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Abstract: Tuberculosis is still an urgent global health problem, mainly due to the spread of multi-drug
resistant M. tuberculosis strains, which lead to the need of new more efficient drugs. A strategy to overcome
the problem of the resistance insurgence could be the polypharmacology approach, to develop single
molecules that act on different targets. Polypharmacology could have features that make it an approach more
effective than the classical polypharmacy, in which different drugs with high affinity for one target are taken
together. Firstly, for a compound that has multiple targets, the probability of development of resistance
should be considerably reduced. Moreover, such compounds should have higher efficacy, and could show
synergic effects. Lastly, the use of a single molecule should be conceivably associated with a lower risk of
side effects, and problems of drug-drug interaction. Indeed, the multitargeting approach for the
development of novel antitubercular drugs have gained great interest in recent years. This review article
aims to provide an overview of the most recent and promising multitargeting antitubercular drug candidates.
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1. Introduction

Tuberculosis (TB) is an airborne infectious disease caused by the bacillus Mycobacterium tuberculosis
(MTB). To date, MTB still represents one of the most dangerous pathogens, claiming millions of lives each year
worldwide. As reported by the WHO Global report of 2019, in 2018 at least 10 million people fell ill with TB,
of which 1.2 million died among HIV-negative subjects, but the number grows with an additional 251,000
deaths among HIV-positive patients [1]. Even if the numbers are still high, there is an overall reduction in
recent years, this can be correlated to the improvements in the EndTB Strategy, that started in 2015, whose aim
is to reduce by 80% the incidence of TB worldwide and by 90% the number of deaths caused by this single
infectious agent before 2030 [1].

Understanding the dynamics of MTB transmission is fundamental to control and prevent TB spreading,
especially in high burden countries where this pathogen is still endemic. Genotyping and spoligotyping are
established strategies for the molecular characterization and identification of MTB strains [2]. The complex
interactions between MTB and the host during first contact, infection, and persistence are yet to be fully
understood. The human body response to infectious agents calls for the mobilization of the innate immune
system cells, but MTB can evade the immune response and persist in the human body thanks to its high
genome plasticity [3]. In addition, upon MTB exposure, only a small percentage of patients will develop an
active form of TB, while the majority of them will have a latent TB infection (LTBI) [4]. LTBI is a persistent
immune response to MTB antigens in the absence of clinical symptoms of TB and can be diagnosed with the
interferon-y release assay (IGRA) and the tuberculin skin tests (TST), but the diagnosis of LTBI is not predictive
of developing active TB [5]. Generally, LTBI can switch into the active form of TB in case of a strong immune
system weakening, such as in case of HIV co-infection, or autoimmune diseases, but it can occur in not-high-
risk patients, as well [5].

Molecules 2020, 25, 1239; d0i:10.3390/molecules25051239 www.mdpi.com/journal/molecules



Molecules 2020, 25, 1239 2of 16

Treatment for active drug-susceptible TB is expensive and long, taking up to six months of daily doses of
four first line drugs: Isoniazid, rifampicin, ethambutol, and pyrazinamide. Treatment success rate is generally
higher when the patient follows the treatment to its completion. Low treatment success can depend on
multiple factors, poor counseling during the treatment phase with consequent drop-out, high-risk populations
(refugees, poor), co-morbidity with other pathologies [6]. For these reasons, supporting and informing the
patients is pivotal. Furthermore, treatment outcomes depend on the spreading of MTB drug-resistant strains,
for which the canonical therapy does not work [7]. Drug susceptibility tests should be performed, not only
before, but also during therapy, to allow for an early identification of developing drug-resistant TB (DR-TB)
[7].

Therefore, DR-TB should be carefully treated based on the resistance phenotype of the MTB drug-
resistant strain. As recommended by the WHO consolidated guidelines on drug-resistant tuberculosis
treatment of 2019, rifampicin-susceptible and isoniazid-resistant TB should be treated with daily doses of
rifampicin, ethambutol, pyrazinamide, and levofloxacin or other fluoroquinolones [8].

Poor management of DR-TB can develop in multi-drug resistant TB (MDR-TB) with acquired rifampicin-
resistance (RR-TB) with or without resistance to other first line drugs. MDR-TB/RR-TB treatment can be highly
challenging, usually needing personalized strategies for each patient [9].

Treatment regimen for MDR-TB requires eight months of daily administration of pyrazinamide in
association with at least four more second-line drugs. The duration of the treatment can vary from 12 to 20
months, but mostly depends on the patient response and TB evolution [9]. In the treatment of MDR-TB,
fluoroquinolones, injectable anti-TB drugs, ethionamide, and cycloserine should be used in association to
pyrazinamide for the first intensive phase, while pyrazinamide should be continued for the entirety of the
treatment [9]. If cycloserine cannot be used, the para-aminosalicylic acid (PAS) should be used instead [9].
Streptomycin should be used as a second-line drug only for amikacin-resistant MDR-TB, as it correlates with
a reduced treatment success rate [8].

The spreading of MDR MTB strains has become a major health problem worldwide, especially in high
burden countries, where in depth analysis, exhaustive follow-up information retrieval, and organic
procedures are challenging [10]. Furthermore, due to poor management of treatment administration and
overall inadequate antibiotic distribution, MDR-TB can dramatically evolve into extensively drug resistant TB
(XDR-TB) resistant to isoniazid and rifampicin, associated with resistance to at least one fluoroquinolone and
one injectable second line drug [11]. The use of multiple drugs in combination over a long period of time, in
association with uninformed antibiotic administration, scarce thorough analysis, inadequate patients support
and follow-up, paves the way for the onset of drug-resistance. Currently, there is the need to find new and
more efficient ways to fight MTB infections, that can help bypass the problems of the current therapy. The
tempting idea behind the concept of multitargeting drugs is the reduction of the causalities behind the
development of drug resistance, which could help also reduce the time of antibiotics exposure and the number
of antibiotics administrated to the patients, further reducing the risk of developing mechanism of resistance
and consequently enhancing the possibility of complete recovery.

2. How Polypharmacology Can Help in Fighting MDR-TB?

Drug resistance mechanisms are a main problem to face in fighting MDR- and XDR-TB strains. A
pathogen, indeed, requires often just a single base mutation to became resilient to antibiotics or
chemotherapeutics. The development of a single pharmaceutical molecule that acts on different targets is a
possible strategy to bypass this problem. This multitargeting system is known as “polypharmacology”. SQ109,
for example, is a promising multitarget drug that putatively hits four different targets in the respiratory chain
of M. tuberculosis [12].

Polypharmacology is in contraposition with the more classical “polypharmacy”, the use of different
drugs, each with high affinity for one target, that are taken together as cocktails or multicomponent drugs.
Even if both strategies are effective, polypharmacology possesses important features to underline. Firstly, the
use of only one molecule instead of many is conceivably associated with a possible lower cytotoxicity and side
effects. Moreover, polypharmacology is expected to have a higher therapeutic efficacy, compared to the
classical approach of hitting only one best target at a time [13]. Moreover, multitarget drugs show synergic or
additive effects, this means that they can modulate complex diseases in lower time and with smaller doses
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thanks to simultaneous targeting [14]. Lastly, they may avoid the problem of drug—drug interaction. All these
features allow the consequential improvement of the patient quality of life [15].

