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Foreword

In 2018, I got the opportunity to establish my research group. In light of the growing
problem of drug resistance in Mycobacterium tuberculosis and the considerable number
of people who die from tuberculosis each year, I decided to choose this topic as the main
research interest. The presented thesis aims to provide a summary of the most significant
results achieved within the last four years.
In the beginning, my group consisted of one PhD and five Bachelor students. Later
on, two Master students joined us. Presently, my research group comprises one PhD, two
Master and three Bachelor students. We quickly learned that an efficient approach to
tackling tuberculosis disease requires concerted collaboration with experienced partners.
In this regard, I am proud of establishing extensive cooperation with different institutions
and researchers, which allowed systematic multidisciplinary research involving the
design of new compounds, the synthesis of chemical libraries, the screening of
antimycobacterial activity, and advanced enzymatic assays. At this point, I would like to
emphasize the international cooperation with Dr. Davie Cappoen from the University of
Antwerp (Laboratory for Microbiology, Parasitology and Hygiene) and the internal
cooperation with Prof. Marek Šebela, doc. Karel Berka and Dr. Václav Bazgier from
Palacký University.

Abstract

Tuberculosis (TB) remains a challenging global health concern. TB claims more than a
million lives every year and is the world’s leading cause of death from a single infectious
agent, the leading killer of people with HIV, and a leading cause of deaths related to
antimicrobial resistance. On that account, this work is devoted to developing new drugs
highly active against drug-resistant TB strains. It highlights our research aimed at
identifying new small-molecule leads and associated targets against TB.
The first part of the habilitation thesis is composed of a brief introduction to the
current state of antituberculosis research and emphasizes the main achievements in this
field. A substantial part of this work belongs to our research mainly aimed at (i) the
development of novel mycobacterial ATP synthase inhibitors and (ii) the development of
novel mycobacterial Zmp1 inhibitors. The last part of the thesis is dedicated to chemical
libraries prepared as a part of phenotypic whole-cell screening. Although this thesis
contains some unpublished results, a significant part was already published in peerreviewed journals.

Keywords:
Mycobacterium tuberculosis, synthesis, inhibitors, mycobacterial ATP synthase,
virulence factor Zmp1, phenotypic screening.
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1 Introduction

The habilitation thesis summarizes the results achieved in the field of the development of
new antituberculosis drugs. It highlights our research aimed at identifying new smallmolecule leads and associated targets against TB. To gain insight into this problem, the
introduction is dedicated to the current state of antituberculosis research, discusses the
possibilities of tuberculosis treatment, and presents information on the development of
tuberculosis drugs and vaccines.

1.1 Tuberculosis
Tuberculosis (TB) is an infectious disease caused by pathogenic bacteria from the
Mycobacteriaceae family, Mycobacterium tuberculosis (M. tuberculosis). According to
the 2021 World Health Organization (WHO) report, tuberculosis is currently the 13th
leading cause of death worldwide and the second leading cause of death from a single
infectious agent after COVID-19.1 In 2020, an estimated 10 million people fell ill with
tuberculosis worldwide, and a total of 1.5 million people died from tuberculosis in 2020
(1.3 million died among HIV negative people and an additional 214 000 among HIV
positive people).1 Tuberculosis is also a major cause of death related to antimicrobial
resistance. The highest reported TB mortality occurs in Africa and South-East Asia.
The disease usually affects the lungs (pulmonary TB); however, extrapulmonary TB
affecting other sites also exists. Primary infection by M. tuberculosis can progress to
active disease. In the ideal case, it can be defeated by the host immune system. However,
M. tuberculosis has the ability to adapt to the human immune system and survive latently
under low-energy conditions in a nonreplicating or dormancy-like state.2 It is estimated
that this latent TB infects approximately one-third of the world´s population (about two
billion people).3 Latent TB infection (LTBI) can develop into active disease, especially
in immunosuppressed patients, such as people coinfected with HIV/AIDS or people
undergoing anticancer chemotherapy. Indeed, most new TB cases involve the reactivation
of dormant M. tuberculosis that resides in LTBI hosts.2 Targeted LTBI treatment is,
therefore, a key part of the End TB Strategy.3
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Although TB is preventable and curable, the alarming increase in drug-resistant
tuberculosis cases dramatically complicates the treatment. Until today, multidrugresistant (MDR) and extensively drug-resistant (XDR) TB strains are a significant
problem for current antituberculosis therapy.1 It is obvious that a considerable research
breakthrough is needed to rapidly reduce the incidence of TB worldwide, mainly in terms
of new strategies to reduce the duration of treatment regimens, as well as the development
of TB drugs that would be highly effective against drug-resistant strains of M.
tuberculosis.

