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Abstract: Small molecules with antitubercular activity containing the pyrimidine motif in their 

structure have gained more attention after three drugs, namely GSK 2556286 (GSK-286), TBA-

7371 and SPR720, have entered clinical trials. This review provides an overview of recent 

advances in the hit-to-lead drug discovery studies of antitubercular pyrimidine-containing 

compounds with the aim to highlight their structural diversity. In the first part, the review 

discusses the pyrimidine compounds according to their targets, pinpointing the structure-

activity relationships of each pyrimidine family. The second part of this review is concentrated 

on antitubercular pyrimidine derivatives with a yet unexplored or speculative target, dividing 

the compounds according to their structural types. 
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1 Introduction 

 

Tuberculosis (TB) is a widespread infectious disease caused by the pathogenic bacteria 

Mycobacterium tuberculosis (Mtb). The disease is most frequently transmitted through 

inhalation of small aerosolized droplets which settle in the lungs of the patients. The common 

symptoms of the active form of TB include persistent cough with sputum, chest pain, weight 

loss, fever, and night sweats. Mycobacteria can also affect other parts of the body, such as the 

lymph nodes, bones, brain, or heart. Such extrapulmonary forms of the disease, most 

commonly diagnosed in comorbidity with HIV/AIDS, may not be infectious, but if untreated, it 

can be as fatal as the pulmonary form of TB. However, the presence of mycobacteria in the 

body does not necessarily have to turn into active TB. About one-quarter of the world's 

population is infected with TB and suffers from the so-called latent form of TB infection (LTBI). 

LTBI is characterized by the absence of symptoms and limited transmissibility. However, LTBI 

turn into active TB when the immune system of the infected person is weakened. 

TB is ranked among the top 10 causes of death in low and middle-income countries, 

representing a serious economic burden. In 2017, the costs of TB treatment was estimated at 

10.9 billion USD, ranking the disease third worldwide.1 For decades, TB has been considered 

the leading cause of death from a single infectious agent, and only recently, it has been 

overcome by COVID-19 infections. The World Health Organization (WHO) report data from 

205 countries regarding TB prevalence, diagnosis, and progress, has established 

epidemiological plan by setting "Sustainable Development Goals (SDGs)" and "End TB 

Strategy". In the report from 2020, WHO estimated 10 million new cases and 1.5 million 

annual deaths from TB. Geographically, the most affected regions are those with less 

affordable healthcare or a lower standard of living, specifically some countries from Asia (44%) 

and Africa (24%). India, China, Indonesia, Philippines, Pakistan, Nigeria, Bangladesh, and South 

Africa are the most affected. Insufficient health care, poor supply of anti-TB drugs, and 

patients' non-compliance with the treatment regimens led to the development of multidrug-

resistant tuberculosis (MDR-TB), which is characterized by the resistance to at least two most 

powerful anti-TB drugs, isoniazid (INH) and rifampicin (RIF). MDR-TB was first recognized in 

the 1980s, when new cases of TB not responding to standard regimens emerged. Therefore, 

the view that TB is fully curable and the disease itself is under control is no longer valid. 

Moreover, the COVID-19 pandemic reduced the number of patients supplied with drug-

resistant TB treatment by approximately 15%, with only one in three people having access to 

the treatment in 2020. Globally, 3-4% of newly diagnosed TB infections is classified as MDR-

TB. More strikingly, the portion of MDR-TB diagnosed patients reaches more than 18 % in the 

previously TB-treated group. More than half of the cases of MDR-TB (484,000) annually occur 

in India, China and Russia, of which 30000 cases further develop into extensively drug-

resistant tuberculosis (XDR-TB).2 XDR-TB strains are resistant to all first-line drugs, 

fluoroquinolones and at least to one of the injectable anti-TB drugs. TB treatment is a long-

term and expensive process with different medical guidelines for each country. Due to the 

high cost of the treatment, it is very important to start the therapy quickly, preventing the 

disease from spreading in the population.  
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Overall, TB represents a huge unmet medical challenge to be tackled. Several research groups 

worldwide are involved in the drug discovery process, trying to find a new cure and to 

overcome the issue associated with drug resistance in MDR/XDR-TB strains. 

1.1 Treatment of tuberculosis 

In the initial phase of treating a TB infection, the patient has to be stabilized by reducing the 

number of actively growing bacilli, which results in a significant health improvement, allowing 

the patient to cease to be infectious. In an ideal case, the therapy is continued until complete 

eradication of the bacillus, preventing relapse and possible evolvement of resistance to drugs 

used during therapy. The choice of chemotherapy is related to the form of TB the patient is 

infected. 

The standard treatment of drug-susceptible tuberculosis (DS-TB) has not changed for several 

decades, so the treatment regimens postulated by the WHO still hold true. In general, the 

WHO guideline for the treatment of TB has been established after long-term experience 

gained from clinical trials to minimize drug toxicity and enhance the likelihood of successful 

recovery. Indeed, DOTS (directly observed therapy, short course) is a patient-centered case 

management approach effective in 82% of TB patients. According to these guidelines, patients 

are treated by so-called first-line therapeutics for two months (Fig. 1). First-line drugs are 

represented by four antimicrobials - INH, RIF, pyrazinamide (PZA), and ethambutol (EMB). 

After two months of treatment, patients become non-infectious and continue receiving INH 

and RIF only for another four months. The treatment regimen does not distinguish between 

pulmonary and extrapulmonary TB, but this does not apply to central nervous, bone, and joint 

TB. In such cases, prolonged therapy is inevitable. 

 

 

Fig. 1. First-line drugs in the therapy of TB. The year of their approval by FDA is displayed in 

parenthesis. 
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Fig. 2. Second-line drugs intended for the therapy of MDR-TB. The year of their approval by 

FDA is displayed in parenthesis. 

 

 

Multidrug-resistant TB (MDR-TB) is caused by mycobacterium strains that resist the two most 

effective first-line drugs, INH and RIF. MDR-TB is treated by extensive chemotherapy with the 

use of second-line drugs (Fig. 2). According to the WHO classification, second-line drugs and 

new anti-MDR-TB drugs are sub-divided into three groups, classified into groups A-C (Table 1). 
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Combinations of these drugs are used in the treatment of MDR-TB according to the WHO 

guidelines. 

Table 1. Drugs used for the treatment of MDR-TB are sub-divided into three groups by the 

WHO.3 For each of the compounds, its mechanism of action (MoA) is displayed. 

Group Drug name Mechanism of action 

A Levofloxacin/Moxifloxacin4 
Inhibition of DNA gyrase, which catalyzes the 

negative supercoiling of DNA 

A Bedaquiline5 
Targeting the energy metabolism by inhibiting 

ATP synthase 

A Linezolid6 Inhibition of protein synthesis in rRNA 

B Clofazimine7 Unknown MoA 

B Cycloserine/terizidone8,9 
Blocking the synthesis of peptidoglycan by 

inhibiting  D-Ala-D-Ala ligase 

C Pyrazinamide10–12 

Inhibition of 

1) fatty acid synthetase 

2) ribosomal protein S1 (RpsA) 

3) aspartate decarboxylase (PanD) 

C Ethambutol13 

Disrupting the synthesis of arabinogalactan and 

lipoarabinomannan via inhibition  

of arabinosyltransferases (EmbA, EmbB, EmbC) 

C 
Amikacin14 

Streptomycin15 

Inhibiting protein synthesis by binding to the 

mycobacterial ribosome 

C Ethionamide/prothionamide16 
Disrupting the synthesis of mycolic acid 

biosynthesis by inhibiting InhA 

C Imipenem-cilastin/Meropenem17 
Inhibiting cell wall synthesis by binding to  

penicillin-binding proteins (PBPs) 

C p-aminosalicylic acid18 Inhibition of folic acid synthesis 

C Delamanid19 
Inhibition of methoxy- and ketomycolic acid 

synthesis 

 

XDR-TB was first described in 2006. This is the most severe form of TB defined as a rare form 

of MDR-TB resistant to INH, RIF, some fluoroquinolones, and at least one of the three 

injectable second-line drugs (capreomycin, amikacin, or kanamycin). Patients are treated with 

a combination of up to eight drugs, with some of them being injected daily for up to two years. 

