all druggable sites on the receptor, next comes hit discovery, accomplished by docking

chemical libraries into the active cavity of the target receptor. Earlier, the routine in lead discovery required choosing a

specific collection of ligands that can play a critical role in identifying and optimizing leads . SBDD blends two distinct

approaches for hit search (VS and de novo design) into a single framework.

3.2. Virtual Screening as a Method of Lead Identification

Currently, vs. has emerged as a dynamic and profitable technique in the pharmaceutical business, particularly for

prospecting new drug-like compounds or so-called lead identification . There are two forms of VS: ligand-based vs.

(LBVS) and structure-based vs. (SBVS). Biological data is processed in LBVS to distinguish inactive molecules from

active ones. Based on consensus pharmacophores, this information facilitates highly functional scaffold identification ,

similarity, or various descriptors. LBVS produces results that are closely related to known active pharmaceutical

ingredients. The procedure involves scanning chemical libraries of structures to find molecules with known like potency or

that share a pharmacophore or moiety with known activity. The results are typically positive (pharmacophore substructure

similarity search) . A moiety substructure search requires using the 2D- or 3D-structure of various ligands to find closely

related structures. Usually, comparable substances have similar effects when using ligand-based techniques; thus, they

are called similarity methods. For example, if one or more active compounds are known, it is feasible to search a

database for comparable but more potent compounds .

SBVS allows docking numerous chemical compounds against an enzyme-binding or catalytic site in a short time 

. The computer algorithms facilitate target protein docking with one of the vast libraries of drug-like chemicals that are

commercially or publicly accessible (Table 4). Subsequent steps for search refinement are molecular docking, MD

simulations, and experimental tests to obtain IC  or other efficacy parameters . SBVS relies on the scoring of ligands

to function correctly. In contrast to ligand-based techniques, structure-based techniques do not rely on previously

collected experimental data to be effective.

3.3. De Novo Drug Design—A Signature to the Drug Discovery Process

De novo drug design involves creating unique chemical compounds from the ground up, starting with molecular building

blocks. The essence of this technique is to design chemical structures of tiny molecules that bind to the target active site

with high affinity , then test these structures experimentally. A variation in approach is typically employed when

designing from scratch, and the design algorithm must integrate the search space information acquired. Usually,

researchers incorporate positive and negative designs with one another. When using the former strategy, a search is to

constrain certain regions of chemical space, which increases the likelihood of discovering results with notable

characteristics. The search parameters are set in the negative mode to avoid choosing false positives . Despite its

sufficiency in functional scoring analysis, chemical compound design using computational approaches connects organic

synthesis but cannot replace it . It is fundamental in the design stage to conduct a thorough evaluation of candidates’

compounds. One of these evaluation tools is the scoring function; multiple scoring functions for multi-objective drug

discovery hybrids  create many different characteristics simultaneously.

De novo drug design is in two categories: (A) ligand-based drug design and (B) receptor/enzyme-based drug design. The

latter method is popular currently. Creating appropriate small molecules for enzyme-based design requires high-quality

target protein structures and precise knowledge of proteins’ active sites. The approach entails small molecules designed
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by matching fragment moiety into the target proteins’ binding pockets. The process requires using computer programs or

co-crystallization of the ligand with the receptor . Two ways to execute the ligand-based design are by linking together

crucial components, such as atoms or fragments (single rings, amines, and hydrocarbons) to produce an entirely new

chemical molecule, or by simply generating ligands from a single parent unit. The fragment-linking technique uses

information of the active site to map the likely interaction locations for the different functional groups contained in the

design drug fragments . One must link these functional groups’ moieties to one another to form an absolute

compound. The fragment-growing method features fragment development within the active site, monitored by appropriate

search algorithms .

These search algorithms make use of scoring systems to determine the likelihood of growth. Fragment-based de novo

design is a method of creating new molecules that use the whole chemical space. When using the linking technique, the

selection of linkers is imperative. The outside-in strategy and the inside-out approach are both methods for anchoring

fragments in the binding site. The outside-in system is the more common method. The outside-in methodology involves

the construction blocks placed near or on the edge of the binding site, and the active site gradually expands inward. The

inside-out method uses construction pieces randomly placed within the active site region, then constructed outward .

3.4. Molecular Docking and Density Functional Theory Applied to Mtb

Molecular docking has been a prime computational technique of SBVS against Mtb enzymes. The molecular-docking

technique was the subject of many published research articles as a tool in drug design against Mtb (Table 6). According to

the Himar1 transposon mutagenesis study conducted by DeJesus in 2017 , the majority of the enzymes targeted by

this method are enzymes encoded by crucial genes, with the exclusion of antigens BioA, NarL, 85c, EthR, and LipU.

Although this technique assigns nonessentiality to genes based on in vitro growth, it cannot be relied on to determine

whether genes are nonessential in vivo . For instance, the NarL enzyme is necessary for anaerobic survival

throughout infection, while BioA is crucial for biotin synthesis during the latency phase of Mycobacterium TB infection 

. Furthermore, the EthR protein functions in developing ethionamide resistance and, consequently, survives potentials

after drug treatment .

Table 6. Studies involving SBVS molecular-docking approaches against Mtb enzymes.

Program Library of Compounds Screened Enzyme (Function) Ref.