1.2 Drug resistance
M. tuberculosis has the ability to quickly develop resistance to antimicrobial drugs, which
significantly complicates treatment. Consequently, drug-resistant tuberculosis strains
represent a significant public health concern worldwide.1 There is an alarming increase
in the new cases of TB strains resistant to rifampicin, the most potent first-line anti-TB
agent. Globally in 2020, 71 % of people diagnosed with bacteriologically confirmed
pulmonary TB were tested for rifampicin resistance, up from 61 % in 2019 and 50 % in
2018.1
The development of resistance to M. tuberculosis is a very complex problem. Much
has been written about this issue, e.g. by Singh, V. et al.4 and Castro R. A. D. et al. in
recent reviews.5 Drug resistance in M. tuberculosis can develop mainly due to
spontaneous mutations on the bacterial chromosome. As a consequence of these
mutations, the structure of the biomolecular target within the bacteria may change and
stop responding to the antimycobacterial drug effective until now. In addition, prodrug
activation can be affected, drug permeability can be reduced, or effective intracellular
antimicrobial concentration by efflux can be decreased.4,5 Besides, inadequate dosing and
incomplete treatment regimens contribute significantly to the increase in drug-resistant
TB cases.
The latest WHO report1 describes the classification of drug-resistant TB into five
categories: (1) isoniazid-resistant TB, (2) rifampicin-resistant TB (RR-TB), (3)
multidrug-resistant TB (MDR-TB), (4) pre-extensively drug-resistant TB (pre-XDR-TB),
and (5) extensively drug-resistant TB (XDR-TB). The definition of the first two is
obvious. MDR-TB is defined as resistance to the two most effective first-line anti-TB
drugs, rifampicin and isoniazid. Pre-XDR TB is TB caused by M. tuberculosis strains that
10

fulfil the definition of MDR/RR-TB and are also resistant to fluoroquinolones (a class of
second-line anti-TB drugs). Finally, XDR-TB is TB caused by M. tuberculosis strains
that fulfil the definition of MDR/RR-TB and are also resistant to fluoroquinolones and at
least one additional drug, bedaquiline or linezolid.

1.3 Current treatment of tuberculosis
Effective treatment of tuberculosis was first developed in the 1940s, when the antibiotic
Streptomycin was discovered. Currently, the standard treatment of drug-susceptible TB
relies on the combination of four antibiotics (isoniazid, ethambutol, rifampicin and
pyrazinamide) administered for two months in an intensive phase, followed by the
administration of two drugs (isoniazid and rifampicin) for an additional four months
(Table 1).6
In contrast, the duration of the treatment of drug-resistant TB strains can extend up
to 20 months and has to be supported with careful monitoring for adverse events. Usually,
the treatment requires a course of second-line drugs for at least nine months. In 2020,
WHO published a detailed overview of recommendations on the treatment of MDR/RRTB3 that comprises recommended regimen for: (1) rifampicin-susceptible and isoniazidresistant TB; (2) shorter all-oral bedaquiline-containing regimen for MDR/RR-TB; (3)
longer regimens for MDR/RR TB; and (4) the bedaquiline, pretomanid and linezolid
(BPaL) regimen for MDR-TB with additional fluoroquinolone resistance.
According to the WHO consolidated guidelines on tuberculosis - drug-resistant
tuberculosis treatment,3 medicines recommended for use in longer MDR-TB regimens
were classified into three groups (Table 1). Group A comprises highly efficient
fluoroquinolones

levofloxacin

and

moxifloxacin,

bedaquiline

and

linezolid

recommended for all regimens. Group B covers agents of the second choice. Furthermore,
Group C includes other drugs that can complete the regimen when compounds from the
first two groups cannot be used. It should be noted that the last group of compounds is
considered the least safe from those described above.
WHO also mentioned other medicines not included in Group A, B or C.3 For
example, earlier used aminoglycosides kanamycin and capreomycin that are no longer
recommended for treatment due to serious side effects. On the other hand, β-lactam drug
clavulanic acid can be included in MDR/RR TB regimens; however, only as a companion
agent to the carbapenems.
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Table 1: Sorting of drugs recommended for the treatment of drug-susceptible and drugresistant TB (adopted from WHO).7
Groups and steps

First-line

Group A
Include all three medicines

Group B
Add one or both medicines

Group C
Add to complete the regimen, and
when medicines from Groups A and
B cannot be used

Medicine

Abbreviation

isoniazid
ethambutol

INH (H)
EMB (E)

rifampicin
pyrazinamide
levofloxacin or
moxifloxacin

RIF (R)
PZA (Z)
LFX
MFX

bedaquiline

BDQ

linezolid
clofazimine
cycloserine or
terizidone

LZD
CFZ
CS
TRD

ethambutol
delamanid

EMB
DLM

pyrazinamide

PZA

imipenem-cilastatin or
meropenem

IPM-CLN
MPM

amikacin
(or streptomycin)