The XDR-TB patient's prognosis survival and full recovery is relatively low, culminating at 

around 34%. The breakthrough in the therapy of XDR-TB has been represented by the 

approval of pretomanid in August 2019. Along with delamanid and bedaquiline, it is the third 

approved drug in the last 40 years and the only anti-TB agent developed by a non-profit 

organization. From a chemical point of view, pretomanid belongs to a group of 
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nitroimidazooxazines. All these approved drugs bring new hope in the therapy of MDR/XDR-

TB resistant forms. 

2 Pyrimidine derivatives with antitubercular activity 

Pyrimidine (also known as 1,3-diazine, according to Hantzsch-Widman nomenclature) is a six-

membered heterocyclic compound with less basic properties and a lower solubility profile 

than pyridine. Substituted pyrimidines can be found in many natural substances, including 

nucleobases (cytosine, thymine and uracil) or vitamin B1 and also in many marketed drugs with 

different biological targets.20–23 These drugs (Fig. 3) are used as antimicrobial, anti-HIV, 

antihistaminic, anticancer or antipsychotic agents.24–28  

 

 

Fig.3. Examples of marketed drugs containing a pyrimidine ring. 

 

In the context of TB, some pyrimidine derivatives have been broadly inspected for more than 

two decades. Most of them are predominantly substituted pyrimidine nucleosides, inhibiting 

the thymidine monophosphate kinase. A review devoted to this class of anti-TB agents has 

been released in 2013 by Shmalenyuk et al..29 The authors discussed the antitubercular 

properties of several pyrimidine nucleosides and compared their in vitro activity against the 

mycobacterial susceptible strain H37Rv. Since then, many articles have been published with 

pyrimidine as a core scaffold endowed with antitubercular properties. Most importantly, 
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three derivatives containing a pyrimidine core in their structure are currently being 

investigated in clinical trials (Fig. 4), namely the azaindole derivative TBA-7371 (clinical trial 

identifier: NCT04176250), the GSK 2556286 (NCT04472897), and the benzimidazole SPR720 

(NCT05496374). The compound GSK 2556286 (GSK-286), interfering with mycobacterial 

cholesterol catabolism, is currently in the first phase of clinical trials, while compounds TBA-

7371 inhibits the decaprenylphosphoryl-β-D-ribose-2´-epimerase (DprE1), a critical enzyme in 

the synthesis of the mycobacterial cell wall. SPR720, which inhibits the bacterial DNA gyrase 

(GyrB), is also undergoing Phase II clinical trials.30–33  

 

 

 

Fig. 4. Clinical candidates GSK-286, TBA-7371 and SPR720 bearing pyrimidine core (highlighted 

in blue) in their structure currently investigated in clinical trials. 

 

2.1 Pyrimidine derivatives with defined target 

2.1.1 Thymidine monophosphate kinase (TMPK) inhibitors 

Thymidine monophosphate kinase (TMPK; EC 2.7.4.9) is the enzyme essential for human 

(TMPKh) and mycobacteria (TMPKmt) DNA replication. TMPK catalyzes reversible 

phosphorylation of thymidine monophosphate (dTMP) to thymidine diphosphate (dTDP) in 

the presence of Mg2+ ions.34 Most inhibitors of this enzyme contain structurally modified 

thymidine nucleosides and nucleotides in their structure. Other inhibitors are no longer based 

on nucleotides and nucleosides and therefore can be divided into thymine-containing and 

thymine-free inhibitors. 

Inhibitors containing thymine in their structure can be further sub-divided into thymine 

nucleoside and thymine non-nucleoside derivatives.  

In 2003, the Van Calenbergh group developed a series of thymidine nucleotides as potent 

inhibitors of TMPKmt.35 The authors followed the results of Li de la Sierra et al., suggesting 

that the azido group shifts the magnesium cation in the active site of the enzyme.36 This 

subsequently leads to conformational changes that abolish the catalytic activity of the 

enzyme. For this reason, the authors focused on the C3' position, with the idea that a suitable 

substitution at this position could lead to more effective inhibitors (Fig. 5).  
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The most potent inhibitors of TMPKmt are those derivatives substituted in the position C3' 

(Fig. 5) with azidomethyl (1; Ki = 12 µM), aminomethyl (2; Ki = 10.5 µM) and fluoromethyl (3; 

Ki = 15 µM) groups. The selectivity between TMPKh and TMPKmt in this class of compounds 

was rather poor, although compound 2 displayed a higher selectivity to TMPKh over TMPKmt 

(Fig. 5).35 Nucleotide 2 emerged as a promising lead with a low Ki for TMPKmt (2; Ki = 10.5 

µM). Due to the low permeability of the phosphorylated derivatives 1-3, the authors switched 

to nucleoside analogues in the follow-up study. The resulting derivative 4 (Fig. 5) combined 

low Ki values (40 µM) with a favorable selectivity profile for TMPKmt. Based on the 

conformational analysis, nucleosides combining the substituents of the highlighted 

compounds from the first study, i.e. C3´-aminomethyl and C3´-azidomethyl, and a halogen at 

the C2 (chlorine, fluorine) were developed. Unfortunately, all compounds turned inactive (Ki 

= > 165 µM). Ongoing efforts led to the discovery of bicyclic nucleosides (compounds 5, 6; Fig. 

5) and one single-bridged nucleoside 7 (Fig. 5), all formed as synthetic by-products. The 

derivative 5 showed good affinity to the TMPKmt enzyme (Ki = 3.5 µM) and also good 

selectivity profile (SI, expressed as ratio between KiTMPKh and KiTMPKmt) toward TMPKmt 

(KiTMPKh/KiTMPKmt = 200). The latter can be attributed to better fitting into the cavity of the 

TMPKmt enzyme as demonstrated by the docking experiments.37  

The following study was designed on single-bridged nucleoside 7 with the activity against 

TMPKmt (Ki = 37 µM). The authors structurally optimized one of the thymidines at position C3' 

by variously substituted phenyl rings (Fig. 5). The choice of substituents on the phenyl was 

guided by the Topliss tree scheme.38 Thus, a series of substituted ureas was developed and 

extended to thiourea derivatives as well because of the known thiocarlide anti-TB activity.39 

The derivative 8 (Fig. 5) showed promising activity against TMPKmt (Ki = 5 µM), while the most 

potent compound 9 (Fig. 5) in this study displayed submicromolar inhibition activity of 

TMPKmt (Ki = 0.6 µM) and a SI value of 600 (TMPKh, Ki = 362 µM). Compound 9 substituted in 

the position C5' exhibited moderate growth inhibition of Mycobacterium bovis with MIC99 = 

20 µg/ml, with no cytotoxicity on Vero cell cultures (MCC > 100 µM).40 
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Fig. 5. Potent inhibitors of TMPKmt (1-9) developed by Van Calenbergh et al. The blue arrows 

indicate a positive change in terms of activity improvement.35,37,40 

Further studies shifted from nucleoside inhibitors to non-nucleoside-based TMPKmt 

inhibitors.41,42 New TMPKmt inhibitors were derived from already existing highly potent 

inhibitors of thymidylate kinase of Staphylococcus aureus. In this subset, deoxyribose was 

replaced by five-membered or six-membered aromatic rings (Fig. 6).43 Van Calenbergh et al. 

