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Abstract 
 

Tuberculosis remains one of the world’s leading infectious disease killers, causing more than 1.5 

million of deaths each year. It is therefore a priority to discover and develop new classes of anti-

tuberculosis drugs to design new treatments in order to fight the increasing burden of resistant-

tuberculosis. Fragment-based drug discovery (FBDD) relies on the identification of small molecule 

hits, further improved to high-affinity ligands through three main approaches: fragment growing, 

merging and linking. The aim of this review is to highlight the recent progresses made in fragment-

based approaches for the discovery and development of Mycobacterium tuberculosis inhibitors.  

Introduction 
 

Tuberculosis (TB), caused by the pathogen Mycobacterium tuberculosis (M.tb), has been part 

of mankind history for centuries. The 20th century represented a watershed in the evolution 

of the disease with the improvement of hygiene and standard of living in parallel of the 

discovery of the BCG vaccine and the first antibiotics, leading to a decline in the spread of 

the disease. Unfortunately, with the rise of drug-resistance and the epidemic of HIV, the 

1980’s witnessed a resurgence of TB. In order to reverse the trend, the WHO declared TB as 

a global health emergency at the end of the 20th century, and launched the stop TB program, 

which has been continued by the End TB program in 2015. This program aims to reduce by 

90% the number of TB deaths between 2015 and 2030. Thanks to the increasing efforts from 

the WHO in the past two decades, the number of deaths has been reduced by 14% between 

2015 and 20201, far from the initial 35% reduction 2020 milestone. However, the 

coronavirus disease (COVID-19) pandemic has threatened these gains by causing important 

disruption to services (treatment and diagnosis), reversing gains and setting back the fight 

against TB by several years. As a consequence, TB remains one of the top 10 causes of death 

worldwide, with 10.0 million people infected in 2020, and 1.5 million (including 0.214 million 

co-infected with HIV) died from TB the same year.2  

One major challenge for treating tuberculosis is the long duration of the treatment with the 

current front-line combination of drugs (6 months), which does not facilitate compliance, 

and thus precludes the selection of multi-drug resistant (MDR) and extensively drug resistant 

(XDR) strains. The massive escalating emergence of these resistant strains of M.tb, over the 

last decades, resulted in 483,000 cases of rifampicin-resistant TB reported in 20202 as well as 

12,350 cases of extensively drug resistant (XDR) TB reported in 20191. When multidrug 

resistance is diagnosed, patients have to undergo a 2-year regimen with cure rates of only 

50% for MDR-TB and 20% for XDR-TB. 

It is therefore crucial to find new drugs acting through new mechanisms of action. Ideally, 

these drugs would: 1) be active against MDR and XDR strains, 2) be able to improve and 

shorten the first-line treatments, 3) target non-replicating bacilli and 4) be compatible with 



other drugs to be used in antitubercular and anti-HIV combination treatments. Concerted 

drug discovery efforts since the 2000’s allowed the clinical development and approval of two 

novel classes of anti-TB drugs, namely, bedaquiline (BDQ)3, and nitroimidazoles (delamanid 

and pretomanid)4. In addition to these, a number of promising compounds have been added 

to the pre-clinical and clinical anti-TB drug discovery pipeline in the last 15 years5. In order to 

accelerate the development of new regimens for the treatment of tuberculosis, a European 

public-private platform (ERA4TB) has been launched. However, this pipeline remains 

sparsely filled, and will need additional lead compounds with new modes of action to 

develop novel combination therapies.  

Fragments-based drug design (FBDD), relying on the screening of small libraries (usually 

1 000 to 10 000 compounds) of low molecular weight molecules (heavy atom count (HAC) < 

17-20) is now a well-established process in both industry and academia.6 It is often used in 

drug discovery programs together with standard HTS approaches, where large libraries (105-

107 compounds) of lead-like and drug-like molecules (HAC 25-35) are screened, or with other 

hit finding approaches. There are several advantages in the use of small molecules as drug 

discovery programs starting points. First of all, the sampling of chemical space is much more 

efficient with fragments, even with a small number of them (103-104).7 Moreover, the 

assembling and use of such small libraries is of course less costly and therefore accessible to 

most academics and small biotech companies, on top of the pharmaceutical industry. In 

addition, these small chemical entities usually display more efficient binding modes8 and  

tend to display better physicochemical properties (such as solubility), which is known to be a 

major reason of compounds failure in clinical trials.9 As a consequence of the numerous 

advantages mentioned hereabove, fragment-based programs often lead to quicker lead 

optimization. This optimisation can be achieved through three main strategies: fragment-

growing, fragment-linking and fragment-merging. Fragment-growing is predominantly used 

as it simply involves the “growing” of an initial hit fragment, by expending the structure in 

order to find new interactions within the ligand binding domain. This process is highly 

facilitated when binding mode information is available, allowing for an easier target of 

surrounding binding pockets. When several fragments occupy non-overlapping binding sites, 