AMK
(STM (S))

ethionamide or
prothionamide

ETO
PTO

p-aminosalicylic acid

PAS

1.4 New TB drugs and vaccines development
1.4.1 New TB drugs
The current situation requires new TB drugs that would act more effectively without
serious side effects and significantly shorten the duration of therapy, especially in the case
of drug-resistant TB strains. The ideal antituberculosis drug must display high activity
with a low MIC value, especially against MDR and XDR strains and latent TB infections.
In addition, an ideal new drug should possess low toxicity and adequate safety profile,
optimized pharmacokinetic and pharmacodynamic properties, allow to shorten the
duration of therapy, have limited interactions with other drugs to allow combination
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therapy, particularly with antiretroviral agents. The main goals in successfully treating
tuberculosis are shortening the duration of therapy and the complexity of drug regimens.
In general, research of new drugs or new chemical entities comprises preclinical and
clinical development. The Working Group on New TB Drugs (WGND) carefully track
the progress of new candidates during the whole process, from lead optimization to
clinical trials and regularly update the database. The last update was presented in March
2022 and is depicted in Table 2.8 Nowadays, we can find 25 drugs, several combination
regimens, and 14 vaccine candidates in clinical trials (August 2021).1 Groups of drugs
undergoing clinical development comprise new chemical entities as well as repurposed
drugs. Structures of the representative examples are demonstrated in Fig. 1.
Moreover, there are four drugs under investigation as host-directed therapy for
individuals with latent TB infection or the treatment of pulmonary TB (imatinib,
pravastatin, auranofin and metformin).
Table 2: Global new TB drug pipeline (adopted from WGND).8

The most exciting drug with a unique mechanism of action is bedaquiline (Fig. 1).
This compound was approved for MDR-TB treatment by the FDA in 2012 and was the
first new medicine for TB treatment in more than forty years. Bedaquiline is a member
of the diarylquinoline class targeting mycobacterial adenosine triphosphate (ATP)
synthase. It is also the part of novel TB regimens currently in development (BEAT-TB;
13

bedaquiline – pretomanid – moxifloxacin – pyrazinamide; bedaquiline – pretomanid –
linezolid – moxifloxacin; bedaquiline – pretomanid – linezolid).8 To date, bedaquiline is
the only approved drug targeting mycobacterial ATP synthase.

Fig. 1: Structures of representative examples of drugs in different stages of clinical
development.
Another compound approved for medication used to treat multidrug-resistant TB is
delamanid (Fig. 1). Delamanid was approved in 2014 for use in the EU and Japan.9 This
compound belonging to the nitroimidazoles interferes with mycolic acid biosynthesis by
inhibiting the synthesis of ketomycolic and methoxymycolic acids. This inhibition leads
to the disruption of the mycobacterial cell wall and better drug penetration into bacteria.
The third tuberculosis drug to receive FDA approval is pretomanid (Fig. 1).
Pretomanid is the next nitroimidazole approved by FDA for medical use in August 2019.
Pretomanid has been developed by TB Alliance for the treatment of drug-resistant TB
infections in combination with bedaquiline and linezolid as part of the bedaquiline –
pretomanid – linezolid (BPaL) regimen. As well as the delamanid mentioned above,
14

pretomanid acts as an inhibitor of mycolic acid biosynthesis and kills actively replicating
mycobacteria. Moreover, pretomanid acts as a respiratory poison under anaerobic
conditions against non-replicating bacteria.
1.4.2 Vaccines development
A hundred years ago, Albert Calmette and Camille Guérin developed the most effective
vaccine to prevent TB disease to date.10 The bacilli Calmette-Guérin (BCG) vaccine,
based on attenuation of bacteria, remains the only licensed vaccine that effectively
prevents severe forms of tuberculosis in children. Nevertheless, vaccine efficacy is much
lower in adults. However, there are 14 vaccine candidates in clinical trials: three in Phase
I, nine in Phase II and two in Phase III (Table 3).3
Table 3: The global clinical development pipeline for new TB vaccines (adopted from
WHO report).3
Phase I

AEC/BC02

Phase IIa

MTBVAC

Phase IIb

Phase III

DAR-901 booster

VPM1002

Dartmouth, GHIT

SIIPL, VPM

Anhui Zhifei Longcom

Biofabri, TBVI,
University of Zaragoza

Ad5 Ag85A

ID93 + GLA-SE

H56: IC31

McMaster, CanSino

IDRI, Wellcome Trust

SSI, Valneva, IAVI

ChAdOx185AMVA85A

TB/FLU-04L

M72/AS01E

(ID/IM/Aerosol)

RIBSP

GSK, Gates MRI

MIP/Immuvac
ICMR, Cadila
Pharmaceuticals

University of Oxford

GamTBvac
Ministry of Health,
Russian Federation

BCG revaccination
Gates MRI

RUTI®
Archivel Farma, S.L.

Viral vector
Protein/adjuvant
Mycobacterial –
whole cell or extract
Mycobacterial – live

1.4.3 Two strategies in the development of the new drugs
Two different strategies in developing the new drugs are widely used - a target-based
approach and a phenotypic whole-cell screening approach.e.g.11–15 Target-based
approaches proceed from knowledge of a specific target, e.g. enzyme or receptor. This
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rational approach requires identifying and validating the target and looking for a
candidate that efficiently binds to and modulates the target.
However, high-throughput phenotypic screening strategies are highly desired to
enhance TB drug discovery and development efficiency, especially in connection with
resistant TB strains. Phenotypic whole-cell based assays screen for compounds inhibiting
pathogen growth by identifying hits for further optimization and deconvolution of the
mode of action (MoA). Phenotypic whole-cell screens have historically provided the best
successes from hit to pre-clinical or clinical candidate.