followed up the work of Martínez-Bottela et al.43 and resynthesized highly potent inhibitor 10 

(Fig. 6) and tested its inhibition against TMPKmt (Ki = 1.5 µM). The separation of individual 
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enantiomers revealed that S-isomer 11 (Fig. 6) is the eutomer with a higher enzyme affinity to 

TMPKmt (Ki = 0.8 µM) than R-isomer (Ki = 8.8 µM).44 In another work, the simplification of 

compound 11 and replacement of 3-substituted piperidine by 4-substituted-piperidine led to 

other TMPKmt derivative 12 (Fig. 6). Accordingly, quinoline-2-yl-containing analogues were 

discovered, out of which 13 and 14 (both Fig. 6) showed good inhibition activity to TMPKmt 

with IC50 = 1.1 µM and IC50 = 0.95 µM, respectively. For these compounds, minimal inhibitory 

concentration values (MIC) have been measured, making it possible to compare the 

antitubercular efficacy of these compounds with other anti-TB standards. The MIC values of 

compounds 13 (MIC = 15.6-31.25 µg/mL) and 14 (7.8-15.6 µg/mL) against the drug-susceptible 

H37Rv strain were rather negligible. The authors hypothesized that poor mycobacterial activity 

is due to low cell wall uptake or efflux mechanisms. Thus, the study exploited a potential 

combination of 13 and 14 with efflux pump inhibitor verapamil. In this combination, slightly 

better efficiency was achieved for derivative 13 (Mtb H37Rv MIC = 7.8 µg/mL) and also for 14 

(Mtb H37Rv MIC = 3.9-7.8 µg/mL) indicating potential synergism.45 

 

 

Fig. 6. Inhibitors of TMPKmt prepared by Van Calenbergh et al. The blue arrows indicate a 

positive change in terms of antitubercular activity increment. 

 

Derivatives prepared in previous studies by Calenbergh et. al showed excellent activity against 

TMPKmt, but whole-cell activity was moderate or absent, documenting the frequently cited 

issue of target-based drug discovery approaches. Therefore, they sought to further 

structurally modify the TMPKmt inhibitor 15a, preserving the 4-(thymin-1-yl)piperidine moiety 

responsible for inhibition of TMPK and attaching fragments known from the literature for their 

high whole-cell antitubercular activity such as parts of the Q203 (currently in the Phase II of 

clinical trials) and 3,5-dinitrobenzamide (covalent inhibitor of DprE1).46,47 48–51 Furthermore, 

the TMPKmt inhibitor 15a was modified also with siderophores (catecholes, salicylic acid, 8-
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hydroxyquinoline, 2,2´-bipyridine, hydroxamate and 3-(2-

hydroxybenzylidene)dithiocarbazate) capable of chelating iron to increase the whole-cell 

activity and preserve the inhibitory effect on the TMPKmt enzyme. 

The derivative 16 containing imidazopyridine core and the benzamides 17 and 18 showed 

good in vitro activity against H37Rv Mtb strain (Fig. 7). This activity was affected by cultivation 

media, where benzamides showed better activity in iron-deficient media. Moreover, 

compounds 16, 17 and 18 were non-cytotoxic against MRC-5 fibroblasts (IC50 for all > 64 µM). 

The effect of the iron-chelating group was observed for derivative 19 containing 3-(2-

hydroxybenzylidene)dithiocarbazate group, as it was inactive in 7H9/glucose culture medium 

(Mtb H37Rv MIC > 100 µM) but improved activity in Fe-deficient GAST medium (Mtb H37Rv MIC 

= 25 µM). Compound 20 showed the highest inhibitory activity against TMPKmt (IC50 = 0.14 

µM) but with no whole-cell activity (Mtb H37Rv MIC > 100 µM). However, both compound 19 

and 20 showed high in vitro cytotoxicity (MRC-5 CC50 (19) = 6.39 µM, MRC-5 CC50 (20) = 1.45 

µM).52 

 

Fig. 7. Novel derivatives bearing 4-(thymin-1-yl)piperidine moiety responsible for inhibition of 

TMPKmt in combination with the key fragments of highly active antitubercular agents-

benzamides or Q203. ND stands for not determined, due to precipitation in media. 52 
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Another study by Song et al. was inspired by compound 15b.53 In this work the 4-(thymin-1-

yl)piperidine moiety was preserved (Fig. 8),45 while the structure optimization emphasis was 

placed on both phenyl rings of 15b. Initially, authors attempted to incorporate pyridine into 

the structure generating compounds with better water solubility and significantly reduced 

cytotoxicity against MRC-5 (EC50 > 64 µM for all pyridine-containing derivatives). According to 

the cocrystal structure of 21 with TMPKmt, the presence of the pyridine in 21 contributed to 

the inhibitory properties (IC50 = 2.5 µM) via electronic repulsion between the pyridine and the 

phenoxy group oxygen, causing a conformational change of the compound 21 in the enzyme. 

However, no whole-cell activity was observed for compound 21 (Mtb H37Rv MIC > 50 µM). 

Authors thus turned their attention to phenoxy moiety modification following the Topliss tree 

scheme.38 The most active compounds of this series were derivatives 22-25 containing 

chlorine substituents in different phenyl ring positions (Fig. 8). These derivatives showed good 

inhibitory activity of TMPKmt (IC50 = 0.12-6.9 µM), also retaining moderate cell activity (Mtb 

H37Rv MIC = 12.5 µM). On the other hand, the cytotoxicity profile of compounds 22-25 was 

substantially aggravated.53  
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Fig. 8. Inhibitors of TMPKmt 21-25 based on derivative 15b from the previous study. 4-

(Thymin-1-yl)piperidine moiety is highlighted in red, being a key scaffold for interactions with 

TMPKmt active site. The incorporation of halogen into the phenoxy part of the molecule led 

to the compounds with whole-cell antitubercular activity. 

 

Gasse et al. discovered substituted benzyl-pyrimidines as inhibitors of TMPKmt with a Ki = 6.5 

µM for the most active compound 26 (Fig. 9).54 Naphtosultam 27 (Fig. 9) is another potent 

TMPKmt inhibitor with Ki = 0.27 µM.55 The major drawback of 27 is the poor water solubility. 

Modification of the naphthalene region of 27 did not yield a more potent derivative. The 

presence of thymine in 27 was crucial for preserving the activity against TMPKmt.56 
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Fig. 9. Thymine-based non-nucleoside inhibitors of TMPKmt 26 and 27. 

 

2.1.2 Flavin-dependent thymidylate synthase inhibitors 

Thymidine monophosphate, which is an essential DNA precursor found in different species 

(plants, bacteria and eukaryotic cells), is de novo synthesized from 2´-deoxyuridin-5´-

monophosphate (dUMP) by reductive methylation (Fig. 10) at position C5 catalyzed by the 

enzyme thymidylate synthase (ThyA; EC 3.1.1.98). Compound N5,N10-methylene-5,6,7,8-

tetrahydrofolate (CH2THF) acts as methylene and hydride donor, while releasing 7,8-

dihydrofolate (DHF). There are two other underlying processes associated with this 

methylation, namely the reduction of DHF to tetrahydrofolate-THF (catalyzed by dihydrofolate 

reductase) and re-methylation by serine hydroxymethyl-transferase. 

The bacteria can also synthesize thymidylate using flavin-dependent thymidylate synthase 

(ThyX; EC 2.1.1.148) without using ThyA. ThyX contains FAD, which mediates hydride transfer 

from NADPH during the catalytic cycle. In the ThyX catalyzed reaction, the carbon donor is also 

CH2THF converting into tetrahydrofolate (THF) (in ThyA-catalysis, DHF is formed). ThyA and 

ThyX enzymes are both presented in mycobacteria, rarely in eukaryotes, and are absent in 

humans, making them targets of high interest.57–59 

 

 

Fig. 10. Alternative de novo synthesis of dTMP from dUMP catalyzed by ThyX with the use of 

CH2THF as the carbon donor. 

