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Abstract 

Tuberculosis (TB) is one of the ten leading causes of death in the world and the main source of 

infection from a single infectious agent, the World Health Organization (WHO) states that one third 

of the world's population is now infected with TB, therefore the increase in TB treatment and so a 

series of drug-resistant strains have emerged, diagnosis and therapy of multidrug-resistant TB 

continues to be a major hurdle and is far from being fully solved. Given the urgency of the situation, 

the current study uses the advantages of virtual high-throughput screening approaches to identify 

molecules targeting Mycobacterium tuberculosis dihydrofolate reductase (Mt-DHFR), an enzyme 

critical for Mycobacterium tuberculosis proliferation. In the extension of the Mt-DHFR ligand pocket, 

there is a small hydrophobic pocket that hosts a glycerol molecule (GOL), this pocket does not exist 

in the human protein. Based on these data, our study explored new Mycobacterium tuberculosis 

specific inhibitors targeting Mt-DHFR by the in-silico approach.  From a set of 8412 compounds, 

toxicity evaluation and validation of Lipinski and Veber's rule allowed to identify 11 new small 

molecules whose interaction with the target with and without glycerol were studied by Docking, the 

results were compared with 5 reference molecules chosen from the literature in addition to natural 

ligand of the target. Thus for the evaluation of specificity, these molecules were also tested on human 

DHRF, the results showed that Methotrexate is the best reference inhibitor and that the affinities of 

the molecules towards Mt-DHFR with glycerol are better than without glycerol, It is so 8 molecules 

present an affinity towards the bacterial enzyme with glycerol better than that of Methotrexate, also 

9 presenting a better affinity than that of natural substrate, among which 3 have a weak affinity 

towards the human enzyme compared to the bacterial enzyme.  In the light of the results obtained we 

propose 3 inhibitors of Mycobacterium tuberculosis targeting Mt-DHFR with better activity and 

interactions than the reference inhibitors and which conform to the rules of Lipinski and Veber 

supposed to have antitubercular potential. 

Key words: World Health Organization (WHO), Tuberculosis, Mycobacterium tuberculosis 

dihydrofolate reductase (Mt-DHFR), Structure-based virtual screening, Molecular Docking  

 

  



 

 
 

Résumé 

La tuberculose (TB) est l'une des dix causes de décès dans le monde et la principale source d'infection 

à partir d'un seul agent infectieux, l'Organisation mondiale de la santé (OMS) affirme qu'un tiers de 

la population mondiale est aujourd'hui infecté par la tuberculose, par conséquence l'augmentation du 

traitement de la tuberculose et donc une série de souches multirésistantes ont émergé, le diagnostic et 

la thérapie de la tuberculose multirésistante continue d'être un obstacle majeur et est loin d'être 

entièrement résolu .Compte tenu de l'urgence de la situation, l'étude actuelle utilise les avantages des 

approches de criblage virtuel à haut débit pour identifier des molécules ciblant la dihydrofolate 

réductase de Mycobacterium tuberculosis (Mt-DHFR), une enzyme critique pour la prolifération de 

Mycobacterium tuberculosis. Dans le prolongement de la poche ligand de la Mt-DHFR, il existe une 

petite poche hydrophobe qui accueille une molécule de glycérol (GOL), cette poche n'existe pas dans 

la protéine humaine. Sur la base de ces données notre étude a fait l’objet d’explorer de nouveaux 

inhibiteurs spécifiques de Mycobacterium tuberculosis ciblant la Mt-DHFR par l’approche in silico.  

À partir d'un ensemble de 8412 composés, l'évaluation de la toxicité et la validation de la règle de 

Lipinski et veber ont permis d'identifier 11 nouvelles petites molécules dont l’interaction avec la cible 

avec et sans glycérol ont été étudiées par Docking, les résultats ont été comparées avec 5 molécules 

de référence choisis à partir de la littérature en plus de ligand naturel de la cible. Ainsi pour 

l’évaluation de la spécificité, ces molécules ont été également testées sure la DHRF humaine, les 

résultats ont montré que le Methotrexate est le meilleur inhibiteur de référence et que les affinités des 

molécules envers la Mt-DHFR avec glycérol sont meilleures que celle sans glycérol, c’est ainsi  8 

molécules présentent une affinité envers l’enzyme bactérienne avec glycérol meilleure que celle de la 

Methotrexate, aussi 9 présentant une meilleure affinité que celle de substrat naturel , parmi lesquelles 

3 ont une affinité faible envers l’enzyme  humain par rapport à l’enzyme bactérienne .  A la lumière 

des résultats obtenue nous proposons 3 inhibiteurs du Mycobacterium tuberculosis ciblant la Mt-

DHFR présentant une activité et des interactions meilleurs que les inhibiteurs de référence et qui 

conforment aux règles de Lipinski et Veber supposés avoir un potentiel antituberculeux.  

Mots clés : Organisation mondiale de la santé (OMS), Tuberculose, Mycobacterium tuberculosis 

dihydrofolate réductase (Mt-DHFR), Criblage virtuel basé sur la structure, Docking moléculaire.  
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INTRODUCTION 

Several unique features characterize infectious diseases - they rely on a single agent as a cause, they 

can be transmitted from one person to another, cause epidemics, and have a strong impact on human 

evolution[1]. Besides, infectious diseases can be eradicated, but also new ones may emerge, creating 

a dynamic stage for human-infection interplay [2]. Tuberculosis (TB), which remains a significant 

disease for public health worldwide and especially in emerging economies, tuberculosis is one of the 

world’s ten causes of death worldwide and the primary infection source from a single infectious agent 

[3]Despite the sheer numbers, TB has been over shadowed for too long by HIV and malaria, and 

currently by the COVID-19. The World Health Organization (WHO) claims that 1/3 of the worldwide 

population is now infected with tuberculosis. About 10% of this population are predicted to develop 

active TB at some stage in their lifetime [4]. 

 

With the increase in TB treatment, a series of drug-resistant strains have emerged, diagnosis and 

therapy of multidrug-resistant TB continues to be a major hurdle and is far from being fully solved 

[5]. Rifampicin resistance was found in 61% of individuals with pulmonary TB worldwide in 2019, 

up from 51% in 2017 and 7% in 2012. A total of 206,030 individuals with MDR/RR TB were 

identified and recorded, a 10% rise from 2018[6]. Extended drug resistance (XDR) strains, likely stem 

from MDR/RR TB strains. The XDR-TB show resistant to second-line drugs fluoroquinolones (FLQ) 

and aminoglycosides (AMI), has been registered in 92 countries. It is estimated that 6% of multidrug-

resistant TB cases are estimated to be XDR-TB [3]. 

 

Hence novel antimycobacterial drugs are urgently required to combat this growing health emergency. 

Alongside this, increased knowledge of gene essentiality in the pathogenic organism and larger 

compound databases can aid in the discovery of new drug compounds. The number of protein 

structures, X-ray based and modelled, is increasing and now accounts for greater than > 80% of all 

predicted M. tuberculosis proteins, allowing novel targets to be investigated [7]. 

 

Dihydrofolate reductase (DHFR) catalyzes the NADPH-dependent reduction of dihydrofolate to 

tetrahydrofolate and is critical for the synthesis of thymidylate, purines and several amino acids. 

Inhibition of the enzyme's activity results in the arrest of DNA synthesis and cell death. The enzyme 

has been widely investigated as a drug target for bacterial [7], protozoan and fungal infections, as well 

as for neoplastic and autoimmune diseases, inhibitors of DHFR have been proven as effective agents 
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for treating bacterial infections [8].  

 

Since conventional drug research and development is an extremely long (up to 15 years), complex 

and costly (over a billion dollars) process. Currently, the computer-aided drug design process allows 

predicting possible outcomes before the process is even underway, thus saving time and money 

because failure at any stage of drug development would mean a huge loss to the industry. Two 

approaches to virtual screening are currently used: Structure-Based Drug Design (SBDD) and ligand-

based Drug Design (LBDD) [9]. 

 

In the current study we used Structure-Based Drug Design (SBDD), to identify potential inhibitors of 

the target enzyme by screening large libraries of molecules from chemical databases. Molecular 

docking was used in a virtual high-throughput screening to discover potential inhibitors of 

Mycobacterium tuberculosis DHFR. 
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I. General knowledge 

1. History 

TB or illnesses resembling TB have been described from different civilization since ancient times. 

The earliest such description can be found in Vedas, where TB was referred to as ‘Yakshma’ meaning 

wasting disease. Greek, Chinese and Arabic literature also describes TB like disease.[10] 

Mycobacterium exists on earth since last 150 million years. Typical tubercular vertebral lesions were 

seen in mummies from the Egyptian pre-dynastic era and Peruvian pre-Colombian era. The first weak 

evidence of TB in humans is from a bone lesion found in a 500 thousand year old skull in Turkey. 

Human TB detection using PCR sequencing in a Neolithic infant and women from 9 thousand year 

old settlement in the Eastern Mediterranean is the oldest strong evidence available [11]. 

• Galen (131e201) first suspected that TB could be contagious [11].  

• It took many centuries until Girolamo Fracastorius (1483e1553) showed that some diseases 

could be transmitted through ‘particles’ by direct or indirect contact between humans [10].  