1.5 Mycobacterial drug targets and host-directed therapies
In 1998, Cole et al. determined the complete genome sequence of the best-characterized
strain of Mycobacterium tuberculosis, H37Rv.16 This significant discovery opened up a
new era of target-based designing of antituberculosis drugs. To date, we know many
targets at the level of M. tuberculosis and the level of the host.17 The brief overview of
mycobacterial targets and host-directed therapies is depicted in Fig. 2.

Fig. 2: Overview of the mycobacterial drug targets and targeting essential processes at
the level of the host (this picture was drawn according to Torfs et al.).17
At the level of bacteria itself, the attention of many researchers is focused on the
targeting of vitally important pathways such as oxidative phosphorylation, cell wall
biosynthesis, DNA replication and protein synthesis, etc. Furthermore, targeting
mycobacterial virulence factors (molecules produced by bacteria that can block the
16

immune response) is an attractive approach for developing potential anti-TB adjuvants.
This approach can be represented by targeting Zmp1, which interferes with the immune
system (this will be described in more detail in Chapter 3).
A detailed overview of mycobacterial drug targets is also described by WGND on
their web page.8 From the adopted data shown in Table 4, it is apparent that the most
explored are those targets associated with mycobacterial cell wall biosynthesis.
Table 4: Overview of mycobacterial drug targets (adopted from WGND).8
Peptidoglycan
Layer

Cell Wall Synthesis

•
•
•
•
•
•

Lipid II
D,D-transpeptidase
L,D-transpeptidase
Mur ligases
D-alanine:D-alanine
Ligase
(DDL)
Translocase 1
(MurX or Mra Y)

Arabinogalactan
Layer
•
•
•
•

Arabinosyl
transferase
WecA inhibitor
DprE1 Covalent
Inhibitors
DPRE1
Noncovalent
Inhibitors

DNA Replication

•

DNA gyrase

DNA Transcription

•

RNA Polymerase

RNA Translation

•

rRNA / Ribosome

Energy Metabolism

•
•
•
•

ATP-Synthase
Cytochrome bc1-aa3
NADH Dehydrogenase Type II
MenG Inhibitor

Proteolysis &
Proteostasis

•
•

ClpP1P2
ClpC

Cellular
Metabolism

•
•
•
•

Unknown Target Cholesterol Metabolism
Tryptophan Synthase (TrpAB)
Aspartate decarboxylase (PanD)
Efflux transport of antibiotics (efpA)

Mycolic Acid
Layer
•
•
•
•

MmpL3 Inhibitor
InhA Inhibitor
KasA Inhibitors
Unknown Target
Mycolic Acid
Inhibitors

The last decade has witnessed an increase in the research approach, the so-called
Host-Directed Therapy (HDT).eg.18–21 This strategy is based on the modification of the
host response related to the activity and pathogenicity of M. tuberculosis infection. The
crucial fact is that HDT drugs, unlike classical antibiotics, act by modulating host cell
functions; therefore, the development of drug-resistance by infecting M. tuberculosis is
avoided. Key HDT mechanisms include autophagy induction, modulation of host
epigenetics, and modulation of the cytokine and lymphocyte-mediated response.21 It is a
relatively new concept in the treatment of TB and a promising strategy for treating drugresistant TB cases.
17

Obviously, the TB pandemic requires the identification of novel drugs with a novel
mechanism of action that would be highly efficient against resistant strains and latent TB
infection. A combined effort of academic research and industrial partners, new trends,
and approaches could lead to the eradication of this infectious disease in the future.
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2 Mycobacterial ATP synthase inhibitors

Mycobacterial adenosine triphosphate (ATP) synthase is a key enzyme in the energy
metabolism of bacteria that has been found to be essential for the growth and survival of
bacteria in both replicating and non-replicating states.22 Mycobacterial ATP synthase is
a validated clinical target in the treatment of drug-resistant tuberculosis.23–25 Due to the
significant structural differences between bacterial and mammalian ATP synthases,
inhibition of mycobacterial ATP synthase is considered a relatively safe approach in the
treatment of multidrug-resistant (MDR) and extensively drug-resistant (XDR)
M. tuberculosis infections.
Mycobacterium tuberculosis is an obligate aerobic bacterium highly dependent on
oxidative phosphorylation that produces ATP for growth and survival. Furthermore, the
production of ATP is also essential in the dormant state, as ATP synthase carries specific
characteristics that facilitate survival under non-replicating conditions, including oxygen
insufficiency, nutrient limitation, and acidic pH.26
Oxidative phosphorylation (Fig. 3) is the source of energy that drives ATP synthase
to convert the electrochemical potential energy into chemical energy in the form of ATP
by the reaction of ADP with inorganic phosphate (Pi).22