 

Herdewijn et al. prepared a series of 5-alkynyl dUMP derivatives. These compounds were 

tested for inhibitory activity against ThyX and ThyA. The most potent compound 28 with an 

IC50 (ThyX) = 0.91 µM behaved like a selective ThyX inhibitor (Fig. 11). It can be speculated that 

the presence of a phosphate group decreases the mycobacteria cell wall entrance given its 
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hydrophilic features. Therefore, the whole cell activity of 28 was not evaluated,57 leaving the 

space for further structural optimization via phosphate protection strategies known from 

medicinal chemistry of antivirals. 

 

Fig. 11. Selective inhibitor of ThyX as a potential antimycobacterial agent. 

 

2.1.3 Inhibitors of the cytochrome B subunit of the cytochrome bc1 complex  

The cytochrome B subunit of the cytochrome bc1 complex (QcrB; EC 7.1.1.8) is a recently 

discovered mycobacterial target associated with the highly effective anti-TB drug telacebec 

(Q203; Fig. 12), which is currently investigated in Phase II clinical trials.60–63 Bc1 complexes are 

membrane proteins that catalyze the oxidation of ubihydroquinone and the reduction of 

cytochrome C in the respiratory chains of mycobacteria. Electron transport chains impose an 

attractive target because their inhibition interrupts the respiration of mycobacteria, thus 

preventing the synthesis of ATP. 

 

Fig. 12. Clinical candidate Q203 inhibiting mitochondrial QcrB. 

 

The screening of 78 commercially available small molecules led to the discovery of substituted 

4-amino-thieno[2,3-d]pyrimidine derivatives suppressing the growth of the Mycobacterium 

smegmatis via QcrB inhibition. Removal of the carboxyl group (Fig. 13) from hit compound 29 

led to mycobacterial cell wall permeability enhancement and an increase in anti-TB activity. 

The study highlighted 30 as the most promising compound (Fig. 13), confirming QcrB as a 

target using whole genome sequencing of resistant mutants.64 
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Fig. 13. Hit compound 29 and top-ranked QcrB inhibitor 30 from thieno[2,3-d]pyrimidines 

family.  

 

2.1.4 Inhibitors of decaprenylphosphoryl-β-D-ribose-2´-epimerase 

Decaprenylphosphoryl-β-D-ribose-2´-epimerase (DprE1; EC 1.1.98.3) is a widely investigated 

target in mycobacteria species. This flavoprotein was discovered in 2005.65 It catalyzes the 

oxidation of decaprenylphosphoryl-D-ribose (DPR) to decaprenylphophoryl-2-keto ribose 

(DPX), which is reduced to decaprenyl-D-arabinose (DPA) by DprE2 (Fig. 14). DPA is a crucial 

fragment for the synthesis of mycobacterium cell-wall polysaccharides lipoarabinomannan 

and arabinogalactan.66–68 

 

Fig. 14. Epimerization of DPR to DPA. Adapted from ref.68,69 
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DprE1 inhibition strongly affects cell wall integrity and functioning.66,70,71 DprE1 is considered 

a highly interesting target as four drugs inhibiting DprE1 are currently ongoing clinical trial 

testing (Fig. 15). Out of them, benzothiazinones BTZ043 (Mtb H37Rv MIC = 1 ng/mL) and 

PBTZ169 (Mtb H37Rv MIC = ≤ 0.19 ng/mL) are classified as covalent DprE1 inhibitors, being one 

of the most effective anti-TB drugs developed so far. The mechanism of benzothiazinone 

action is nitro group-dependent; it starts with the reduction of nitro to nitroso group that 

covalently bound to Cys387 in the active site of DprE1 forming semimercaptal adduct.66,67,72 

The process ultimately leads to DprE1 inactivation. The second group of compounds acts as 

noncovalent DprE1 inhibitors, including TBA-7371 and OPC-167832.73,74 

 

 

Fig. 15. Inhibitors of DprE1 in clinical trials with noncovalently and covalently binding 

representatives. 

 

A series of substituted pyrimidines were developed based on the chemical similarity, applying 

the Tanimoto score to pyrrolothiadiazoles (Fig. 16). Pyrrolothiadiazole 31 was one of 177 

potent anti-TB compounds discovered by high-throughput screening by GlaxoSmithKline.75,76 

Scaffold hopping was applied to improve the physicochemical properties of the initial 

pyrrolothiadiazole 31, mainly to improve water solubility and in vivo efficacy, switching to 

pyrimidine congeners.77 Both groups of compounds (31-34) were found to be DprE1 

noncovalent inhibitors. 
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Fig. 16. Initial hit compound 31 and member of 4,6-disubstituted pyrimidine (32-34) family 

developed by scaffold hopping, identified as DprE1 noncovalent inhibitors. 

 

To understand the structure-activity relationships (SAR), the authors gradually replaced each 

part of 32 to identify compound 33 as the most potent derivative exerting high activity against 

mycobacteria (Mtb H37Rv MIC90 = 0.6 µM), as well as in the intracellular species using 

macrophage model (Mtb H37Rv MIC90 = 0.07 µM). The selectivity for Mycobacterium species 

was confirmed by testing the activity on a panel of 19 bacteria showing no activity against 

these bacteria (MIC > 128 µg/mL). 

Compound 34 was developed following structural modifications, displaying an acceptable MIC 

value (Mtb H37Rv MIC90 = 1.7 µM), and excellent aqueous solubility (>364 µM, CLND –

chemiluminescent nitrogen detection). Derivative 33 (4.6 mL/min/g tissue) and derivative 34 

(0.5 mL/min/g tissue) exhibited moderate and low microsomal clearance for mouse 

microsomes, respectively. In contrast, derivative 33 (3.1 mL/min/g tissue) and derivative 34 

exhibited high and moderate (0.7 mL/min/g tissue) microsomal clearance for human 

microsomes, respectively. In the mouse pharmacokinetics studies, both compounds had good 

oral bioavailability (100 % for 33 and 79 % for 34), but short half-lives (0.45 h for 33 and 1.0 h 

for 34). 

The in vivo antimycobacterial efficacy of 33 and 34 was evaluated in a rapid acute assay on 

mice C57BL/6. Compounds 33 and 34 were orally administrated for eight days to the TB 

infected mice (Mtb H37Rv). Compounds 33 and 34 were highly effective in the treatment of 

mice (ED99 = 29 mg/kg for derivative 33 a ED99 = 30 mg/kg for 34), reaching the efficacy of the 

commercially available anti-TB drugs in this assay (ED99 = 28 mg/kg for linezolid and ED99 = 

27.7 mg/kg for moxifloxacine).78 
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Noncovalent DprE1 inhibitors derived from N-alkyl-5-hydroxypyrimidinone carboxamides 

were identified from high-throughput screening of a small compound library by St. Jude 

Children's Research Hospital.79 Structural similarity to the antiretroviral drug raltegravir 35 

(Fig. 17), an anti-HIV-1 drug inhibiting integrase through chelation of the magnesium ion, gave 

hope that initial hit 36 would significantly affect phosphoryl transferase in mycobacteria.80–82 

The efficacy of 36 on the Mtb growth was tested in several culture media. The compound was 

active in all media, albeit exerting low activity in nitrate/butyrate medium due to acidic pH 

and nitrosative stress. All sites of the template molecule have been broadly inspected and 

structurally modified, leading to 18 novel derivatives. A detailed study was performed only for 

raltegravir 35. For the other derivatives, only the MIC values in the different culture media 

were established. 

