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Abstract 

Tuberculosis is a lethal illness caused by Mycobacterium tuberculosis, considered, to date, the 

second global cause of death. Despite this fact, the treatment still relies on 40-year-old 

paradigms, and with the rise of resistant tuberculosis cases and complications due to HIV co-

infection, the need for new anti-tuberculosis agents becomes urgent.  

An attractive target to consider for designing new drugs to fight tuberculosis is the enzyme 

Mycobacterium tuberculosis dihydrofolate reductase (MtbDHFR), key macromolecule in the 

folate pathway whose inhibition would arrest DNA synthesis in the bacteria and lead to its 

death. 

This thesis explores the molecular scaffolds reported during the last decade as virtual and in 

vitro inhibitors of MtbDHFR that could be used as leads for further development. Also, it 

covers the state of the art of MtbDHFR, in comparison with its human counterpart and the 

strategies used in the discovery of the selected inhibitors.  
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Resumen 

La tuberculosis, enfermedad letal causada por la bacteria Mycobacterium tuberculosis, es 

considerada a la fecha la segunda principal causa de muerte a nivel global. A pesar de ello, el 

tratamiento contra la tuberculosis todavía se basa en paradigmas propuestos hace más de 40 

años, y, con el incremento en los casos de tuberculosis resistente a fármacos y las 

complicaciones debido a la infección simultánea con VIH, la necesidad de identificar nuevos 

agentes contra la tuberculosis es una realidad. 

Un blanco terapéutico a considerar en esta lucha es la enzima dihidrofolato reductasa de 

Mycobacterium tuberculosis (MtbDHFR), una macromolécula clave en el ciclo del folato cuya 

inhibición detendría la síntesis del ADN en la bacteria, llevándola a su muerte. 

Esta tesis busca explorar los esqueletos moleculares de inhibidores de MtbDHFR – virtuales e 

in vitro – reportados en la literatura durante la última década, los cuales podrían ser empleados 

como moléculas líderes para un posterior desarrollo. Además, en esta tesis se cubre el estado 

del arte de la MtbDHFR, en comparación con su contraparte humana, y las estrategias usadas 

para el descubrimiento de los inhibidores aquí presentados. 
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1. Current outlook of tuberculosis 

1.1. Demographics and mortality  

Globally, tuberculosis (TB) is the leading cause of death from a single infectious agent: 

Mycobacterium tuberculosis (Mtb),1 only second to SARS-CoV-2. However, due to the 

COVID-19 pandemia, a noticeable drop in the global number of newly diagnosed TB cases 

reported for the period 2019 - 2020, with a partial recovery in 2021 (Figure 1A), was observed.2 

This decrease suggests a larger number of undiagnosed and untreated TB cases in those years. 

The number of deaths, on the other hand, rose from 1.4 million in 2019 to 1.5 million in 2020 

(Figure 1B) for HIV-negative people, reversing the global downtrend reported years before.2 

Given that deaths for TB in HIV-positive patients are officially considered under deaths due to 

HIV/AIDS, a distinction is required, as shown in figure 1B. 

 

Figure 1. (A) Global trend in case notifications of newly diagnosed people with TB, 2015-2021. (B) Estimated 
number of TB deaths globally, 2000-2021. Shaded areas represent uncertainty intervals. Global tuberculosis report 
2022. Geneva: World Health organization; 2022. Licence: CC BY-NC-SA 3.0 IGO. 

Tuberculosis is not a new illness; its existence has been traced to the Stone Age Paleolithic 

period, 3.3 million years ago.3 During the 18th and 19th centuries it became an epidemic in 

Europe and North America,3 and, since 1882, the year that Robert Koch reported the causative 

agent behind TB, efforts were made to find a cure, finally achieved in the mid-20th century.4 

Although a decline in TB cases was observed in wealthier nations, this was not the case in the 

impoverished countries. The resurgence of TB in the US in 1980-1990s demonstrated that TB 
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was still a matter of concern. In 1993 the World Health Organization declared a “global health 

emergency”.4 

Despite its long history, scientists still struggle to find adequate treatments to fight the rising 

cases of resistant strains of TB and HIV co-infection, which cause the treatment to be longer, 

more expensive, and, sometimes, untreatable. In this scenario, the search for new inhibitors 

becomes of vital importance. 

1.2. Mycobacterium tuberculosis (Mtb) 

Mycobacterium tuberculosis (Mtb) is an aerobic pathogenic bacteria belonging to the family 

Mycobacteriaceae.5 This pathogen has demonstrated to be resistant to various disinfectants 

such as alcohol (ethanol 70%), povidone iodine (1.0%), chlorhexidine gluconate (4%), 

quaternary ammonium compound (0.04% dimethyl benzylammonium chloride), and others,6 

chemical resistance that facilitates infection. Also, its complex cell envelope (Figure 2), formed 

by the interlinked layers of mycolic acids, arabinogalactan, and peptidoglycan, complicates 

treatment because it hinders the passage of hydrophilic molecules such as antibiotics.  

 

Figure 2. Structure of the cell envelope of Mycobacterium tuberculosis. Sketch based on references 7 and 8. 
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The outermost layer, mycolic acid (MA) layer, is made up of long-chain fatty acids comprised 

of α-alkyl-β-hydroxy chains, which account for the fluidity and permeability of the cell wall.7 

Also, the fluidity is thought to depend on how the cell wall lipids are organized, which is 

influenced by the mycolic acid structure, their length, and the presence of functional groups.9 

It has been proposed, that the hydrophobic nature of this layer is responsible for hindering the 

passage of small hydrophilic molecules like antibiotics.10 When these molecules transverse the 

cell wall, it is believed that it is done by the passage through the water-filled pores –porins– 

present in the outer membrane.9 The next layer is the arabinogalactan layer (AG in Figure 2), 

which is composed of a polysaccharide backbone that contains a single linear chain of thirty 

galactose units connected to three separate chains of thirty arabinose residues. This middle 

layer is covalently linked to the MA and the inner layer, peptidoglycan (PG). The innermost 

layer is composed of a polymer of sugar chains, cross-linked with short peptides. The sugar 

polymer is made of N-acetylglucosamine and N-acetylmuramic acid, which alternate and are 

displayed in a β configuration.10 

1.2.1. Transmission of Mtb 

Mycobacterium tuberculosis (Mtb) is spread from person-to-person through aerosol droplets. 

The size of these droplets determines the region of the respiratory airways they can reach. 