they can be assembled in a fragment-linking strategy. Finally, fragment merging consists in 

merging structural features of fragments overlapping with other known ligands. The recent 

advances regarding the three key aspects of fragment-based approaches: Fragment-library 

design, detection of fragment hits and fragment-to-lead strategies is very well 

documented.10 

To date, FBDD has produced 4 approved drugs11 and tens of drug candidates which originate 

from fragments are currently undergoing clinical trials. Although FBDD has been mainly 

applied to proteins involved in cancer (especially kinases), it is also a very attractive 

approach for the discovery of new antibiotics.12 M.tb has a very particular hydrophobic and 

poorly permeable envelope due to a unique mycolic acid layer.13 Therefore cell penetration 

has become a major challenge in the identification of new antitubercular drugs, and is often 



responsible for the frustrating lack of transposition from the “on-target” activity of hits or 

lead compounds to their whole cell activity. To this extend, fragments represent an 

attractive source of small and moderately lipophilic molecules which are more likely to 

penetrate into the bacteria through porins.14 

The first examples of fragment-based approaches for the discovery of new M.tb inhibitors 

were described in the late 2000s, with the discovery of inhibitors of tyrosine phosphatases 

MPtpA and MPtpB.15 Since then, FBDD has been applied to many other targets and 

pathways for the discovery of new antitubercular agents Figure 1).16 In this review, we will 

discuss the most recent advances in fragment-based approaches applied to the discovery 

and development of M.tb inhibitors. 

 

 

Figure 1 :  Recent fragment-based approaches against Mycobacterium tuberculosis. 

  



Development of Fragments targeting cell wall-synthesis 
 

The best example to illustrate the interest of working with fragments is that a large part of 

anti-tuberculosis drugs, targeting the cell-wall synthesis, are rule of three compliant 

molecules such as ethambutol, isoniazid, ethionamide or prothionamide. The first one is a 

first line drug that inhibits arabinogalactan biosynthesis (through inhibition of arabinosyl 

transferase). The three others are prodrugs, meaning that they are bioactivated within the 

bacteria into their active form. This is the case of the first line prodrug isoniazid (INH) and 

second line prodrugs ethionamide (ETH) and protionamide (PTH) that target mycolic acid 

biosynthesis (through inhibition of InhA).  

1. Targeting InhA with fragment-based strategies 

a. Boosting ETH and PTH bioactivation 

Mycolic acid biosynthesis is achieved by the FAS-II pathway, responsible for the elongation 

of short mycolic acid precursors generated by the FAS-I system (Figure 1).17 FAS-II enzymes 

(MabA (FabG1), HadAB/BC, KasA/B and InhA) are attractive drug targets since they are not 

present in eukaryotic cells. Among these, only InhA is targeted by the approved drugs ETH, 

PTH and INH, three prodrugs that require mycobacterial bioactivation18 in order to generate 

covalent adducts with NAD+ with very high affinities for InhA catalytic site.  

The mycobacterial bioactivation of the two thioamide prodrugs ETH and PTH is performed by 

EthA and MymA, two flavin-dependent mycobacterial Baeyer-Villiger monooxygenases. This 

process is under the control of transcriptional repressors EthR.19 For this reason, ETH and 

PTH are used with high doses in clinics as second line drugs because of the resulting very 

narrow therapeutic window. The therapeutic strategy consisting in inhibiting EthR has 

therefore emerged with the aim of potentiating the bioactivation of thioamides, and 

therefore their potency, thus making it possible to consider a reduction in therapeutic doses 

or at least to strengthen the effectiveness of the drug. 

The first crystal structures of EthR serendipitously bound with hexyl octanoate 20 or 1,4-

dioxane 21 revealed a conformation incompatible with DNA binding, which opened the way 

for structure-based design of EthR inhibitors22  and the discovery of compounds that 

potentiate the activity of ethionamide in vitro but also in vivo23.  

In parallel, fragment-based approaches were also applied to discover new chemotypes of 

EthR inhibitors.16, 24  This review will only focus on the most recent advances made in this 

field. 

Starting from fragment 1 (ΔTm (100 µM) = 3C, IC50 = 280 µM, EC50 = 3 µM), identified through 

a thermal-shift screen, Abell and co-workers developed fragment merging and linking 

approaches25 to access compounds 2 and 3 respectively (Figure 2). These two optimized 

analogues showed a higher affinity for EthR than the initial hit, but were surprisingly found 



less (or not) potent to boost ETH in macrophages infected M.tb. The authors attributed this 

lack of activity to poor membrane permeability of larger chemical structures. Therefore, 

starting from the same hit 1, a third approach based on fragment-growing has recently been 

reported by Nikiforov et al.26 Extensive exploration of structure-activity relationships was 

conducted by modifying the nature of the pyrrolidine ring, the nature of the amide linker, 

the length of the linear alkyl chain and the nature of the cyclopentyl ring in order to interact 

with residues Asn176 and Thr149. This led to compounds 4 and 5 (Figure 2) which displayed 

interesting EC50 of 0.4 µM. However, both compounds also shown intrinsic bactericidal 

activity (MIC50 = 1 µM). 