• Thomas Willis (1621e1675) first described miliary TB.  

• Calmette extracted a protein (tuberculin) from large cultures of the bacillus and first used for 

therapy known as ‘tuberculinisation’, which failed as treatment for TB. The Tuberculin was 

also used for intradermal skin test which was described by Charles Mantoux & used in the 

diagnosis of TB. Later this intradermal skin test was named after Charles Mantoux and is 

known as Mantoux test [12]. 

• Benjamin Marten (1690e1752) hypothesized that TB is caused by ‘wonderfully minute living 

creatures’ in his theory of ‘contagious living fluid’ [10].  

• It was Jean Antoine Villemin (1827e1892), a French army doctor who successfully 

demonstrated the transmission of TB from humans to animals and from animals to animals.  

• In 1834, Johann Lukas Schonlein proposed the name ‘Tuberculosis’ which is derived from 

Latin word ‘tubercula’ meaning ‘a small lump’ seen in all forms of the disease [12].  

• On 24th March 1882, Robert Koch announced in the meeting of the Berlin Society of 

Physiology that he had discovered causative agent responsible for pulmonary TB and named 

it as ‘tuberkel virus’ in his paper published 2 weeks later [13].  

• First innovative decision of staining tuberculosis bacilli and second innovative decision of 

culturing it on solidified cow or sheep serum gave Robert Koch the Nobel prize of medicine 

in 1905 [13].  
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• Leon Charles Albert Calmette (1863e1933) and Camille Guerin (1872e1961) developed 

vaccine against TB by sub-culturing Mycobacterium bovis for more than 200 times in the 

Guinea pig model between 1908e1921 [10], [12] .  

• Arvid Wallgren, a professor from Royal Caroline medical institute, Sweden described clinical 

manifestations of tuberculous infection in an article titled ‘The timetable of Tuberculosis’ 

which helped in better understanding course of TB illness [13].  

• The effective treatment for TB became a reality after the discovery of antitubercular drugs 

like Streptomycin, Paraamino salicylic acid (PAS) and isoniazid by the mid-1940s [13].  

• By late 1970 it was believed that TB may no longer be a public health problem in the 

developed world. But the emergence of Acquired Immune Deficiency Syndrome (AIDS) in 

the early 1980s has ended this optimism and led to the resurgence of TB worldwide [10]. 

 

2. Risk factors 

Among major known risk factors for TB, HIV infection is the strongest [14]; 12% of all new active 

TB disease cases and 25% of all TB-related deaths occur in HIV-positive individuals. The majority 

(75%) of HIV-associated active TB disease cases and deaths occur in Africa[15], Active TB disease 

was the leading cause of hospitalization among HIV-infected adults (18%) and children (10%) . TB-

related in-hospital mortality was 25% among adults and 30% among children with HIV infection [16]. 

Other risk factors are responsible for the remaining fraction of TB cases in the general population: 

• Undernutrition make an estimated 27% of TB cases worldwide[17]. 

• Indoor air pollution make 22% [17]. 

• Type 2 diabetes mellitus [18]. 

• Excessive alcohol use (roughly triple the risk of TB) [19]. 

• Smoking (which doubles the risk) [20]. 

 

3. Epidemiology 

3.1. Worldwide 

Tuberculosis is a contagious, bacterial, airborne disease. It is one of the 10 leading causes of death 

worldwide, and is the second leading cause of death by a single infectious agent, ranking behind 

COVID-19 and ahead of HIV/AIDS. According to the World Health Organization (WHO), 
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approximately 1.8 billion people are infected with TB, most of whom have the inactive form of the 

disease. In 2020, some 10 million people had active TB. Of these [21]: 

• 5.6 million were men 

• 3.3 million were women 

• million were children 

People living with HIV/AIDS are 15-22 times more likely to get TB due to a weakened immune 

system. In 2019, TB caused [21]: 

• 1.23 million deaths among HIV-negative people 

• 214,000 deaths among HIV-positive people 

Tuberculosis causes a high number of deaths, despite being a preventable and curable disease. This 

is largely due to the fact that more than 4 million people worldwide who develop TB each year are 

not captured by public health systems [21]. 

Table I : Estimated epidemiological burden of TB in 2019 globally. Rates per 100 000 

population [21].  

3.2. In Morocco 

In Morocco, a total of 29,327 cases have been notified and put on treatment in 2021, within the 

framework of the National Tuberculosis Control Program (PNLAT), and it is clear that the young 

population, aged between 15 and 45, remains the most exposed [22]. 

Thanks to these efforts, Morocco has made significant progress resulting in a decrease of the estimated 

incidence of the disease by 34% and mortality by 68% during the last thirty years, with therapeutic 

success rates maintained at more than 85%. (This has resulted in the annual cure of more than 26,000 

patients) [22].  

 

 

 

POPULATION 

TOTAL TB INCIDENCE 
HIV-POSITIVE TB 

INCIDENCE 

HIV-NEGATIVE TB 

MORTALITY 

HIV-POSITIVE TB 

MORTALITYb
 

BEST 
ESTIMATE 

UNCERTAINTY 
INTERVAL 

BEST 
ESTIMATE 

UNCERTAINTY 
INTERVAL 

BEST 
ESTIMATE 

UNCERTAINTY 
INTERVAL 

BEST 
ESTIMATE 

UNCERTAINTY 
INTERVAL 

High TB burden 
countries 

4 880 000 8 610 7 600–9 680 668 585–757 1 040 966–1 120 165 134–198 

Africa
  

1 090 000 2 470 2 190–2 750 595 515–680 378 313–448 169 139–203 

The Americas 1 010 000 290 269–311 29 27–32 17 17–18 5.9 5.2–6.6 

Eastern 
Mediterranean 

717 000 819 646–1 010 7.9 5.9–10 76 65–87 2.7 2.0–3.6 

Europe 930 000 246 215–281 30 23–38 20 20–21 4.2 3.1–5.5 

South-East Asia 2 000 000 4 340 3 460–5 320 117 90–147 632 593–671 20 15–26 

Western Pacific 1 930 000 1 800 1 480–2 150 36 28–46 84 78–91 6.3 5.2–7.5 

Global 7 690 000 9 960 8 940–11 000 815 729–906 1 210 1 130–1 290 208 177–242 
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II. Pathological characteristics 

1. Mode of Transmission 

A simple cascade for tuberculosis transmission is proposed in which , 1 a source case of tuberculosis, 

generates infectious particles, that survive in the air and are inhaled by a susceptible individual who 

may become infected and who then has the potential to develop tuberculosis [23].  

Interventions that target bacterial, host, or behavioral catalysts of transmission will interrupt 

tuberculosis transmission and accelerate the decline in tuberculosis incidence and mortality [24]. 

Understanding   who is transmitting, where transmission is occurring, and who is susceptible to 

infection and to disease progression, will allow us to decide what will it  take to stop tuberculosis 

transmission [24]. 

 

 

Figure 1 : Cascade of tuberculosis transmission [24]. 
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2. Pathogenesis & Immunity 

After being transferred to a new host by aerosol, M. tuberculosis is thought to be phagocytosed first 

by alveolar macrophages (AM) and then by interstitial macrophages [25]. In the case of other 

pathogens, these macrophages are microbicidal and recruited through Toll-like receptor (TLR)-

mediated signaling activated by so-called pathogen-activated molecular patterns (PAMPs) present on 

bacterial surfaces. However, the host's innate immune system does not recognize them. Tb has 

developed strategies to avoid microbicidal macrophages by expressing a surface lipid, phthiocerol 

dimycerate (PDIM), which masks the PAMPs. Once PAMPs are masked [26]. 

 

 

Meanwhile MBT use a related surface lipid, phenolic glycolipid (PGL), to induce the macrophage 

chemokine CCL2 to recruit and infect growth-permitting macrophages [27]. 

Figure 2 : Mechanism of priminary infection of Mtb [27].  
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The upper airways are full of TLR-stimulating commensal bacteria which make the MBT strategy is 

ineffective[27], Thus, tb infection must be initiated using small droplets that settle directly into the 

lower lung spaces since they contain little or no commensal bacteria [26]. 

Once internalized, ESX-1 activate the secretion system to blocks the fusion between the phagosome 

and lysosome. Mycobacterium tuberculosis releases bacterial products into the macrophage cytosol 

to start cytosolic surveillance which induces type I interferon response, resulting in bacteria’s survival 

and rapid growth [27]. After phagocytosis, infected cells migrate to local draining lymph nodes. T 

cells recognize antigens on Mycobacterium tuberculosis and differentiate into specific T cells. This 

differentiation results in the release of lymphokines and macrophages’ activation, which inhibit the 

growth of phagocytosed bacteria. Macrophages initiate a signaling cascade leading to the recruitment 

of additional monocytes and lymphocytes. This aggregate of immune cells surrounds the infection 

site and forms an organized cellular structure known as a granuloma [27]. 

After the infection, M. Tuberculosis often enters a prolonged state of latent, asymptomatic infection. 

This phase can last for decades within granulomas, if not for the rest of the host’s life. There is a 

subgroup of hosts in which the latent infection re-activates, causing active disease[28].  

If the bacterial load is too high, granuloma may fail to contain the infection, and bacteria will spread 

to other organs, including the brain. The bacterium can enter the bloodstream or respiratory tract to 

be released, and this is said to be the first phase of active TB disease [27]. 