While smaller particles travel to the distal airways, larger ones could be trapped in the 

oropharynx leading to tuberculosis (TB) of cervical lymph nodes.11 

Most of the droplets are expelled by the ciliated mucosal cells and only a small fraction is able 

to reach the lower respiratory tract.12 Small aerosols carry small amounts of  bacteria, yet, they 

are able to reach the alveolar spaces and are most likely to cause infection.13 Once at the alveoli, 

the bacterium binds to the surface of alveolar macrophages and is phagocytized. The presence 

of Mtb reduces the acidity of the phagosome, inhibit the phagosome-lysosome fusion, and the 
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maturation of the phagosome.12 Then, Mtb gathers macrophages onto the surface of the lungs 

and then macrophages transport the bacterium towards deeper tissues.13 Afterwards, the 

infected cells drive immune cells towards them by triggering a local inflammatory response. 

This action results in the formation of granulomas, an organized ensemble of Mtb-infected and 

uninfected macrophages, whose membranes interlock like epithelial cells, and are at varying 

stages of maturation and differentiation.13,14 The granuloma also contains neutrophils, dendritic 

cells, and fibroblasts circumscribed by T and B lymphocytes at its core, which becomes 

hypoxic with time, leading to necrosis at the core; this is termed the caseum.14 Infected 

granuloma macrophages can die either by apoptosis or necrosis; when apoptosis takes place, it 

leaves the host cell membranes intact, thus confining the bacteria within the macrophage 

corpse. However, when necrosis takes place, the macrophages rupture, releasing the 

mycobacterium in a medium (necrotic debris of the granuloma or caseum) which supports its 

growth and multiplication. In addition, necrosis at the bronchial tree liberates mycobacteria 

through the airways in aerosolized droplets, thus ensuring the passage of the pathogen from 

one host to another.13  

Although M. tuberculosis is usually associated with chronic lung disease, it can reside outside 

the lungs by entering the bloodstream and reaching various other organs, with lymph nodes 

being one of the most common sites.15 This results in extrapulmonary TB, which can occur 

during the primary infection or years later through reactivation of TB.12 

1.2.2. Resistance to treatment 

The treatment for tuberculosis is usually long and complex, especially in those cases where 

resistance to the treatment has already emerged. The evolution of drug-resistant M. tuberculosis 

variants is partly attributed to inadequate control measures, noncompliance with the drug 

regimen, long term treatment, and inadequate prescription of drugs.9,16 These actions lead to 
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structural changes in Mtb, such as mutations in genes that code for drug targets or for drug-

activating enzymes.17  

The mechanisms through which resistance occurs are either by the transmission of resistant 

strains to a new host or by developing drug resistance mutations to one or more drugs. These 

mutations hinder treatment greatly, with the level of drug resistance scaling from rifampicin 

resistant (RR) or isoniazid resistant (INH) to multidrug resistant (MDR) or extensive drug 

resistant (XDR). In the case of RR-TB or INH-TB, resistance is only towards rifampicin (RIF) 

or isoniazid (INH), respectively. Meanwhile, when infected with MDR-TB, resistance is to at 

least the two strongest anti-TB drugs, RIF and INH. Both RR- and MDR-TB have treatment 

periods longer than 18 months and require a combination of certain first- and second-line 

drugs.16 Furthermore, the scenario is more discouraging when patients become infected with 

XDR-TB, because it is resistant to RIF and INH, but also to second-line drugs, fluoroquinolone, 

and at least one of the injectable drugs (capreomycin, kanamycin, and amikacin).  

Finally, groups with weakened immune systems, such as patients with diabetes, cancer, organ 

transplant, and HIV/AIDS, are more likely to get infected with TB. One major problem is that 

HIV patients that acquire TB could experience drug-drug interactions. The HIV treatment 

requires life-long use of antiretroviral therapy and several MDR-TB agents inhibit major 

metabolic pathways of these antiretrovirals.18 

2. Chemotherapeutics 

2.1. Typical chemotherapeutic targets against tuberculosis 

Due to the varying degrees of resistance to treatment, the discovery and validation of new 

targets that could lead to drug-candidates is vital. These targets can be classified depending on 

the process of TB they intend to interrupt: DNA replication, protein synthesis, cell wall 
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biosynthesis, energy metabolism, and proteolysis of M. tuberculosis. In Tables 1 and 2, the 

targets of current inhibitors of first- and second-line drugs are reported, together with the drugs 

and their common adverse reactions.  

Table 1. Specifications of first-line anti-TB agents.a  

Drug name Target protein Common adverse reactions 

 
Rifampicin (RIF) 
 

 
 

 
β-subunit of RNA polymerase 
 

 
Gastrointestinal reactions (nausea, 
vomiting, abdominal cramps, and 
diarrhea) and mild dermatological 
reactions (skin flush, itching, and/or 
rash).  

 
Isoniazid (INH)  
 

 
 

 
Catalase peroxidase 
NADH-specific enoyl-acyl 
carrier protein reductase 
β-ketoacyl ACP synthase 
 

 
Peripheral neuropathy, hepatoxicity, 
cutaneous reaction (rash), jaundice, 
and fever. 
 
 
 

 
Pyrazinamide (PZA) 
  

 
 

 
30S ribosomal protein 
Aspartate decarboxylase 
Pyrazinamidase 

 
Hepatoxicity, hyperuricemia with and 
without gout, fever, sideroblastic 
anemia, thrombocytopenia, lack of 
appetite, nausea, vomiting, dysuria, 
malaise, and it an also aggravate peptic 
ulcers. 

 
Ethambutol (ETB) 
 

 
 

 
Arabinosyltransferase 
Decaprenyl phosphate 5-
phosphoribosyl synthase 

 
Visual disturbances (diminished visual 
acuity, retrobulbar neuritis, retinal 
pigment displacement) and 
gastrointestinal symptoms (abdominal 
pain or vomiting). 

a Information about targets extracted from reference 19 and adverse reactions from reference 20. Rifampicin adverse reaction 
was obtained from reference 21.  
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Table 2. Specifications of second-line anti-TB agents.  

Drug name Target protein Common adverse 

reactions 
Ref. 

Group A    

 
Levofloxacin (Lfx) 
 

 
 

 
DNA topoisomerase II and 
IV 

 
Nausea, anxiety, headache, 
rash, abdominal pain, 
diarrhea, dizziness, and 
vomiting.  

 
20,22 

 
Moxifloxacin (Mfx) 
 

 
 

 
DNA topoisomerase II and 
IV 

 
QT interval prolongation and 
mild to moderate 
gastrointestinal disturbances 
(nausea, diarrhea). 
 
 

 
20,22 

 
Bedaquiline (Bdq) 
 

 
 

 
ATP synthase subunit C  
Transcriptional repressor of 
Mmpl5 

 
Nausea, arthralgia, 
headache, hemoptysis, chest 
pain, anorexia, and rash. It 
also affects the 
cardiovascular system by QT 
prolongation and it can 
elevate hepatic 
transaminases. 

 
19,23 

 
Linezolid (Lzd)  

 
 

 
 
 
 
 
 
 
 
 

 

 
23S rRNA  
50S ribosomal protein L3 

 
Peripheral and optic 
neuropathy, 
anemia/thrombocytopenia, 
rash, and diarrhea.  
 