 

 

Figure 2 : Chemical structures and binding modes of EthR inhibitors optimized from fragment 1, through fragment-merging, fragment-linking and fragment-

growing approaches.25, 26 Images generated with Pymol, hydrogen bonds shown as dashed-lines. 

Villemagne et al.27 came to the same conclusion that fragment-growing could lead to more 

potent and efficient ethionamide boosters very likely because of M.tb membrane 

permeability issues.  Indeed, structure-guided optimization of fragment 6 (ΔTm (20 µM) = 

0.1°C, IC50 = 160 µM, EC50 > 20 µM) led to the nanomolar ETH booster 7 (ΔTm (20 µM) = 

11.2°C, IC50 = 0.4 µM, EC50 = 0.08 µM) (Figure 3). However, 7 was poorly stable in presence of 

mouse liver microsomes, and the main metabolism was found to happen through oxidation 

on the methyl moiety. Replacement of the metabolically fragile 2-methyl-1,3-thiazole moiety 

by a 2-cyclopropyl-1,2,4-oxadiazole led to compound 8 (ΔTm (20 µM) = 10.2°C, EC50 = 0.07 

µM, Clint = 69 µL.min-1.mg-1) with similar potency but improved ADME properties, suitable for 

in vivo evaluation (Figure 3). Noteworthily, administration via endotracheal route of 

polymeric cyclodextrin nanoparticles co-loaded with ETH + compound 8 in M.tb infected 

mice led to a 2 log units reduction of the pulmonary bacterial load, compared to the 

untreated group, and more than 1 log compared to the administration of ETH alone.28 This 



represents the first example of fragment-based EthR inhibitors with in vivo ethionamide 

boosting efficacy. 

 

 

Figure 3 : Chemical structures and binding modes of EthR inhibitors optimized from fragment 6, through fragment-growing approaches.
27, 28

 Images generated 

with Pymol, hydrogen bonds shown as dashed-lines. 

Unfortunately, boosting the bioactivation of ETH through overexpression of ethA will only 

impact M.tb strains sensitive to ETH, but not EthA-muted resistant strains. However, in the 

course of chemical exploration for EthR inhibitors, Blondiaux et al.29 identified SMARt-420, a 

spiroisoxazoline based compound devoid of EthR affinity but still able of potentiating ETH 

activity. This discrepancy allowed for the identification of a second bioactivation pathway 

where the inhibition of a new transcriptional repressor, called EthR2, by SMARt-420, leads to 

the expression of the oxidoreductase EthA2, allowing for the thioamide prodrugs to be 

boosted in both ETH-sensitive and ETH-resistant strains. 

Prevet et al.30 described a fragment approach for the discovery of new chemical scaffold of 

EthR2 inhibitors. A 960-fragment library was screened at 1 mM on EthR2 using thermal shift 

assay (TSA), leading to 50 hits with a thermal stabilization (ΔTm) higher than 1°C. Twelve of 

them were confirmed in a dose-response experiment (hit rate of 1.25 %) and were engaged 

in co-crystallization studies, leading to five resolved co-crystal structures. Fragment 9 had 

the highest affinity for EthR2 (ΔTm (1 mM) = 3.4°C). It was also able to disrupt the interaction 

between EthR2 and its DNA-operator (IC50 = 1 µM). Fragment 9 occupies the same binding 

pocket as SMARt-420 (Figure 4). The tropane ring makes hydrophobic contacts with Trp100, 

Ala130 and Ile113 while the tertiary amine being forms a salt bridge with Asp168. The 

chlorophenyl moiety points towards the hydrophobic entrance of the binding domain. 

Structure-activity relationships were first explored by modifying the ethylene linker and the 

tropinone ring. All modifications led to less active compounds. The authors then focused on 

substitutions of the phenyl ring. The para-trifluoromethyl substituted compound 10 (ΔTm (20 

µM) = 0.6°C; IC50 = 0.2 µM) was found to have a similar binding mode as 9, higher affinity for 

EthR2 and be more potent at disrupting EthR2-DNA interaction than hit compound 9. 

Unfortunately, no boosting effect could be observed on M.tb.  



 

Figure 4 : Chemical structures and binding modes of EthR2 inhibitors optimized from fragment 9, through fragment-growing approaches.
30

 Images generated 

with Pymol. 