Fig. 3: Oxidative phosphorylation in M. tuberculosis (this figure was drawn according
to Bald et al.).25
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Mycobacteria are endowed with dehydrogenases that fuel the electron transport chain
(ETC). Furthermore, the reduction of dioxygen coupled with the generation of a proton
motive force (PMF) is arranged with two respiratory oxidases. In 2021, we reviewed in
detail known inhibitors targeting the most important enzymes included in oxidative
phosphorylation.22

2.1 Structure of mycobacterial ATP synthase
The mycobacterial F1F0-ATP synthase (F-ATP synthase) is a membrane protein complex
consisting of two domains (F1 and F0) and nine subunits (α3:β3::::e:a:b:b´:c9) encoded
by the atp operon (Fig. 4).eg.27–29 The hydrophilic stator domain F1 is formed with subunits
α3:β3::, where α3:β3-hexamer forms the catalytic centre. The proton-translocation
domain F0 includes a structurally conserved a subunit and a ring of nine c subunits. Both
domains are connected through a central stalk containing  and  subunits reversibly
coupling proton flow to either ATP synthesis or hydrolysis. The prevention of α3:β3subcomplex rotation is ensured by a peripheral stalk formed with b- fused part and
subunit b´.

Fig. 4: Structure of mycobacterial ATP synthase from Mycobacterium smegmatis
(figure created using Mol* Viewer and PDB: 7NJP).
20

The transmembrane proton motive force drives the proton translocation throughout
the F0 rotor domain, causing the rotation of the --c9 complex and subsequent
conformational changes in the catalytic α3:β3-subcomplex. As a consequence, the
synthesis of ATP occurs. Importantly, the specific structure of mycobacterial F-ATP
synthase results in suppression of proton motive force formation during ATP hydrolysis
and its low or latent ATPase activity in the fast- or slow-growing form.

2.2 Mycobacterial ATP synthase inhibitors
The first highly effective ATP synthase inhibitor, bedaquiline, was described in 200530
and approved for MDR-TB treatment by the FDA in 2012. This compound represented a
new class of antimycobacterial drugs with a novel mode of action. Interestingly, it was
the first new medicine for treating tuberculosis in more than forty years. Bedaquiline
exhibits excellent anti-TB activity against both dormant and actively replicating
mycobacteria.
To date, bedaquiline is the only approved drug targeting mycobacterial ATP
synthase. Recently, Guo and co-workers revealed by cryo-electron microscopy that
bedaquiline binds to the highly conserved subunit c of ATP synthase in Mycobacterium
smegmatis, closely related to M. tuberculosis.28 This binding induces significant
conformational changes in mycobacterial ATP synthase, creating distinct contacts
between bedaquiline and subunit a. Importantly, mycobacterial subunits c and a differ
from human ATP synthase, which explains the specificity of bedaquiline for
mycobacteria mentioned above.
Later,

new

scaffolds

such

as

thiazolidinediones,

pyrazolopyrazinones,

diaminopyrimidines, diaminoquinazolines, chloroquinolines, or squaramides appeared,
as we recently reviewed.22 For brief illustration, only a few examples will be depicted
below.
2.2.1 Bedaquiline analogues
The discovery of bedaquiline by a Janssen Pharmaceutica research team has triggered a
broad interest of medicinal chemists.e.g.31,32,41–44,33–40 Despite its significant efficiency and
promising antitubercular profile, bedaquiline has several drawbacks, such as high
lipophilicity (contributing to its long terminal half-life and toxicity) and low solubility.
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Therefore, several research groups have focused on developing analogues with better
safety profiles.
For example, the Palmer group made an intensive effort in this field.36,38–40,43 They
reported several bedaquiline analogues, including derivatives 20 and 21 (Scheme 1), with
reduced cardiovascular toxicity compared to bedaquiline.43 The synthesis of these
analogues proceeded by the standard synthetic pathway outlined in Scheme 1 from
6-bromo-2-methoxyquinoline 17 and the appropriate aldehydes. LDA-mediated coupling
of benzylquinolines 19 with selected ketones provided final analogues 20. The 6-cyano
compounds 21 were prepared from the corresponding 6-bromo analogues by direct
cyanation. The desired diastereomers were isolated by supercritical fluid (SFC) HPLC.