 
19,24 
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Table 2 (continued).    

Group B    

 
Clofazimine (Cfz) 

 

 
 

 
Mechanism of action is not 
fully understood. The 
mycobacterial respiratory 
chain and ion transporters 
are thought to be putative 
targets. 

 
Abdominal/epigastric pain, 
nausea, diarrhea, vomiting, 
and gastrointestinal 
intolerance. It can cause 
ichthyosis, discoloration of 
the skin and conjunctiva, but 
its reversible. 
 

 
25,26 

 
Cycloserine (Cs) 
 

 
 
 
 

 
Alanine racemase  
 

 
Neurological disturbances 
(headache, somnolescence 
and tremors) and psychiatric 
disturbances (altered mood, 
cognitive deterioration, 
dysarthria, confusion, and 
even psychotic crises). 
 

 
19,20 

 
Terizidone (Trd)  

 

 
 

 
L-alanine racemase  
D-alanine ligase 
 

 
Seizures, dizziness, slurred 
speech, tremors, insomnia, 
confusion, depression, and 
suicidal tendency. 
 

 
22 

Group Ca    
 
Delamanid (Dlm)  
 

 
 
 

 
Deazaflavin (co-factor F420) 
dependent nitroreductase 
 

 
QTc interval prolongation. 
 

 
19,22 



9 
 

Table 2 (continued).    

 
Imipenem–cilastatin (Ipm–Cln) 
 

 
 

 
Penicillin-binding proteins 
(cilastatin does not have 
antibacterial activity, but it 
prevents degradation of 
imipenem and the protect 
kidneys against toxic 
effects) 
 

 
Thrombophlebitis, nausea, 
diarrhea, and vomiting. 

 
27 

 
Meropenem (Mpm) 

 

 
 

 
Penicillin-binding proteins 

 
Diarrhea, nausea, vomiting, 
and rash. 

 
28,29 

 
Amikacin (Am) 

 
 

 
16S rRNA  
 

 
Ototoxicity or hearing 
impairment. Nephrotoxicity. 

 
22,30,
31 

 
Streptomycin (S) 
 

 
 
 
 
 
 
 

 
16S rRNA protein S12  

 
Nephrotoxicity and 
ototoxicity. Vertigo, ataxia, 
deafness, tinnitus, and 
cutaneous hypersensitivity. 

 
22,32,
33 
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Table 2 (continued).    

 
Ethionamide (Eto)  
 

 
 

 
NADH-dependent enoyl-
acyl carrier protein 
reductase  
 

 
Gastrointestinal intolerance 
(nausea, vomiting, and lack 
of appetite). Risk of 
hepatitis. 
 

 
20,22,
34 

 
Prothionamide (Pto) 
 

 
 

 
NADH-dependent enoyl-
acyl carrier protein 
reductase  
 

 
Gastrointestinal intolerance 
but lesser than Eto (nausea, 
vomiting, and lack of 
appetite). Risk of hepatitis. 
Menstrual disturbances. 

 
20,22,
35 

 
p-aminosalicylic acid (PAS) 

 

 
 

 
Thymidylate synthase  
Dihydrofolate reductase 
 

 
Drug-induced hepatitis, 
gastrointestinal intolerance, 
cutaneous hypersensitivity, 
and hypokalemia.  

 
19,22,
33 

a Group C also includes ethambutol (ETB) and pyrazinamide (PZA) (see Table 1). 

2.2. Current treatment options and their limitations 

The treatment for tuberculosis depends on the level of resistance of TB, with anti-TB agents 

currently being divided into first-line (Table 1) and second-line drugs (Table 2). The 

formulation of treatment is based upon past medical or social history, together with the local 

prevalence of resistance.16 Therefore, the review of current anti-TB agents, according to the 

level of resistance and the understanding their side effects, is important to highlight the 

limitations of the current lines of treatment. 

Within the first-line drugs are rifampicin (RIF), isoniazid (INH), pyrazinamide (PZA), and 

ethambutol (ETB) (Table 1). RIF is the cornerstone of TB treatment and, together with INH, 

PZA, and ETB are prescribed for cases of drug-sensitive TB, in patients who had no TB prior 

treatment in a 6-9 months regimen (intensive phase for 2 months).16,36 The cure rate is 90-95% 

in TB control programs and trial conditions, yet patients might not tolerate the regimen.36 When 
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using only RIF, patients might develop nausea, vomiting, diarrhea, loss of appetite, and 

hepatotoxicity.37 Meanwhile, in combination therapy, the risk of developing drug-induced liver 

injury is greater than in the case of monotherapy.38 A disadvantage of these side effects is that 

it leads to treatment interruption and contributes to drug resistance.  

Once resistance has been developed, in cases such as RR-, INH-, MDR-, and XDR-TB, second-

line drugs have to be used in combination with first-line agents, and are classified into groups 

A, B and C (Table 2).39 In terms of length of treatment, WHO has elaborated guidelines 

according to the level of resistance.40  

One of the issues with second-line agents is the severe adverse drug reactions (ADRs), with 

several concerning side effects including ototoxicity and psychosis-like symptoms.41 These 

have led to the suspension of treatment in 19 to 60% of patients with MDR-TB. Among the 

targets included in Tables 1 and 2, dihydrofolate reductase (DHFR) highlights because its 

inhibitor,  p-aminosalicylic acid (PAS), is the only antifolate currently on use; in particular for 

drug-resistant TB therapy.42  

3. Dihydrofolate reductase Mtb as a chemotherapeutic target 

3.1. Function, structure and active site of MtbDHFR 

Folate comprises co-factors that include three moieties: p-aminobenzoic acid (pABA), pterin, 

and glutamate (Figure 3A).43,44 While eukaryotes obtain this product from their diets, 

prokaryotes can de novo synthesize it. The biosynthesis begins with the formation of the pterin 

ring, followed by five reactions that lead to dihydrofolate (DHF), which is further reduced to 

tetrahydrofolate (THF) by DHFR (Figure 3).  

DHFR is an enzyme from the oxidoreductases family that plays an essential role in the 

biosynthesis of tetrahydrofolate co-factors.45 It catalyzes the reduction of DHF to THF, 
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employing nicotinamide adenine dinucleotide phosphate (NADPH) as co-factor (Figure 3A). 

Then, serine is converted into glycine by donating one carbon unit to THF at nitrogen-5 and 

nitrogen-10, resulting in the N5,N10-methylene-THF (mTHF) product (Figure 3B).46 This 

reaction is reversible and it is catalyzed by the enzyme serine hydroxymethyltransferase 

(SHMT).46,47 The products of the folate metabolism are thymidine, purines and methionine 

(Figure 3B).47 Hence, the inhibition of DHFR leads to the interruption of DNA synthesis, and, 

this causes cell death. 