 

Another conceivable strategy is the design of direct inhibitors of InhA that do not require 

bioactivation, and would therefore have no cross-resistance issues.31 This has led to the 

discovery and development of several classes of inhibitors with very diverse structures 

coming from various approaches.31 However, the first inhibitors coming from fragment-

based approaches have only been reported very recently.  

b. Direct inhibition of InhA with fragments 

First, in 2018, Prati et al.32 described the screening of a 1360-fragment library assembled 

from commercial libraries, commercial fragments from known InhA inhibitors, in-house 

fragments and a library of fragments specifically designed with derivatization moieties, so 

called “functional group complexity” (FGC) library. Pools of 8 fragments were screened 

against InhA using STD NMR (each fragment tested at a concentration of 0.5 mM), leading to 

149 hits (hit rate 11%). Literature suggests that strong InhA inhibitors decrease the STD 

signals of the NADH cofactor, therefore, the 32 fragments able to do so were prioritized. In 

parallel, screening of the 149 initial fragments in a biochemical assay at a concentration of 

0.5 mM only gave 4 hits, which were also part of the 32 strong binders able to decrease the 

NADH STD signal. 15 fragments were engaged in crystallography studies, leading to five 

resolved co-crystal structures. Strikingly, fragments 11 (pIC50 < 3) and 12 (pIC50 < 3) form a 

hydrogen-bond with the side chain of Tyr158 and the NADH ribosyl-20-OH moiety, a feature 

shared with the known InhA inhibitor 13 (pIC50 = 5.0) (Figure 5). On top of this key 

interaction, the pyrimidine ring of 11 interacts with the backbone NH of Met98, while the 

pyridine nitrogen of 12 is predicted to be protonated and interact with the side chain of 

Glu219. Overlay of the binding poses of 11, 12 and 13, allowed for the implementation of 

several fragment-merging strategies. For instance, fragments 11 and 12, both inactive in the 

biochemical assay, were successfully merged into compound 14 (pIC50 = 4.1). The crystal 

structure of compound 14 bound to InhA reveals that the merge compound displays the 

binding features of the individual fragments. Adding a “magic methyl” in position 5 of the 

pyridine ring caused a ten-fold potency improvement (compound 15, pIC50 = 5.0, pKd = 4.7). 

http://practicalfragments.blogspot.com/2012/05/maximum-affinity-of-methyls.html


In parallel, including structural features of fragment 11 in the structure of the known InhA 

inhibitor 13 led to 1.5 log unit improvement in potency (compound 16, pIC50 = 6.5).  

 

 

Figure 5 : Chemical structures and binding modes of InhA inhibitors optimized from fragment 11, through fragment-merging approaches.32 Images generated 

with Pymol, hydrogen bonds shown as dashed-lines. 

Two other hits, fragments 17 and 18 were found to also form an hydrogen bond with the 

NADH ribosyl-20-OH moiety through the 2-N-pyrazole, but not with the Tyr185, since the 

side chain of the tyrosine is flipped. Not surprisingly, good overlay was observed between 

the binding mode of fragment 17 and 18, and the 2 pyrazole containing inhibitors from the 

literature 19 and 20. Therefore, another fragment-merging approach was considered. 

However, in this case, the newly designed analogs (compounds 21 and 22) were less potent 

than compounds 19 and 20. 

 

 
Figure 6: Chemical structures and optimisation of InhA inhibitors starting from fragment 17 and 18.

32 

 

Sabbah et al.33 used TSA to screen an in-house library of 800 rule-of-three compliant 

fragments. In order to find allosteric inhibitors that would not bind to the NAD binding 



domain, the screening was performed in presence of a saturating concentration of NAD+ (1 

mM). 42 hits with a ΔTm ≥ 3°C (hit rate of 5.2%) were identified. They were then further 

confirmed using three different ligand-based NMR techniques: CPMG, WaterLOGSY and STD. 

18 fragments were confirmed in at least two of the three NMR experiments. Interestingly, 15 

of them displayed a carboxylic acid moiety.  All 18 fragments were soaked into InhA crystals 

at 20 mM, yielding 5 well-defined crystal structures. The authors selected fragment 23 as a 

starting point for optimization based on chemical scaffold novelty (Figure 7). The carboxylic 

acid of 23 is interacting with the side chain of Tyr158 as well as the ribose ring from the 

cofactor. Overlaying the binding mode of triclosan, a known inhibitor of InhA, with fragment 

23 highlighted that the carboxylic acid of 23 occupies the same region as the ether linker 

from triclosan. The authors therefore decided to replace the carboxylic acid moiety by a 

sulfonamide and use it as a vector to further explore the InhA pocket, leading to the merged 

compound 24 with a significantly improved activity (54% of InhA inhibition at 0.1 mM) 

compared to fragment 23 (no inhibition of InhA at 2 mM). Structure-activity relationships 

were then explored around the freshly added phenyl ring, by changing the nature of the ring 

or adding various substituents. Introduction of a methylamine moiety in meta position of the 

phenyl ring (compound 25, IC50 = 4 µM) led to a drastic increase in potency. Docking studies 

suggested that a hydrogen-bond between the nitrogen of the methylamine and the 

phosphate of NAD+ could be responsible of this increase in potency. Finally, cyclizing the 

molecule to get rid of the potentially metabolically unstable styrene motif led to sub-

micromolar analog compound 26 (IC50 = 0.31 µM). The X-ray analysis of the InhA-26 complex 

(Figure 7) confirmed the predicted interactions between the sulfonamide and Tyr158 on one 

hand and between the methylamine and the phosphate of NAD+ on the other hand. 