Figure 3 : Structure and cellular constituents of the tuberculous 

granuloma [27]. 
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3. Clinical features of tuberculosis 

Active disease may manifest with symptoms that are only minimal initially but then develop during 

the course of several months. Typical symptoms of active tuberculosis include a productive cough, 

hemoptysis, weight loss, fatigue, malaise, fever, and night sweats[29], However, some patients with 

active, culture-positive disease may be asymptomatic and are best described as having subclinical TB 

[30]. 

In general, clinical manifestations of illness are the first clue to the diagnosis of tuberculosis. 

However, they are often non-specific and misleading, and therefore the diagnosis is not always easy. 

This is especially the case for tuberculosis in children and in elderly subjects [31]. 

4. Taxonomy and description of the genus 

Mycobacterium tuberculosis belongs to [11]:  

• ORDER- Actinomycetales  

• CLASS- Actinomycetes  

• FAMILY- Mycobacteriaceae  

• GENUS- Mycobacterium Genera  

 

Table II : Features of genus Mycobacterium [11]. 

 

 Features 

Mycobacteria aerobic, non-spore forming, non-motile 

Shape slightly curved or straight rods 

Size 0.2e0.6 mm by 1e10 mm 

Colony 

morphology 

varies from species to species, ranging 

Cell wall from rough to smooth and from non-pigmented to pigmented (carotenoid 

pigment)  

N-acetyl muramic acid 

High content of Mycolic acid (70e90 carbon atoms)-renders acid fastness 

DNA High G þ C content (61e71 mol %) 

Generation 

time 

Slow- ranging from 20 hours to 36 hours for Mycobacterium Tuberculosis 
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5. Characteristics of Mycobacterium Tuberculosis genome 

The genome of a reference M. tuberculosis strain used to this day, strain H37Rv, was sequenced and 

annotated in 1998 [43]. It is a genome consisting of a single circular chromosome of 4,411,532 base 

pairs, comprising 3,995 reading frames and forming about 4,000 genes. The DNA of M. tuberculosis 

has a high guanine and cytosine content (65.6%) except in a few specific regions such as the genes 

that code for transmembrane proteins. A large part of the genes (6% of the genome) seems to code 

for enzymes involved in the synthesis and degradation of lipids. More than 50% of the encoded 

proteins have known functions currently. The homology between the DNAs of the different MTBC 

subspecies is very high (>99.9%)[44], [45], which makes it a single bacterial species in the strict 

sense. which makes it strictly speaking a single bacterial species. This restriction of nucleotide 

diversity can be explained either by an unusual replication fidelity, or by a very efficient error repair 

system, or by a very recent evolutionary origin, or by a very low mutation rate considering the lifestyle 

of this bacillus (intracellular), none of these reasons being exclusive. The genome is also characterized 

by the use of the Guanine-Tyrosine-Guanine (GTG) codon as an initiation codon in more than 35% 

of genes [43]. 

Figure 4 : Representation of the M. tuberculosis H37Rv genome [43]. 

The outer circle shows the scale in megabases, 0 represents the origin of replication. The first circle on the outside shows 

the positions of the stable RNA coding genes (tRNAs in blue, others in pink) and the Direct Repeat region (pink square); 

the second circle on the inside shows the coding sequences per strand (clockwise, dark green; counterclockwise, light 

green); the third circle shows the repeated sequences (insertion sequences in orange; REP13E12 family in dark pink; 

prophages in blue); the fourth circle shows the positions of EPP family members (green); the fifth circle shows EP family 

members (purple, excluding PGRS); and the sixth circle shows the positions of PGRS sequences (dark red). The histogram 

in the center represents the G+C content, with <65% G+C in yellow, and >65% G+C in red. The figure was generated 

with DNASTAR® software. 
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III. Diagnostics and treatment 

1. Diagnosis 

Several methods for TB diagnosis and mycobacterial identification with different levels of sensitivity 

and specificity are currently in use. Diagnostic methods are based on direct microscopic examination 

of biological specimens, detection of bacilli in these specimens by culture or by molecular biology 

tests based on DNA or immunological tests. The identification methods are based on the 

morphological aspect of the colonies from the culture or on biochemical tests or molecular tests. Some 

molecular tests serve as both a diagnostic test for TB and a test for mycobacteria. Some of the more 

commonly used tests and reference tests are listed below [31]:  

1.1. Direct microscopic examination: 

If pulmonary TB is suspected, based on a patient's clinical signs, bacteriologic tests are performed on 

the patient's sputum. Bacteriological tests may also be performed on gastric tubes (swallowed 

bronchial secretions) or bronchial aspirates. For tuberculosis patients with a suspected extra-

pulmonary location, biopsies are taken according to the location of the disease [32]. 

A smear, or spread of the biological sample on a thin plate, is taken and then stained to reveal the 

specific acid-fastness of the mycobacteria. Two staining methods are used [33]: 

• Ziehl-Neelsen staining  

• Auramine (fluorochrome) staining  

 Direct examination can detect the presence of acid-fast bacilli (AFB) in a biological sample only 

when there are 0.5 to 1.1 bacteria per microliter of biological sample [33].  
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Table III: Methods of obtaining sputum sample [33]. 

 

1.2. Interferon gamma release assays  

In these tests, the patient’s T cells are incubated ex vivo with antigens that are found in MTB but not 

found in BCG nor in most NTMs. Levels of interferon gamma are then measured in the supernatant 

or cells producing interferon gamma counted in an Enzyme-Linked ImmunoSpot (ELISPOT) assay 

[34]. 

IGRAs are a more specific test for MTB infection[35]. They can also be performed in a single visit, 

which is a significant advantage. However, IGRAs are expensive and require phlebotomy. There is 

substantially less experience informing their use in epidemiologic studies. Another major problem is 

that the mode of the frequency distribution for positive reactions is very close to the cut point 

recommended by the manufacturer. This means that small differences in the choice of cut point can 

have a substantial impact on both inference and prevalence estimates [34]. 

Method Description Advantage Disadvantage 

Sputum 

sample 

Patient coughs up sputum 

into sterile container 

Easy to perform • Education and 

supervision of the 

patient is required 

• Patient may not be 

able to cough up 

sputum 

Nebulisation/ 

Sputum 

induction 

A tube is inserted into the 

stomach through the 

patients mouth or nose to 

obtain swallowed sputum 

Used to obtain sputum 

in children who do not 

cough up sputum 

• Must be done 

early morning 

before eating  

• Patient may need 

to be hospitalized 

Bronchoscopy A scope is passed through 

the mouth or nose to the 

diseased part of the lung to 

obtain sputum or lung 

tissue 

Used to obtain sputum 

when the patient 

cannot cough and 

gastric aspirate cannot 

be done. 

• Requires special 

equipment 

• Must be done in a 

hospital by a specialist 
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1.3. Radiography 

Chest radiography is used to establish an initial assessment of thoracic lesions of varying shape, 

location and size. The appearance of the lesions is unrelated to the intensity of the disease. The 

specificity of radiography for pulmonary tuberculosis varies greatly according to different studies 

(27% to 81%). There are four types of lesions: the nodule, the tuberculoma, infiltrate and cavern [36]. 

• The infiltrate is manifested as early lesions of the infection. It manifests as a faint, 

heterogeneous and extensive part of the radiographic imaging. 

• The nodule is a granuloma of variable size, isolated or grouped. 

• The tuberculoma is an isolated pseudotumor nodule. 

• The cavern is an empty area due to a loss of substance within a thick-walled infiltrate 

In its pulmonary form, TB is manifested by the presence of infiltrates and nodules mainly located at 

the top of the lungs and sometimes associated with caverns [36]. 

1.4. Tuberculin skin test  

The tuberculin skin test (TST) or Mantoux test is a diagnostic test for TB based on the observation of 

a delayed hypersensitivity skin reaction after intradermal injection of tuberculin (mycobacterial 

antigens composed of a mixture of proteins extracted from cultured MTBC and purified called PPD / 

"Purified Protein Derivative") [37].  

A negative result does not rule out the diagnosis of TB disease as various conditions, including HIV, 

may suppress the reaction. This reaction indicates the existence of cell-mediated immunity to 

mycobacteria in the patient, induced either by prior BCG vaccination or by previous contact with 

Bacille de Koch or certain atypical mycobacteria. The TST is used for the diagnosis of both active 

and latent TB. diagnosis of latent TB [38]. 

The skin test result depends on the size of the raised, hard area or swelling. It also depends on the 

person’s risk of being infected with TB bacteria and the progression to TB disease if infected [38]. 

• Positive skin test: This means the person’s body was infected with TB bacteria. Additional 

tests are needed to determine if the person has latent TB infection or TB disease. A health 

care worker will then provide treatment as needed.  

• Negative skin test: This means the person’s body did not react to the test, and that latent TB 

infection or TB disease is not likely. 
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1.5. Molecular testing 

Today, many molecular techniques suitable for the diagnosis of TB using mycobacterial DNA are 

used. These tests are based on gene amplification by the classical PCR (Polymerase Chain Reaction) 

on specific sequences of M. tuberculosis strains[39], by real-time PCR as in the case of Xpert 

MTB/RIF [40], or also by LAMP-PCR (Loop-mediated isothermal amplification) [41] allowing the 

detection of specific nucleic sequences of tubercle bacilli; this PCR may or may not be followed by 

hybridization of the amplification products on specific probes. However, these techniques currently 

have insufficient sensitivity when applied directly to biological samples, on the other hand, they have 

excellent sensitivity and specificity when used on culture extracts. culture extracts [42]. 