Scheme 1. Synthesis of bedaquiline analogues 20 and 21.43 Reagent and conditions:
(i) LiTMP, THF, −75 °C, 1.5 h then the appropriate aldehyde, −75 °C, 4 h; (ii) Et3SiH,
TFA, DCM; (iii) MsCl, Et3N, DMF, then NaBH4; (iv) LDA, THF, −75 °C, 1.5 h then the
appropriate ketone, then HOAc, 24-87 %; (v) Zn/Zn(CN)2, Pd2(dba)3/P(o-tol)3, DMF,
50 +°C, then separation of the diastereomers by SFC HPLC, 51-88 %.
2.2.2 Inhibitors based on pyrazolopyrazinone scaffold
The screening of chemically diverse compounds using the Mycobacterium smegmatis
ATP synthase enzyme pointed out a non-diaryl quinoline scaffold pyrazolopyrazinone as
22

an attractive structure (Scheme 2).37 Synthesis of these scaffolds started with
trimethylaluminium mediated monoamidation of commercially available pyrazole-3,5dicarboxylate 22. Subsequent treatment with p-TSA afforded the cyclized product 24.
Dehydration using methanesulfonic acid followed by reaction with trimethylaluminum
and piperidine gave piperidinyl amide 26. The final reaction of intermediate 26 with
substituted benzyl bromides furnished the final compounds 27.
Compounds 27a (Scheme 2) showed the most promising results from the extensive
SAR study exhibiting IC50 = 0.28 µM. Interestingly, compounds 27 do not inhibit any
CYP450 enzymes and could be a starting point for further research in the field of anti-TB
drug discovery. However, the authors of this publication did not mention any specific
binding to ATP synthase.

Scheme 2. Synthesis

of

pyrazolopyrazinones

27.37

Reagent

and

conditions:

(i) aminoacetaldehyde dimethyl acetal, (AlMe3)2, THF, reflux, 50 %; (ii) p-TSA, acetoneH2O, reflux, 67 %; (iii) methanesulfonic acid, rt, 72 h, 41 %; (iv) piperidine, (AlMe3)2,
THF, rt, 2 h, 79 %; (v) NaH, RBnCH2Br, DMF, rt, 78-80 %.
2.2.3 Inhibitors based on diaminopyrimidine scaffold
One of the latest promising results was published by Hotra et al., who reported a novel
antimycobacterial drug 34 targeting the  subunit of ATP synthase (Scheme 3).42
A synthetic protocol for compound 34 (GaMF1) started with the preparation of precursor
30 (Scheme 3). 2,4-Dichloro-6-methyl pyrimidine 28 was reacted with ethylamine in hot
ethanol, giving a mixture of the two regioisomers separated chromatographically.
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Acylation of 4-nitroaniline with 3-bromobenzoyl chloride, reduction of the nitro group
and reaction with intermediate 30 gave the final compound 34.
Compound 34, termed GaMF1, inhibits specific mycobacterial ATP synthase
through the binding to the  subunit. Furthermore, GaMF1 was found to increase the
potency of bedaquiline, which makes this compound potent for an efficient multidrug
combination.

Scheme 3. Synthesis of GaMF1.42 Reagents and conditions: (i) EtNH2, DIPEA, EtOH,
50 °C, 24 h, 33 %; (ii) 3-BrPhCOCl, K2CO3, THF, rt, 16 h, 98 %; (iii) Pt/C/S, H2, 100 psi,
100 °C, 99 %; (iv) 30, DIPEA, dioxane, reflux, 2 days, 80 %.
2.2.4 Inhibitors based on the squaramide scaffold
The most exciting compounds related to our research are squaramides, firstly published
as antimycobacterial agents by Tantry et al. in 2017 (Scheme 4).35 They described
morpholine squaramide derivative 38a as a novel mycobacterial ATP synthase inhibitor
with nanomolar antituberculosis activity.
Synthesis of squaramides depicted in Scheme 4 proceeded from commercially
available squaric acid 35 in situ converted to dichloro intermediate 36. Subsequent
arylation of 36 and reaction with pyridin-2-ylmethanamine in the presence of the base
afforded squaramides 38.
Compound 38a displayed efficiency in a mouse TB infection model. Studies on a
membrane-based biochemical assay (Myc_ATPS IC50 0.03 µM) measuring ATP
synthesis through oxidative phosphorylation suggested mycobacterial ATP synthase as a
molecular target. Furthermore, compound 38a showed sensitivity against a bedaquiline24

resistant mutant, which indicated that this compound might occupy a different binding
site of the ATP synthase compared to that of bedaquiline.

Scheme 4. Synthesis of squaramide 38.35 Reagents and conditions: (i) SOCl2, 80 °C, 3 h;
(ii) R1-Ph, AlCl3, DCM, 0 °C, 2 h, 16 %; (iii) R2NH2, TEA, 1,4-dioxan, 0-2 °C, 30 min,
16 %.
Subsequently, Li et al. enriched the library of squaramides with diamino substituted
compounds 42 (Fig. 5).41 Moreover, they synthesized other series, including furan-2(5H)ketone and maleimide (Fig. 5, compounds 39-41). However, none of the studied
squaramides exhibited higher potential than those published earlier by Tantry et al.35

Fig. 5: Overview of ATP synthase inhibitors published by Li et al.41
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2.2.5 Squaramides developed by our group
SAR studies on squaramides performed by Tantry et al. (Scheme 4) suggested that
2-pyridylmethyl substitution on the right-hand side (RHS) of the squaric acid scaffold
(Fig. 6) is crucial for reaching the desired potency. On the other hand, the left-hand side
(LHS) of molecule 38 is incomparably less explored. Tantry et al. studied only three
different modifications on the LHS, where a morpholinophenyl moiety was found to be
the best. For this reason, we decided to explore further possibilities and broaden the SAR
study of squaramides. Based on this knowledge, we initially designed and synthesized
two series of modified squaramides 38 and 43 (Fig. 6).