However, compound 26 was not able to decrease the production of mycolic acids and was 

inactive against M.tb. The researchers suggest that this could be due to insufficient cell 

permeability, drug efflux or drug metabolism.

 

Figure 7 : Chemical structures and binding modes of InhA inhibitors optimized from fragment 23, through fragment-merging approaches.34 Images generated 

with Pymol, hydrogen bonds shown as dashed-lines. 

 



All the fragment-based families previously described either directly inhibit InhA or boost the 

bacterial bioconversion of prodrugs into InhA inhibitors. In addition to InhA, three other 

enzymes are involved in the FAS-II system in charge of the elongation of mycolic acids: FabH, 

MabA (FabG1) and HadAB/BC.35 Among all these essential enzymes, only MabA does not 

have any specific inhibitors.  

2. Targeting FabG1 with fragment-based strategies 

Faion et al.36 implemented a fragment-based approach for the discovery of the first specific 

inhibitors of MabA. A 1280 fragments library assembled with commercially available 

fragments and sp3-enriched synthetic molecules37, was screened at 1 mM using an 

LCMS/MS-based enzymatic assay. 50 hits with a percentage of inhibition higher than 30% 

were identified among which 12 were confirmed in dose-response experiments with IC50 

lower than 300 µM. 68 commercially available analogs of the 12 hits were also tested and 

led to the selection of 6 chemical series. Since only the anthranilic acid family (represented 

by compound 27, Figure 8) displayed antibacterial activity (MIC90 = 300 µM), it was selected 

for further optimization. Neither modification of the carboxylic acid moiety, nor substitution 

of positions 4 and 5 of the phenyl ring led to an improvement of the activity. However, the 

carbamate moiety was advantageously replaced by an amide. Structural exploration of the 

amide substituent led to compound 28 with a 3,4-dichlorophenyl moiety (Figure 8) (IC50 = 38 

µM, MIC = 300 µM). Compound 28 was found to be seven times more active than compound 

27 in the enzymatic assay but surprisingly did not show any improved antimycobacterial 

activity. Despite the fact that affinities of fluorinated analogs of compound 28 for MabA 

(evaluated by 19F-NMR) correlated well with enzymatic IC50, the authors do not exclude the 

fact that the observed antimycobacterial activity could be due to another mechanism of 

action.  

 

Figure 8 : Chemical structures of MabA inhibitors optimized from fragment 27, through fragment-approach approaches.36 

Among the five FabG genes encoded in the M.tb genome, only FabG1 (Rv1483) and FabG4 

(Rv0242c) are conserved among all mycobacterial species.38 Just like FabG1, FabG4 was 

shown to be essential for bacterial growth.39  

3. Targeting FabG4 with fragment-based strategies 

Starting with the crystal structure of NADH-bound FabG4, Banerjee et al.40 used 

computational fragment-based drug design the first inhibitors of FabG4. To this purpose 



they gathered fragments and linkers from the literature and merged them to form a library 

of potential FabG inhibitors. Since several polyphenol derivatives have been shown to be 

FabG inhibitors41, they included polyphenols in the fragment-based library. With the aim of 

targeting the NADH-binding site, they included 1,4-triazole linkers in the linker library since 

Chen et al.42 demonstrated that 1,4-triazoles can be used as bioisosters of the 

pyrophosphate linker of NADH, one of FabG4 substrate. The authors selected 

diastereoisomers 29 and 30 as putative FabG4 inhibitors (Figure 9). Interestingly, the trans 

stereoisomer 30 (IC50 = 35 µM, MIC = 5 µg.mL-1) was found more active than the cis 

stereoisomer 29 (IC50 = 45 µM, MIC = 20 µg.mL-1) both in the FabG4 enzymatic assay and in 

the M. smegmatis growth inhibition assay. Docking studies suggested that the triazole linker 

binds in the pyrophosphate binding pocket, as expected. Moreover, compounds 29 and 30 

both are predicted to compete, as targeted, with the NADH binding domain and interact 

with FabG4 through many H-bonds. While compound 29 seems to interact with the 

nicotinamide binding subsite (N-subsite), the adenosine binding subsite (A-subsite) and the 

pyrophosphate binding subsite, compound 30 does not show any interaction with the A-

subsite and seems to interact instead with the acetoacetyl CoA sub-domain. This could 

explain why compound 29 was found to be a competitive inhibitor of FabG4 (with respect to 

NADH) while mixed type of inhibition was observed for compound 30. However, the binding 

energies measured in the docking study do not correlate with the measured Ki and IC50. 

Replacing the catechin moiety with a m-cresol unit (Figure 9) led to the inactive analog 31 

(IC50 = >400 µM). Removing the hydroxyl groups of the gallol moiety also decreases the 

affinity for FabG4 (compound 32, IC50 = 213 µM). 