For these reasons, polypharmacology is an emerging strategy in therapeutic development of drugs
against synergistic bacterial diseases [16], neurological diseases [17], and cancer [18]. Even if the development
of multitarget drugs is a relatively novel field, some classifications have been already proposed according to
their mechanisms of action, or their structures. Based on mechanisms of action, a molecule that affects different
targets within the same metabolic pathway acts in “vertical targeting”. We can distinguish a “series inhibition”
if the two targets are related (Figure 1A), as for example consequential or in the same pathway, while a
“parallel inhibition” (Figure 1B) when they are unrelated, but should have for example a common substrate
that can be mimicked [12]. The vertical targeting is a strategy that can fight the insurgence of certain kinds of
resistance mechanisms such as mutations [19]. A drug that acts in “network targeting” instead, hits different
targets in different pathways (Figure 1C) [12], and it is able to prevent compensatory homeostatic responses
and the adaptive resistance [14].
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Figure 1. Representation of a general drug (green) that acts in vertical targeting in series (A) when it inhibits
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two related enzymes or in parallel (B) when it targets two unrelated enzymes with a common substrate. A drug
acts in network inhibition (C) when it targets different enzymes in different metabolic pathways. The different
targeted enzymes are arbitrary represented in different colors (Red, Pink, Yellow, Orange, and Blue).

By structure, multitarget drugs may be classified according to the optimization and modifications that
are introduced by chemical tailoring to the original molecule. Another possibility is to rationally design a
multitarget drug by virtual studies. This strategy gives rise to three possibilities: Linked, fused, or merged
pharmacophores (Figure 2).

Linked pharmacophores are molecules bound together by a stable or biodegradable linker [20]. The result
is a larger molecule that does not need further improvement, but the position of the linker is crucial for its
final effect on target. Moreover, this molecule may fail to reach the intracellular compartment of interest
because of its size. From another point of view, some linkers can improve solubility and polarity of the
molecule and reduce unspecific diffusion into an unwanted cellular compartment [21]. Nonetheless, linked
pharmacophores are currently used to produce antibody drug conjugates, that is, a drug (usually a small
molecule) conjugated with an antibody that works as a vessel to reach the target. Another example is to
conjugate a drug, as for example an antibiotic, to bacterial siderophores. The resulting sideromycin exploits
the bacterial uptake mechanisms to be internalized. A promising example is Cefiderocol. This compound, that
binds the penicillin-binding protein 3 (PBP3) inhibiting cell wall biosynthesis, is active against different
multidrug-resistant Gram-negative pathogens such as carbapenem-resistant Pseudomonas aeruginosa,
Acinetobacter baumannii, and Enterobacteriaceae, and is currently in phase II clinical trials [22].
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Fused pharmacophores are the result of two joint small molecules without a linker. According to the type
of final bond (imine, ester, or hydrazine bonds) they may be cleavable or not. Moreover, the position of the
bond is crucial for the final effect of both molecules and the resulting pharmacophore may be a large molecule
with all the consequent problems for its delivery. According to Sterling et al. [23], for example, the “compound
9” described in their article is active against both acetylcholinesterase (AChE) and monoamine oxidases
(MAO:s), and it was created by fusion of rivastigmine and rasagiline [23].

Finally, merged pharmacophores are possible only when a part of two different molecules can overlap,
resulting in their integration. Anyway, to be active, the resulting molecule must possess the correct molecular
geometry and charge distribution to interact with both targets [24]. For example, Ziprasidone is an
antipsychotic drug optimized by the resulting fusion of dopamine and 5-HT:R pharmacophore. It targets both
type 2 dopamine receptors D2 and type 2 serotonin synergic receptors 5-HT:2R [25].
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Figure 2. Example of linked (A), fused (B), and merged pharmacophores (C). Cefepime derivative is the linker
between ceftazidime derivative and catechol moiety in cefiderocol (A). Ladostigil, an analogue of compound 9,
is derived from the fusion of rasagiline with rivastigmine (B). Finally, dopamine is merged with 5-HT2R
pharmacophore and the obtained molecule is optimized to ziprasidone (C).

3. Multitargeting Compounds Against M. tuberculosis

The single-target strategy for the development of novel antimicrobial drugs involves single proteins
essential for survival of the pathogen. However, this approach shows a weakness, since a single mutation in
the target protein could be sufficient to confer resistance. For this reason, drug combinations in TB treatment
are preferred over single-drug therapies; in this context multitarget drug discovery may offer a novel
opportunity [12]. In recent years, several multitargeting antitubercular compounds have emerged [26]. Many
compounds have been firstly discovered through phenotypic screening, then they were retrospectively found
to target multiple proteins simultaneously, such as the case of the MmpL3 inhibitors [12]. Interestingly, in
some cases the compound has been designed or selected as an inhibitor of a specific enzyme or pathway, then
it was found to have additional targets. For instance, the recently described 5-(5-nitrothiophen-2-yl)-4,5-
dihydro-1H-pyrazoles, have been selected as potential inhibitors of the arylamine N-acetyltransferase enzyme,
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and were found to be also potent efflux pump inhibitors [27,28]. Another example is the case of the
tetrahydroisoquinoline compounds, that have been selected as inhibitors of the ATP-dependent MurE ligase,
but were found to have pleiotropic mechanisms of action, not fully clarified yet [29]. On the other hand,
compounds are also emerging from biochemical screens against specific targets, as for instance the GroEL/ES
chaperonin and protein tyrosine phosphatase B inhibitors [30]. Finally, multitargeting compounds have been
specifically designed, as for instance the fatty acids bypass biosynthetic pathways inhibitors [31]. The most
recent and significant examples of the different multitargeting antitubercular compounds are here described.

3.1. MmpL3 Inhibitors

The trehalose monomycolate (TMM) transporter MmpL3 is an essential protein involved in the
translocation of TMM and cell wall mycolates across the membrane. This protein has been defined as a
promiscuous target since several compounds with different scaffolds have been demonstrated to affect its
activity [32]. Among the reported MmpL3 inhibitors, a very promising compound is SQ109 (1) (Figure 3), a
derivative of ethambutol but with a different mechanism of action with respect to its original structure [33].
Actually (1) is now in phase II clinical trial [34].

As the substrates of MmpL3 are part of the cell wall structure, (1) seems to act as a cell wall inhibitor [35].
However, the direct inhibition of MmpL3 has been debated, since (1), as well as another inhibitor, the 1,5-
diarylpyrrole BM212 (2) (Figure 3), have been shown to be active also against latent MTB and against other
bacterial species lacking this transporter [36]. For this reason, an indirect effect on MmpL3 translocation was
suggested, due to the disruption of the proton motive force (PMF) driven by these compounds. Moreover, Li
et al. [36] demonstrated that (1) and some derivatives inhibit in vitro two other MTB enzymes, MenA and
MenG, both involved in the biosynthetic pathway of quinone structures. MenA catalyzes the formation of
demethylmenaquinol by isoprenylation of 1,4-dihydroxy-2-naphthoic acid using one molecule of isoprenoid
diphosphate. MenG acts directly on demethylmenaquinol, catalyzing its S-adenosylmethionine-dependent
methylation to synthesize the demethylmenaquinone. Since this quinone is involved in electron transport, the
final effect is an impairment of ATP biosynthesis [36].
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Figure 3. Structure of trehalose monomycolate transporter (MmpL3) inhibitors SQ109 and BM212.

However, the binding of several inhibitors to MmpL3 has been recently demonstrated, using a fluorescent
competition assay and surface plasmon resonance with the purified protein [37], further confirmed by the
crystal structure of the protein in complex with different compounds, (1) included [38]. Nevertheless, among
these inhibitors only (1) and (2) were demonstrated to dissipate both ApH and AW, thus confirming the effects
of these two compounds on the PMF [38].