AutoDock Vina FDA-approved: DrugBank (1932); eLEA3D (1852) MurB and MurE (peptidoglycan
biosynthesis)

  ChemDiv dataset (135,755) DprE1 (arabinogalactan biosynthesis)

  NCI; Enamine; Asinex; ChemBridge; Vitas-M Lab (total:
5.6 million) InhA (mycolic acid biosynthesis)

AutoDock 4.0 Super Natural II database (570) RmlD (carbohydrate biosynthesis)

CDOCKER Enamine REAL database (4.5 million) BioA (biotin biosynthesis)

Frigate ZINC database (2 million) Antigen 85c (lipid metabolism)

Glide FDA-approved (6282) LipU (lipid hydrolysis)

  ChEMBL antimycobacterial (30,789) DprE1 (arabinogalactan biosynthesis)

  FDA-approved (3176) PknA (protein kinase)

  Preselected from Maybridge database (1026) InhA (mycolic acid biosynthesis)

  Preselected from DrugBank database (1082) AroB (shikimate pathway)

GOLD Drugs Now subset of ZINC database (409, 201) EthR (transcriptional regulator)

GOLD and Plants Preselected from Enamine database (2050) MbtI (mycobactin synthesis)

GOLD and
RFScore Selection from 9 million compounds (4379) AroQ (Shikimate pathway)

UCSF Chimera CDD-823953; GSK-735826A PyrG and PanK (siosynthesis of DNA
and RNA)

Many studies of the different targeted enzymes indicate that many are engaged in either intermediate metabolism or lipid

metabolism in Mtb. In addition, DNA and RNA regulatory enzymes and cell wall regulator proteins make up the remaining
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target proteins. Researchers show at least three SBVS efforts against DprE1 and InhA, with InhA being the most

frequently targeted. Studies show that InhA is the ultimate target of both isoniazid and ethionamide once activated . As

a result, InhA provides a validated target whose suppression has an in vivo influence on the survival of Mtb. Also,

numerous antimycobacterial medicines target DprE1 in the current anti-TB research pipeline . PyrG, a newly

confirmed TB target, also attracted the attention of researchers . The chemicals used in most research works (Table
6) are from generic chemical databases containing millions of compounds, while TB-specific databases and natural

product, therapeutic repurposing-focused, and other libraries comprise other chemical compounds reported. As a result,

the focus of these early drug discovery initiatives continues to be on totally new drug-like chemical discoveries. The

apparent lack of further experimental evidence (in vitro or in vivo) showing compound bioactivity in many of these

investigations (Table 6) is an evident issue that precludes these anticipated compounds from being carried onward .

Another important computational tool in drug discovery is the density functional theory (DFT), which applies to TB

research for the investigations of catalytic processes , structure-activity relationship analysis , and inhibitor

potency . Chi and colleagues  adopted DFT in an anti-tubercular study to confirm their first observations of a

change in an inhibitor-binding mechanism in the MbtI protein after adding a substituted enolpyruvyl moiety to the parent

chemical structure previously generated from isochorismate. From their  observation, there were two distinct binding

mechanisms (states 1 and 2) noted in the X-ray crystal structures of MbtI complexed with its inhibitors, indicating that the

active site is flexible enough to permit ligand binding. With the aid of Gaussian 09 software application  and a

theoretical-level hybrid B3LYP , they computed the global minimum configuration of the (E)-3-(1-carboxyprop-1-

enyloxy)-2-hydroxybenzoic acid (AMT), Z-methyl-AMT, and E-methyl-AMT inhibitors complexed in solution. The results

revealed that the global minimum geometry of both free Z- and E-methyl-AMT is comparable to its bound geometry (state

2), showing that its arrangement enables binding to MbtI. The computation of conformational entropy quantities for the

three molecules indicated that Z-methyl-AMT is the least disorganized. Z-methyl-AMT has a conformational lock provided

by the methyl moiety in its structure. Even though a pure Z-isomer has not yet surfaced to distinguish it from the E-isomer

empirically, this discovery  justifies the powerful interaction of methyl-AMT to MbtI. It provides further knowledge for

the future creation of new and effective MbtI drug-like compounds with the aid of DFT.

Despite the widespread success and popularity of DFT, it has flaws stemming from the approximations employed in its

operational mode. DFT is difficult to use for system descriptions mainly composed of dispersion (van der Waals) forces,

such as gaseous systems, or systems in which dispersion contributes significantly, such as biomolecular systems .

Thus, numerous research studies examined the incorporation of van der Waals  to improve performance and

enhance this technique. In addition to these constraints, the description of global potential energy surfaces of charge

exchange excitations  is a prime restriction of DFT use in computational drug design. DFT usage overly favors

sophisticated users and requires thorough reviews to determine the level of theory/methods to use for a particular system.

References

1. Macalino, S.J.Y.; Billones, J.B.; Organo, V.G.; Carrillo, M.; Constancia, O. In silico strategies in tuberculosis drug
discovery. Molecules 2020, 25, 665.

2. World Health Organization; Stop TB Initiative (World Health Organization). Treatment of Tuberculosis: Guidelines;
World Health Organization: Geneva, Switzerland, 2010.

3. World Health Organization. Global Tuberculosis Report 2018; WHO: Geneva, Switzerland, 2018.

4. Balganesh, T.S.; Alzari, P.M.; Cole, S.T. Rising standards for tuberculosis drug development. Trends Pharmacol. Sci.
2008, 29, 576–581.

5. Ballell, L.; Field, R.A.; Duncan, K.; Young, R.J. New small-molecule synthetic antimycobacterials. Antimicrob. Agents
Chemother. 2005, 49, 2153–2163.

6. Ananthan, S.; Faaleolea, E.R.; Goldman, R.C.; Hobrath, J.V.; Kwong, C.D.; Laughon, B.E.; Maddry, J.A.; Mehta, A.;
Rasmussen, L.; Reynolds, R.C.; et al. High-throughput screening for inhibitors of Mycobacterium tuberculosis H37Rv.
Tuberculosis 2009, 89, 334–353.