1.6. Culture 

Culture is the gold standard for TB diagnosis. Only a positive culture for M. tuberculosis is definitive 

proof of a TB diagnosis. It is more sensitive than microscopy. Its sensitivity varies from 80% to 85% 

while the sensitivity varies from 50% to 80% for microscopy. It is performed on a solid, enriched 

culture medium (Löwenstein-Jensen medium or Colestos medium) where results are obtained within 

4 to 8 weeks; or on a liquid medium (Middlebrook 7H11, 7H10, 7H9, MGIT/Mycobacteria Growth 

Indicator Tube or Dubos) where results are obtained more rapidly (approximately 15 days) [32]. 

 

2. Principles of anti-tuberculosis treatment  

A tubercular lesion has 2 different bacillary populations: 

• A very rich population, present in caverns, whose rapid multiplication is responsible for the 

development of colonies immediately resistant to each of the antibiotics, which prohibits 

monotherapy and justifies an initial phase of intensive treatment based on the simultaneous 

administration of several antibiotics [32]. 

• A slower multiplying population, present in solid caseous sites and in macrophages, less 

accessible to antibiotics and which can be the cause of relapses. The eradication of these bacilli 

requires a consolidation phase prolonged over several months [32]. 

3.  Anti-tuberculosis drugs 

- Four anti-tuberculosis drugs are used in first line [46]: 

• Isoniazid and Rifampicin, known as major anti-tuberculosis drugs because they have the 

following properties: they are bactericidal, their good diffusion allows them to reach to reach 

intra- and extracellular bacilli. the simultaneous administration of these 2 antibiotics allows a 
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rapid reduction in the number of of extracellular BK and therefore a rapid negativation of 

expectorations. 

• Pyrazinamide, which is effective on intracellular bacilli, can shorten the the duration of the 

treatment 

• Ethambutol, a bacteriostatic 

In addition to these 4 essential drugs, streptomycin can, in some cases, replace ethambutol. 

4. Treatment regimens 

The treatment regimen varies depending on whether or not the patient has been previously treated but 

in all cases, it includes two distinct phases [47]. 

• An initial or intensive phase that lasts two months and serves to rapidly destroy the 

M.tuberculosis bacilli, to prevent the appearance of resistant bacilli and to eliminate 

contagiousness 

• A maintenance phase: of variable duration depending on the clinical situation. This phase 

serves to sterilize the lesions and thus prevent relapses. In practice, there are three clinical 

situations requiring different therapeutic schemes [48]: 

o new cases 

o cases of re-treatment 

o multidrug-resistant tuberculosis  

4.1. Treatment regimens for new cases of pulmonary tuberculosis 

• An initial intensive phase combining 4 anti-tuberculosis drugs: isoniazid (H), rifampicin (R), 

pyrazinamide (Z) and ethambutol (E), for 2 months (2HRZE) 

• a consolidation phase combining the 2 major anti-tuberculosis drugs for 4 months: 4HR 

The initial phase should be extended by one month if the direct examination is still positive at 2 

months and if the antibiogram result is not yet available [49].  

4.2. Treatment regimens for previously treated patients 

It is also recommended, whenever possible, to perform a culture and an antibiogram at the beginning 

of the treatment in order to detect early any resistance, especially multi-resistance, which is 5 times 

more frequent in cases of retreatment than in new cases (15% vs. 3%), antibiotic treatment must be 

strictly adapted to the sensitivity of the bacilli [21]. 



 

17 
 

4.2.1. In case of low risk of multi-resistance 

The risk is considered low when the patient is relapsing or re-treating after discontinuation. In this 

situation, the recommended treatment consists of 5 drugs with the addition of streptomycin to HRZE 

for 2 months, then 4 drugs for 1 month and 3 drugs for 5 months (2SHRZE/1HRZE/5HRE). The 

treatment will be secondarily adapted to the antibiogram data [50]. 

4.2.2. In case of high risk of multi-resistance 

These are cases of failure of a previous treatment and cases of exposure to a patient with multidrug-

resistant tuberculosis. In these situations, it is recommended to prescribe a multidrug-resistant 

tuberculosis treatment regimen while waiting for the results of the antibiogram[48], [51]. 
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IV. Dihydrofolate reductase  

The enzyme, dihydrofolate reductase (DHFR), catalyzes  NADPH-dependent  reduction  of  

dihydrofolate  to  tetrahydrofolate,  which  is  a  precursor  of  cofactors  necessary  for  the  synthesis  

of  thymidylate,   purine  nucleotides,  methionine,  serine,  and  glycine  that  are  required  for  DNA, 

RNA,  and  protein  synthesis Due  to  its critical role in regulating cellular THF, DHFR is a well-

preserved regulatory enzyme in both eukaryotic and prokaryotic cells [52]. 

 

 

1. Mt-DHFR’s structure 

In structural terms, Mt-DHFR [PDB ID: 1DF7] contains 159 amino acid residues, and its secondary 

structure is formed by a central β-sheet flanked by four α-helices. This β-sheet is formed by seven 

parallel strands and a C-terminal antiparallel strand Mt-DHFR has 26% similarity to the amino acid 

sequence of h-DHFR [PDB ID: 1OHJ], and crystallographic studies of the two enzymes also 

demonstrated a similarity between overall protein folds [53]. 

Figure 5: Simplified scheme of the metabolic pathway of folic acid [51]. 

Enzymes in bold: MtDHFR: Mycobacterium tuberculosis Dihydrofolate Reductase; SHMT: 

serine hydroxymethyltransferase; ThyA, thymidylate synthase. 
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The structural comparison of mtDHFR and hDHFR reveals striking differences in the NADPH, MTX, 

and PT523-binding sites, respectively. In particular, in the ternary complex of MTX with mtDHFR, 

a glycerol molecule (glycerol A) is found close to MTX in a pocket formed by Trp22, Asp27, and 

Gln28 while in hDHFR, the glycerol-binding site is packed with three hydrophobic residue side 

chains, Leu22, Pro26, and Phe31. These differences can be exploited for the design of a selective 

inhibitor for mtDHFR [54]. 

figure 6: Difference between binding sites of MTX and PT523 in mtDHFR and hDHFR, 

respectively [54].  

MTX and PT523 are shown as ball-and-stick rendering colored in black. Glycerol is shown as ball-and-stick 

rendering in grey surrounded by grey dots while side-chains of interacting residues are shown as stick rendering 

in grey. 
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2. Mt-DHFR’s domains 

In Mt-DHFR’s functions as a monomeric enzyme, and contains an adenosine binding domain and 

loop domain, The secondary structure of DHFR is comprised of an eight stranded β-sheet, with 

strands labeled βA – βH, four α-helices (B, C, E, F), and four short mobile loops.[55, p. 1] The 

adenosine binding domain consists of β strands B, C , D , and E , as well as helices C , E and F  . The 

loop domain contains three loops: the L1 loop , L4 loop , and L5 loop [56]. 

 

The adenosine binding domain binds the cofactor NADPH, and the loop domain contains the 

substrate, DHF, and these two domains facilitate hydride transfer from C-4 of NADPH to C-6 of DHF 

and protonation of N-5 of DHF [57]. 

3. Inhibitors 

Mt-DHFR was studied in order to increase the ability to treat tuberculosis patients is the more relevant, 

since DHFR inhibitors have been shown to be of use in Cote d'Ivoire in the treatment of patients 

infected both by HIV and M. tuberculosis [53]. 

figure 7: Structure of Mt-DHFR with the Elements of Secondary Structure 

Labeled and the organization into two domains [56]. 
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3.1. Methotrexate 

Methotrexate (MTX) is a DHFR inhibitor that binds to both human DHFR (h-DHFR) and mt-DHFR 

without any significant selectivity. This inhibition is the basis for the use of methotrexate (MTX) as 

a cancer chemotherapy drug and it has been widely used in the past for the treatment of a variety of 

malignancies, including breast, head and neck, leukaemia, lymphoma, lung, osteosarcoma, bladder 

and trophoblastic neoplasms [58]. 

Table IV: Methotrexate properties (PubChem CID 126941). 

Structure  

 

 

Molecular Formula C20H22N8O5 

Weight 454.4 g/mol 

IUPAC Name (2S)-2-[[4-[(2,4-diaminopteridin-6-yl)methyl-

methylamino]benzoyl]amino]pentanedioic acid 
 

 

3.2. Methylbenzoprim 

Methylbenzoprim is one of the most potent known inhibitors of mammalian (rat liver) DHFR (Ki 

0.009 nM), possibly because it is competitive with NADPH as well as dihydrofolate. Among a large 

series of related structures submitted to the NCI Developmental Therapeutics Program for antitumor 

evaluation [59]. 

Table V: Methylbenzoprim properties (PubChem CID 72438). 