It is worth noting that all the attempts to directly isolate any spontaneous resistant MTB mutant to these
two compounds failed [39,40], further demonstrating the usefulness of compounds that have multiple targets
in preventing the resistance insurgence.

3.2. Designed Dual Inhibitors Against Fatty Acids Bypass Biosynthetic Pathways

Mycobacterium tuberculosis possesses a very thick cell wall that allows a certain resilience to molecule
diffusion inside the cell and is essential for the survival during the host infection. One main component of the
cell wall is a plethora of fatty acids that are synthetized primarily by the fatty acid synthesis (FAS) pathway.
MTB possesses two main pathways: FAS-I, a multidomain enzyme that catalyzes the synthesis of short-chain
fatty acids, and the FAS-II system involved in long-chain fatty acids production [41]. Some fatty acids, anyway,
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depend on alternative bypass biosynthetic pathways, such as for example the metabolism of interlinked CoA
dependent fatty acid [42], which could represent an attractive target for novel antitubercular compounds. In
this context, Banerjee et al. selected the two enzymes, encoded on a single operon, FabG4 and HtdX for the
development of novel multitargeting compounds [31]. The first enzyme is a 3-ketoacyl CoA reductase, while
the second is a 3(R)-hydroxyacyl CoA dehydratase that acts on the reduced ketoacyl, the product of the
reaction catalyzed by FabG4. Both enzymes are reported as essential for MTB survival [41-43] and being
involved in consecutive steps of a metabolic pathway, a common inhibitor is supposed to have synergistic
effects. To this purpose, the authors used a blended structure-based and ligand-based design approach. Firstly,
based on the structural information of the catalytic sites they selected as pharmacophores the (3-lactam and the
isoniazid scaffolds, as well as several aromatic rings. The pharmacophores were then combined to form a small
library, that was used for docking studies to select the potential inhibitors. Through this analysis they selected
seven scaffolds, three of them showing significant activity against both enzymes (Figure 4).
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Figure 4. FabG4 and HtdX dual inhibitors.

Moreover, the three compounds displayed interesting antimycobacterial activity against M. smegmatis,
both planktonic and in biofilm, demonstrating the validity of this approach to achieve novel drug candidates
[28].

3.3. Oxadiazolone Derivatives Targeting (Ser/Cys)-Enzymes

The oxadiazolone core is an interesting scaffold, which characterizes compounds known to have
antimycobacterial activity [44,45]. Among these compounds, 5-methoxy-3-(3-phenoxyphenyl)-1,3,4-
oxadiazol-2(3H)-one (6) (Figure 4), was demonstrated to be an inhibitor of the hormone-sensitive lipase family
of enzymes, which forms a covalent slowly reversible bond, such as carbamate or thiocarbamate, with the
catalytic serine or cysteine residue [46]. Thus, since lipolytic enzymes are important for pathogen and host
cross-talk, for pathogenic reactivation or survival during dormancy state, it could represent an interesting
scaffold for the development of therapeutic compounds [47]. Recently, starting from these results, Nguyen et
al. developed eighteen oxadiazole derivatives, by modifying the R chain and the positioning of the phenoxy
group [48]. Four compounds (7-10) (Figure 5) displayed moderate activity against MTB growth in vitro, but
demonstrated to be very active ex vivo, in a macrophage infection model, with low uM minimal inhibitory
concentration (MIC) values, although not toxic for the host.
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Figure 5. Oxadiazolones inhibitors of Ser/Cys-based enzymes, showing both in vitro and ex vivo antitubercular
activity.
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In order to identify the target(s) of the compounds, the researchers applied an activity-based protein
profiling (ABPP) approach, that allowed the identification of 18 different proteins that bind oxadiazolone
derivatives. As expected, all the identified proteins were Ser/Cys-based enzymes, including several
hydrolases, five of them reported as essentials [48]. Three of these putative targets, the proteins TesA, Cfp21,
and Rv0183, have been expressed in recombinant forms, and were confirmed to be directly inhibited by the
compounds. This work allowed the identifications of novel unexploited pathways and enzymes as potential
targets for novel antitubercular multitargeting compounds [48].

3.4. CTP and CoA Biosynthesis Inhibition

One advantage of multitargeting compounds is that the simultaneous inhibition of two different
interconnected pathways should lead to synergistic effects. This is the case for the PyrG and PanK inhibitors.
The two compounds 5-methyl-N-(4-nitrophenyl) thiophene-2-carboxamide (11) and 3-phenyl-N-[(4-piperidin-
1-ylphenyl)carbamothioyl]propanamide (12), have been firstly identified in a high throughput phenotypic
screening study as inhibitors of the CTP synthetase PyrG [49]. Both compounds were demonstrated to be
indeed prodrugs, which need activation by the monooxygenase EthA to exert their antimycobacterial activity,
although only for (11) the active sulfone product (13) has been identified (Figure 6). Moreover, during further
investigations, these compounds were found to possess at least another target, being able to inhibit the
pantothenate kinase PanK [50]. This enzyme catalyzes the first step of coenzyme A (CoA) biosynthesis, by
conversion of the pantothenate (vitamin B5) into 4'-phosphopantothenate. Moreover, two other compounds
(14) and (15), identified through in silico and in vitro target based screenings against PyrG inhibitors,
respectively, were demonstrated to inhibit also the PanK activity [49-51]. CoA is an essential cofactor for many
key enzymes of different metabolic pathways, such as fatty acids biosynthesis and catabolism, for this reason
limiting its bioavailability results in an attractive therapeutic strategy.
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Figure 6. Dual PyrG-PanK inhibitors.

Nevertheless, target knockdown studies demonstrated that PanK is not useful as a potential drug target,
showing poor vulnerability [52]. However, it is worth noting that, although (15) is a relatively moderate
inhibitor of the two enzymes, with ICso values about 5-fold higher than (13), the compound has a similar MIC
value against MTB. Moreover, metabolic labelling studies demonstrated a similar impairment in lipid
metabolism, which derives from the combined depletion of activated CDP-derivatives, necessary for the
biosynthesis of phospholipids, and decreased CoA levels [50]. This work thus confirmed how
polypharmacology should improve the efficacy of compounds, through the synergistic effect of the
simultaneous inhibition of two targets.

3.5. Salicylanilide Carbamate Compounds

Salicylanilide derivative compounds have multiple biological targets described in literature such as D-
Ala-D-Ala ligase [53], transglycosidase [54,55], isocitrate lyase and methionine aminopeptidase [56], L-alanine
dehydrogenase, lysine -aminotransferase, chorismate mutase, pantothenate synthetase [57], and they are also
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able to act as uncouplers disrupting the proton gradient [58]. Moreover, many compounds were found to be
active against MTB, as well as against different nontuberculous mycobacterial strains, with MIC values in
order of few micromolar or submicromolar [59].

Since carbamates have been reported useful to protect phenolic drugs [60], Férriz et al. masked the
phenolic hydroxyl salicylanilide through carbamate formation, in order to increase the hydrophobicity of the
structure thus putatively conferring a better permeability through the MTB cell wall, achieving a series of
salicylanilide N-n-alkyl carbamate compounds (16) (Figure 6) with MIC values ranging from 0.5-2 uM [61].
Subsequently, further N-cycloalkyl/phenyl/phenylalkyl carbamates have been synthetized [62-64]. This series
(compounds (17), Figure 7) showed significant antibacterial and antitubercular activity [59,63], with a reduced
cytotoxicity, although the selectivity in many cases remained rather low [63].