7. Maddry, J.A.; Ananthan, S.; Goldman, R.C.; Hobrath, J.V.; Kwong, C.D.; Maddox, C.; Rasmussen, L.; Reynolds, R.C.;
Secrist, J.A., III; Sosa, M.I.; et al. Antituberculosis activity of the molecular libraries screening center network library.
Tuberculosis 2009, 89, 354–363.

8. Reynolds, R.C.; Ananthan, S.; Faaleolea, E.; Hobrath, J.V.; Kwong, C.D.; Maddox, C.; Rasmussen, L.; Sosa, M.I.;
Thammasuvimol, E.; White, E.L.; et al. High throughput screening of a library based on kinase inhibitor scaffolds
against Mycobacterium tuberculosis H37Rv. Tuberculosis 2012, 92, 72–83.

[117]

[118][119]

[120]

[105]

[121][122] [123]

[90][124] [124]

[124]

[125]

[126][127]

[125]

[128]

[129][130][131]

[131]



9. Petersen, E.; Maeurer, M.; Marais, B.; Migliori, G.B.; Mwaba, P.; Ntoumi, F.; Vilaplana, C.; Kim, K.; Schito, M.; Zumla, A.
World TB day 2017: Advances, challenges and opportunities in the “end-TB” era. Int. J. Infect. Dis. 2017, 56, 1–5.

10. Liu, N.; Cummings, J.E.; England, K.; Slayden, R.A.; Tonge, P.J. Mechanism and inhibition of the FabI enoyl-ACP
reductase from Burkholderia pseudomallei. J. Antimicrob. Chemother. 2011, 66, 564–573.

11. England, K.; Am Ende, C.; Lu, H.; Sullivan, T.J.; Marlenee, N.L.; Bowen, R.A.; Knudson, S.E.; Knudson, D.L.; Tonge,
P.J.; Slayden, R.A. Substituted diphenyl ethers as a broad-spectrum platform for the development of
chemotherapeutics for the treatment of tularaemia. J. Antimicrob. Chemother. 2009, 64, 1052–1061.

12. Xu, H.; Sullivan, T.J.; Sekiguchi, J.; Kirikae, T.; Ojima, I.; Stratton, C.F.; Mao, W.; Rock, F.L.; Alley, M.R.K.; Johnson, F.;
et al. Mechanism and inhibition of saFabI, the enoyl reductase from Staphylococcus aureus. Biochemistry 2008, 47,
4228–4236.

13. Tipparaju, S.K.; Mulhearn, D.C.; Klein, G.M.; Chen, Y.; Tapadar, S.; Bishop, M.H.; Yang, S.; Chen, J.; Ghassemi, M.;
Santarsiero, B.D.; et al. Design and Synthesis of Aryl Ether Inhibitors of the Bacillus Anthracis Enoyl–ACP Reductase.
ChemMedChem 2008, 3, 1250.

14. Lobanov, V. Using artificial neural networks to drive virtual screening of combinatorial libraries. Drug Discov. Today
BIOSILICO 2004, 2, 149–156.

15. Song, C.M.; Lim, S.J.; Tong, J.C. Recent advances in computer-aided drug design. Brief. Bioinform. 2009, 10, 579–
591.

16. Jorgensen, W.L. The many roles of computation in drug discovery. Science 2004, 303, 1813–1818.

17. Xiang, M.; Cao, Y.; Fan, W.; Chen, L.; Mo, Y. Computer-aided drug design: Lead discovery and optimization. Comb.
Chem. High Throughput Screen. 2012, 15, 328–337.

18. Zhang, S. Computer-aided drug discovery and development. Drug Des. Discov. 2011, 716, 23–38.

19. Berman, H.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The protein
data bank. Nucleic Acids Res. 2000, 28, 235–242.

20. RSCB-PDB. A Structural View of Biology. 2021. Available online: https://www.rcsb.org/ (accessed on 8 November
2021).

21. Reymond, J.-L.; van Deursen, R.; Blum, L.C.; Ruddigkeit, L. Chemical space as a source for new drugs.
MedChemComm 2010, 1, 30–38.

22. Ekins, S.; Freundlich, J.S.; Choi, I.; Sarker, M.; Talcott, C. Computational databases, pathway and cheminformatics
tools for tuberculosis drug discovery. Trends Microbiol. 2011, 19, 65–74.

23. Macalino, S.J.Y.; Gosu, V.; Hong, S.; Choi, S. Role of computer-aided drug design in modern drug discovery. Arch.
Pharmacal Res. 2015, 38, 1686–1701.

24. Saxena, S.; Devi, P.B.; Soni, V.; Yogeeswari, P.; Sriram, D. Identification of novel inhibitors against Mycobacterium
tuberculosis L-alanine dehydrogenase (MTB-AlaDH) through structure-based virtual screening. J. Mol. Graph. Model.
2014, 47, 37–43.

25. Saxena, S.; Samala, G.; Sridevi, J.P.; Devi, P.B.; Yogeeswari, P.; Sriram, D. Design and development of novel
Mycobacterium tuberculosis l-alanine dehydrogenase inhibitors. Eur. J. Med. Chem. 2015, 92, 401–414.

26. Reshma, R.S.; Saxena, S.; Bobesh, K.A.; Jeankumar, V.U.; Gunda, S.; Yogeeswari, P.; Sriram, D. Design and
development of new class of Mycobacterium tuberculosis L-alanine dehydrogenase inhibitors. Bioorganic Med. Chem.
2016, 24, 4499–4508.