Even though, MtbDHFR seems like an attractive target for exploring new inhibitors of the 

folate pathway, since it is present in humans, hDHFR, the structural differences between both 

enzymes are important when addressing selectivity, in an effort to diminish toxicity. This has 

been the work of Li and collaborators, who found that regardless the difference in size between 

hDHFR (187 amino acids) and MtbDHFR (159 amino acids), the protein folding of both of 

them is quite similar, as all DHFRs include a fold with a central β-sheet and four α-helices.48 

These enzymes, overall, only have a 26% amino acid sequence similarity, yet, at the active and 

ligand sites the similarity is higher (55%).48  



13 
 

 

Figure 3. (A) Chemical moieties of folate and reduction of dihydrofolate to tetrahydrofolate by DHFR. (B) Mycobacterium tuberculosis folate pathway. The canonical enzyme 
pathway is given in green. The alternative pathway appears in orange. Figure 3B, reprinted from Cell Chemical Biology, 26, Hajian, B.; Scocchera, E.; Shoen, C.; Krucinska, 
J.; Viswanathan, K.; G-Dayanandan, N.; Erlandsen, H.; Estrada, A.; Mikušová, K.; Korduláková, J.; Cynamon, M.; Wright, D., Drugging the Folate Pathway in Mycobacterium 
Tuberculosis: The Role of Multi-Targeting Agents, 781-791, Copyright 2023, with permission from Elsevier.
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To understand the active site of MtbDHFR, and how it changes upon binding to its co-factor, 

substrate, and the inhibitor methotrexate (MTX), the 3D Protein Feature View on the RCSB 

Protein Data Bank website49–51 (https://www.rcsb.org/) was used, in conjunction with the 

articles where the crystal structures of these complexes were first introduced. The crystal 

structures of MtbDHFR in binary complex with NADPH (PDB: 1DG8) and in ternary complex 

with NADPH and inhibitor MTX (PDB: 1DF7) were both obtained by Li and collaborators48; 

in the case of the ternary complex with co-factor NADPH and substrate DHF (PDB: 6NND), 

this was reported by Ribeiro and collaborators52. The analysis of these studies has allowed to 

depict all the amino acid (aa) residues of MtbDHFR that interact with NADPH, DHF, and MTX 

in these three MtbDHFR complexes, here summarized in Table 3.  
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Table 3. List of amino acids that constitute the binding sites of NADPH, DHF, and MTX in MtbDHFR. 

Complex type Binary Ternary  Ternary  
Complexed w/ NADPH NADPH and DHF NADPH and MTX 

PBD 1DG8 6NND 1DF7 
Ref. 48,50  49,52  48,51 

 NADPH NADPH DHF NADPH MTX GOL 

 Trp6 Trp6 Trp6 Trp6 Ile5 Trp22 
 Ala7 Ala7 Ala7 Ala7 Trp6 Leu24 

 Ile14 Ile14 Asp27 Ile14 Ala7 b Asp27 
 Gly18 Gly15 Gln28 Gly15 Ile20 Gln28 
 Asp19 Arg16 Ala29 Gly18 Pro25   

 Ile20 a Gly18 Phe31 Asp19 Asp27   
 Gly43 Asp19 Arg32 Ile20 Gln28   
 Arg44 Ile20 Leu50 Gly43 Ala29   
 Arg45 Gly43 Val54 Arg44 Phe31   
 Thr46 Arg44 Leu57 Arg45 Arg32   

 Leu65 Arg45 Arg60 Thr46 Glu33 c   

 Ser66 Thr46 Ile94 Leu65 Ile50 d   
 Arg67 Leu65 Thr113 Ser66 Pro51   

 Gln68 Ser66   Arg67 Ile54 d   

 Gly80 Arg67   Gly80 Ile57 d   
 Ile94 Gly80   Ile94 Arg60   
 Gly96 Ile94   Gly96 Ile94   
 Gly97 Gly96   Gly97 Tyr100   
 Gln98 Gly97   Gln98     
 Val99 Gln98   Val99     
 Tyr100 Val99   Tyr100     
 Leu102 Tyr100   Leu102     
   Leu102   Ala126     

These residues are not included in the 3D Protein Feature View of the: 
a 1DG8 PDB file, but it is reported as hydrophobic residue that approaches the nicotinamide ring in the study reported Li et al.   
b 1DF7 PDB file, but specifically mentioned to form van der Waals interactions in the study reported Li et al.   
c 1DF7 PDB file, but has been mentioned to provide a hydrophobic environment to MTX in the study reported Li et al.   
d 1DF7 PDB file, but has been mentioned to be a negatively charged residue on the α-B helix, near the glutamate moiety of 
MTX, in the study reported Li et al. In the 1DF7 PDB file, residues Ile50, Ile54, Ile57 have reported as being Leu50, Val54, 
Leu57, respectively. 

 

In order to better allocate these interactions, in Figure 4A and 4B, representations of the 

NADPH and DHF active sites obtained from the structural information available for MtbDHFR 

in binary complex with NADPH and in ternary complex with NADPH and DHF, are shown. 

The structure of MtbDHFR is composed of two main domains, both shown in Figure 4: the 

adenosine and the loop domain (Figure 4B), with the active site located in a groove, in between 

these domains.52 
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Figure 4. The structure of MtbDHFR (A) in binary complex with co-factor NADPH and (B) in ternary complex 
with substrate DHF (in yellow), which binds to the adenosine domain, and co-factor NADPH (in green). (C) 
Chemical structure of co-factor NADPH. Figure 4A, reprinted from Journal of Molecular Biology, 295, Li, R.; 
Sirawaraporn, R.; Chitnumsub, P.; Sirawaraporn, W.; Wooden, J.; Athappilly, F.; Turley, S.; Hol, W. G., Three-
Dimensional Structure of M. Tuberculosis Dihydrofolate Reductase Reveals Opportunities for the Design of 
Novel Tuberculosis Drugs, 307–323, Copyright 2023, with permission from Elsevier. Figure 4B, reprinted with 
permission from Ribeiro, J. A.; Chavez-Pacheco, S. M.; de Oliveira, G. S.; Silva, C. S.; Giudice, J. H. P.; Libreros-
Zúñiga, G. A.; Dias, M. V. B. Crystal Structures of the Closed Form of Mycobacterium Tuberculosis 
Dihydrofolate Reductase in Complex with Dihydrofolate and Antifolates. Acta Crystallogr. Sect. Struct. Biol. 
2019, 75 (7), 682–693. https://doi.org/10.1107/S205979831900901X. Copyright 2023, with permission of the 
International Union of Crystallography. 