 

 

Fig. 17. 5-Hydroxypyrimidinone carboxamides derived from raltegravir. The N-methyl-5-

hydroxypyrimidinone carboxamide core fragment is highlighted in red. 82 

 

Compound 36 revealed good water solubility, low cytotoxicity against HepG2 cell line (IC50 > 

100 µM), and favorable pharmacokinetics after oral administration to C57BL/6 mice at a dose 

of 10 mg/kg (Cmax = 0.25 µg/mL; Tmax = 1.0 h; T1/2 = 4.1 h). MoA was found to be unrelated to 

magnesium regulation, but the DprE1 was confirmed and validated as a target of this class 

based upon the whole genome sequencing of resistant mutants.82 

Chikhale et al. discovered a series of substituted benzothiazolylpyrimidine-5-carboxamides 

37-40 (Fig. 18), showing an excellent activity in vitro against H37Rv strain of Mtb (MIC = 0.8-3.1 

µM). The most active derivatives were substituted in the para- position of the phenyl ring 

directly attached to the pyrimidine core. MIC values ranged from 0.08 to 0.09 µM (Mtb H37Rv; 

MIC (37, 38) = 0.08 µM; MIC (39, 40) = 0.09 µM). All of these compounds were found selective 

inhibitors of DprE1. Encouraged by their excellent activity, compounds underwent 

pharmacokinetic profile determination. Accordingly, compounds 37-40 were administered 

intravenously (10 mg/kg) and orally (20 mg/kg) to the Sprague Dawley rats. The best 

pharmacokinetic profile showed the most active compound 37 with 52.66 % oral availability 

(Tmax = 0.5 h; t1/2 = 5.5 h; Cmax = 1.8 µg/ml and 0.59 µg/ml after i.v. and p.o administration, 

respectively). Derivative 38 showed comparable oral availability (52.70 %). Despite the good 

pharmacokinetic properties, the in vivo antitubercular activity was not determined. 69 
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Fig. 18. Benzothiazolylpyrimidine-5-carboxamides as DprE1 noncovalent inhibitors.69 

Structure modifications were performed in the phenyl ring at position C4. 

 

2.1.5 Adenosine kinase inhibitors 

Adenosine kinase (AdK; EC 2.7.1.20) is an enzyme involved in adenosine metabolism by 

phosphorylating it to adenosine 5´-monophosphate (AMP). Hocek group developed low 

cytotoxic and highly selective pyrrolo[2,3-d]pyrimidine (7-deazapurine) inhibitors of AdK, 

displaying a high preference for mycobacteria AdK over the corresponding human enzyme 

(Fig. 19). Most of the compounds bearing chlorine and fluorine atom at position C2 of the 7-

deazapurine moiety showed sub-micromolar or even nanomolar inhibition potency against 

AdK, highlighting compound 41 as the most potent one (IC50 = 1 nM). However, all members 

of the family were found nearly inactive under in vitro conditions against Mtb (strain 

My331/88). Only benzofuryl (41, Fig. 19) and dibenzofuryl (42; Fig. 19) nucleosides showed 

moderate activity (MIC value for 42 was 32 µM), while other compounds were inactive (Mtb 

My331/88 MIC > 125 µM). The reason for their low antimycobacterial activity presumably lies 

in low mycobacterial cell wall penetration or by parallel AdK-independent biosynthesis of 

AMP,83 again highlighting the importance of the phenotypic screening approaches from the 

very beginning of the drug discovery projects. 
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Fig. 19. Potent Mtb AdK inhibitors based on deazapurine scaffold developed by Hocek group.83 

 

2.1.6 Inhibitors of the tRNA (guanine37-N1)-methyltransferase  

The enzyme tRNA (guanine37-N1)-methyltransferase (TrmD; EC 2.1.1.228) is essential for the 

correct reading frame during the process of translation (Fig. 20). The biochemical function of 

this enzyme is to catalyze methylation of guanine N1 at nucleotide position 37 in a bacterial 

tRNA isoacceptors by S-adenosyl-L-methionine (SAM). SAM is converted into S-adenosyl-L-

homocysteine (SAH).84–86 

 

Fig. 20. Methylation of guanine catalyzed by TrmD. 

 

Thienopyrimidinones were firstly reported as potent inhibitors of TrmD in Haemophilus 

influenzae in 2013. The thienopyrimidinone class was discovered by a fragment-based 

screening approach from a library containing 14,000 compounds from AstraZeneca. The study 

also confirmed that thienopyrimidinones act as SAM-competitive inhibitors of bacterial TrmD 

as determined by X-ray analysis. The most active compound 43 (Fig. 21) showed broad range 
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activity profile, including activity also against Escherichia coli (E. coli) and Staphylococcus 

aureus (S. aureus).87 

The results of this study were pursued by Zhong et al., who tested the inhibitory activity of 43 

against TrmD in Pseudomonas aeruginosa-PaTrmD (IC50 = 180 nM). The binding of 43 to TrmD 

was further elucidated by surface plasmon resonance (SPR) experiments. Compound 43 

showed a higher affinity to the gram-negative bacteria TrmD than mycobacterial and gram-

positive bacteria TrmD. This can be explained by the cocrystals of compound 43 with PaTrmD 

and MtbTrmD (TrmD in Mycobacterium tuberculosis), observing that compound 43 induces a 

unique conformational change of wall-loop residue in PaTrmD. These data led to the design 

of 33 new compounds with enhanced inhibition activity against PaTrmD. Structural changes 

were devoted to the replacement of the 4-aminopiperidine moiety and the introduction of a 

n-decylamine group proved to be the most advantageous substitution. The derivative 44 

exhibited low antitubercular activity (Mtb H37Rv MIC90 = 43 µM) but excellent inhibitory activity 

of PaTrmD (IC50 = 0.025 µM). 88  

 

 

Fig. 21. Thienopyrimidines as inhibitors of TrmD. Replacement of 4-aminopiperidine was the 

most beneficial for antitubercular and PaTrmD inhibitory activity. 

 

2.2 Pyrimidine derivatives active against Mtb with unknown mechanism of 

action 

2.2.1 Purine-based and purine-inspired inhibitors of Mtb 

 

Gundersen et al. have long been concerned with purine anti-TB agents. One of these 

derivatives, 9-(4-methoxybenzyl)-6-(2-furyl)purine, which has a chlorine at C2 position, is 

among the most potent anti-TB agents prepared by this research group. This derivative 45 

together with other purines variously substituted at C2 served as a template scaffold for 

further work. 89,89–93 These compounds bearing different substituents at position C2 (CF3, NO2, 

H, F, Cl, CH3, CH2CH3, OCH3, N(CH3)2), were converted into 5-formylaminopyrimidines by 

imidazole ring-opening approach (Fig. 22). The rate of this ring-opening reaction is influenced 

by the effect of the group attached to position C2 of purine scaffold, where the electron-

donating groups (Me, Et, OCH3, N(CH3)2) decelerated the speed of reaction, while electron-

withdrawing (Cl, NO2, CF3) groups significantly accelerated the rate of reaction. The presence 
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of fluorine or nitro group in position C2 led to the formation of a small amount of 2-oxopurines 

as side products. The most active 5-formylaminopyrimidine derivatives were the halogen 

derivatives 46 (IC90 (H37Rv) < 0.20 µg/mL) and 47 (IC90 (H37Rv) = 0.29 µg/mL) and the methyl-

derivative 48 (IC90 (H37Rv) = 0.33 µg/mL). It was also proved that the presence of 5-

formylamino group was essential for the anti-TB activity.  