27. Singh, S.; Khare, G.; Bahal, R.K.; Ghosh, P.C.; Tyagi, A.K. Identification of Mycobacterium tuberculosis BioA inhibitors
by using structure-based virtual screening. Drug Des. Dev. Ther. 2018, 12, 1065.

28. Taira, J.; Ito, T.; Nakatani, H.; Umei, T.; Baba, H.; Kawashima, S.; Maruoka, T.; Komatsu, H.; Sakamoto, H.; Aoki, S. In
silico structure-based drug screening of novel antimycobacterial pharmacophores by DOCK-GOLD tandem screening.
Int. J. Mycobacteriol. 2017, 6, 142.

29. Billones, J.B.; Carrillo, M.C.O.; Organo, V.G.; Macalino, S.J.Y.; Sy, J.B.A.; Emnacen, I.A.; Clavio, N.A.B.; Concepcion,
G.P. Toward antituberculosis drugs: In silico screening of synthetic compounds against Mycobacterium tuberculosis l,
d-transpeptidase 2. Drug Des. Dev. Ther. 2016, 10, 1147.

30. Sheen, P.; Ferrer, P.; Gilman, R.H.; López-Llano, J.; Fuentes, P.; Valencia, E.; Zimic, M.J. Effect of pyrazinamidase
activity on pyrazinamide resistance in Mycobacterium tuberculosis. Tuberculosis 2009, 89, 109–113.

31. Korycka-Machala, M.; Nowosielski, M.; Kuron, A.; Rykowski, S.; Olejniczak, A.; Hoffmann, M.; Dziadek, J.
Naphthalimides selectively inhibit the activity of bacterial, replicative DNA ligases and display bactericidal effects
against tubercle bacilli. Molecules 2017, 22, 154.



32. Djaout, K.; Singh, V.; Boum, Y.; Katawera, V.; Becker, H.F.; Bush, N.G.; Hearnshaw, S.J.; Pritchard, J.E.; Bourbon, P.;
Madrid, P.B.; et al. Predictive modeling targets thymidylate synthase ThyX in Mycobacterium tuberculosis. Sci. Rep.
2016, 6, 27792.

33. Luciani, R.; Saxena, P.; Surade, S.; Santucci, M.; Venturelli, A.; Borsari, C.; Marverti, G.; Ponterini, G.; Ferrari, S.;
Blundell, T.L.; et al. Virtual screening and X-ray crystallography identify non-substrate analog inhibitors of flavin-
dependent thymidylate synthase. J. Med. Chem. 2016, 59, 9269–9275.

34. Jeankumar, V.U.; Reshma, R.S.; Vats, R.; Janupally, R.; Saxena, S.; Yogeeswari, P.; Sriram, D. Engineering another
class of anti-tubercular lead: Hit to lead optimization of an intriguing class of gyrase ATPase inhibitors. Eur. J. Med.
Chem. 2016, 122, 216–231.

35. Sharma, K.; Tanwar, O.; Sharma, S.; Ali, S.; Alam, M.M.; Zaman, M.S.; Akhter, M. Structural comparison of Mtb-DHFR
and h-DHFR for design, synthesis and evaluation of selective non-pteridine analogues as antitubercular agents.
Bioorganic Chem. 2018, 80, 319–333.

36. Chiarelli, L.R.; Mori, M.; Barlocco, D.; Beretta, G.; Gelain, A.; Pini, E.; Porcino, M.; Mori, G.; Stelitano, G.; Costantino,
L.; et al. Discovery and development of novel salicylate synthase (MbtI) furanic inhibitors as antitubercular agents. Eur.
J. Med. Chem. 2018, 155, 754–763.

37. Rohilla, A.; Khare, G.; Tyagi, A.K. Virtual Screening, pharmacophore development and structure based similarity search
to identify inhibitors against IdeR, a transcription factor of Mycobacterium tuberculosis. Sci. Rep. 2017, 7, 4653.

38. Dharra, R.; Talwar, S.; Singh, Y.; Gupta, R.; Cirillo, J.D.; Pandey, A.K.; Kulharia, M.; Mehta, P.K. Rational design of
drug-like compounds targeting Mycobacterium marinum MelF protein. PLoS ONE 2017, 12, e0183060.

39. Gudzera, O.I.; Golub, A.G.; Bdzhola, V.G.; Volynets, G.P.; Lukashov, S.S.; Kovalenko, O.P.; Kriklivyi, I.A.; Yaremchuk,
A.D.; Starosyla, S.A.; Yarmoluk, S.M.; et al. Discovery of potent anti-tuberculosis agents targeting leucyl-tRNA
synthetase. Bioorganic Med. Chem. 2016, 24, 1023–1031.

40. Gudzera, O.I.; Golub, A.G.; Bdzhola, V.G.; Volynets, G.P.; Kovalenko, O.P.; Boyarshin, K.S.; Yaremchuk, A.D.;
Protopopov, M.V.; Yarmoluk, S.M.; Tukalo, M.A. Identification of Mycobacterium tuberculosis leucyl-tRNA synthetase
(LeuRS) inhibitors among the derivatives of 5-phenylamino-2H- triazin-3-one. J. Enzym. Inhib. Med. Chem. 2016, 31
(Suppl. 2), 201–207.

41. Petersen, G.O.; Saxena, S.; Renuka, J.; Soni, V.; Yogeeswari, P.; Santos, D.S.; Bizarro, C.V.; Sriram, D. Structure-
based virtual screening as a tool for the identification of novel inhibitors against Mycobacterium tuberculosis 3-
dehydroquinate dehydratase. J. Mol. Graph. Model. 2015, 60, 124–131.