Structure  
 

 

Molecular Formula C20H22N6O2 

Weight 378.4 g/mol 

IUPAC Name 5-[4-[benzyl(methyl)amino]-3-nitrophenyl]-6-

ethylpyrimidine-2,4-diamine 

https://pubchem.ncbi.nlm.nih.gov/#query=C20H22N8O5
https://pubchem.ncbi.nlm.nih.gov/#query=C20H22N6O2
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3.3. WR99210 

WR99210 is a folate pathway antagonist with potent activity against Plasmodium  malaria parasites . 

Action of WR99210, originally designated as BRL 6231, in  parasites is against the bifunctional 

dihydrofolate reductase thymidylate synthase  enzyme (DHFR-TS), where the compound binds to the 

DHFR active site and blocks the  production of tetrahydrofolate [60]. 

Table VI: WR99210 properties (PubChem CID 121750). 

Structure  

 

 

Molecular Formula 
C14H18Cl3N5O2 

Weight 
394.7 g/mol 

IUPAC Name 6,6-dimethyl-1-[3-(2,4,5-trichlorophenoxy)propoxy]-1,3,5-

triazine-2,4-diamine 

 

3.4. Pyrimethamine 

An antimalarial drug that targeting plasmodium dihydrofolate reductase (pDHFR), has been proved 

to have antitumor activity, In addition to its antimalarial effects, PYR exhibits the activity of inducing 

apoptosis of tumor cells [61]. 

Table VII : : Pyrimethamine properties (PubChem CID 4993). 

Structure 

 

Molecular Formula C12H13ClN4 

Weight 248.71 g/mol 

IUPAC Name 5-(4-chlorophenyl)-6-ethylpyrimidine-2,4-diamine 

 

https://pubchem.ncbi.nlm.nih.gov/#query=C14H18Cl3N5O2
https://pubchem.ncbi.nlm.nih.gov/#query=C12H13ClN4
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3.5. Trimethoprim 

Is a well-known dihydrofolate reductase inhibitor and one of the standard antibiotics used in urinary 

tract infections[62]. 

 

Table VIII : Trimethoprim properties (PubChem CID 5578). 

Structure  

 

 

Molecular Formula 
C14H18N4O3 

Weight 290.32 g/mol 

IUPAC Name 5-[(3,4,5-trimethoxyphenyl)methyl]pyrimidine-2,4-diamine 

 

V. Computer-Aided Drug Design (CADD) 

The drug discovery and development process is essentially a patient-centered science, where 

researchers strive to improve existing drugs or invent a completely new chemical molecule, which 

should ideally be more potent than any existing drug in a similar class. If not, then at least it should 

be safer than existing ones. This process is a very time-consuming and expensive activity that requires 

the expertise of many eminent researchers. It takes nearly 12-14 years of exhaustive research and a 

huge financial investment for the discovery of a single drug. From chemical synthesis to clinical 

development and finally formulating it into an appropriate form. Failure at any stage would mean a 

huge loss for the company. Therefore, a lot of planning is required before the project is even 

underway. Recently, with the use of technology, the process is becoming a less risky activity, due to 

the ability of computers to predict possible outcomes [9]. 

CADD methods are mathematical tools for manipulating and quantifying the properties of potential 

drug candidates as implemented in a number of programs. These include a range of publicly and 

commercially available software [63]. 

https://pubchem.ncbi.nlm.nih.gov/#query=C14H18N4O3


 

24 
 

The general approaches to computer-aided drug design (CADD) that exist to date are structure-based 

drug design (SBDD) and ligand-based drug design (LBDD) [63]. 

 

 

 

 

1. Structure-Based Drug Design (SBDD) 

To design a drug to treat a disease or alleviate a symptom, a clear understanding of the disease 

pathway and relevant processes is crucial for the selection of a therapeutic target [9]. 

The so-called Structure Based Drug Design or SBDD approach, is a relatively straightforward 

approach, based on the knowledge and appropriate analysis of the three-dimensional structural data 

of the macromolecular target with which the small molecular chemical ligands interact, in order to 

determine the key sites and interactions that are important for their biological functions[64]. These 

3D structures are obtained through the use of X-ray crystallography, nuclear magnetic resonance 

(NMR), cryo-electron microscopy (EM), homology modeling and molecular dynamics (MD) 

simulations [65]. 

Figure 8 : Representative workflow for computer-

aided drug design [62]. 
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1.1. Protein structure determination 

To determine the three-dimensional structure of a protein, many ways are used, the most common 

one is by X-ray crystallography and nuclear magnetic resonance spectroscopy [66]. 

1.2. Homology modeling 

It is a key technique within molecular modelling. It consists in the prediction of unknown 3D structure 

of the target protein, using as a model, a known 3D structure of another homologous protein. The idea 

behind this technique is the fact that evolutionary proteins often share similar structures. Knowing 

structures that have amino acid sequences similar to the target sequence of interest can help predict 

the target structure, its function, and even binding sites possible functionalities of the structure [67], 

[68]. 

1.3. Fold recognition (Threading) 

Fold recognition is based on the fact that, during the evolution of proteins, a considerable sequence 

divergence has been observed, but at the folds, only slight changes are observed[69]. Proteins may 

not have similar sequences, but they can have similar folds. The sequence of a known protein structure 

is replaced by the sequence of the target of interest whose structure is not known. The new "threaded" 

structure is then evaluated using different scoring methods. This process is repeated for all the 

experimentally determined 3D structures in a database until the structure that has the best fit for the 

desired sequence is obtained [70]. 

1.4. Ab initio (de novo) modeling 

Ab initio or de novo modeling is used when there is no sufficiently homologous structure to use 

comparative modeling. De novo modeling is not based on a model structure; it models the structure 

of the target by sequence function only. The ab initio modeling implemented in Rosetta is a technique 

which uses a "knowledge-based scoring function "to guide a fragment-based Monte Carlo search in 

conformational space. This method generates a protein-like structure with centroid atoms to represent 

side chains. In order to refine this centroid-based structure, an "all-atom refinement" function is used 

to relax the structure [71]. 

1.5. Binding site identification 

The binding site is a small region, a pocket of bumps, where ligand molecules can best fit or bind to 

activate the receptor or target and produce the desirable effect. Thus, recognizing the binding site or 

the active site residues in the target structure is of high importance in SBDD. Because the proteins 

are capable of undergoing conformational changes, recognizing the accurate binding site residues is 

difficult [72], But still, there are just a few computational programs that can capably spot out the 
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binding site residues. With the targets and their binding site having been defined, the next crucial step 

in SBDD is hit discovery, which probably results in a library of compounds that can interact with the 

target [73]. 

1.6. Docking and scoring functions 

Docking, a process of predicting the ligand conformation and its orientation inside the target structure 

plays a vital part in SBDD. The interaction or fit between the ligand and the protein structure is best 

represented as the “hand and glove” model [74]. Docking is often carried out in two parts. The first 

part includes the effective search of conformational space through a “posing” mechanism where the 

ligand is placed inside the receptor in different orientations to facilitate the identification of the actual 

binding mode of the ligand molecules. An energy-based score is provided for each pose in terms of 

their interactions with the receptor. The scoring functions are features that aid in investigating the 

interactions between the small molecule and the biological target, thereby providing context about 

biological activity. The second part of the docking process is the ranking of poses based on their 

computed scores [75]. 

2. Ligand-Based Drug Design (LBDD) 

Is a rather indirect approach where the analysis depends entirely on information about other molecules 

that bind to the target compound of interest. These other molecules can be used to develop a 

pharmacophore model that delineates the minimal structural features that a molecule must possess to 

successfully bind to the target [76]. 

The compound set should encompass a wide range of concentration (at least 4 orders of magnitude)  

to generate a reliable ligand-based screening model. Common ligand-based design techniques are 

quantitative structure–activity relationships (QSARs) and pharmacophore-based methods [76]. 

2.1. Similarity searches 

This approach is based on the selection of new components, which have chemical and physical 

similarity with known drugs. The principle is simple and effective, based on the fact that structurally 

similar molecules tend to have similar binding properties. However, these similarities do not give 

information about known ligands activity of a target [63]. 

2.2. Quantitative Structure-Activity Relationships (QSAR) 

Its studies are based on the premise that changes in bioactivity are associated with structural and 

molecular variations in a set of compounds [76], [77]. A statistical model is generated from this 

correlation to develop and mathematically predict the biological property of novel compounds [76]. 
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2.3. Pharmacophore modeling 

It aims to identify compounds containing different scaffolds, but with a similar 3D arrangement of 

key interacting functional groups [78]. Binding site information can be incorporated into the 

pharmacophore model by exploiting the bioactive conformation of candidate compounds. 

Pharmacophore modeling is also often performed in the molecular alignment stage of QSAR 

modeling studies [76]. 

2.4. Assessment of ADME and toxicity 

Lead compounds in drug discovery need to be optimized for both efficacy and safety. Its optimization 

consists of obtaining the desired pharmacological profiles to reach the required affinity, 

pharmacokinetic properties, drug safety, and ADME properties. The free binding energy reflects the 

potency of the drug against the target of interest, and its calculation is done by dynamic molecular 

simulations. The aforementioned process is done gradually by converting one atom of the ligand to 

another and measuring the affinity [79]. 
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I. Materials 

In order to propose potential mtDHFR inhibitors, structure-based virtual screens were performed. 