Several salicylanilide derivatives are known to target, among others, the isocitrate lyase ICL1, an enzyme
involved in the glyoxylate and methylcitrate cycles, important for MTB persistence, thus offering an advantage
in fighting TB at different stages [65]. For this reason, the compounds belonging to the (17) series have been
assayed against the recombinant enzymes but resulted only in a very weak inhibition of the activity [59]. Thus,
the actual targets of these very promising antitubercular compounds are still to be clearly identified.
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Figure 7. Antitubercular salicylanilide carbamide compounds.

3.6. Dualtargeting GroEL/ES Chaperonin and Protein Tyrosine Phosphatase B

Protein homeostasis pathways, particularly molecular chaperones are emerging targets for antimicrobial
drug discovery [66]. M. tuberculosis possesses two different GroEL/ES chaperonins (GroEL1 and GroEL?2) that,
together with proteases, maintain cellular protein homeostasis, the former helping proteins to fold, while the
latter committed to their proper degradation. Among the two chaperonins, that have a sequence identity of
only 61%, only GroEL2 is essential for MTB survival, while GroEL1 is important for the granuloma formation.
Thus, the simultaneous inhibition of these two proteins should be efficacious against both active and latent TB
[67]. To this purpose, Johnson et al. in 2014 performed a biochemical screen of 700,000 small molecules,
identifying 235 compounds that inhibit GroEL/GroES-mediated refolding [68], 22 of them have been then
evaluated for the antibacterial activity [69]. Starting from the benzimidazole based compound (18) (Figure 8),
the authors developed a series of derived benzoxazoles (19), with variable sulfonamide end caps [70], showing
good activity against Gram positive bacteria [71]. Based on these results, these compounds have been
evaluated against MTB, but, to determine if simplifying these inhibitors could reduce their cytotoxicity, the
“half-molecules” containing only one sulfonamide end-capping on either right or left sides of the molecule,
have also been developed [30]. However, the “full-molecules” were always more potent than the “half-
molecules”, confirming the importance of both aryl-sulfonamide moieties for inhibition.

Furthermore, the authors noticed some similarity within these compounds and the manner in which the
two (oxalylamino-methylene)-thiophene sulfonamide (OMTS) molecules bind the active site of their target,
the protein tyrosine phosphatase B (PtpB) [30]. Indeed, the analysis of the crystal structure of PtpB in complex
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with the inhibitor, revealed that the sulfonamides moiety of each OMTS molecule were ~ 11-12 A apart,
similarly to the (19) compounds, suggesting that they could bind the protein, bridging the distal and proximal
parts of the active site [30]. PtpB is an MTB phospho-tyrosine phosphatase secreted into the macrophages
cytoplasm that interacts and blocks Erk1/2, p38 mediated IL-6 production, and the Akt signaling, subsequently
causing the interference of macrophages immune response, and promoting intracellular survival [72]. In light
of this evidence a dual targeting compound able to inhibit both GroEL/ES chaperonin systems and PtpB,
should be an effective strategy to treat all stages of tuberculosis. With this aim, two compounds were identified
(21) and (22), characterized by a 5-chlorothiophene and a primary amine either on the right or left-hand sides

of the structure [30].
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Figure 8. Structure of the GroEL/ES chaperonins (GroEL/GroES) and protein tyrosine phosphatase B (PtpB)
dual inhibitors.

These compounds showed moderate antitubercular activity, but a good selectivity over the human
counterpart of the target enzymes, being a promising starting point for the development of more potent
multitargeting inhibitors [30].

3.7. Multitargeting of the Folate Pathway

Folate metabolism has been recently considered an interesting target for potential antitubercular
compounds, as this cofactor is essential for several pathways, such as the synthesis of methionine, purines,
and of the deoxythymidine monophosphate.

Folate antimetabolites, or antifolates, should block the production of reduced folate through the inhibition
of the key enzymes in these metabolic pathways. Among these enzymes, dihydrofolate reductase (DHFR),
that catalyzes the reduction of dihydrofolate to tetrahydrofolate has gained interest, as a target for anticancer
and antimicrobial therapies [73]. Nevertheless, the currently used antifolates, are not particularly active
against MTB, for several reasons. For instance, trimethoprim has a low affinity for the mycobacterial DHFR,
while other compounds, such as methotrexate or pyrimethamine show good potency against the target in vitro
but are characterized by a low cell membrane permeability [74]. However, promising antifolates are the
propargyl-linked antifolates (PLAs) designed as inhibitor of the Staphylococcus Aureus DHER [75]. As these
compounds are supposed to enter cells through passive diffusion, they were supposed to have good
permeability also over the MTB cell wall. Indeed, a screening of a PLAs library identified a series of active
compounds, that were named ionized nonclassical antifolates (INCAs) (23)-(26) (Figure 9) [76].

Interestingly, these compounds have been shown to inhibit also an alternate folate pathway [77], which
relies on two recently discovered enzymes: Rv2671 the second DHER found in MTB, and the flavin-dependent
thymidylate synthase (FDTS) [78,79]. In particular, INCAs showed good activity against both DHFR and
Rv2671, with an inhibitory constant in the low nM range, and good selectivity over the human dihydrofolate
reductase. Thus, inhibiting two enzymes belonging to an alternate pathway for the same metabolite, INCAs
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frustrate the functional redundancy that should ensure high levels of reduced folates, leading to considerable
potency against MTB, with MIC values in the nM-low uM range [76].

NH, _ O
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Figure 9. Structure of the antitubercular folate pathway inhibitors ionized nonclassical antifolates (INCAs).

Moreover, a special mention is mandatory for the para-aminosalicylic acid (PAS). Indeed, PAS targets
DHEFR as a prodrug, and its metabolite PAS-M has shown to act as a competitive substrate for two other
enzymes: The dihydropteroate synthase DHPS along the same biosynthetic route and the flavin-dependent
thymidylate synthase FDTS in the alternative one [77]. Nowadays, PAS is the only successfully used inhibitor
of folate pathway in TB treatments.

3.8. Ethionamide and Ethionamide Booster Co-Administration

Several antitubercular compounds, including drugs in clinical practice, are indeed prodrugs, that need
enzymatic activation to fulfill their inhibitory effects [80]. Ethionamide (ETH) (27), one of the most widely
used second-line drugs for MDR-TB treatment, is converted into the nicotinamide adenine dinucleotide
adduct by the Bayer—Villiger monooxygenase EthA. Then, the active adduct acts inhibiting the enoyl-acyl-
carrier-protein reductase InhA, impairing the mycolic acids biosynthesis [81]. Since EthA is regulated by the
transcriptional repressor EthR, the limited expression of the activator can limit the bioactivation of (27). Thus,
to overcome this issue several EthR inhibitors have been developed, that allowed to greatly increase the in
vivo potency of (27) [82-84].

However, the co-administration of ETH and booster have been found to be hampered by several factors,
particularly the low water solubility of these compounds and the propensity of (27) to crystallize. To address
the issue of the solubility of the compounds, (3-cyclodextrin based nanoparticles for the simultaneous co-
administration of (27) and the BDM43266 (28) booster (Figure 10) have been developed [85]. However, these
nanoparticles displayed drug loading only of 5%. A great improvement was achieved by the synthesis of a co-
drug (29), able to self-associate into nanoparticles (Figure 10) [86].
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Figure 10. Structure of the second-line antitubercular drug ethionamide (ETH) (27), of its booster (28), and of
the co-drug (29).

The new compound was obtained by tethering N-hydroxymethyl derivatives of both (27) and (28)
through a glutaric linker, potentially cleavable intracellularly by esterase. Interestingly, (29) was found able to
self-assemble into nanoparticles in a very stable way, which displayed a drug loading of about 80%. Moreover,
a suspension of these nanoparticles was found very active in a mouse model, upon direct intranasal
administration into the lung [86]. This compound represents a further example of the flexibility and
effectiveness of the multitargeting approach.