Initially, upon entering the enzyme, NADPH (Figure 4C) buries into it, with the nicotinamide 

ring inserted into a crevice formed by strands β–A and β–F (Figure 4A). The residues Arg45 

and Gln98 interact with the pyrophosphate moiety; Arg45 establishes a salt bridge while the 

side chain of Gln98 hydrogen bonds with the moiety. Meanwhile, adenine comes into contact 

with residues Ser66, Gly80, and Gln98, and it also interacts with residues to either side of its 

plane through hydrophobic interactions with residues Leu65 and Leu102, and through stacking 

interactions with the side chain of Arg67. The O2’-phosphate of NADPH establishes five 

hydrogen bonds with side chains of residues Ser66, Gln68, and Arg44 and the main-chain of 

Arg67. Also, the amide group of the nicotinamide ring forms three hydrogen bonds with 
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residues Ala7 and Ile14. In addition, residues Ile14 and Ile20 approach the nicotinamide ring 

from opposite sides. 

In the case of the active site of NADPH in the ternary complex with DHF, from Table 3, almost 

all the residues that bind NADPH in the binary complex are retained. In addition, it is expected 

that for catalysis, NADPH needs to be in close contact with the pterin ring of DHF. This 

closeness is clear from Figure 4B and it is possible through interactions of both molecules – 

co-factor and substrate – with residues Trp6, Ala7, and Ile94 (in bold, Table 3). In the case of 

Ala7, for example, this residue hydrogen bonds with the nicotinamide moiety of NADPH, 

placing it over the DHF active site.48 However, some differences are observed in the co-factor 

binding site, upon DHF binding to the apoenzyme: loss of interaction with residues Gln68 

(which hydrogen bonded with pyrophosphate and was in contact with the adenine ring) on the 

ternary complex; and new interactions of NADPH with residues Gly15 and Arg16, only present 

in this ternary complex. Overall, it appears, as expected, that minimum changes occur in the 

co-factor site when the substrate binds to the enzyme. 

To further describe the active site of MtbDHFR, Ribeiro and collaborators, distinguished four 

sub-regions within the active site of MtbDHFR:NADPH (Figure 5A).53 Region (1) is the entry 

to the active site and it is positively charged, while region (2) is the central region of the active 

site and it is slightly apolar. Next, region (3) is negatively charged, and it is placed where the 

heteroaromatic ring of DHF accommodates. The region (4) is the site known as glycerol (GOL) 

binding site. The latter is known to accommodate a molecule of glycerol and it is relatively 

small; it is close in space to the DHF binding site and it is usually treated as an extension of it; 

this region is of hydrophilic nature.  

Methotrexate is a clinically approved antifolate and an inhibitor of the MtbDHFR enzyme, 

however, it is inactive in Mtb cultures.54,55 It will be used as reference to observe the behavior 
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of the active site in presence of a inhibitor. As shown in Table 3, residues at the binding site of 

NADPH of MtbDHFR in ternary complex with NADPH and MTX differ in two residues with 

respect to that of the complex with NADPH and DHF: the interaction between NADPH and 

residue Arg16 was lost, while a new one was established with Ala126. Similar to what was 

observed before, in ternary complex with DHF, the binding of MTX does not alter the 

interactions of NAPDH with the protein residues of MtbDHFR. 

However, the binding of MTX, when compared with DHF, is quite different. It is constituted 

by 18 aa instead of 13 (Table 3). The description of the interactions depicted by Li and 

collaborators48 is illustrated in Figure 5. Residues Ile5, Ile94, and Tyr100 interact with the 4-

amino group of MTX: the first two aa hydrogen bond with the 4-amino group while the latter, 

at 3.2 Å distance is now unable to stablish a hydrogen bond interaction.48 Next, residue Asp27 

hydrogen bonds both with the 2-amino group and the N1 of the inhibitor. The p-aminobenzoyl 

ring of MTX sits over the hydrophobic space created by these six residues: Ile50, Pro51, Ile54, 

Gln28, and Phe31. Also, the aminopterin ring of MTX is in contact with Trp6, Ala7, and Ile20 

on one side, and with Phe31, Ile5, Ile94, and Gln28 on the other. The glutamate motif of MTX 

interacts with residues Gln28, Ala29, and Arg32 (in a loose manner), with hydrophobic 

residues Pro25 and Ala29, and with the negatively charged Glu33. Finally, the α-carboxyl 

group of this motif stablishes a salt bridge with positively charged residues Arg32 and Arg60. 

When contrasting the residues in Table 3, 7 out of 13 residues that describe the active site 

(DHF) interact with MTX. This explains well why MTX acts in vitro as a competitive inhibitor 

of the substrate.56 
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Figure 5. (A) Active site and sub-regions of MtbDHFR. The inset has been divided in four regions: [1] positively 
charged region which bind to glutamate moiety of DHF, red; [2] central region of active site and pABA sits, 
yellow; [3] dipyrimidine ring of DHF is stacked with nicotinamide moiety of NADPH, green; [4] glycerol-binding 
site, magenta. (B) Chemical structure of inhibitor MTX. Figure 5A, reprinted with permission from Ribeiro, J. A.; 
Hammer, A.; Libreros-Zúñiga, G. A.; Chavez-Pacheco, S. M.; Tyrakis, P.; de Oliveira, G. S.; Kirkman, T.; El 
Bakali, J.; Rocco, S. A.; Sforça, M. L.; Parise-Filho, R.; Coyne, A. G.; Blundell, T. L.; Abell, C.; Dias, M. V. B. 
Using a Fragment-Based Approach to Identify Alternative Chemical Scaffolds Targeting Dihydrofolate Reductase 
from Mycobacterium Tuberculosis. ACS Infect. Dis. 2020, 6 (8), 2192–2201. 
https://doi.org/10.1021/acsinfecdis.0c00263. Copyright 2023 American Chemical Society. 

As mentioned before, structural differences between MtbDHFR and hDHFR are important for 

selectivity. The structure of MtbDHFR bound to NADPH and MTX (PDB: 1DF7) shows the 

presence of a co-crystallized molecule of glycerol (GOL), which is absent in hDHFR (PDB: 

1OHJ) (Figure 6A and B). GOL is bonded to MtbDHFR through three hydrogen bonds to 

residues Asp27, Gln28, and Leu24.48 In addition, GOL also interacts with the side chains of 

amino acids Trp22, Asp27, and Gln28 which form a hydrophilic pocket in MtbDHFR.48 In 

detail, the interactions with GOL, as described by El-Hamamsy and collaborators57, are as 

follows: O(1)–H of GOL hydrogen bonds with the side-chain oxygen of Asp27 and O(1) of 

GOL hydrogen bonds with indole N–H of Trp22. Next, O(2) is an acceptor in the hydrogen 

bond with N-H of Gln28. Meanwhile, O(3)-H participates as a donor in a hydrogen bond with 
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the carbonyl of Leu24 and O(3) as an acceptor with N-H of Leu24. The lack of affinity of 

hDHFR for GOL may be explained by the fact that these amino acids – Trp22, Asp27, and 

Gln28 – are replaced by the hydrophobic residues Leu22, Pro26, and Gln28 in the human 

counterpart.48 This difference is important when selecting MtbDHFR inhibitors,48,58 and 

therefore, should be better exploited.  