Many inhibitors were newly proposed against our target. 

1. Databases 

1.1. Protein Data Bank (PDB) 

Protein Data Bank (PDB) is a worldwide database containing 3D structure data of biological 

macromolecules, such as proteins and nucleic acids. The structures are usually obtained by X-ray 

crystallography, NMR spectroscopy, or cryo-electron microscopy, and submitted by biologists and 

biochemists from all over the world, they are freely available [66]. 

1.2. PubChem 

The PubChem database was used to retrieve the 3D structures of the compounds used in this study. It 

contains mainly small molecules, but also larger molecules such as nucleotides, carbohydrates, lipids, 

peptides and chemically modified macromolecules. PubChem provides information on chemical 

structures, identifiers, chemical and physical properties, biological activities, health, safety, toxicity 

data and much more [80]. 

1.3. Mcule 

Mcule is an online drug discovery platform that provides molecular modeling tools for hit 

identification, hit expansion, toxicity checker  and lead optimization [81]. 

1.4. Selleckchem 

Selleck Chemicals supplies a big library of  inhibitors used in the study of cell signaling pathways, it 

is a platform that provides information on chemical structures, identifiers, chemical and physical 

properties, biological activities, health, safety, toxicity data and much more[82]. 

1.5. Binding Database 

BindingDB is a public, web-accessible database of measured binding affinities, focusing chiefly on 

the interactions of protein considered to be drug-targets with small, drug-like molecules. BindingDB 

contains 41,296 Entries, each with a DOI, containing 2,519,702 binding data for 8,810 protein targets 

and 1,080,101 small molecules [83]. 
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2. Software 

2.1. ADT 

AutoDockTools, or ADT, is the free GUI for AutoDock developed by the same laboratory that 

develops AutoDock. It is used to set up, run and analyze AutoDock dockings and isocontour AutoGrid 

affinity maps, as well as compute molecular surfaces, display secondary structure ribbons, compute 

hydrogen-bonds, and do many [84]. 

2.2. Autodock Vina 

Auto Dock Vina is a new generation of docking software from Molecular Graphics Lab. It 

significantly improves the average accuracy of docking mode predictions, while being up to two 

orders of magnitude faster than Auto Dock4 [84]. 

2.3. PyMOL 

PyMOL is an open source molecular visualization system, capable of producing high quality 3D 

images of small molecules and biological macromolecules, such as proteins [85]. 

2.4. Open Babel 

Open Babel is a computer software, a chemistry expert system mainly used to convert chemical file 

formats, it is designed to support molecular modeling, chemistry and many related fields [86]. 

2.5. Toxicity checker-Mcule 

It is an online drug discovery platform to estimate the hazard of chemical compounds. It offers a 

unique solution to pharmaceutical and biotechnology companies by providing the highest quality 

database of purchasable compounds and molecular modeling tools [87]. 

VI. Methods 

1. Target selection and preparation 

The crystallographic structure of our protein of interest (Mycobacterium tuberculosis dihydrofolate 

reductase) was obtained in ".pdb" format from the Protein Data Bank (PDB) database 

(https://www.rcsb.org/structure/1DF7) under PDB: 1DF7. The three-dimensional structure of DHFR 

was determined by X-ray crystallography with a resolution of 1.70 Å; 

The different 3D conformations are downloadable under pdb extension readable by docking software. 

Information on the primary structure, the heteroatoms (ligand, metals, modified residues... etc.), the 
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secondary structure and the X, Y, Z atomic coordinates which determine the exact position of each 

atom in a conformation are available. 

The 3D structure of DHFR was visualized with PyMol which allows to rotate and resize in real time. 

This visualization showed us that DHFR is a monomer formed of one single chain consisting of 159 

amino acid residues, complexed with NADPH and methotrexate linked by hydrogen bonds to the 

protein chain of the enzyme forming its active site that we removed with this software. 

In addition, there is glycerol molecule (GOL) and several water molecules. These have been 

eliminated thanks to the graphical interface Auto Dock Tools (ADT) which also allowed us to assign 

partial atomic charges to our macromolecule (Kollman United Atom charges). Then the file was saved 

in " pdbqt " format. 

 

2. Construction of ligand databases 

Virtual screening projects aimed at identifying novel, selective and potent inhibitors of a target protein 

typically use large-scale compound libraries containing several thousand, or even millions, of small 

molecules to initiate the screening process. Depending on the purpose and type of study. 

We searched for ligands that have structural complementarity with the active site of the target by 

searching the protein file in the format 'DHFR.pdb.qt' in the selleckchem platform 

(https://selleckchem.com). A library of 8213 molecules was collected, then we selected 11 molecules 

which present an affinity of at least -7 Kcal/mol and which respect Lipinski’s rule of five (RO5) also 

Figure 9 : structure of mt-DHFR after 

preparation as seen in PyMOL 
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known as Pfizer’s rule of five. It is a rule of thumb to evaluate drug likeness or determine if a 

chemical compound with a certain pharmacological or biological activity has chemical properties and 

physical properties that would make it a likely orally active drug in humans. The rule describes 

molecular properties important for a drug’s pharmacokinetics in the human body, including their 

absorption, distribution, metabolism, and excretion (ADME). However the rule does not predict if a 

compound is pharmacologically active [88], [89]. 

Lipinski’s rules state that, in general, an orally active drug has no more than one violation of the 

following criteria [88]: 

• o more than 5 hydrogen bond donors (the total number of nitrogen-hydrogen and oxygen-

hydrogen bonds) 

• No more than 10 hydrogen bond acceptors (all nitrogen or oxygen atoms) 

• A molecular mass less than 500 daltons 

• An octanol-water partition coefficient (logP) that does not exceed 5 

Based on the aforementioned rule, a number of compounds have been selected for molecular docking 

with the mt-DHFR. 

PubMed literature concerning mt-DHFR inhibitors was selected using the query “Mt-dhfr and 

Inhibitors”. After reading, we identified five approved drugs active against mt-HDFR, namely 

Bromo_WR99210, Methylbenzoprim, Methotrexate, Pyrimethamine, Trimethoprim, and also the 

dihydrofolic acid as a positive control. From each of the aforementioned molecules, we searched for 

their 3D structures using PubChem database [80]. 

3. Toxicity assessment 

The prediction of the toxicity of compounds is an important part of the process of drug development 

and design. The toxicity assessment of the molecules used in our study was performed using Mcule 

Toxicity Checker. Based on this evaluation, 11 molecules from the 8412 molecules obtained from 

selleckchem were selected as potential DHFR inhibitors [87]. 

4. Ligand preparation 

The small molecules (ligands) were downloaded from PubChem and selleckchem Databases in a sdf 

file format, and then converted into a pdb file format using Open Babel software. Formatted ligand 

files for AutoDock Vina must be in pdbqt format and contain atom types supported by AutoDock plus 

extra records that specify rotatable bonds. 
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As positive controls we used the dihydrofolic acid the natural ligand for the protein. 

5. Configuration file preparation 

Docking of the previously prepared ligands with the target was performed by the Auto Dock Vina 

software. The latter requires an input configuration file that contains all the parameters used to set up 

the docking, including the protein name and ligand[90]. Vina has a parameter called 'exhaustiveness' 

that controls the duration of its search. Another parameter is the energy range which represents the 

energy difference between the highest and lowest score, by default it is set to 4. 

 

From “grid.txt” file, we have written the center_x, y, and z coordinates, and also the size_x, y, and z 

of the grid box. Save this file as “config.txt”. 

6. Molecular docking 

After placing the following files in the same folder: 

• 1DF7.pdbqt 

• Ligand.pdbt 

• Config.txt 

• All the MGL_Tools, Autodock Tools, and Autodock Vina setup files. 

Figure 10 : The configuration file config.txt 
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We open the command prompt and enter the folder where all the docking files are placed. And then 

we type the following command: 

NB: The word ligand in the command is modified with the exact name of each ligand set for every 

docking run. 

VII. Global workflow used to identify inhibitors of mt-DHFR 

The global workflow representing major steps, databases and software used in the current study to 

identify potential inhibitors mt-DHFR are summarized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

"C : \ Program Files (x86) \ The Scripps Research Institute \ Vina \ vina.exe" --receptor 

1DF7.pdbqt --ligand ligand. Pdbqt --config config.txt --log log.txt --out output. Pdbqt 

 

 

"C : \ Program Files (x86) \ The Scripps Research Institute \ Vina \ vina.exe" --receptor 

1DF7.pdbqt --ligand ligand. Pdbqt --config config.txt --log log.txt --out output. Pdbqt 

 

Figure 11 Major steps carried out to 

identify potential inhibitors of DHFR 
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I. Results 

1. Generation dataset 

5 commonly used inhibitor of DHFR were also tested against the proteins to compare their affinity to 

the proteins and against the 11 resulted of the SBVS, as positive control, we used dihydrofolic acid 

as it is the physiological substrate of the DHFR (Table IX). 
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Table IX: All selected inhibitors, dihydrofolic acid and their IUPAC identifier. 