 



 

Figure 9 : Chemical structures of FabG4 inhibitors derived from in silico screening.40  

Development of Fragments targeting metabolites synthesis 
1. Targeting MtDHFR with fragments 

Dihydrofolate reductase (DHFR) is a key enzyme for mammals as well as microorganisms 

such as M. tb. Indeed, it is responsible for the biosynthesis of tetrahydrofolic acid which is 

required for the biosynthesis of purine and thymidine nucleotides along with many amino 

acids.43 Several approaches have been developed for the discovery of promising 

Mycobacterium tuberculosis Dihydrofolate reductase (MtDHFR) inhibitors but none of them 

has reached clinical trials yet. Shelke et al.44 have used virtual screening for the identification 

of new chemotypes of MtDHFR inhibitors. They used a rule of three compliant virtual library 

of heterocycle-based fragments and identified several scaffolds. All the fragments identified 

showed hydrogen bonding with the backbone of Ile94 and some of them also interacted 

with Asp27 and Phe31. These binding modes have not been confirmed by X-ray 

crystallography yet. 20 hits were synthesized and screened against MtDHFR to measure IC50 

but also against M. tb H37Rv to determine MIC. All compounds showed activity against 

MtDHFR (IC50 ranging from 39 to 90 µM) but only compounds with a quinazolin-4-one 

moiety, mimicking tetrahydrofolate, (such as compound 33, Figure 10) had MIC below 125 

µg/mL (ranging from to 31.5 to 125 µg/mL). No correlation could be observed between IC50 

and MIC.  



 
Figure 10 : Chemical structures of a representative inhibitor of MtDHFR derived from in silico screening.

44  

 

Ribeiro et al.45 screened a rule of three compliant library of 1250 fragments against MtDHFR 

using TSA. This led to the identification of 37 compounds with a ΔTm ≥ 0.5 °C (hit rate 2.8%). 

Interestingly, most of the compounds display a carboxylic acid moiety hold by an aromatic 

ring. 1D STD-NMR was used as a secondary screening to confirm 21 fragments and 

highlighted the importance of the benzoic acid moiety for the binding with the protein.  The 

fragments were further confirmed by ITC, which led to the selection of 8 fragments with Kd 

ranging from 0.095 to 3.2 mM. Interestingly, except for compound 34 (Figure 11), all the other 

fragments showed unique site occupancy. This was confirmed by the X-ray analysis of 

MtDHFR complexes with the fragments. Indeed, compound 34 was found to simultaneously 

bind to the entrance pocket through an ionic interaction with the side chain of Arg60, as 

most of the identified fragments, but was the only one to also interact with the glycerol 

binding pocket through a hydrogen bond with the side chain of Gln28. Because this glycerol 

binding pocket can be found in MtDHFR but not in the human DHFR, the authors selected 

fragment 34 as starting point for optimisation. A fragment-growing approach was 

implemented, by substituting position 5 of the pyrazole ring, leading to compound 35 (ΔTm = 

5.1°C; Kd = 0.017 mM; LE = 0,24) with improved affinity for MtDHFR but slightly decreased 

ligand efficiency. Analysis of MtDHFR complex with compound 35 (Figure 11) indicates that the 

carboxylic acid moiety retains the ionic interaction with Arg60 at the entrance pocket while 

the oxygen of the newly introduced propenamide linker forms a hydrogen-bond with Gln28, 

replacing the second unit of compound 34. 

 

 
Figure 11 : Chemical structures and binding modes of MtDHFR inhibitors optimized from fragment 34, through a fragment-growing approach.45 Images 

generated with Pymol, hydrogen bonds shown as dashed-lines. 

2. Targeting IMPDH with fragments 

Another enzyme involved in the biosynthesis of nucleotides has received more and more 

attention in the last two decades: inosine-5’-monophosphate dehydrogenase (IMPDH). This 



enzyme oxidizes inosine 5’-monophopshate (IMP) into xanthosine 5’-monophosphate (XMP), 

which is then converted to guanosine 5’-monophosphate. IMPDH has been showed essential 

for many pathogens including M. tb, and therefore there has considerable efforts made in 

the last 10 years in order to identify of IMPDH inhibitors as potential new drug candidates. 

Trapero et al.46 have recently reported fragment-linking and fragment-merging approaches 

for the discovery of new chemotypes of IMPDH inhibitors. They used IMPDH from 

Mycobacterium thermoresistible (M. th) as a model because it shares 100% identity with M. 

tb IMPDH in the active site, and is easier to produce and crystallize. A 960 fragments library 

was screened at 1 mM using a biochemical assay leading to 18 hits with a percentage of 

inhibition higher than 50% (1.9 % hit rate). IC50 were measured for six of them, ranging from 

325 µM to 674 µM (LE ranging from 0.31 to 0.42). The binding mode of these six fragments 

was elucidated using X-ray crystallography by soaking with M. th IMPDH. Although it was the 

weakest of the six hits, electron density could only be observed for fragment 36 (IC50 = 674 

µM, LE = 0.36). 36 was able to bind two times simultaneously within the NAD binding pocket 

(Figure 12): The first one is π-stacked with the hypoxanthine of IMP and makes polar contact 

with Gly318 and Glu442 while the second one is hydrogen bonded with Glu442. The authors 

therefore considered both fragment-growing and fragment-linking for the optimization 36. 