Fig. 6: Design of new squaramides 38 and 43.
Our first synthetic effort leading to the target compounds 38 proceeded from the
work published by Tantry et al.35 (Scheme 5). Based on their experiences, we used
commercially available squaric acid 35 and converted it to the corresponding dichloro
derivative 36. Subsequently, crude 36 was subjected to arylation with various aromatic
compounds in the presence of 0.25 equiv AlCl3 as Lewis acid giving precursors 37. Since
the yields of this reaction were very low (1-23 %), compound 36 was purified prior to the
next step and obtained in a 55% yield. Further, we increased the amount of AlCl3 to
2 equiv. Finally, crude intermediates 37 were directly reacted with pyridin-2ylmethanamine in the presence of the base giving products 38a-f in moderate to good
yields (14-73 % yield over two steps).
To properly compare the biological activity of the published compound 38a with our
analogues, the squaramide 38a was also synthesised for this purpose. Synthesis of
squaramides 38 depicted in Scheme 5 was the part of the Bachelor and Master thesis of
Jan Chasák.45,46
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Scheme 5. Synthesis of target compounds 38a-f. Reagents and conditions: (i) SOCl2,
DMF, 80 °C, 1 h, 55 %; (ii) R-Ph, AlCl3, DCM, 0 °C - rt, 2 h; (iii) pyridin-2ylmethanamine, 1,4-dioxane, TEA, 0 °C, 30 min, 14-73 %.
Since the method described above failed during our efforts to introduce
1-phenylpiperazine or 4-phenylpiperidine moiety into the final structure 38, we were
forced to completely modify this synthetic route (Scheme 6).

Scheme 6. Synthesis of target compounds 38g-h. Reagents and conditions: (i) 3,4dimethoxycyclobut-3-ene-1,2-dione, 1.7M t-BuLi, dry THF, -78 °C, 1-1.5 h; (ii) TFAA,
MeOH, -78 °C - rt, 20 min, 24-51 %; (iii) pyridin-2-ylmethanamine, MeCN, rt, 16 h, 7495 %; (iv) for 38g: 10% HCl, DCM, rt, 15 min, 73 %; for 38h: 10% HCl, rt, 15 min; then
TFA, DCM, rt, 2 h, 28 %.
3,4-Dimethoxycyclobut-3-ene-1,2-dione was treated with the in situ prepared lithium salt
of 44. The addition of trifluoroacetic anhydride to the reaction solution with subsequent
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reaction termination with MeOH yielded monoketals 46. Then, intermediates 46 were
reacted with pyridin-2-ylmethanamine. Finally, the ketal and Boc protecting groups were
removed using 10% HCl solution to afford the target compound 38g in a 73% yield. TFA
in DCM had to be added to remove protecting groups in the case of compound 38h
thoroughly. This synthetic procedure was developed by my PhD student Milan Dak.
To further modify the central scaffold and implement an additional NH group to
increase the possibility of hydrogen-bond interaction between the compound and ATP
synthase, we designed and synthesized diamine analogues 43 (Scheme 7).

Scheme 7. Synthesis

of

target

compounds

43.

Reagents

and

conditions:

(i) trimethylorthoformate, dry MeOH, 65 °C, 24 h, 89 %; (ii) pyridin-2-ylmethanamine,
MeCN, rt, 40 min, 80 %; (iii) amines, MeCN, rt or 50°C, 16 h, 33-87 %; (iv)
2-aminobenzoxazoles, DBU, MeCN, 50 °C, 16 h, 8-50 %.
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Firstly, dimethoxy analogue 48 prepared from squaric acid 35 was reacted with pyridin2-ylmethanamine to give precursor 49. Target compounds 43a-o were synthesized by
reacting 49 with various aliphatic, alicyclic or aromatic amines at room temperature or
50 °C in moderate to high yield (33 – 87 %). On the other hand, the reaction of 49 with
various 2-aminobenzoxazoles (prepared according to the protocol we developed)47
required a higher reaction temperature (50 °C) and the presence of the base. Final
compounds 43p-v were obtained in low to moderate yield (8 - 50 %) influenced by the
lower solubility of target compounds. Synthesis of squaramides 43 depicted in Scheme 7
was the part of the Bachelor and Master thesis of Jan Chasák.45,46
Subsequently, squaramides 38 and 43 were tested for their antimycobacterial
activity. All these experiments were performed by Dr. Davie Cappoen from the
University of Antwerp (Belgium). The libraries of squaramides 38 and 43 were initially
screened in a single shot assay against Mycobacterium tuberculosis H37Ra. From the
total library of investigated compounds 38 and 43, only members belonging to the phenyl
substituted sub-library 38 were identified as primary hits with a detection cut off > 60%
at 10 µM after 7 days of incubation. The phenyl substituted analogues 38 were submitted
for a MIC determination. We identified two compounds, 38b and 38c (Fig. 7), with
submicromolar (0.6 - 0.7 µM) activity against M. tuberculosis H37Ra. For none of these
derivatives, we detected acute cytotoxicity against the MRC-5 lung fibroblast, HepG2
metabolic active hepatocytes or Raw264.7 macrophage-like monocytes at concentrations
up to 128 µM.