42. Lone, M.Y.; Athar, M.; Gupta, V.K.; Jha, P.C. Prioritization of natural compounds against mycobacterium tuberculosis 3-
dehydroquinate dehydratase: A combined in-silico and in-vitro study. Biochem. Biophys. Res. Commun. 2017, 491,
1105–1111.

43. Buryska, T.; Daniel, L.; Kunka, A.; Brezovsky, J.; Damborsky, J.; Prokop, Z. Discovery of novel haloalkane
dehalogenase inhibitors. Appl. Environ. Microbiol. 2016, 82, 1958–1965.

44. Koes, D.R.; Camacho, C.J. Pharmer: Efficient and exact pharmacophore search. J. Chem. Inf. Modeling 2011, 51,
1307–1314.

45. Kim, S.; Thiessen, P.A.; Bolton, E.E.; Chen, J.; Fu, G.; Gindulyte, A.; Han, L.; He, J.; He, S.; Shoemaker, B.A.; et al.
PubChem substance and compound databases. Nucleic Acids Res. 2016, 44, D1202–D1213.

46. Reddy, T.; Riley, R.; Wymore, F.; Montgomery, P.; DeCaprio, D.; Engels, R.; Gellesch, M.; Hubble, J.; Jen, D.; Jin, H.; et
al. TB database: An integrated platform for tuberculosis research. Nucleic Acids Res. 2009, 37 (Suppl. 1), D499–D508.

47. Galagan, J.E.; Sisk, P.; Stolte, C.; Weiner, B.; Koehrsen, M.; Wymore, F.; Reddy, T.B.K.; Zucker, J.D.; Engels, R.;
Gellesch, M.; et al. TB database 2010: Overview and update. Tuberculosis 2010, 90, 225–235.

48. Kapopoulou, A.; Lew, J.M.; Cole, S.T. The MycoBrowser portal: A comprehensive and manually annotated resource for
mycobacterial genomes. Tuberculosis 2011, 91, 8–13.

49. Patni, K.; Agarwal, P.; Kumar, A.; Meena, L.S. Computational evaluation of anticipated PE_PGRS39 protein
involvement in host–pathogen interplay and its integration into vaccine development. 3 Biotech 2021, 11, 204.

50. Rosenthal, A.; Gabrielian, A.; Engle, E.; Hurt, D.E.; Alexandru, S.; Crudu, V.; Sergueev, E.; Kirichenko, V.; Lapitskii, V.;
Snezhko, E.; et al. The TB portals: An open-access, web-based platform for global drug-resistant-tuberculosis data
sharing and analysis. J. Clin. Microbiol. 2017, 55, 3267–3282.

51. Laskowski, R.A.; Jabłońska, J.; Pravda, L.; Vařeková, R.S.; Thornton, J.M. PDBsum: Structural summaries of PDB
entries. Protein Sci. 2018, 27, 129–134.

52. Liu, R.; Li, X.; Lam, K.S. Combinatorial chemistry in drug discovery. Curr. Opin. Chem. Biol. 2017, 38, 117–126.



53. Shivanyuk, A.; Ryabukhin, S.V.; Tolmachev, A.; Bogolyubsky, A.V.; Mykytenko, D.M.; Chupryna, A.A.; Heilman, W.;
Kostyuk, A.N. Enamine real database: Making chemical diversity real. Chem. Today 2007, 25, 58–59.

54. Sterling, T.; Irwin, J.J. ZINC 15–ligand discovery for everyone. J. Chem. Inf. Modeling 2015, 55, 2324–2337.

55. Ruddigkeit, L.; Van Deursen, R.; Blum, L.C.; Reymond, J.-L. Enumeration of 166 billion organic small molecules in the
chemical universe database GDB-17. J. Chem. Inf. Modeling 2012, 52, 2864–2875.

56. Williams, A. ChemSpider: Integrating Structure-Based Resources Distributed Across the Internet. Enhancing Learning
with Online Resources, Social Networking, and Digital Libraries. In ACS Symposium Series; American Chemical
Society: Washington, DC, USA, 2010; Volume 1060, pp. 23–29.

57. Gaulton, A.; Hersey, A.; Nowotka, M.; Bento, A.P.; Chambers, J.; Mendez, D.; Mutowo, P.; Atkinson, F.; Bellis, L.J.;
Cibrián-Uhalte, E.; et al. The ChEMBL database in 2017. Nucleic Acids Res. 2017, 45, D945–D954.

58. Voigt, J.H.; Bienfait, B.; Wang, S.; Nicklaus, M.C. Comparison of the NCI open database with seven large chemical
structural databases. J. Chem. Inf. Comput. Sci. 2001, 41, 702–712.

59. Schmidtke, P.; Le Guilloux, V.; Maupetit, J.; Tuffery, P. Fpocket: Online tools for protein ensemble pocket detection and
tracking. Nucleic Acids Res. 2010, 38 (Suppl. 2), W582–W589.

60. Le Guilloux, V.; Schmidtke, P.; Tuffery, P. Fpocket: An open source platform for ligand pocket detection. BMC Bioinform.
2009, 10, 168.

61. Hussein, H.A.; Borrel, A.; Geneix, C.; Petitjean, M.; Regad, L.; Camproux, A.-C. PockDrug-Server: A new web server
for predicting pocket druggability on holo and apo proteins. Nucleic Acids Res. 2015, 43, W436–W442.

62. Koes, D.R.; Camacho, C.J. PocketQuery: Protein–protein interaction inhibitor starting points from protein–protein
interaction structure. Nucleic Acids Res. 2012, 40, W387–W392.

63. Brady, G.P.; Stouten, P.F. Fast prediction and visualization of protein binding pockets with PASS. J. Comput.-Aided Mol.
Des. 2000, 14, 383–401.

64. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and
AutoDockTools4: Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785–2791.

65. Verdonk, M.L.; Cole, J.C.; Hartshorn, M.J.; Murray, C.W.; Taylor, R.D. Improved protein–ligand docking using GOLD.
Proteins Struct. Funct. Bioinform. 2003, 52, 609–623.

66. Schrödinger, G. Glide: A Complete Solution for Ligand-Receptor Docking. 2021. Available online:
https://www.schrodinger.com/products/glide (accessed on 5 September 2021).

67. Rarey, M.; Kramer, B.; Lengauer, T.; Klebe, G. A fast flexible docking method using an incremental construction
algorithm. J. Mol. Biol. 1996, 261, 470–489.

68. BioSolveIT. SeeSAR: The Drug Design Dashboard. 2021. Available online: https://www.biosolveit.de/SeeSAR
(accessed on 5 September 2021).

69. Tosco, P.; Balle, T. Open3DQSAR: A new open-source software aimed at high-throughput chemometric analysis of
molecular interaction fields. J. Mol. Modeling 2011, 17, 201–208.

70. Dong, J.; Yao, Z.-J.; Zhu, M.-F.; Wang, N.-N.; Lu, B.; Chen, A.F.; Lu, A.-P.; Miao, H.; Zeng, W.-B.; Cao, D.-S.
ChemSAR: An online pipelining platform for molecular SAR modeling. J. Cheminformat. 2017, 9, 27.

71. Schrödinger, Q. QikProp Rapid ADME Predictions of Drug Candidates. 2021. Available online:
https://www.schrodinger.com/products/qikprop (accessed on 5 September 2021).

72. SimulationsPlus. ADMET Predictor® Flagship Machine Learning Platform for ADMET Modeling. 2021. Available online:
https://www.simulations-plus.com/software/admetpredictor/ (accessed on 5 September 2021).

73. Potapov, V.; Cohen, M.; Inbar, Y.; Schreiber, G. Protein structure modelling and evaluation based on a 4-distance
description of side-chain interactions. BMC Bioinform. 2010, 11, 374.

74. Laurie, A.T.; Jackson, R.M. Q-SiteFinder: An energy-based method for the prediction of protein–ligand binding sites.
Bioinformatics 2005, 21, 1908–1916.

75. Wunberg, T.; Hendrix, M.; Hillisch, A.; Lobell, M.; Meier, H.; Schmeck, C.; Wild, H.; Hinzen, B. Improving the hit-to-lead
process: Data-driven assessment of drug-like and lead-like screening hits. Drug Discov. Today 2006, 11, 175–180.

76. Smieško, M.; Vedani, A. VirtualToxLab: Exploring the toxic potential of rejuvenating substances found in traditional
medicines. In In Silico Methods for Predicting Drug Toxicity; Springer: Berlin/Heidelberg, Germany, 2016; pp. 121–137.

77. Krieger, E.; Joo, K.; Lee, J.; Lee, J.; Raman, S.; Thompson, J.; Tyka, M.; Baker, D.; Karplus, K. Improving physical
realism, stereochemistry, and side-chain accuracy in homology modeling: Four approaches that performed well in
CASP8. Proteins Struct. Funct. Bioinform. 2009, 77, 114–122.



78. Bordoli, L.; Kiefer, F.; Arnold, K.; Benkert, P.; Battey, J.; Schwede, T. Protein structure homology modeling using
SWISS-MODEL workspace. Nat. Protoc. 2009, 4, 1–13.

79. Shi, Y.; Colombo, C.; Kuttiyatveetil, J.R.A.; Zalatar, N.; van Straaten, K.E.; Mohan, S.; Sanders, D.A.R.; Pinto, B.M. A
Second, Druggable Binding Site in UDP-Galactopyranose Mutase from Mycobacterium tuberculosis? ChemBioChem
2016, 17, 2264–2273.

80. Trott, O.; Vina, O.A.A. improving the speed and accuracy of docking with a new scoring function, efficient optimization
and multithreading Oleg Public Access. J. Comput. Chem. 2010, 31, 455–461.

81. Case, D.A.; Cheatham, T.E., III; Darden, T.; Gohlke, H.; Luo, R.; Merz, K.M., Jr.; Onufriev, A.; Simmerling, C.; Wang, B.;
Woods, R.J. The Amber biomolecular simulation programs. J. Comput. Chem. 2005, 26, 1668–1688.

82. Shoichet, B.K. Virtual screening of chemical libraries. Nature 2004, 432, 862–865.

83. Pedretti, A.; Mazzolari, A.; Gervasoni, S.; Vistoli, G. Rescoring and linearly combining: A highly effective consensus
strategy for virtual screening campaigns. Int. J. Mol. Sci. 2019, 20, 2060.

84. Vidal, D.; Thormann, M.; Pons, M. A novel search engine for virtual screening of very large databases. J. Chem. Inf.
Modeling 2006, 46, 836–843.

85. Reddy, A.S.; Pati, S.P.; Kumar, P.P.; Pradeep, H.N.; Sastry, G.N. Virtual screening in drug discovery-a computational
perspective. Curr. Protein Pept. Sci. 2007, 8, 329–351.

86. Bissantz, C.; Folkers, G.; Rognan, D. Protein-based virtual screening of chemical databases. 1. Evaluation of different
docking/scoring combinations. J. Med. Chem. 2000, 43, 4759–4767.

87. Willett, P.; Barnard, J.M.; Downs, G.M. Chemical similarity searching. J. Chem. Inf. Comput. Sci. 1998, 38, 983–996.

88. Bender, A.; Glen, R.C. A discussion of measures of enrichment in virtual screening: Comparing the information content
of descriptors with increasing levels of sophistication. J. Chem. Inf. Modeling 2005, 45, 1369–1375.