Molecule IUPAC 

BDBM18226 

5-[3-[(2,4-diamino-5-methylpyrido[2,3-d]pyrimidin-6-yl)methyl]-4-

methoxyphenoxy]pentanoic acid 

BDBM50145795 
3-[11-[(2,4-diaminopteridin-6-yl)methyl]benzo[b][1]benzazepin-3-

yl]oxypropanoic acid 

BDBM18225 

4-[3-[(2,4-diamino-5-methylpyrido[2,3-d]pyrimidin-6-yl)methyl]-4-

methoxyphenoxy]butanoic acid 

BDBM18227 

6-[3-[(2,4-diamino-5-methylpyrido[2,3-d]pyrimidin-6-yl)methyl]-4-

methoxyphenoxy]hexanoic acid 

BDBM18228 

4-[2-[(2,4-diamino-5-methylpyrido[2,3-d]pyrimidin-6-yl)methyl]-4-

methoxyphenoxy]butanoic acid 

BDBM18234 

4-[11-[(2,4-diaminopteridin-6-yl)methyl]benzo[b][1]benzazepin-3-

yl]but-3-ynoic acid 

BDBM18235 

5-[11-[(2,4-diaminopteridin-6-yl)methyl]benzo[b][1]benzazepin-3-

yl]pent-4-ynoic acid 

BDBM18236 

6-[11-[(2,4-diaminopteridin-6-yl)methyl]benzo[b][1]benzazepin-3-

yl]hex-5-ynoic acid 

BDBM50145798 

4-[11-[(2,4-diaminopteridin-6-yl)methyl]benzo[b][1]benzazepin-3-

yl]oxybutanoic acid 

BDBM50145799 

5-[11-[(2,4-diaminopteridin-6-yl)methyl]benzo[b][1]benzazepin-3-

yl]oxypentanoic acid 

BDBM50514994 

1-N-[2-(2-amino-4-oxo-3,7-dihydropyrrolo[2,3-d]pyrimidin-6-

yl)ethyl]-4-N-(pyridin-2-ylmethyl)benzene-1,4-dicarboxamide 

Bromo_WR99210 
1-[3-(4-bromophenoxy)propoxy]-6,6-dimethyl-1,3,5-triazine-2,4-

diamine 

Methylbenzoprim 
5-[4-[benzyl(methyl)amino]-3-nitrophenyl]-6-ethylpyrimidine-2,4-

diamine 

Methotrexate 

(2S)-2-[[4-[(2,4-diaminopteridin-6-yl)methyl-

methylamino]benzoyl]amino]pentanedioic acid 

Pyrimethamine 5-(4-chlorophenyl)-6-ethylpyrimidine-2,4-diamine 

Trimethoprim 
5-[(3,4,5-trimethoxyphenyl)methyl]pyrimidine-2,4-diamine 

Dihydrofolic acid 

(2S)-2-[[4-[(2-amino-4-oxo-7,8-dihydro-3H-pteridin-6-

yl)methylamino]benzoyl]amino]pentanedioic acid 
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2. Molecular docking results 

Structure-based virtual screening approach was used to identify small molecules with high affinity to 

Mt-DHFR. For this purpose, we used selleckchem platform to obtain 8000+ compounds. From them 

we retrieved those with the best profile, based on Lipinski’s rules and the toxicity assessment. Then, 

we performed docking using Autodock Vina to confirm and to validate the obtained results. Based on 

the affinity, 11 molecules with the best binding affinity to Mt-DHFR ranging from -9,6 kcal/mol to -

6.9 kcal/mol were selected. The ligand 1 and 2 (BDBM18226 and BDBM50145795) were the most 

important ones since they showed a greater affinity than the rest of the inhibitors with best affinity (-

9,6 kcal/mol) for Mt-DHFR and (-9,2 and -9 kcal/mol respectively) for the Mt-DHFR and finally a (-

7,3 kcal/mol) for h-DHFR, the affinity of the molecules, the number and the distance of the hydrogen 

bonds are with each protein are shown in the (Table X), (Table XI) and (Table XII). 
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Table X: Docking results of Mt-DHFR and selected molecules. 

Ligand number Molecule 
Affinity 

(kcal/mol) 
H bonds Distance 

1 BDBM18226 -9,2 7 

ARG-32 2.0Å 

ARG-60 2.3-2.5-1.8Å 

SER-49 2.5-2.1Å 

ILE-14 2.9Å 

2 BDBM50145795 -9 5 

ARG-60 2.0-2.3Å 

ARG-32 2.2Å 

ILE-94 2.8Å 

THR-46 2.8Å 

3 BDBM18225 -8,7 9 

ILE-5 2.4Å 

TYR-100 2.4Å  

ILE-94 2.4Å 

ASP-27 2.1-2.9Å 

ARG-60 2.0-2.1-2.5Å 

ARG-32 2.2Å 

4 BDBM18227 -9,3 8 

ILE-14 2.5Å 

GLY-18 2.3Å 

SER-49 2.1-2.5Å 

ARG-60 1.9-2.5-2.0Å 

ARG-32 2.0Å 

5 BDBM18228 -8,5 7 

SER-49 2.8Å 

ASP-27 2.1-2.8 Å 

GLN-28 2.3Å 

ILE-5 2.7Å 

TYR-100 2.3Å 

ILE-94 2.3Å 

6 BDBM18234 -9,2 5 

SER-49 2.6-2.4Å 

GLY-18 2.7Å 

ARG-60 2.1Å 

ARG-32 2.5Å 

7 BDBM18235 -8,9 3 
ARG- 2.5Å 

SER- 2.4Å 

GLY- 2.8Å 

8 BDBM18236 -8,6 5 

ALA-7 2.3Å 

TYR-100 2.4Å 

ILE-14 2.2Å 

GLN-28 2.7Å 

TRP-22 2.1Å 

9 BDBM50145798 -8,8 4 

TYR-100 2.4Å 

ILE-14 2.3Å 

GLN-28 2.5Å 

ILE-20 2.0Å 

10 BDBM50145799 -6,9 5 

ARG-60 2.5-1.8Å 

ILE-5 2.5Å 

TYR-100 2.1Å 

ASP-27 2.1Å 

11 BDBM50514994 -9 4 

SER-49 2.3Å 

GLN-28 2.5Å 

ASP-28 2.4Å 

TYR-100 2.5Å 

12 Bromo_WR99210 -7,3 5 

ASP-27 2.1-2.8Å 

ILE-5 1.9Å 

TYR-100 2.6Å 

ILE-94 2.1Å 

13 Methylbenzoprim -7,8 4 

GLN-28 2.4Å 

ASP-27 2.6Å 

ALA-7 2.6Å 

TYR-100 2.6Å 

14 Methotrexate -8,7 6 

SER-49 2.4-2.3Å 

LYS-53 2.6Å 

ARG-32 1.9-2.0Å 

ARG-60 2.4Å 

15 Pyrimethamine -7 4 

ASP-27 2.2Å 

ILE-5 1.9Å 

TYR-100 2.8Å 

ILE-94 2.5Å 

16 Trimethoprim -7,1 4 
ILE-5 1.9Å 

ILE-94 2.2Å 

SER-49 2.5-2.4Å 

17 Dihydrofolic acid -8,8 4 
SER-49 2.8Å 

ARG-32 2.1Å 

ARG-60 2.3-2.1Å 
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Table XI: Docking results of Mt-DHFR+GOL and selected molecules. 

Ligand number Molecule 
Affinity 

(kcal/mol) 
H bonds Distance 

1 BDBM18226 -9,6 7 

SER-49 2.4-2.1Å 
GLY-18 2.3Å 

ARG-32 1.9Å 

ARG-60 2.2-2.6-1.8Å 

2 BDBM50145795 -9,6 6 

ILE-20 2.8-1.9Å 
GOL-502 2.5Å 

GLN-28 2.8Å 

ALA-7 2.1-2.0Å 

3 BDBM18225 -9,4 7 

ILE-5 2.1Å 

ILE-94 2.4Å 

TYR-100 2.5Å 
ARG-32 2.0Å 

ARG-60 2.1-2.7-2.0Å 

4 BDBM18227 -9 8 

TYR-100 2.0Å 

ALA-7 2.0-2.2Å 

ILE-20 2.7-2.1-2.3Å 

GOL-502 2.8Å 
SER-49 2.1Å 

5 BDBM18228 -8,9 7 

ILE-14 2.5 

TYR-100 2.3 

ILE-5 2.5 
ILE-54 2.2 

ASP-27 2.7 

GLN-28 2.8 
GOL-205 2.5 

6 BDBM18234 -7,3 5 

ALA-7 2.3-2.2 

ILE-94 2.7 
ARG-60 2.4 

AGR-32 2.5 

7 BDBM18235 -8,8 5 

ILE-20 2.3-2.1Å 

GLN-28 2.6Å 
ALA-7 2.4Å 

TYR-100 2.1Å 

8 BDBM18236 -9,2 5 

GLN-28 2.6Å 
ILE-20 2.1-1.0Å 

ALA-7 2.1Å 

TYR-100 2.6Å 

9 BDBM50145798 -8 8 

ASP-27 2.6-2.3-2.2Å 

ALA-7 2.6-2.6Å 

TYR-100 2.2-2.4Å 
ILE-94 1.9Å 

10 BDBM50145799 -9,6 6 

ILE-20 1.9-2.3Å 

ILE-94 2.8Å 

TYR-100 2.6Å 
GOL-502 2.4Å 

GLN-28 2.7Å 

11 BDBM50514994 -8,9 5 

ARG-32 2.5Å 
GLN-28 2.5Å 

ILE-5 2.5Å 

TYR-100 2.6-2.4Å 

12 Bromo_WR99210 -7,4 2 
TYR-100 1.9Å 

ASP-27 2.4Å 

13 Methylbenzoprim -8,3 5 

TYR-100 2.6Å 

ALA-7 2.6Å 
ASP-27 2.5Å 

GLN-28 2.4Å 

GOL-502 2.6Å 

14 Methotrexate -8,9 6 

TYR-100 2.7Å 

SER-49 2.3-2.4Å 

ARG-60 2.4-2.0Å 
ARG-32 2.2Å 

15 Pyrimethamine -8 2 
TYR-100 2.0Å 

THR-46 2.4Å 

16 Trimethoprim -7,5 5 

ASP-27 2.0-2.3Å 
SER-49 1.8Å 

ILE-5 1.9Å 
TYR-100 2.5Å 

17 Dihydrofolic acid -8,8 4 
SER-49 2.9Å 

ARG-32 2.2Å 

ARG-60 1.8-2.4Å 
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Table XII: Docking results of h-DHFR and selected molecules. 