3.9. In Silico Approaches for Multitargeting Compounds Development

The development of effective multitargeting compounds could benefit also from in silico approaches. For
instance, Janardhan et al. proposed and implemented an in silico guided polypharmacological approach,
based on a combination of pharmacophore and QSAR based virtual screening strategy [87]. Starting from three
well recognized antitubercular drug targets, such as InhA, the N-acetyl-glucosamine-1-phosphate
uridyltransferase GlmU, and the dihydrodipicolinate reductase DapB, they selected 784 hits from a large
database, by structure based and ligand based virtual screening protocols. These structures were then further
subjected to docking studies against 33 potential targets, and the 110 potential multitargeting hits identified
were subjected to different screening protocols to evaluate different parameters, including cell permeability,
drug-likeness, and structural alerts. Finally, they achieved nine structures potentially active against more than
10 different targets, as scaffolds for future designs of selective inhibitors, although to date none of them have
been assayed yet [87]. However, considering this approach, Volynets et al. [88] identified a hit compound that
efficiently inhibits in vitro the two enzymes leucyl-tRNA synthetase LeuRS and methionyl-tRNA synthetase
MetRS, thus confirming the usefulness of in silico studies to develop multitargeting antitubercular agents [88].

4. Conclusion and Future Perspectives

The global problem of the spread of MDR and XDR MTB strains leads to the necessity of novel approaches
for the development of the so called “resistance resistant” drugs. In this context polypharmacology appears
very promising, as demonstrated by the numbers of compounds that have been designed or discovered in
recent years, here described. Moreover, it is worth noting that the two compounds PAS and SQ109, that are
already in clinical practice or trials for TB treatment, have been demonstrated to be multitargeting compounds,
thus demonstrating the great potential of this approach for the development of new drugs to eradicate TB,
and contrast the spreading of resistant MTB strains.

Author Contributions: Conceptualization, L.R.C.; writing, J.C.S., G.S., and L.R.C,; visualization, ]J.C.S. and G.S.; review
and editing, L.R.C. All authors have read and agreed to the published version of the manuscript.



Molecules 2020, 25, 1239 12 of 16

Funding: This research was funded by the Italian Ministry of Education, University and Research (MIUR): Dipartimenti
di Eccellenza Program (2018-2022) —Dept. of Biology and Biotechnology "L. Spallanzani", University of Pavia. The funders
had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  World Health Organization. Global tuberculosis report 2019. Available online:
https://www.who.int/tb/publications/global_report/en/ (accessed 13 February 2020).

2. Merker, M.; Kohl, T.A.; Niemann, S.; Supply, P. The evolution of strain typing in the Mycobacterium tuberculosis
complex. Adv Exp Med. Biol. 2017, 1019, 43-78.

3. Beites, T.; O'Brien, K,; Tiwari, D.; Engelhart, C.A.; Walters, S.; Andrews, ].; Yang, H.].; Sutphen, M.L.; Weiner, D.M.;
Dayao, EK,; et al. Plasticity of the Mycobacterium tuberculosis respiratory chain and its impact on tuberculosis drug
development. Nat. Commun. 2019, 10, 4970.

4. Zellweger, ].P. Screening migrants for tuberculosis and latent TB infection: The reward will come later. Eur. Respir. ].
2019, 54, 1901719.

5. Huaman, M.A; Sterling, T.R. Treatment of latent tuberculosis infection-an update. Clin Chest Med. 2019, 40, 839-848.

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

7. Cegielski, ].P.; Kurbatova, E.; van der Walt, M.; Brand, ].; Ershova, ].; Tupasi, T.; Caoili, ].C.; Dalton, T.; Contreras, C.;
Yagui, M.; et al. Multidrug-resistant tuberculosis treatment outcomes in relation to treatment and initial versus
acquired second-line drug resistance. Clin. Infect. Dis. 2016, 62, 418—430.

8.  World Health Organization. Consolidated guidelines on drug-resistant tuberculosis treatment of 2019 Available
online: https://www.who.int/tb/publications/2019/consolidated-guidelines-drug-resistant-TB-treatment/en/
(accessed 25 February 2020).

9. World Health Organization. Treatment guidelines for rifampicin and multidrug-resistant tuberculosis, 2018 update.
Available online: https://www.who.int/tb/areas-of-work/drug-resistant-tb/treatment/gdg-meeting-mdr-rr-tb-
treatment-2018-update/en/ (accessed 25 February 2020).

10. Adejumo, O.A.; Olusola-Faleye, B.; Adepoju, V.; Bowale, A.; Adesola, S.; Falana, A.; Owuna, H.; Otemuyiwa, K;
Oladega, S.; Adegboye, O. Prevalence of rifampicin resistant tuberculosis and associated factors among presumptive
tuberculosis patients in a secondary referral hospital in Lagos Nigeria. Afr. Health Sci. 2018, 18, 472—478.

11. Nguyen, H.B.; Nguyen, N.V.; Tran, H.T.; Nguyen, H.V.; Bui, Q.T. Prevalence of resistance to second-line tuberculosis
drug among multidrug-resistant tuberculosis patients in VietNam, 2011. Western Pac. Surveill Resp. ]. 2016, 7, 35-40.

12.  Li, K,; Schurig-Briccio, L.A.; Feng, X.; Upadhyay, A.; Pujari, V.; Lechartier, B.; Fontes, F.L.; Yang, H.; Rao, G.; Zhu,
W.; et al. Multitarget drug discovery for tuberculosis and other infectious diseases. ]. Med. Chem. 2014, 57, 3126-3139.

13.  Anand, P.; Chandra, N. Characterizing the pocketome of Mycobacterium tuberculosis and application in rationalizing
polypharmacological target selection. Sci. Rep. 2014, 4, 6356.

14. Talevi, A. Multi-target pharmacology: Possibilities and limitations of the "skeleton key approach" from a medicinal
chemist perspective. Front. Pharmacol. 2015, 6, 205.

15.  Anighoro, A.; Bajorath, J.; Rastelli, G. Polypharmacology: Challenges and opportunities in drug discovery. |. Med.
Chem. 2014, 57, 7874-7887.

16. East, S.P.; Silver, L.L. Multitarget ligands in antibacterial research: Progress and opportunities. Expert. Opin. Drug
Discov. 2013, 8, 143-156.

17. Savelieff, M.G.; Nam, G.; Kang, ].; Lee, H.]J.; Lee, M.; Lim, M.H. Development of multifunctional molecules as
potential therapeutic candidates for Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis in
the last decade. Chem. Rev. 2019, 119, 1221-1322.

18. Petrelli, A.; Valabrega, G. Multitarget drugs: The present and the future of cancer therapy. Exp. Opin. Pharmaco. 2009,
10, 589-600.

19. Shahbazian, D.; Sznol, J.; Kluger, H.M. Vertical pathway targeting in cancer therapy. Adv. Pharmacol. 2012, 65, 1-26.

20. Merk, D.; Schubert-Zsilavecz, M. The Linker Approach. In Drug Selectivity: An Evolving Concept in Medicinal Chemistry,
Handler, N., Buschmann, H., Mannhold, R., Holenz, J. Eds.; Wiley-VCH Verlag GmbH: Weinheim, Germany, 2017.

21. Srinivasarao, M.; Galliford, C.V.; Low, P.S. Principles in the design of ligand-targeted cancer therapeutics and

imaging agents. Nat. Rev. Drug Discov. 2015, 14, 203-219.