89. Batool, M.; Ahmad, B.; Choi, S. A structure-based drug discovery paradigm. Int. J. Mol. Sci. 2019, 20, 2783.

90. Ejalonibu, M.A.; Elrashedy, A.A.; Lawal, M.M.; Soliman, M.E.; Sosibo, S.C.; Kumalo, H.M.; Mhlongo, N.N. Dual
targeting approach for Mycobacterium tuberculosis drug discovery: Insights from DFT calculations and molecular
dynamics simulations. Struct. Chem. 2020, 31, 557–571.

91. Hartenfeller, M.; Schneider, G. De novo drug design. Chemoinformat. Comput. Chem. Biol. 2010, 672, 299–323.

92. Richardson, J.S.; Richardson, D.C. The de novo design of protein structures. Trends Biochem. Sci. 1989, 14, 304–309.

93. Lameijer, E.-W.; Tromp, R.A.; Spanjersberg, R.F.; Brussee, J.; IJzerman, A.P. Designing active template molecules by
combining computational de novo design and human chemist’s expertise. J. Med. Chem. 2007, 50, 1925–1932.

94. Gillet, V.J. New directions in library design and analysis. Curr. Opin. Chem. Biol. 2008, 12, 372–378.

95. Schneider, G.; Fechner, U. Computer-based de novo design of drug-like molecules. Nat. Rev. Drug Discov. 2005, 4,
649–663.

96. Keserű, G.M.; Makara, G.M. Hit discovery and hit-to-lead approaches. Drug Discov. Today 2006, 11, 741–748.

97. Tang, Y.; Zhu, W.; Chen, K.; Jiang, H. New technologies in computer-aided drug design: Toward target identification
and new chemical entity discovery. Drug Discov. Today Technol. 2006, 3, 307–313.

98. Kalyaanamoorthy, S.; Chen, Y.-P.P. Structure-based drug design to augment hit discovery. Drug Discov. Today 2011,
16, 831–839.

99. DeJesus, M.A.; Gerrick, E.R.; Xu, W.; Park, S.W.; Long, J.E.; Boutte, C.C.; Rubin, E.J.; Schnappinger, D.; Ehrt, S.;
Fortune, S.M.; et al. Comprehensive essentiality analysis of the Mycobacterium tuberculosis genome via saturating
transposon mutagenesis. MBio 2017, 8, e02133-16.

100. Jiménez-Luna, J.; Cuzzolin, A.; Bolcato, G.; Sturlese, M.; Moro, S. A deep-learning approach toward rational molecular
docking protocol selection. Molecules 2020, 25, 2487.

101. Abrahams, K.A.; Besra, G.S. Mycobacterial drug discovery. RSC Med. Chem. 2020, 11, 1354–1365.

102. Billones, J.B.; Carrillo, M.C.O.; Organo, V.G.; Sy, J.B.A.; Clavio, N.A.B.; Macalino, S.J.Y.; Emnacen, I.A.; Lee, A.P.; Ko,
P.K.L.; Concepcion, G.P. In silico discovery and in vitro activity of inhibitors against Mycobacterium tuberculosis 7, 8-
diaminopelargonic acid synthase (Mtb BioA). Drug Des. Dev. Ther. 2017, 11, 563.

103. Kumar, N.; Srivastava, R.; Prakash, A.; Lynn, A.M. Structure-based virtual screening, molecular dynamics simulation
and MM-PBSA toward identifying the inhibitors for two-component regulatory system protein NarL of Mycobacterium
Tuberculosis. J. Biomol. Struct. Dyn. 2020, 38, 3396–3410.



104. Tatum, N.J.; Liebeschuetz, J.W.; Cole, J.C.; Frita, R.; Herledan, A.; Baulard, A.R.; Willand, N.; Pohl, E. New active
leads for tuberculosis booster drugs by structure-based drug discovery. Org. Biomol. Chem. 2017, 15, 10245–10255.

105. Kingdon, A.D.; Alderwick, L.J. Structure-based in silico approaches for drug discovery against Mycobacterium
tuberculosis. Comput. Struct. Biotechnol. J. 2021, 19, 3708.

106. Rani, J.; Silla, Y.; Borah, K.; Ramachandran, S.; Bajpai, U. Repurposing of FDA-approved drugs to target MurB and
MurE enzymes in Mycobacterium tuberculosis. J. Biomol. Struct. Dyn. 2020, 38, 2521–2532.

107. Zhang, G.; Guo, S.; Cui, H.; Qi, J. Virtual screening of small molecular inhibitors against DprE1. Molecules 2018, 23,
524.

108. Ali, M.T.; Blicharska, N.; Shilpi, J.A.; Seidel, V. Investigation of the anti-TB potential of selected propolis constituents
using a molecular docking approach. Sci. Rep. 2018, 8, 12238.

109. Ravichandran, R.; Ridzwan, N.F.W.; Mohamad, S.B. Ensemble-based high-throughput virtual screening of natural
ligands using the Super Natural-II database against cell-wall protein dTDP-4-dehydrorhamnose reductase (RmlD) in
Mycobacterium tuberculosis. J. Biomol. Struct. Dyn. 2020, 1–10.

110. Scheich, C.; Szabadka, Z.; Vértessy, B.; Pütter, V.; Grolmusz, V.; Schade, M. Discovery of novel MDR-Mycobacterium
tuberculosis inhibitor by new FRIGATE computational screen. PLoS ONE 2011, 6, e28428.