Removal of 5-formamido group in 2-chloropyrimidine derivatives 49 and 50 or its replacement 

with other substituents in pyrimidines 51, 52, 53 and 54 led to a significant decrease of 

antimycobacterial activity. All compounds consistently revealed a good selectivity to Mtb, 

while most of them were inactive against gram-positive bacteria like S. aureus and the gram-

negative E. coli, or displayed a moderate activity only (MIC values > 64 µg/mL). 94 

Another modification of purine 45 led to the synthesis of derivatives 55 and 56 bearing a 

substituted imidazole group attached directly to the pyrimidine ring. Unfortunately, none of 

the structural changes enabled activity increment against Mtb H37Rv (55: IC90 (H37Rv) = 82 

µg/mL; derivative 56 IC90 (H37Rv) = 14 µg/mL). Finally, a safety profile in the family of 5-

formylpyrimidines was predicted by determining cytotoxicity on Vero cells (IC50 > 40 µg/mL), 

suggesting a high selectivity on Mtb.95 
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Fig. 22. Pyrimidine derivatives reported by Gundersen et al. The red line represents the place 

where the ring-opening of imidazole core was performed. 

 

2.2.2 Aminopyrimidines inhibitors of Mtb 

A series of substituted quinoline chalcones were tested against Mtb (H37Rv) and Plasmodium 

falciparium (P. falciparium) NF-H4 responsible for malaria. Only derivatives with 4-amino 

linkage (Fig. 23) showed antitubercular activity. The two most active compounds were 57 and 

58 (MIC = 3.12 µg/mL). Quinoline-chalcones were then converted to 2-aminopyrimidine 

derivatives 59-62 by the reaction with guanidine (Fig. 23). Compound 59 showed a selectivity 

pattern to P. falciparium (inactive against Mtb), whereas derivatives 60 and 61 demonstrated 

selectivity to Mtb (inactive against P. falciparium). The most active pyrimidine derivative of 

the series was 62 exerted moderate activity against Mtb H37Rv (MIC = 6.25 µg/mL) and also 

against P. falciparium (MIC = 1 µg/mL).96 

 

 

Fig. 23. Quinoline-pyrimidines 57-62 with antitubercular activity. Where no MIC value for Mtb 

is given, the compound was inactive. 

 

2.2.3 2-Methyl-4-(pyridin-2-yl)-4H-pyrimidino[2,1-b]benzothiazole-3-carboxylate 

inhibitors of Mtb 

A series of 4H-pyrimido[2,1-b]benzothiazole derivatives was synthesized via a three-

component one-pot reaction.97 The INH was incorporated into the structure of these 

compounds with the aim of enhancing the antitubercular activity. In addition to INH, the 

presence of suitable substituents at positions C5 and C6 was also important for antitubercular 

activity. The unsubstituted derivative 63 was inactive and only the substituted derivatives 64 

and 65 showed moderate activity (Fig. 24). SAR of this class of compounds disclosed that 

substituents like halogens, alkoxy and alkyl in the positions C5 and C6 improved the potency. 

ADMET parameters were also calculated in silico, suggesting good pharmacokinetic properties 

of 64.98 However, it can be speculated that these compounds act the same way as INH. A 

detailed study investigating the MoA is needed to uncover benefits in this class over INH. 

 



25 
 

 

Fig. 24. 2-Methyl-4-(pyridin-2-yl)-4H-pyrimidino[2,1-b]benzothiazole-3-carboxylates 63-65 

with incorporated INH. 

 

2.2.4 Ortho-fused pyrimidine derivatives of Mtb 

Imidazo[1,2-c]pyrimidines based on a structural modification of the recently approved drug 

pretomanid (PA-824; Fig. 25) were disclosed as potential antitubercular agents. The design 

considered the replacement of the oxazine ring with a bioisosteric pyrimidine. The structural 

similarity was checked indirectly by applying molecular modeling studies.99 Notably, 

pretomanide has nitro group-dependent MoA, being activated by deazaflavin-dependent 

nitroreductase, releasing inactive desnitro metabolite. Thus, structural similarity with 

pretomanide in the absence of nitro group is shrowded with a highly questionable rationale. 

A two-step synthetic protocol included a nucleophilic aromatic substitution of chlorine to 

introduce ethanolamine into the structure and subsequent cyclization to the final derivatives 

in the presence of POCl3. All the prepared compounds were tested in vitro for their anti-TB 

activity against the Mtb H37Rv strain. Interestingly, MIC values did not change significantly after 

two and three weeks of incubation, but a significant drop in the activity occurred after 30 days. 

This behavior was notified for the top-ranked candidate 66, reaching MIC value 2 µg/mL 

(comparable activity to amikacin: MIC = 2 µg/mL)100 after two and three weeks of incubation 

dropping down to ten times to 20 µg/mL after 30 days.99 

According to SAR, no substitution at the C5 carbon was tolerated. For all the C5 carbon-

unsubstituted derivatives, anti-TB activity was significantly affected by the benzene 

substitution attached to C7 carbon of the core structure. Indeed, the best activity was 

asssociated with the presence of electron-withdrawing fluorine atom in the ortho and para 

positions or electron-donating group (MeO, Me) in the para position. 
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Fig. 25. Imidazo[1,2-c]pyrimidine derivatives as a new class of anti-TB agents inspired by FDA-

approved antitubercular drug pretomanide. 

 

2.2.5 Pyrrolo[2,3-d]pyrimidine-1,2,3-triazole inhbitors of Mtb 

Highly potent 1H-pyrrolo[2,3-d]pyrimidine-1,2,3-triazole derivatives were developed by Shiva 

Raju et al. via copper-catalyzed intermolecular 1,3-dipolar cycloaddition between alkyne and 

respective aryl-, heteroaryl-, and alkyl-azides (Fig. 26). Final compounds were screened for the 

activity against Mtb H37Rv. Benzyl derivative 67 was inactive (Mtb H37Rv MIC > 25 µg/mL) but 

incorporation of isoxazole into the structure led to the most active compounds  68 and 69 with 

MIC = 0.78 µg/mL against Mtb H37Rv. Compound 68 was subjected to in silico studies, 

suggesting DprE1 as a potential target. However, experimental target validation has not been 

reported yet.101 

 

 

Fig. 26. 1H-Pyrrolo[2,3-d]pyrimidine-1,2,3-triazoles prepared by copper-catalyzed 

intermolecular 1,3-dipolar cycloaddition and their anti-TB activities. 

 

2.2.6 Pyrano[2,3-d]pyrimidine inhibitors of Mtb 

A series of pyrano[2,3-d]pyrimidine with antitubercular activity were reported by Kamdar et 

al. (Fig. 27).102 Chromene-3-carbonitrile 70 was obtained via one-pot reaction of 

malononitrile, 4-methoxybenzaldehyde and variously substituted phenols. The derivative 70 
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did not show activity against Mtb (MIC (H37Rv) > 250 µg/mL) and, for this reason, was subjected 

to further reactions with different reagents like carbon disulfide forming dithione 71. The 

product of the reaction with formic acid was lactam 72 and condensation with thiourea 

yielded compound 73. All these derivatives were tested for antibacterial activity against a 

panel of gram-negative, gram-positive bacteria, and the Mtb H37Rv strain. Derivatives 72 and 

73 were endowed with very low activity, reaching MIC = 62.5 µg/mL against Mtb H37Rv, while 

derivative 71 exhibited activity only against Steprococcus pyogenes and S. aureus (for both 

MIC = 62.5 µg/mL).102 

 

Fig. 27. Pyrano[2,3-d]pyrimidines as antitubercular agents. 