Molecules 2020, 25, 1239 13 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Jean, S.S.; Hsueh, S.C.; Lee, W.S.; Hsueh, P.R. Cefiderocol: A promising antibiotic against multidrug-resistant Gram-
negative bacteria. Exp. Rev. Anti-Infect Ther. 2019, 17, 307-309.

Sterling, J.; Herzig, Y.; Goren, T.; Finkelstein, N.; Lerner, D.; Goldenberg, W.; Miskolczi, I.; Molnar, S.; Rantal, F.;
Tamas, T.; et al. Novel dual inhibitors of AChE and MAOQO derived from hydroxy aminoindan and phenethylamine
as potential treatment for Alzheimer's disease. J. Med. Chem. 2002, 45, 5260-5279.

Proschak, E.; Stark, H.; Merk, D. Polypharmacology by design: A medicinal chemist's perspective on multitargeting
compounds. J. Med. Chem. 2019, 62, 420-444.

Bansal, Y.; Silakari, O. Multifunctional compounds: Smart molecules for multifactorial diseases. Eur. J. Med. Chem.
2014, 76, 31-42.

de Oliveira Viana, J.; Ishiki, H.M.; Scotti, M.T.; Scotti, L. Multi-Target Antitubercular Drugs. Curr. Top. Med. Chem.
2018, 18, 750-758.

Khambete, M.; Kundaikar, H.; Raju, A.; Lonkar, S.; Degani, M.; Ray, M.K. Design and synthesis of 5-(5-nitrothiophen-
2-yl)-3-phenyl-4,5-dihydro-1H-pyrazole derivatives with improved solubility and potential antituberculosis activity.
Chem. Biol. Drug Des. 2019, 93, 84-88.

Agre, N.; Khambete, M.; Maitra, A.; Gupta, A.; Munshi, T.; Bhakta, S.; Degani, M. Exploration of 5-(5-nitrothiophen-
2-yl)-4,5- dihydro-1H-pyrazoles as selective, multitargeted antimycobacterial agents. Chem. Biol. Drug Des. 2020, 95,
192-199.

Guzman, ].D.; Pesnot, T.; Barrera, D.A.; Davies, HM.; McMahon, E.; Evangelopoulos, D.; Mortazavi, P.N.; Munshi,
T.; Maitra, A.; Lamming, E.D.; et al. Tetrahydroisoquinolines affect the whole-cell phenotype of Mycobacterium
tuberculosis by inhibiting the ATP-dependent MurE ligase. J. Antimicrob. Chemother. 2015, 70, 1691-1703.

Washburn, A.; Abdeen, S.; Ovechkina, Y.; Ray, A.M.; Stevens, M.; Chitre, S,; Sivinski, J.; Park, Y.; Johnson, J.; Hoang,
Q.Q.; et al. Dual-targeting GroEL/ES chaperonin and protein tyrosine phosphatase B (PtpB) inhibitors: A
polypharmacology strategy for treating Mycobacterium tuberculosis infections. Bioorg. Med. Chem. Lett. 2019, 29, 1665—
1672.

Banerjee, D.R.; Biswas, R.; Das, A.K.; Basak, A. Design, synthesis and characterization of dual inhibitors against new
targets FabG4 and HtdX of Mycobacterium tuberculosis. Eur. ]. Med. Chem. 2015, 100, 223-234.

Degiacomi, G.; Belardinelli, ].M.; Pasca, M.R.; De Rossi, E.; Riccardi, G.; Chiarelli, L.R. Promiscuous targets for
antitubercular drug discovery: The paradigm of DprE1 and MmpL3. Appl. Sci. 2020, 10, 623.

Protopopova, M.; Hanrahan, C.; Nikonenko, B.; Samala, R.; Chen, P.; Gearhart, J.; Einck, L.; Nacy, C.A. Identification
of a new antitubercular drug candidate, SQ109, from a combinatorial library of 1,2-ethylenediamines. ]. Antimicrob.
Chemother. 2005, 56, 968-974.

Working Group on New TB Drugs. Available online: www.newtbdrugs.org/pipeline/compound/sq109 (accessed 13
February 2020).

Sacksteder, K.A.; Protopopova, M.; Barry, C.E.; Andries, K.; Nacy, C.A. Discovery and development of SQ109: A new
antitubercular drug with a novel mechanism of action. Fut. Microbio. 2012, 7, 823-837.

Li, W.; Upadhyay, A.; Fontes, F.L.; North, E.J.; Wang, Y.; Crans, D.C.; Grzegorzewicz, A.E.; Jones, V.; Franzblau, S.G.;
Lee, R.E.; et al. Novel insights into the mechanism of inhibition of MmpL3, a target of multiple pharmacophores in
Mycobacterium tuberculosis. Antimicrob. Agents Chemother. 2014, 58, 6413-6423.

Li, W.; Stevens, C.M.; Pandya, A.N.; Darzynkiewicz, Z.; Bhattarai, P.; Tong, W.; Gonzalez-Juarrero, M.; North, E.J.;
Zgurskaya, H.I; Jackson, M. Direct inhibition of MmpL3 by novel antitubercular compounds. ACS Infect. Dis. 2019,
5,1001-1012.

Zhang, B.; Li, J.; Yang, X.; Wu, L.; Zhang, J.; Yang, Y.; Zhao, Y.; Zhang, L.; Cheng, X,; Liu, Z.; et al. Crystal structures
of membrane transporter MmpL3, an anti-TB drug target. Cell 2019, 176, 636-648.

La Rosa, V.; Poce, G.; Canseco, J.O.; Buroni, S.; Pasca, M.R.; Biava, M.; Raju, R.M.; Porretta, G.C.; Alfonso, S.;
Battilocchio, C.; et al. MmpL3 is the cellular target of the antitubercular pyrrole derivative BM212. Antimicrob. Agents
Chemother. 2012, 56, 324-331.

Tahlan, K.; Wilson, R.; Kastrinsky, D.B.; Arora, K.; Nair, V.; Fischer, E.; Barnes, S.W.; Walker, ].R.; Alland, D.; Barry,
C.E,; et al. SQ109 targets MmpL3, a membrane transporter of trehalose monomycolate involved in mycolic acid
donation to the cell wall core of Mycobacterium tuberculosis. Antimicrob. Agents Chemother. 2012, 56, 1797-1809.
Takayama, K.; Wang, C.; Besra, G.S. Pathway to synthesis and processing of mycolic acids in Mycobacterium
tuberculosis. Clin. Microbio. Rev. 2005, 18, 81-101.

Boshoff, H.I.; Myers, T.G.; Copp, B.R.; McNeil, M.R.; Wilson, M.A.; Barry, C.E. The transcriptional responses of
Mycobacterium tuberculosis to inhibitors of metabolism: Novel insights into drug mechanisms of action. J. Biol. Chem.
2004, 279, 40174-40184.




Molecules 2020, 25, 1239 14 of 16

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Kikuchi, S.; Kusaka, T., New malonyl-CoA-dependent fatty acid elongation system in Mycobacterium smegmatis. .
Biochem. 1982, 92, 839-844.

Zampieri, D.; Mamolo, M.G.; Laurini, E.; Fermeglia, M.; Posocco, P.; Pricl, S.; Banfi, E.; Scialino, G.; Vio, L.
Antimycobacterial activity of new 3,5-disubstituted 1,3,4-oxadiazol-2(3H)-one derivatives. Molecular modeling
investigations. Bioorg. Med. Chem. 2009, 17, 4693—-4707.