 

Figure 6. Binding site of MTX in (A) M. tuberculosis DHFR and (B) human DHFR. The glycerol A pocket is 
absent in hDHFR. Reprinted from Journal of Molecular Biology, 295, Li, R.; Sirawaraporn, R.; Chitnumsub, P.; 
Sirawaraporn, W.; Wooden, J.; Athappilly, F.; Turley, S.; Hol, W. G., Three-Dimensional Structure of M. 
Tuberculosis Dihydrofolate Reductase Reveals Opportunities for the Design of Novel Tuberculosis Drugs, 307–
323, Copyright 2023, with permission from Elsevier. 

In addition, Sharma and collaborators also compared both DHFR enzymes by in silico studies 

using PDB structures 1DF7 and 1OHJ for MtbDHFR and hDHFR, respectively.59 A π-stacking 

interaction was observed in this study between MTX and amino acid Phe31 in the MtbDHFR 

active site.59 However, this interaction was not validated by its crystal structure data. Instead, 

a cation-π interaction between Phe31 and the aminopterin ring of MTX could be observed when 

visualizing the 3D Protein Feature View of PDB 1DF7 on the RCSB Protein Data Bank 

website.51 

Finally, it is relevant to add that there is an alternate folate pathway that uses enzyme Rv2671 

(in orange, Figure 3B), the second DHFR found in M. tuberculosis.60 This alternative way to 

reduce DHF induces resistance to antifolates and, therefore, multitarget inhibitors for both 
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MtbDHFR and Rv2671 gain importance, as studied by Hajian and collaborators.42 This is an 

aspect to keep in mind in future drug-design strategies. 

3.2. Computational tools in search of MtbDHFR inhibitors 

Traditionally, drug design revolved around searching for active leads in culture broths or in 

biological extracts, that could later, once isolated and characterized, be developed into a 

potential drug.61,62 Before the rise of target-based discovery, phenotype-based screening was 

the foundation of drug discovery. For this purpose, molecules were tested in cellular cultures 

or whole organisms such as zebrafish or C. elegans.63 This method had the advantage of being 

able to discover “first-in-class” drug moieties,63,64 but is time consuming as large compound 

libraries (0.4–2 million compounds) have to experimentally be tested.65 Since the 70s, drug 

discovery has been predominantly accomplished by rational drug discovery, where the search 

is guided by a defined chemotherapeutical target.62 The advantage of this approach is that 

inhibitors could further be structurally improved, searching for better pharmacological 

properties and lower toxicity values,61,66 based on the structural data of the interaction with the 

target. This possibility makes it ideal for the refinement and development of more efficient 

drugs. 

From conception to commercialization, drug development is expensive, with a cost of USD 

$1.6 billion,67 and time consuming, usually 10 to 15 years.66 This process involves several 

phases which includes: target identification, hit discovery, lead optimization, pre-clinical trials, 

clinical trials, approval, and post-approval.66,68 Yet, despite the large investments made, there 

is high probability of failure at any stage of the process, with an attrition rate of drug candidates 

of  96%.69 Therefore, strategies that could reduce the time of drug development and lower the 

costs, such as, computer-aided drug design (CADD),68,70 are sought. CADD refers to the set of 

computational techniques that are used to identify and develop drugs by simulating drug–
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receptor interactions.70,71 Through these techniques, it is possible to identify target proteins, 

screen chemical libraries to identify potential drug candidates, and optimize these candidates.69 

In addition, the pharmacokinetics of the candidates can be predicted.68 In this manner, it is 

possible to remove toxic compounds from the set of drug candidates, reducing the number of 

compounds to be evaluated experimentally.69  

Computer-aided drug design can be roughly classified into two main categories, as shown in 

Figure 7: structure-based drug design (SBDD) and ligand-based drug design (LBDD). SBDD 

requires highly accurate structural data of the targets proteins,68 which can be obtained 

experimentally from X-ray crystallography, cryo-electron microscopy, and nuclear magnetic 

resonance (NMR).72 The structural information is important because it allows to estimate the 

binding affinity between ligands and the target macromolecule and allows to learn about the 

architecture of the binding site of the target protein,69 as well as designing targe-specific 

compounds.71  

In the cases were experimental structures are not available, 3D structure of target proteins can 

be developed through in silico prediction methods such as homology modelling or ab initio 

modelling.69 Homology modelling, considered a prediction method of the highest degree of 

accuracy,70 is based on the premise that proteins with highly conserved sequences will possess 

similar 3D structural conformations and functions.69 Therefore, it is possible to deduce the 3D 

structure of a protein from its amino acid sequence by using a structural template protein with 

a similar sequence.70 However, if protein templates are not available, it is possible to build 3D 

models, starting from the protein sequence, with ab initio modelling. For this purpose, the 

protein sequence undergoes a conformational search for the most thermodynamically stable 

conformations.73 Still, these predictions are limited to small proteins (<120 residues).73  
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On the other hand, ligand-based drug design is used when the experimental 3D structure of the 

target protein is unavailable and a high-quality structure could not be attained through in silico 

prediction methods.69 On the other hand, this approach relies on the knowledge of molecules 

that interact with a selected target74 and on the principle that structural and physicochemical 

similarities would likely result in similar properties.75 As a result, new drugs can be predicted 

based on active compounds for a certain target.69 

 

Figure 7. Classification of computer-aided drug design (CADD). 

Structure-based and ligand-based drug design rely on different methods for drug development 

(Figure 7). Frequently used SBDD methods include molecular docking and fragment-based 

docking. These methods require preparation of the target which involve several steps including 

adding hydrogens, missing side-chains, and missing bonds to the basic skeleton; fixing chain 

breaks, predicting protonation states, and identifying relevant co-crystallized water 

molecules.76 In addition, prior knowledge of the binding site is required.69 This information 

can be retrieved from the structure of the co-crystallized protein with ligands, if available, or 

predicted with in silico methods.69  
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Molecular docking is a technique that calculates the affinity of molecules for the binding site 

of a target protein and predicts their conformation and orientation within this target.69,70 