 

2.2.7 5-Cyano-4-chloropyrimidine inhbitors of Mtb 

In a study by Agarwal et al., novel 4-chloropyrimidine derivatives were synthesized and tested 

in vitro for their antibacterial and anti-TB activities (Fig. 28).103 The compounds were 

substituted at positions C2 and C6 by an aryl or alkylthio groups, and at the position C5 by a 

cyano group. In general, compounds revealed a moderate-to-high antitubercular profile, with 

compounds 74-77 as the most active against Mtb H37Rv strain (MIC = 0.78 µg/mL). The SAR 

disclosed that the substituents in positions C2 and C6 influenced efficacy the most. The 

optimal substitution at position C2 was n-propylthio appendage. Chain branching had no or 

negligible impact on the activity. For antitubercular activity, the introduction of an aryl 

substituent at position C6, particularly a thiophen-2-yl (74, 77), a furan-2-yl (75) and a 3-

fluorophenyl (76) group, was beneficial.103  
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Fig. 28. Synthesis and anti-TB activity of substituted 4-chloropyrimidines. The red part 

represents part of the molecule necessary for anti-TB activity. 

 

2.2.8 Pyrazolo[1,5-a]pyrimidines inhibitors of Mtb 

Modi et al. prepared a series of pyrazolo[1,5-a]pyrimidines (Fig. 29) showing promising anti-

TB activity. The most potent derivative 78 showed high in vitro activities against both the 

susceptible strain H37Rv (MIC = 0.8 µg/mL) and the MDR-TB strain (MIC = 3.12 µg/mL). 

However, 78 showed a significant decrease in activity against the XDR-TB strain (MIC = 25 

µg/mL). Similar observation were made for compounds 79 and 80 when displaying almost 

identical activity against the H37Rv strain (MIC = 3.12 µg/mL) and against MDR-TB (MIC = 6.25 

µg/mL). A significant drop in activity was determined for XDR-TB strains, with 79 being 

completely inactive (MIC > 100 µg/mL), only 80 retained residual activity (MIC = 12.5 µg/mL). 

Unfortunately, the mechanism of acquired resistance against XDR and MDR-TB strains 

remained elusive. Cytotoxicity was verified for all three derivatives on Vero cells. Although 

compound 78 showed higher toxicity (IC50 = 13.57 µg/mL) than derivatives 79 (IC50 = 20.99 

µg/mL) and 80 (IC50 = 21.26 µg/mL), derivative 78 had the best selectivity index between MIC 

and IC50(cytotoxicity) values.104  
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Fig. 29. Pyrazolo[1,5-a]pyrimidines with good-to-moderate antitubercular activity against 

drug-susceptible strain H37Rv, MDR-TB and XDR-TB strains. 

 

2.2.9 2-Pyrazolylpyrimidinone inhibitors of Mtb 

A comprehensive review describing pyrazole-containing antitubercular drugs was published 

in 2017 highlighting advances in the drug discovery of these agents.105 Another work identified 

2-pyrazolylpyrimidinones with antitubercular activity through a high-throughput screening 

campaign from a Medicines for Malarie Venture compounds library. From a library counting 

530,000 compounds, two hit compounds 81 and 82 were identified (Fig. 30). These 

compounds had good MIC values in different media, especially in the media containing iron 

(GAST-Fe, MIC = 0.02 µM), suggesting the iron-chelating properties of this scaffold. The family 

of 2-pyrazolylpyrimidinones resembles pyrazolopyrimidinone compounds, which are known 

as intracellular iron chelators useful for the therapy of Mtb (see section 2.2.11).106 In addition, 

the single-crystal X-ray structure in a similar group of pyrazolylpyridines-Fe complexes was 

elucidated.107  

Initial hits 81 and 82 exhibited excellent in vitro anti-TB activity, with compound 81 not 

influencing the activity of potassium channel hERG (IC50 > 30 µM). Unfortunately, compounds 

81 and 82 suffered from limited water solubility at pH 7.4 (81 = 10 µM; 82 < 5 µM) and were 
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cytotoxic against Vero cells (81: IC50 = 8 µM; 82: IC50 = 1.2 µM). All structural modifications 

were conducted with an effort to maintain high anti-TB activity, improve solubility and 

increase the selectivity index between in vitro cytotoxicity and antitubercular activity. The 

most potent derivative 83 (Mtb H37Rv MIC = 0.3 µM) was almost insoluble in water (< 5 µM) 

and hence was excluded from further testing. The second top-ranked derivative in the series 

was 84 (MIC = 0.9 µM), revealing excellent SI values with moderate water solubility (25 µM). 

Furthermore, 84 is endowed with metal-chelating properties, forming the critical part of 

suspected MoA. Iron supplementation using a high concentration of iron salts showed a 

significant change in MIC values, confirming that 2-pyrazolylpyrimidinones perturbs iron-

homeostasis in Mtb.  

 

Fig. 30. Initial hits 81 and 82 determined from a high-throughput screening campaign leading 

to new antitubercular agents 83-88 related to 2-pyrazolylpyrimidinones.  
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The physicochemical and in vitro DMPK (drug, metabolism and pharmacokinetics) properties 

were determined for derivatives 85-88. Compound 85 showed very low microsomal stability, 

and therefore only compounds 86-88 underwent pharmacokinetic determination in mice. 

Derivatives 86 and 87 showed low values of distribution volume and a low clearance rate with 

moderate oral bioavailability of approximately 40%. Derivative 88 displayed 33% oral 

bioavailability, high distribution volume and rapid blood clearance.  

 

Fig. 31. Structural requirements in 2-pyrazolylpyrimidinone family as antitubercular agents. 

The MoA of 2-pyrazolylpyrimidinones remains elusive. The compounds retained activity 

against strains resistant to DprE1 (mutation in C387S) and QcrB (mutation in A396T) inhibitors, 

suggesting that these are not targets. These derivatives did not display a positive signal in the 

two bioluminescence assays PiniB-LUX (positive signal confirms that the compound affects 

mycobacterial cell-wall biosynthesis) and PrecA-LUX (positive signal indicates genotoxicity of 

the compounds). On the other hand, strains with MmpL3 mutations were cross-resistant to 

these compounds. Yet using transcriptional silencing of Mmpl3 did not result in a significant 

change in MIC values, indicating that MmpL3 is not a direct target of these compounds. The 

authors hypothesized that Mmpl3 is a transporter of these compounds across the cell 

membrane. The assumption builds on the fact that these compounds can form heme-like-iron 

complexes, where MmpL3 mediates heme transport. 108 

2.2.10 Ceritinib derivatives as antimycobacterial agents  

Ceritinib displaying a good in vitro MIC value (9.0 µM) against avirulent strain H37Ra served as 

a template drug for the synthesis of antitubercular derivatives. The anti-TB activity of ceritinib 

was found during the screening campaign of MedChemExpress bioactive library of small 

molecules. According to the SAR in the related series, the presence of 2-isopropoxy-5-methyl-

4-(piperidin-4-yl)aniline moiety at position C2 of the ceritinib pyrimidine ring is vital for its 

antimycobacterial efficiency (Fig. 32). The amine linker in position C4 improved activity and in 

vivo efficacy. The most promising derivative was compound 89 with a naphthalene-2-amine 

group at position C4 of the pyrimidine core. Unlike other derivatives showing very close in 

vitro efficacy, derivative 89 exhibited good efficacy even under in vivo conditions and was non-

cytotoxic. Derivative 89 was used for in vivo study in BALB/c mouse model infected with 

autoluminescent H37Ra. Mice were treated for six consecutive days with doses 100 mg/kg and 

300 mg/kg, respectively. In both treated groups, the total lung and spleen bacterial burden 
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was reduced by 2.0 and 0.5 log10 relative light unit (RLU), respectively. Compound 89 even 

exceeded the efficacy of standard ceritinib administered at a dose of 300 mg/kg (1.0 log10 RLU 

reduction in total lung bacterial burden). The target of these compounds was hypothesized 

via in silico modeling only, pointing out to DHFR.109 

 

 

Fig. 32. Structural modifications of ceritinib leading to compound 85 with the highest anti-TB 

activity in this series. 