Mamolo, M.G.; Zampieri, D.; Vio, L.; Fermeglia, M.; Ferrone, M.; Pricl, S.; Scialino, G.; Banfi, E. Antimycobacterial
activity of new 3-substituted 5-(pyridin-4-yl)-3H-1,3,4-oxadiazol-2-one and 2-thione derivatives. Preliminary
molecular modeling investigations. Bioorg. Med. Chem. 2005, 13, 3797-3809.

Bénarouche, A.; Point, V.; Carriere, F.; Cavalier, J.F. Using the reversible inhibition of gastric lipase by Orlistat for
investigating simultaneously lipase adsorption and substrate hydrolysis at the lipid-water interface. Biochimie 2014,
101, 221-231.

Dedieu, L.; Serveau-Avesque, C.; Kremer, L.; Canaan, S. Mycobacterial lipolytic enzymes: A gold mine for
tuberculosis research. Biochimie 2013, 95, 66-73.

Nguyen, P.C.; Delorme, V.; Bénarouche, A.; Guy, A.; Landry, V.; Audebert, S.; Pophillat, M.; Camoin, L.; Crauste, C.;
Galano, ].M.; et al. Oxadiazolone derivatives, new promising multi-target inhibitors against M. tuberculosis. Bioorg.
Chem. 2018, 81, 414-424.

Mori, G.; Chiarelli, L.R.; Esposito, M.; Makarov, V.; Bellinzoni, M.; Hartkoorn, R.C.; Degiacomi, G.; Boldrin, F.; Ekins,
S.; De jesus lopes ribeiro, A.L.; et al. Thiophenecarboxamidederivatives activated by EthA kill Mycobacterium
tuberculosis by inhibiting the CTP synthetase PyrG. Chem. Biol. 2015, 22, 917-927.

Chiarelli, L.R.; Mori, G.; Orena, B.S.; Esposito, M.; Lane, T.; de Jesus Lopes Ribeiro, A.L.; Degiacomi, G.; Zemanova,
J.; Szadocka, S.; Huszar, S; et al. A multitarget approach to drug discovery inhibiting Mycobacterium tuberculosis PyrG
and PanK. Sci. Rep. 2018, 8, 3187.

Esposito, M.; Szadocka, S.; Degiacomi, G.; Orena, B.S.; Mori, G.; Piano, V.; Boldrin, F.; Zemanova, J.; Huszar, S.;
Barros, D.; et al. A phenotypic based target screening approach delivers new antitubercular CTP synthetase
inhibitors. ACS Infect. Dis. 2017, 3, 428-437.

Reddy, B.K,; Landge, S.; Ravishankar, S.; Patil, V.; Shinde, V.; Tantry, S.; Kale, M.; Raichurkar, A.; Menasinakai, S.;
Mudugal, N.V.; et al. Assessment of Mycobacterium tuberculosis pantothenate kinase vulnerability through target
knockdown and mechanistically diverse inhibitors. Antimicrob. Agents Chemother. 2014, 58, 3312-3326.

Triola, G.; Wetzel, S.; Ellinger, B.; Koch, M.A.; Hiibel, K.; Rauh, D.; Waldmann, H. ATP competitive inhibitors of D-
alanine-D-alanine ligase based on protein kinase inhibitor scaffolds. Bioorg. Med. Chem. 2009, 17, 1079-1087.

Cheng, T.].; Wu, Y.T.; Yang, S.T.; Lo, K.H.; Chen, S.K,; Chen, Y.H.; Huang, W.I; Yuan, C.H.; Guo, CW.; Huang, L.Y ;
et al. High-throughput identification of antibacterials against methicillin-resistant Staphylococcus aureus (MRSA) and
the transglycosylase. Bioorg. Med. Chem. 2010, 18, 8512-8529.

Wu, W.S.; Cheng, W.C.; Cheng, T.R.; Wong, C.H. Affinity-Based Screen for Inhibitors of Bacterial Transglycosylase.
J. Am. Chem. Soc. 2018, 140, 2752-2755.

Kratky, M.; Vinsova, J.; Novotna, E.; Mandikova, J.; Wsol, V.; Trejtnar, F.; Ulmann, V.; Stolafikova, J.; Fernandes, S.;
Bhat, S.; et al. Salicylanilide derivatives block Mycobacterium tuberculosis through inhibition of isocitrate lyase and
methionine aminopeptidase. Tuberculosis (Edinb) 2012, 92, 434-439.

Kratky, M.; Novotna, E.; Saxena, S.; Yogeeswari, P.; Sriram, D.; Svarcova, M.; Vinov4, J. Salicylanilide diethyl
phosphates as potential inhibitors of some mycobacterial enzymes. Sci. World |. 2014, 2014, 703053.

Lee, 1.Y.; Gruber, T.D.; Samuels, A.; Yun, M.; Nam, B.; Kang, M.; Crowley, K.; Winterroth, B.; Boshoff, H.I.; Barry,
C.E. Structure-activity relationships of antitubercular salicylanilides consistent with disruption of the proton gradient
via proton shuttling. Bioorg. Med. Chem. 2013, 21, 114-126.

Kratky, M.; Jandourek, O.; Baranyai, Z.; Novotnd, E. Stolaiikova, J.; Bdsze, S.; Vinsova, ]J. Phenolic N-
monosubstituted carbamates: Antitubercular and toxicity evaluation of multi-targeting compounds. Eur. ]. Med.
Chem. 2019, 181, 111578.

Thorberg, S.O.; Berg, S.; Lundstrom, J.; Pettersson, B.; Wijkstrom, A.; Sanchez, D.; Lindberg, P.; Nilsson, J.L.
Carbamate ester derivatives as potential prodrugs of the presynaptic dopamine autoreceptor agonist (-)-3-(3-
hydroxyphenyl)-N-propylpiperidine. ]. Med. Chem. 1987, 30, 2008-2012.

Férriz, JM.; Vavrova, K; Kunc, F.; Imramovsky, A.; Stolarikova, J.; Vavrikova, E.; Vinsova, J. Salicylanilide
carbamates: Antitubercular agents active against multidrug-resistant Mycobacterium tuberculosis strains. Bioorg. Med.
Chem. 2010, 18, 1054-1061.

Kratky, M.; Vinsova, J. Salicylanilide N-monosubstituted carbamates: Synthesis and in vitro antimicrobial activity.
Bioorg. Med. Chem. 2016, 24, 1322-1330.



Molecules 2020, 25, 1239 15 of 16

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Baranyai, Z.; Kratky, M.; Vinsova, J.; Szabd, N.; Senoner, Z.; Horvati, K.; Stolafikov4, J.; David, S.; B6sze, S. Combating
highly resistant emerging pathogen Mycobacterium abscessus and Mycobacterium tuberculosis with novel salicylanilide
esters and carbamates. Eur. J. Med. Chem. 2015, 101, 692-704.

Kratky, M.; Volkovda, M.; Novotna, E.; Trejtnar, F.; Stolafikova, J.; Vinsova, J. Synthesis and biological activity of new
salicylanilide N,N-disubstituted carbamates and thiocarbamates. Bioorg. Med. Chem. 2014, 22, 4073-4082.

Kratky, M.; Vinsov4, J. Advances in mycobacterial isocitrate lyase targeting and inhibitors. Curr. Med. Chem. 2012, 19,
6126-6137.

Lupoli, T.J.; Vaubourgeix, J.; Burns-Huang, K.; Gold, B., Targeting the proteostasis network for mycobacterial drug
discovery. ACS Infect. Dis. 2018, 4, 478-498.