Molecules can assume various conformations within the binding site of the target. To generate 

the various conformations, better known as poses, a molecule can assume within the binding 

site, the docking software uses protein-ligand sampling algorithms.77 Then, to evaluate and 

rank the various poses generated, scoring functions are used which predict the binding affinity 

between the protein and ligand.78  

Fragment-based drug design, on the other hand, is a method that involves the identification of 

small chemical fragments that weakly bind to a target protein (micro to millimolar affinity) and 

their optimization into lead compounds of higher affinity by means of fragment growing, 

merging, or linking;79 with the aid of molecular docking. Therefore, fragment-based drug 

design can also be referred as fragment based docking.69 The theoretical basis for this is that 

the Gibbs free energy changes which follow the binding of an A-B molecule to a protein is the 

sum of “intrinsic binding energies” of A and B and the “connection Gibbs energy”.80 In 

addition, the overall binding energy of a molecule could be estimated from the binding energies 

of the individual functional groups of the molecule; this calculated value is then compared to 

the experimental binding free energy and the closeness between these is a measure of the fit 

between the drug and the protein.81 Fragments selection follow the “rule of three” which 

considers three physicochemical properties: molecular weight <300 g/mol, number of 

hydrogen bond donors and acceptors ≤3, and the calculated LogP is ≤3.82 Since fragments have 

low affinity for the target, sensitive techniques are used to identify fragments, including NMR, 

X-ray crystallography, and surface plasmon resonance (SPR).79  

Computationally, the chemical fragment data can be attained through molecular docking of a 

library of structurally diverse fragments that follow the “rule of three”.69 The difference with 
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molecular docking is that instead of entire molecules, fragments are docked. Affinity of these 

individual fragments is low but can be improved by conveniently linking them through bonds 

that permit binding to different protein pockets.79 

Within ligand-based drug design, two of the main approaches include pharmacophore 

modelling and quantitative structure-activity relationship (QSAR).  

A pharmacophore model is a set of steric and electronic features necessary for ligand 

recognition by the target protein and for prompting a biological response.70,83 These models are 

built based on molecular descriptors such as H-bond donors, H-bond acceptors, hydrophobic 

groups, and ionizable groups.84 A structurally diverse set of ligands is required, containing both 

active and inactive ligands; this is necessary for the model to be able to differentiate between 

ligands that possess or not bioactivity.70 Then, structurally diverse active ligands, in their 

energetically stable conformations, are arranged and superimposed to identify similar 

functional groups.69 An abstract representation is created based on the similarities; for example 

phenyl rings are labelled as “aromatic ring” while hydroxyl groups, or analogs  becomes a 

“hydrogen-bond donor/acceptor”.69 After the model is validated, it can be used to screen 

molecular databases against these features.83  

Quantitative structure-activity relationship (QSAR) is based on the association between 

structural and physicochemical properties to biological activity,69 such that structurally similar 

compounds display similar bioactivity, better known as similarity-property principle.85 

Classically, QSAR is defined by linear regression models based on molecules that have the 

same biological activity. To build reliable QSAR models, it is necessary to obtain data of 

bioactive compounds (20 minimum), tested on a similar biological assay.70,86 This set of 

compounds share a scaffold, but have different substituents at one or more positions. Under the 

similarity-property principle, these gradual changes in structure accompany gradual changes in 
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potency leading to linear QSAR models.85 Beyond classical QSAR, it is possible to model 

relationship between more diverse chemical structures, with few or no common scaffolds, with 

non-linear models, requiring the use of machine learning.85 QSAR models, after evaluation 

with test set molecules (molecules not used to build the model), can be used to predict the 

biological activity of potential drugs.83 

3.3. Chemical structures of tentative inhibitors of MtbDHFR 

During the last decade, several in silico and in vitro studies have led to new sets of molecular 

scaffolds that could be optimized with further docking studies. These structures are shown in 

Table 4 together with their biological data, such as dissociation constant (Kd), half maximal 

inhibitory concentration (IC50), and actual minimum inhibitory concentration (MIC), 

accordingly to the studies performed on them. 

The approach that led to the discovery of SK-2b, Table 4, followed the fragment-based drug 

discovery. Shelke and collaborators elaborated a 20 fragment library which includes nitrogen 

heterocycles, xanthines, and quinazolinones, structurally similar to dihydrofolic acid but that 

did not contain the ubiquitous 2,4-diaminopyrimidine ring, in attempt to have a more diverse 

library (ubiquitous moiety for many MtbDHFR inhibitors).87 Then, ligands were optimized 

with Ligprep module of Schrödinger (hydrogens were completed for the ligands and optimized 

to their low-energy 3D conformation) and docking was performed using Glide by Schrodinger. 

Docking studies showed that all molecules formed hydrogen bonds with Ile94, a key residue 

within the binding site of MtbDHFR. These molecules were synthesized for the in vitro studies 

and screened against MtbDHFR and Mtb(H37Rv) to determine the IC50 and MIC respectively 

(SK-2b, Table 4).  

On the other hand, compound KC-11 was developed by Sharma and collaborators,59,88 first 

through virtual screening, followed by structural modification. In their 2018 publication, they 
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screened merged public domain databases (NCI and drug bank database) using Lipinski rule89 

and ADME (acronym for pharmacokinetic parameters adsorption, distribution, metabolism, 

and excretion). Then, this set of molecules were subjected to docking using three precision 

options (high throughput virtual screening, standard precision, and extra precision) against 

MtbDHFR (PDB: 1DF7), from which 100 hits were determined. Later, the docking was 

repeated but against hDHFR (PDB: 1OHJ) for selectivity studies. The compounds – 50 overall 

– with the highest scores against MtbDHFR and lowest for hDHFR were selected. These were 

filtered to 10 after consensus docking using both Glide module of Maestro 9.4 and GOLD Suite 

5.2.2. Consensus docking is a method that combines more than one scoring algorithm, in this 

case, two different programs with different algorithms, with the purpose of achieving more 

accurate binding affinities.90 Only one molecule of these ten hits was synthesized for biological 

assays: IND-07. Later, IND-07 was functionalized to obtain KC-11, whose MIC value was of 

1.56 µg/mL.88 Its potency could be explained because of its interaction with key amino acids 

of MtbDHFR such as Phe31 and Gln28, observed in molecular docking studies. 

On a third report Sharma and collaborates91 developed another inhibitor. They performed a 

virtual screening with 22,401 compounds from the MolMall database. These were filtered 

using Lipinski’s rule of five and reactive functionalities. Then, for docking studies, the crystal 

structures (1DF7 and 1OHJ) were prepared with Maestro, while, ligands were prepared with 

the Ligprep module of Schrödinger-10.6. Docking against MtbDHFR was performed with the 

software Glide 10.6 by Schrödinger, in three steps: Glide high-throughput virtual screening 

(18,256 compounds), Glide standard precision (1,696 compounds), and Glide extra precision 

(100 compounds). These 100 compounds were then docked against hDHFR; those with the 

lower docking scores against hDHFR and highest scores against MtbDHFR were selected. The 

16 ligands that showed the highest binding and that were available in sufficient quantities for 

biological studies were studied in vitro for antitubercular activity against MtbDHFR and 
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hDHFR enzymes (Table 4). In this manner, the scaffold 11436 (Table 4) was discovered which 

yielded excellent results compared to other inhibitors. The reason why this compound has the 

highest MIC and IC50 values may rely on the hydrogen bonding it achieves with amino acids 

Ile94, Gln28, Asp27, and Leu24. The last three amino acids are present at the GOL-binding 

site, which again, is only present in MtbDHFR, explaining its selectivity. In addition, 

compound 11436 was capable of π stacking with amino acid Phe31. 