Interestingly the phenyl ring of the IMP π-stacked fragment 36 and the imidazole ring of the 

second fragment 36 unit overlap well with the phenyl rings of the previously described 

IMPDH inhibitor 37.47 They thus decided to use the lactate linker found in compound 37 to 

link the 2 units of 36, leading to the 2500-fold more potent but less efficient compound 38 

(IC50 = 0.27 µM, LE = 0.30). The other tested linkers were found to be less attractive.  

 

 
Figure 12 : Chemical structures and binding modes of IMPDH inhibitors optimized from fragment 36, through a fragment-linking and fragment-merging 

approach.45 Images generated with Pymol, hydrogen bonds shown as dashed-lines. 

 

X-ray analysis of IMPDH crystals soaked with compound 38 showed not only it retains the 

key interactions formed by fragment 36 and lead 37 but also creates additional polar 

contacts with Asp267 and Asn297. Despite these various interactions, compound 38 suffered 

severe ligand efficiency drop compared to fragment 36 and compound 37. Moreover, no 



significant inhibition of bacterial growth could be observed at concentrations up to 50 µM, 

unlike compound 37 (MIC90 = 12.5 µM). The authors are currently investigating a potential 

membrane permeability issue or drug-efflux mechanisms. 

In parallel to this fragment-linking/merging approach, a fragment-growing approach was 

used by the extension of fragment 36 at position 2 of the imidazole ring. They mainly 

substituted this position with various aromatic rings linked by a thioacetamide, a motif 

found in previously described IMPDH inhibitors. Although the activity of fragment 36 (<5% 

inhibition @100 µM) could be improved (Figure 12, compound 39; 46% inhibition @100 µM), 

all the analogues from the fragment-growing approach were found to be less active than the 

merged analog 38. 
 

3. Targeting GlcB with fragments 

The glyoxylate shunt plays an important role in M.tb virulence. It consists of the hydrolysis of 

isocitrate into glyoxylate and succinate by the isocitrate lyase (ICL), followed by the 

conversion of glyoxylate into malate by the malate synthase (GlcB). Huang et al. 48 used TSA 

to screen the affinity of 1580 fragments for GlcB. 65 hits with a ΔTm higher than 3°C were 

selected for co-crystallization experiment, leading to 18 complex structures. Interestingly, 16 

of them displayed a carboxylic acid function that chelates the Mg2+ ion, a feature shared 

with the known inhibitors from the phenyldiketo acids family (PDKA, compound 40 for 

instance)49. The fragments were then separated in two groups based on the conformation of 

the protein induced upon ligand binding. Noteworthily, 8 out of the 13 fragments in group 2 

displayed H-bonding with the backbone carbonyl of Met631 through a nitrogen involved in 

an aromatic system. The authors therefore decided to introduce the hydrogen bond forming 

potential of these fragments in the previously described PDKA inhibitors. This resulted in 

indole-based diketo acid compounds among which compound 41 (Figure 13) was the most 

active (IC50 = 0.02 µM). The N-methylated analog was found to be 100-fold less active than 

its counterpart, suggesting the importance of the hydrogen-bond donor potential of the 

indole nitrogen. This was confirmed by co-crystallization of compound 41, revealing H-bond 

with the backbone of Met631. Interestingly, compound 41 was more potent against GlcB 

than the original PKDA compound 40, but no activity on M. tb has been reported for this 

compound. 

 



 
Figure 13 : Chemical structures and binding modes of GlcB inhibitor 41 optimized through fragment-merging approach.48 Images generated with Pymol, 

hydrogen bonds shown as dashed-lines.  

Development of Fragments targeting host-pathogen interactions 
 

In the last decades, more and more attention has also been dedicated to host-pathogen 

interactions for the discovery of new drug targets.50  In particular, it has been shown that 

host cholesterol plays an important role in the infection process51 and can be used as a 

carbon source inside the macrophages.52 It has previously been demonstrated that HsaC and 

HsaD, two enzymes from the superfamily of α/β-hydrolases, have been proven essential for 

the survival of M.tb within macrophages.53 HsaD cleaves carbon-carbon bonds through a 

serine-protease catalytic triad in the cholesterol metabolism pathway. Ryan et al.54 have 

recently described a fragment-based approach for the discovery of the first HsaD inhibitors. 