Hu, Y.; Henderson, B.; Lund, P.A ; Tormay, P.; Ahmed, M.T.; Gurcha, S.S.; Besra, G.S.; Coates, A.R. A Mycobacterium
tuberculosis mutant lacking the groEL homologue cpn60.1 is viable but fails to induce an inflammatory response in
animal models of infection. Infect. Immun. 2008, 76, 1535-1546.

Johnson, S.M.; Sharif, O.; Mak, P.A.; Wang, H.T.; Engels, LH.; Brinker, A.; Schultz, P.G.; Horwich, A.L.; Chapman, E.
A biochemical screen for GroEL/GroES inhibitors. Bioorg. Med. Chem. Lett. 2014, 24, 786-789.

Abdeen, S.; Salim, N.; Mammadova, N.; Summers, C.M.; Frankson, R.; Ambrose, A.].; Anderson, G.G.; Schultz, P.G.;
Horwich, A.L.; Chapman, E.; et al. GroEL/ES inhibitors as potential antibiotics. Bioorg. Med. Chem. Lett. 2016, 26, 3127—
3134.

Abdeen, S.; Salim, N.; Mammadova, N.; Summers, C.M.; Goldsmith-Pestana, K.; McMahon-Pratt, D.; Schultz, P.G.;
Horwich, A.L.; Chapman, E.; Johnson, S.M. Targeting the HSP60/10 chaperonin systems of Trypanosoma brucei as a
strategy for treating African sleeping sickness. Bioorg. Med. Chem. Lett. 2016, 26, 5247-5253.

Abdeen, S.; Kunkle, T.; Salim, N.; Ray, A.M.; Mammadova, N.; Summers, C.; Stevens, M.; Ambrose, A.].; Park, Y;
Schultz, P.G; et al. Sulfonamido-2-arylbenzoxazole GroEL/ES inhibitors as potent antibacterials against Methicillin-
Resistant Staphylococcus aureus (MRSA). |. Med. Chem. 2018, 61, 7345-7357.

Fanzani, L.; Porta, F.; Meneghetti, F.; Villa, S.; Gelain, A.; Lucarelli, A.P.; Parisini, E. Mycobacterium tuberculosis low
molecular weight phosphatases (MPtpA and MPtpB): From biological insight to inhibitors. Curr. Med. Chem. 2015,
22,3110-3132.

Visentin, M.; Zhao, R.; Goldman, I.D. The antifolates. Hematol. Oncol. Clin. North. Am. 2012, 26, 629-648.

Nixon, M.R,; Saionz, K.W.; Koo, M.S.; Szymonifka, M.].; Jung, H.; Roberts, ].P.; Nandakumar, M.; Kumar, A.; Liao,
R.; Rustad, T.; et al. Folate pathway disruption leads to critical disruption of methionine derivatives in Mycobacterium
tuberculosis. Chem. Biol. 2014, 21, 819-830.

Keshipeddy, S.; Reeve, S.M.; Anderson, A.C.; Wright, D.L. Nonracemic antifolates stereoselectively recruit alternate
cofactors and overcome resistance in S. aureus. J. Am. Chem. Soc. 2015, 137, 8983-8990.

Hajian, B.; Scocchera, E.; Keshipeddy, S.; G-Dayanandan, N.; Shoen, C.; Krucinska, J.; Reeve, S.; Cynamon, M.;
Anderson, A.C.; Wright, D.L. Propargyl-linked antifolates are potent inhibitors of drug-sensitive and drug-resistant
Mycobacterium tuberculosis. PLoS ONE 2016, 11, €0161740.

Hajian, B.; Scocchera, E.; Shoen, C.; Krucinska, J.; Viswanathan, K.; G-Dayanandan, N.; Erlandsen, H.; Estrada, A.;
Mikusova, K.; Korduldkovd, J.; et al. Drugging the Folate Pathway in Mycobacterium tuberculosis: The Role of Multi-
targeting Agents. Cell Chem. Biol. 2019, 26, 781-791.

Cheng, Y.S.; Sacchettini, J.C. Structural insights into Mycobacterium tuberculosis Rv2671 Protein as a Dihydrofolate
Reductase Functional Analogue Contributing to para-Aminosalicylic Acid Resistance. Biochemistry 2016, 55, 1107-
1119.

Mishanina, T.V.; Yu, L.; Karunaratne, K.; Mondal, D.; Corcoran, ].M.; Choi, M.A.; Kohen, A. An unprecedented
mechanism of nucleotide methylation in organisms containing thyX. Science 2016, 351, 507-510.

Mori, G.; Chiarelli, L.R.; Riccardi, G.; Pasca, M.R. New prodrugs against tuberculosis. Drug Discov. Today 2017, 22,
519-525.

DeBarber, A.E.; Mdluli, K.; Bosman, M.; Bekker, L.G.; Barry, C.E. 3rd. Ethionamide activation and sensitivity in
multidrug-resistant Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. USA 2000, 97, 9677-9682.

Willand, N.; Dirié, B.; Carette, X.; Bifani, P.; Singhal, A.; Desroses, M.; Leroux, F.; Willery, E.; Mathys, V.; Déprez-
Poulain, R.; et al. Synthetic EthR inhibitors boost antituberculous activity of ethionamide. Nat. Med. 2009, 15, 537-544.
Flipo, M.; Desroses, M.; Lecat-Guillet, N.; Dirié, B.; Carette, X.; Leroux, F.; Piveteau, C.; Demirkaya, F.; Lens, Z.;
Rucktooa, P.; et al. Ethionamide boosters: Synthesis, biological activity, and structure-activity relationships of a series
of 1,2,4-oxadiazole EthR inhibitors. J. Med. Chem. 2011, 54, 2994-3010.



Molecules 2020, 25, 1239 16 of 16

84.

85.

86.

87.

88.

Villemagne, B.; Flipo, M.; Blondiaux, N.; Crauste, C.; Malaquin, S.; Leroux, F.; Piveteau, C.; Villeret, V.; Brodin, P.;
Villoutreix, B.O.; et al. Ligand efficiency driven design of new inhibitors of Mycobacterium tuberculosis transcriptional
repressor EthR using fragment growing, merging, and linking approaches. |. Med. Chem. 2014, 57, 4876-4888.
Costa-Gouveia, J.; Pancani, E.; Jouny, S.; Machelart, A.; Delorme, V.; Salzano, G.; Iantomasi, R.; Piveteau, C.; Queval,
C.J.; Song, O.; et al. Combination therapy for tuberculosis treatment: Pulmonary administration of ethionamide and
booster co-loaded nanoparticles. Sci. Rep. 2017, 7, 5390.

Pastor, A.; Machelart, A; Li, X.; Willand, N.; Baulard, A.R.; Brodin, P.; Gref, R.; Desmaéle, D. A novel codrug made
of the combination of ethionamide and its potentiating booster: Synthesis, self-assembly into nanoparticles and
antimycobacterial evaluation. Org. Biomol. Chem. 2019, 17, 5129-5137.

Janardhan, S.; John, L.; Prasanthi, M.; Poroikov, V.; Narahari Sastry, G. A QSAR and molecular modelling study
towards new lead finding: Polypharmacological approach to Mycobacterium tuberculosis. SAR and QSAR in Environ.
Res. 2017, 28, 815-832.

Volynets, G.P.; Starosyla, S.A.; Rybak, M.Y.; Bdzhola, V.G.; Kovalenko, O.P.; Vdovin, V.S.;-Yarmoluk, S.M.; Tukalo,
M.A. Dual-targeted hit identifcation using pharmacophore screening. J. Computer-Aided Mol. Des. 2019, 33, 955-964.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