 

2.2.11 Pyrazolo[1,5-a]pyrimidin-7(4H)one as inhibitors of Mtb 

Oh et al. identified pyrazolo[1,5-a]pyrimidin-7(4H)-one 90, which exhibited good anti-TB 

activity (MIC = 3.12 µM).110 Pyrazolopyrimidines 91-93 are known from the literature as anti-

TB agents (Fig. 33). Compound 91 was published by the group of Ioerger et al. The whole-

genome sequencing of resistant mutants to 91 had mutations in eccB3 (Rv0283), an essential 

component of the ESX-3 type VII secretion system of the mycobacterial genome.111 However, 

the ongoing study suggested that ESX-3 is not likely the target of 91, but that the compound 

interferes with the metabolism of iron, where ESX-3 plays an important role.106 Resistant 

mutants to derivative 92 exhibited insertions of a transposon (IS61110) in rv1685c, a 

transcription factor whose biological role is yet unexplored. Compound 93 was reported as an 

inhibitor of mycobacterial 1-deoxy-D-xylulose-5-phosphate synthase. Interestingly, although 

all three structures show a high degree of similarity, their MoA is different.106,112,113 

Pyrazolo[1,5-a]pyrimidine-7(4H)ones can exist in three tautomeric forms where individual 

tautomers can interact with different biological targets. Motivated by this fact, the authors 

resynthesized derivative 93 and performed X-ray structure analysis which showed that 

pyrazolo[1,5-a]pyrimidine-7(4H)one is found in the keto-form. According to precA-LUX and 

piniB-LUX assays, compounds 90 and 92-94 do not affect the synthesis of cell wall nor cause 

DNA damage. It was also estimated that the anti-TB activity of 90 is not mediated by 

perturbation in iron homeostasis. Derivative 94 was confirmed to have the ability to inhibit 

the growth of Mtb inside macrophages in addition to its high anti-TB activity (MIC = 2.73 µM), 

low cytotoxicity against HepG2 cells (IC50 > 100 µM) and good selectivity index (SI > 36). 

The authors also raised Mtb mutants against 94 with the aim of determining the target. These 

resistant strains showed resistance to 90 and 94 and did not reveal any cross-resistance 

against 91 and 93, suggesting that 91 and 93 have different MoA. The whole-genome 

sequencing of resistant mutant strains to compound 94 pointed to Rv1751 encoding FAD-
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dependent hydroxylase that promotes compound catabolism by hydroxylation from 

molecular oxygen.110  

 

Fig. 33. Pyrazolo[1,5-a]pyrimidin-7(4H)one with anti-TB activity. The red structure highlights 

previously defined pharmacophore. Adapted from ref.110 

 

3. Conclusion 

TB is the number one cause of human death from infectious diseases in the world. More 

strikingly, it is estimated that one-third of the world's population is infected with Mtb. These 

alarming data along with growing numbers in MDR-TB and XDR-TB strains resistant to the 

currently available drugs call for new drugs with suppressed crossover resistance. TB drug 

discovery campaigns are chasing new drugs with lower toxicity and shorter treatment times. 

After decades of low interest and investments into anti-TB research, delamanide, 

pretomanide and bedaquiline have been approved for TB treatment with a few more drugs in 

the late stage of clinical trials, all imposing unique MoA compared to standard TB therapy by 

INH, RIF, EMB and PZA that have been established since 1980s. 

The current review highlighted the role of pyrimidine derivatives as a promising class of 

antitubercular compounds for future drug development. This is corroborated by the fact that 

there are currently three compounds containing the pyrimidine ring in different phases of 

clinical trials. Indeed, TBA-7371 and SPR720 are undergoing Phase II clinical trials. These 

clinical candidates also exert different MoA, with SPR720 inhibiting bacterial DNA gyrase 
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(GyrB), while TBA-7371 is a noncovalent inhibitor of DprE1.114 GSK-286, a Phase I drug 

candidate, is endowed with brand-new MoA associated with cholesterol catabolism. The great 

advantage of introducing pyrimidine into antitubercular agents is their relatively 

straightforward synthesis, allowing to attach various substituents to the pyrimidine core for 

further drug properties improvements. Several classes of pyrimidine-containing compounds 

have been described to date, revealing different MoA. In this review, we have highlighted the 

derivatives acting as noncovalent DprE1 inhibitors 32-34 with the promising anti-TB profile. 

Furthermore, these well water-soluble agents also acted well under in vivo conditions using 

TB-infected mice. Extensive biochemistry and in vivo efficacy proof-of-concept in some of the 

pyrimidine derivatives remain to be performed to enable lead development, and to provide 

the translational potential for the drug to enter clinical trials. Particular attention is paid to 

uncovering new MoA from existing TB drugs as it could result in high sensitivity towards TB 

strains, and it can also provide rational background to develop more potent drugs, e.g. by 

applying in silico techniques. A manageable metabolism profile and good oral availability are 

other important properties pursued in searching for new anti-TB agents. As TB is a comorbid 

disease, PK/PD profiles of a new agent should be compatible with HIV treatment and diabetes 

mellitus management. Most importantly, a new treatment is expected to achieve a stable and 

relapse-free cure. These aspects are critical to follow in the search for new anti-TB drugs. 

Finally, we believe that the information presented in this review may inspire drug discovery 

research of antitubercular agents centered on pyrimidine moiety in the coming years. 
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AdK adenosine kinase 

ADMET absorption, distribution, metabolism, excretion and toxicity 

AIDS   Acquired immune deficiency syndrome 

AMP adenosine 5´-monophosphate 

ATP   adenosine 5´-triphosphate 

ATS/CDC/ERS/IDSA The American Thoracic Society, U.S. centers for Disease control and 

Prevention, European Respiratory Society, and Infectious Diseases 

Society of America 

CH2THF N5,N10-methylene-5,6,7,8-tetrahydrofolate 

COVID-19  Coronavirus Disease 2019 

DHF 7,8-dihydrofolate 
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DNA   deoxyribonucleic acid 

DOTS   directly observed therapy, short course 

DPA decaprenyl-D-arabinose 

DprE1 decaprenylphosphoryl-β-D-ribose-2´-epimerase 

DPR decaprenylphosphoryl-D-ribose  

DPX decaprenylphophoryl-2-keto ribose 

DS-TB   drug-susceptible tuberculosis 

dTDP thymidine diphosphate 

dTMP thymidine monophosphate 

dUMP 2´-deoxyuridin-5´-monophosphate 

EMB   ethambutol 

FAD flavin adenine dinucleotide 

hERG human ether-a-go-go-related gene 

HIV   human immunodeficiency virus 

INH   isoniazid 

LTBI   latent form of tuberculosis infection 

MDR-TB  multidrug-resistant tuberculosis 

MIC minimum inhibitory concentration 

MoA   mechanism of action 

MRC-5 Medical Research Council cell strain 5 

Mtb   Mycobacterium tuberculosis 

NADPH nicotinamide adenine dinucleotide phosphate 

ND not determined 

PanD   aspartate decarboxylase 

PBPs   penicillin-binding proteins 

PZA   pyrazinamide 

QcrB cytochrome B subunit of the cytochrome bc1 complex 

RIF   rifampicin 

RpsA   ribosomal protein S1 

rRNA   ribosomal ribonucleic acid 

SAM S-adenosyl-L-methionine 

SAR structure-activity relationships 

SDGs   sustainable development goals 

TB   tuberculosis 

ThyA thymidylate synthase 

ThyX flavin-dependent thymidylate synthase 

TMPK thymidine monophosphate kinase 
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TMPKh human thymidine monophosphate kinase 

TMPKm mycobacterial thymidine monophosphate kinase 

TrmD tRNA (guanine37-N1)-methyltransferase 

XDR-TB  extensively drug-resistant tuberculosis  
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