Ligand number molecule 
affinity 

(kcal/mol) 
H bonds 

1 BDBM18226 -7,3 4 

2 BDBM50145795 -7,3 7 

3 BDBM18225 -8,2 7 

4 BDBM18227 -8 6 

5 BDBM18228 -8,9 6 

6 BDBM18234 -8 4 

7 BDBM18235 -6,9 2 

8 BDBM18236 -8 3 

9 BDBM50145798 -6,3 6 

10 BDBM50145799 -8,2 3 

11 BDBM50514994 -9,9 4 

12 Bromo_WR99210 -7,6 6 

13 Methylbenzoprim -7,6 3 

14 Methotrexate -8,5 8 

15 Pyrimethamine -7,3 3 

16 Trimethoprim -6,7 5 

17 Dihydrofolic acid -9,2 7 
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Figure 12 : Bar graph representing the binding energies (in kcal/mol) calculated by AutoDock 

Vina software  

 ligand BDBM18226, BDBM50145795, BDBM50145799, Bromo_WR99210, Methylbenzoprim, Methotrexate, 

Pyrimethamine, Trimethoprim and Dihydrofolic acid. 
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3. Visualization of Protein-Ligand interactions 

 

 

 

 

 

 

 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 : 3D interactions of Mt-DHFR + GOL with the selected small molecules, approved 

inhibitors and dihydrofolic acid obtained from PyMol.  

BDBM18226 (-9,6 kcal/mol) 

Pyrimethamine(-8 kcal/mol) 

Methotrexate(-8,9 kcal/mol) 
Methylbenzoprim (-8,3 kcal/mol) 

Bromo_WR99210 (-7,4 kcal/mol) 

BDBM50145795 (-9,6 kcal/mol) 

Trimethoprim (-7,5 kcal/mol) Dihydrofolic acid (-8,8 kcal/mol) 

BDBM50145799 (-9,6 kcal/mol) 
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II. Discussion 

The present study consist of  using Structure-based virtual screening to identify novel small molecules 

that have an inhibitor activity against the Mt-DHFR, a data base of molecules was created using 

selleckchem and binding data base containing 8412 molecule, using Lipinski rule of five, veber rules 

and toxicity assessment, we had 11 molecules that can be used and docked against both human and 

bacterial enzyme to measure the potency as well as the selectivity, we’ve select also 5  known and 

FDA approved inhibitors to compare there activity and potency with our 11 molecules, as a positive 

control, we used the natural substrate (dihydrofolate acid) as a base line, the total of the 17 molecules 

were docked against the human enzyme (h-DHFR), the bacterial enzyme Mt-DHFR with and without 

the glycerol to see  the effect of the extra glycerol pocket on the selectivity of the inhibitors and if we 

can use this information in the design of specific drugs, we used Autodock tools for the preparation 

of the ligands as well as the human h-DHFR [PDB ID: 1OHJ] and bacterial  Mt-DHFR [PDB ID: 

1DF7] , to perform the docking, we used Autodock Vina and the visualization of the hydrogen bonds 

is done by PyMol. 

The 5 inhibitors of reference have  shown a good affinity towards the enzyme, the most potent  one 

is Methotrexate showed the lowest value of affinity energy (-8,9 kcal/mol), this molecule is used 

usually as anticancer drug, The second- best docking score goes to Methylbenzoprim with (-8,3 

kcal/mol) which is frequently used in cancer chemotherapy as an DHFR inhibitor, followed by 

Pyrimethamine (-8 kcal/mol) a potent antimalarial agent, Trimethoprim and Bromo_WR99210 are 

also used  as antimalarial agents as inhibitors of the DHFR that showed the highest values of affinity, 

-7.5 kcal/mol and -7.4 kcal/mol respectively, the natural substrate of the enzyme is the dihydrofolic 

acid and it showed a affinity of (-8.8 kcal/mol). 

Based on the aforementioned information we take the Methotrexate as the inhibitor of reference to 

study the activity of the 11-inhibitor selected as it shows a better affinity than the natural substrate. 

The h-DHFR docking results showed that only BDBM50514994 with (-9,9 kcal/mol) has a better 

affinity than the natural substrate that has a value of (-9,2 kcal/mol), followed by (-8,9 kcal/mol) for 

BDBM18228, (-8,2 kcal/mol) for both BDBM18225 and BDBM50145799, (-8 kcal/mol) is also the 

same for BDBM18236, BDBM18234 and BDBM18227 another tie for (-7,3 kcal/mol) by 

BDBM18226 and BDBM50145795, the BDBM18235 scored (-6,9 kcal/mol)  and the last one is 

BDBM50145798 with a value of (-6,3 kcal/mol)   

In regards to the Mt-DHFR docking results showed that (-9,3 kcal/mol) is the lowest affinity value 

by  BDBM18227 next we have (-9,2 kcal/mol)  for both BDBM18226 and BDBM18234, followed 
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by (-9 kcal/mol) for BDBM50145795 and BDBM50514994, BDBM18235 has a value of (-8,9 

kcal/mol), BDBM50145798 scored (-8,8 kcal/mol), while BDBM18225 scored (-8,7 kcal/mol), 

BDBM18236 with (-8,6 kcal/mol), in the penultimate place BDBM18228 scoring (-8,5 kcal/mol) and 

finally BDBM50145799 with the highest affinity value of  (-6,9 kcal/mol). 

9 of the 11 selected molecules have a better affinity to Mt-DHFR+GOL than the natural substrate and 

8 of them has better affinity then the inhibitor of reference, the lowest affinity value registered is  (-

9.6 kcal/mol) and it is the same between BDBM18226, BDBM50145795 and BDBM50145799, 

which are the best ones yet, followed by BDBM18225 (-9.4 kcal/mol), BDBM18236 (-9.2 kcal/mol), 

BDBM18227 (-9 kcal/mol) the BDBM50514994 and BDBM18228 share equal value of  (-8.9 

kcal/mol)  the same one as the Methotrexate, and finally we have BDBM18235 (-8.8 kcal/mol), 

BDBM50145798 (-8 kcal/mol) and in last place BDBM18234 with (-7.3 kcal/mol) 

This presence of glycerol showed a jump in the affinity for each of the potential inhibitors especially 

for BDBM18226, BDBM50145795 and BDBM50145799 from (-9,2 kcal/mol), (-9 kcal/mol) and (-

6,9 kcal/mol) respectively for Mt-DHFR to a value of (-9,6 kcal/mol) with Mt-DHFR+GOL. 

The best affinity found is (-9.6 kcal/mol) for the ligand BDBM18226, BDBM50145795 and 

BDBM50145799, with 7, 6, 6 hydrogen bonds respectively. This same affinity and different number 

of hydrogen bonds,  is due to other types of interaction( hydrophobic and Van der Waals forces ), the 

Methotrexate have no selectivity for the bacterial enzyme Mt-DHFR+GOL since it’s affinity is 

relatively close with both enzymes, (-8.9 kcal/mol)   for bacterial protein and (-8.4 kcal/mol)  for h-

DHFR, Unlike Methotrexate the ligands BDBM18226, BDBM50145795 and BDBM50145799,have 

the strongest affinity toward the bacterial Mt-DHFR+GOL and the weakest one towards the human 

h-DHFR with (-7.3 kcal/mol) for BDBM18226, (-7.3 kcal/mol) for BDBM50145795  and finally (-

8.2 kcal/mol) for BDBM50145799,  which make them a specific set of new inhibitors for the Mt-

DHFR. 
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CONCLUSION 

The present study was carried out to suggest potential inhibitors of Mt-DHFR, using virtual screening 

with the structure-based approach. 

To do that we retrieved from Binding data base 8412 small molecules, after applying Lipinski’s, 

Veber rules, toxicity assessment and molecular docking, 11 molecules have been identified as 

potential inhibitors, 3 molecules have a high specificity and affinity towards the Mt-DHFR and a low 

affinity to the h-DHFR. 

These molecules could be proposed for the first time as potential specific inhibitors for the Mt-DHFR 

and could eventually replace the currently used antibiotics.  
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