111. Kaur, G.; Pandey, B.; Kumar, A.; Garewal, N.; Grover, A.; Kaur, J. Drug targeted virtual screening and molecular
dynamics of LipU protein of Mycobacterium tuberculosis and Mycobacterium leprae. J. Biomol. Struct. Dyn. 2019, 37,
1254–1269.

112. Kumar, N.; Srivastava, R.; Prakash, A.; Lynn, A.M. Virtual screening and free energy estimation for identifying
Mycobacterium tuberculosis flavoenzyme DprE1 inhibitors. J. Mol. Graph. Model. 2021, 102, 107770.

113. Sundar, S.; Thangamani, L.; Manivel, G.; Kumar, P.; Piramanayagam, S. Molecular docking, molecular dynamics and
MM/PBSA studies of FDA approved drugs for protein kinase a of Mycobacterium tuberculosis; application insights of
drug repurposing. Inform. Med. Unlocked 2019, 16, 100210.

114. Kuldeep, J.; Sharma, S.K.; Sharma, T.; Singh, B.N.; Siddiqi, M.I. Targeting Mycobacterium Tuberculosis Enoyl-Acyl
Carrier Protein Reductase Using Computational Tools for Identification of Potential Inhibitor and their Biological Activity.
Mol. Inform. 2021, 40, 2000211.

115. Sivaranjani, P.; Naik, V.U.; Madhulitha, N.R.; Kumar, K.S.; Chiranjeevi, P.; Alex, S.P.; Umamaheswari, A. Design of
Novel Antimycobacterial Molecule Targeting Shikimate Pathway of Mycobacterium tuberculosis. Indian J. Pharm. Sci.
2019, 81, 438–447.

116. Ballester, P.J.; Mangold, M.; Howard, N.I.; Robinson, R.L.M.; Abell, C.; Blumberger, J.; Mitchell, J.B.O. Hierarchical
virtual screening for the discovery of new molecular scaffolds in antibacterial hit identification. J. R. Soc. Interface 2012,
9, 3196–3207.

117. Chakraborty, S.; Rhee, K.Y. Tuberculosis drug development: History and evolution of the mechanism-based paradigm.
Cold Spring Harb. Perspect. Med. 2015, 5, a021147.

118. World Health Organization. Global Tuberculosis Report 2020; World Health Organization: Geneva, Switzerland, 2020;
pp. 115–127.

119. Zumla, A.; Nahid, P.; Cole, S.T. Advances in the development of new tuberculosis drugs and treatment regimens. Nat.
Rev. Drug Discov. 2013, 12, 388–404.

120. Mori, G.; Chiarelli, L.R.; Esposito, M.; Makarov, V.; Bellinzoni, M.; Hartkoorn, R.C.; Degiacomi, G.; Boldrin, F.; Ekins, S.;
de Jesus Lopes Ribeiro, A.L.; et al. Thiophenecarboxamide derivatives activated by EthA kill Mycobacterium
tuberculosis by inhibiting the CTP synthetase PyrG. Chem. Biol. 2015, 22, 917–927.

121. Rabi, S.; Patel, A.H.G.; Burger, S.K.; Verstraelen, T.; Ayers, P.W. Exploring the substrate selectivity of human sEH and
M. tuberculosis EHB Using QM/MM. Struct. Chem. 2017, 28, 1501–1511.

122. Ramalho, T.C.; Caetano, M.S.; Josa, D.; Luz, G.P.; Freitas, E.A.; da Cunha, E.F.F. Molecular modeling of
Mycobacterium tuberculosis dUTpase: Docking and catalytic mechanism studies. J. Biomol. Struct. Dyn. 2011, 28,
907–917.

123. Oliveira, C.G.; Maia, P.S.; Souza, P.C.; Pavan, F.R.; Leite, C.Q.F.; Viana, R.B.; Batista, A.A.; Nascimento, O.R.; Deflon,
V.M. Manganese (II) complexes with thiosemicarbazones as potential anti-Mycobacterium tuberculosis agents. J. Inorg.
Biochem. 2014, 132, 21–29.

124. Chi, G.; Manos-Turvey, A.; O’Connor, P.D.; Johnston, J.M.; Evans, G.L.; Baker, E.N.; Payne, R.J.; Lott, J.S.; Bulloch,
E.M.M. Implications of binding mode and active site flexibility for inhibitor potency against the salicylate synthase from
Mycobacterium tuberculosis. Biochemistry 2012, 51, 4868–4879.



125. Frisch, M.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.;
Mennucci, B.; Petersson, G.A.; et al. Gaussian 09, Revision d. 01; Gaussian Inc.: Wallingford, CT, USA, 2009; Volume
201.

126. Stephens, P.J.; Devlin, F.J.; Chabalowski, C.F.; Frisch, M.J. Ab initio calculation of vibrational absorption and circular
dichroism spectra using density functional force fields. J. Phys. Chem. 1994, 98, 11623–11627.

127. Beck, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648-6.

128. Indarto, A. Theoretical Modelling and Mechanistic Study of the Formation and Atmospheric Transformations of
Polycyclic Aromatic Compounds and Carbonaceous Particles; Universal-Publishers: Gulf, CA, USA, 2010.

129. Hamada, I. van der Waals density functional made accurate. Phys. Rev. B 2014, 89, 121103.

130. Grimme, S. Accurate description of van der Waals complexes by density functional theory including empirical
corrections. J. Comput. Chem. 2004, 25, 1463–1473.

131. Cohen, A.J.; Mori-Sánchez, P.; Yang, W. Insights into current limitations of density functional theory. Science 2008, 321,
792–794.

Retrieved from https://encyclopedia.pub/entry/history/show/40891