Screening of a 1258 fragments library by TSA led to the identification of 18 hits (1.4% hit 

rate) which were then tested by TSA, leading to 8 reconfirmed fragments. The validated hits 

were then evaluated in a biochemical assay for their ability to inhibit HsaD at a 

concentration of 1 mM and by STD NMR for their ability to displace phenylmethylsulfonyl 

fluoride (PMSF), a non-specific and covalent inhibitor from the literature.55 These successive 

steps allowed for the identification of 7 fragments able to bind HsaD, among which 5 were 

able to displace PMSF. Sulfonamide fragment 42 (IC50 = 0.41 mM; MIC (M. tb) = 25 µg.mL-1; 

MIC (M. bovis BCG) < 12.5 µg.mL-1) and hydroxybenzoate fragment 43 (IC50 = 0.52 mM; MIC 

(M. tb) < 12.5 µg.mL-1; MIC (M. bovis BCG) < 12.5 µg.mL-1) were the most promising (Figure 14), 

and were therefore selected for structure-activity relationship exploration. Displacing or 

removing the chlorine atoms from fragment 42 led to a loss of potency. Similar results were 

observed when replacing them with various substituents. Potency in the HsaD inhibition 

assay could be improved by introducing an amino moiety in position 4 (compound 44, IC50 = 

0.16 mM, Figure 14). However, this led to a decreased potency on M. tb growth inhibition (MIC 

(M. tb) = 200 µg.mL-1). Similarly, replacing, removing or displacing the chlorine atoms in 

compound 44 led to a significant drop in potency. The hydroxyl group was found to be 



essential and could only be replaced by an amino group. The ethyl ester could be replaced 

by a carboxylic acid moiety (compound 45, IC50 = 0.54 mM, Figure 13) without altering the 

HsaD inhibitory potency, but with a loss in terms of M. tb growth inhibition (MIC = 200 

µg.mL-1). These fragments were found to be non-cytotoxic, and not active against E.coli at 

concentrations up to 100 µg.mL-1, and therefore represent an interesting starting points for 

the development of new selective M. tb inhibitors by fragment-growing, through the use of 

the available co-crystal structures.   

 

 
Figure 14: Chemical structures of HsaD inhibitors 42-45 identified by fragment screening.54 

 

Phenotypic-screening based approaches 
 

In many of successful hit-to-lead optimization examples described hereabove, we have seen 

that strong “on-target” potency does not necessarily transpose into anti-mycobacterial 

activity. These examples illustrate a problem which has now been highlighted many times for 

more than one decade.56, 57 As already mentioned, the main reason for this high attrition 

rate is the thick, complex and poorly permeable mycobacterial cell-wall, preventing many 

lead compounds from entering the mycobacterial fortress. This envelop is also very poorly 

permeable to drug-like molecules found in screening libraries, which usually results in very 

poor hit rates 56, 58. Small and moderately lipophilic molecules are more likely to be able to 

cross the mycobacterial envelop and reach their target. Thereby, fragments seem 

particularly well-suited for phenotypic whole-cell screening. Moreira et al. 59 have screened 

an assembled library of 1725 commercially available fragments at 500 µM against M. bovis 

BCG as a M. tb surrogate. 116 hits were selected with a growth inhibition higher than 80% 



and were then tested for growth inhibition of M. tb in a dose-response experiment, resulting 

in 38 hits with MIC50 < 500 µM. Interestingly, the compounds were found to be quite specific 

to mycobacteria, with 23 hits being also active against M. avium and 13 of them being active 

against M. abscessus, while most compounds were found inactive against a panel of fungi, 

gram positive and gram-negative bacteria. However, it should be noted that more than half 

of the fragments were also found toxic for HepG2 cells with selectivity indexes lower than 5. 

Many current anti-Tb drugs are pro-drug fragments, which require mycobacterial 

bioactivation into their active form. Whether the 38 hits identified in this screening are 

prodrugs or not is currently being investigated by the authors. 

  



Conclusion 
 

In the last two decades, fragment-based approaches have emerged as a powerful 

complementary tool for the discovery of new bioactive molecules, leading to four FDA 

approved drugs and dozens of clinical candidates. In the TB field, as we just saw, FBDD has 

been used more and more extensively for the discovery of hits against so far undruggable 

targets or the discovery of new chemotypes against known targets. However, this has not 

led to promising candidates yet. Indeed, many of the optimized hit compounds reviewed 

hereabove were found very potent in target-based assays but failed to show activity against 

M. tb and only one compound (EthR inhibitor) displayed in vivo activity. This can be 

explained by the fact that crystallography is a crucial factor for the success of FBBD 

approaches which have always been highly centered on target-based assays. Therefore, the 

cell permeability is evaluated and optimized at a later stage, which has been proven 

challenging. We think that the use of fragment-based approaches should engage a shift to 

whole-cell screenings as has been observed in the last decade in the TB drug discovery field. 

Many fragment sized molecules have been used for the treatment of tuberculosis, most of 

them being prodrugs. On top of allowing for the discovery of cell-permeable compounds, 

whole-cell screening of fragments could also allow for the discovery of new fragment 

prodrugs.14 Overall, more chemistry is required in order to explore the chemical space 

further and lay the foundations of successful future screenings. 
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