Ribeiro and collaborators, using the fragment-based drug discovery approach, arrived to 

scaffold R-1d (see Table 4).53 For this molecule, following the “rule of three”,82 

MtbDHFR:NADPH was screened against 1250 compounds from the Maybridge RO3 library 

using differential scanning fluorimetry (DSF). From this group of molecules, 37 were selected 

from which, 30 were rescreened but using saturation transfer difference (STD) NMR. This 

NMR technique is used to identify signals of the ligand-receptor complex, as well as signals of 

the free ligand. It does so by acquiring two 1H-NMR spectra (1. on-resonance and 2. off-

resonance) of a mixture of the target protein and ~100-fold moles of ligand, dissolved in pure 

D2O.92 Meanwhile, Kd values were determined using isothermal titration calorimetry (ITC). 

The analysis yielded 21 fragments, nine of which were co-crystalized with MtbDHFR and 

NADPH. Fragment R-1 (see Table 4) occupied the GOL binding site of MtbDHFR (Kd = 

641±124 µM) with the carboxylic acid hydrogen bonding to residue Gln28, which is important 

for selectivity over hDHFR. For this reason, R-1 was selected for further optimization, while 

keeping the aryl ring which was involved in π-interactions with Phe31. Fragments from an in-

house library were linked to R-1, leading to the development of R-1d resulting in a smaller Kd. 

It co-crystallized with MtbDHFR and NADPH. The crystal structure revealed a hydrogen bond 

between Gln28 and the propanamide group linker. However, interactions with the GOL binding 

site were lost due to R-1d adopting a different binding mode due to a stronger interaction 

between the indole group with Phe31 and the carboxylic acid with Arg60. Nonetheless, the 
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importance of this study was the identification of pyrimidine-free scaffold R-1 which, through 

a fragment growing approach, could maintain the GOL binding site interaction while 

improving Kd values. 

Table 4. In vitro biological evaluation of potential scaffolds against MtbDFHR and MtbH37Rv. 

 

Compound 

 

Structure 

Kd 

(µM) 

In vitro activity 

vs H37Rv (MIC 

in µg/mL) 

MtbDHFR 

IC50 (µM) 

 

Ref. 

 
 

SK-2b 

 

 
 

 
 
- 

 
 

31.5 

 
 

38.6 

 

 

87 

 
 

IND-07 

 
 

 
 
- 

 
 
- 

 
 

150 

 

 

59 

 
 

KC-11 

 

 
 
- 

 
 

1.56 

 
 

6.79 

 
 

88 

 
 
 

11436 

 

 

 
 
 
- 

 
 
 

0.167 

 
 
 

5.50 

 
 
 

91 

 
 

R-1 

 

 

 
 

641±124 

 
 
- 

 
 
- 

 
 

53 

 
 
 

R-1d 

 

 
 

 
 
 

17±2 
 

 
 
 
- 

 
 
 
- 

 
 
 

53 
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Having introduced enzyme Rv2671 and the alternative folate cycle, the work of Hajian and 

collaborators,42 that led to inhibitor UCP1172 (Figure 8), is noteworthy. They identified a series 

of inhibitors termed ionized non-classical antifolates (INCAs), which consist of 2,4-

diaminopyrimidine ring and a biaryl system linked through a propargyl bridge. These were 

selected from a previous study by the same research group; they biologically screened 22 

propargyl-linked antifolates (these had been originally designed to inhibit DHFRs of 

Staphylococcus aureus, Klebsiella pneumoniae, Candida albicans, and Steptococcus 

pyogenes) against several strains of Mtb, looking for growth inhibition of the bacterium.93 To 

understand the interactions between ligand and target, these molecules, together with the 

modified p-amino salicylic acid, PAS-M (Figure 8) – functionalized according to Dawadi and 

collaborators94 – were co-crystallized with MtbDHFR bound to NADPH. In Figure 8, the 

biological data of these compounds is contrasted against that of MTX. The molecule UCP1172 

showed the greatest potential as an inhibitor (Figure 8). It had a similar binding mode to the 

one reported for MTX in MtbDHFR, exhibiting hydrogen bonding with amino acids Ile5 and 

Ile94. In addition, it hydrogen bonds with the side chain of Asp27 from the GOL binding site 

and there are also π-stacking interactions with the Phe31 residue. Also, when UCP1172 was 

tested against Mtb Rv2671 it showed potent action. 
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Figure 8. Biological evaluation of UCP1172, MTX, and PAS-M. (Information taken from reference 42). 

4. Conclusions and perspectives 

• Tuberculosis, caused by M. tuberculosis, is the leading cause of death globally, only 

behind COVID-19. The increasing number of multi and extensive drug resistant (MDR, 

XDR) TB requires new, more selective and less toxic therapeutic targets. 

• M. tuberculosis dihydrofolate reductase, MtbDHFR, is an enzyme involved in the folate 

pathway. Its inhibition is linked to the interruption of DNA synthesis and death of the 

bacterium. The structural differences with respect to its human counterpart, hDHFR, 

such as the absence of GOL-binding site, makes it a promising chemotherapeutic target 

to fight TB. 

• With the improvement of computational power and the emergence of more potent 

algorithms, Computer-Aided Drug Design (CADD) has become the standard for drug 
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development ventures. It reduces time and costs and it allows simulations of drug-

receptor interactions.  

• Understanding the interactions that take place within the binding site of the inhibitor in 

the enzyme, facilitates the design of inhibitors with higher affinity by introducing 

moieties that could increase the interactions with the residues in the active site. This 

was the case of KC-11 from its predecessor IND-07.  

• The virtual inhibitors described herein are mostly heterocycles of moderate size (<515 

g/mol) of diverse functionality (pyrimidines, pyrazines, triazoles, biphenyls). 

• The GOL binding site (involving residues and Trp22, Leu24, Asp27, Gln28) – absent 

in hDHFR – close to the active site of the DHF substrate (constituted by Trp6, Ala7, 

Asp27, Gln28, Ala29, Phe31, Arg32, Leu50, Val54, Leu54, Arg60, Ile94, Thr113) 

offers the unique possibility of searching for more selective inhibitors against the 

pathogenic DHFR.  

• Understanding the details of the active site of the substrate, the co-factor and the GOL, 

allows the redesign of the scaffolds, with the aim of increasing the affinity for the active 

site and the development of potential inhibitors of MtbDHFR. 

• Compounds SK-2b, KC-11, 11436, initially narrowed down through virtual screening 

from fragment libraries and databases containing hundreds of compounds, and R-1d, 

and UPC1172, experimentally in-vitro screened, may be worth for further optimize by 

docking studies which simulate the enzyme-inhibitor complex interactions.
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