Fig. 7: Structures of the most potent compounds.
Following the broad-spectrum screening, the compounds were further screened
against a panel of pathogenic bacteria and parasites. The only activity detected in the
broad screening was reported for compound 38b, which showed minor activity against
Leishmania donovani.
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To access the activity against intracellular replicating M. tuberculosis, a macrophage
infection was performed with the compound series 38. Briefly, Raw264.7 macrophagelike monocytes were infected at a multiplicity of infection of 10 with M. tuberculosis
H37Ra and subsequently treated with the compounds. Both compounds 38b and 38c
showed superior activity in the macrophage infection assay by achieving a 90% reduction
of intracellular bacillary load after 4 days of treatment within the macrophage monolayer.
In order to identify the exact molecular target, the spontaneous resistant mutants
were raised against 10x the MIC concentration of the tested compound 38b. Genotyping
of the AtpA-G units in the mutants showed the Lys (AAG) → Asn (AAT) transition at
position 179 to be dominant and causing resistance to the phenyl substituted analogues
(Fig 8). This mutation was mapped to subunit a of ATP synthase encoded by atpB.

WT
38b
38b

Fig. 8: Single nucleotide polymorphism in squaramide 38b resistant mutants.
Next, the compounds were tested against a bedaquiline (BDQ) resistant mutant
confirming the susceptibility of the BDQ resistant mutant for the test compounds at a
concentration (0.6 - 0.7 µM).
To further study the toxicity, the possibility for genotoxicity was excluded with a
vitotox assay, closely correlated to an Ames test. No genotoxicity was detected for the
compound series 38 for concentrations tested up to 128 µM.
To evaluate the drugability of the compounds, we tested their metabolic stability. All
compounds showed extreme susceptibility for metabolic destruction by phase I murine
CP450 enzymes but less extended to the phase II UGT enzymes. However, when
repeating the assay with human CP450 and UGT enzymes, the overall stability improved,
with a remainder of 85 and 95 % of the parental compound after enzymatic exposure.
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Our squaramides were also docked into a model of ATP synthase, which was
performed by our colleagues Karel Berka and Václav Bazgier from the Department of
Physical Chemistry UP. Since no experimental structure was available for
M. tuberculosis, we have used a homology model built using the SwissModel server over
M. smegmatis structures. Since both mycobacteria share similar sequences with more than
75% identity, we have first docked squaramides using Autodock Vina into structures from
M. smegmatis in various states. We have identified that squaramides bind specifically into
the cavity between rotating c subunits (atpE) and static a subunit (atpB), but only to state
2. Squaramides bound with RHS directly interact with this residue (Fig. 9). LHS
containing nitrogen as a hydrogen bond acceptor interacts with M. smegmatis atpB N174
(M. tuberculosis eq N172). Most contacts to atpE subunits are provided by nonpolar
interactions - e.g. M. smegmatis I59 (M. tuberculosis I55). Squaramides thus fit the
interface between subunits, effectively blocking the movement of the rotating subunits
by binding to E177 residue.

Fig. 9: Binding pose for compound 38b into Msm ATP synthase in state 2 – pdbid:7njp.
AtpB subunit is shown with cyan cartoon, AtpE subunits are shown in yellow and green
colours in the background.
All results mentioned above in this chapter have been summarized in the manuscript
and are prepared for publication. This multidisciplinary work comprises the design of
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new analogues, their synthesis and characterization, and biological evaluation. Two
undergraduate students and one PhD student were involved in synthesising new
derivatives.
2.2.6 New synthetic pathways leading to various squaramides
The binding pose for compound 38b into Msm ATP synthase illustrates a vast space for
further modification of structure 38 (Fig. 10). We realized that the squaric acid skeleton
is a unique feature, and its structural modification does not seem to be rational. On the
other hand, there are many possibilities to optimize the LHS and RHS part of the
squaramide structure.

Fig. 10: Binding pose for compound 38b into Msm ATP synthase, illustrating further
possibilities for modification of parent structure.
For this reason, we aimed to develop novel and highly universal synthetic pathways that
would enable us to prepare a wide range of squaramide analogues from available
precursors. For our initial work in this area, we selected the Liebeskind-Srogl coupling as
a universal method for C-C coupling using the number of commercially available boronic
acids (Scheme 8). Synthesis utilized dichloro derivative 36 that was in situ converted to
monochlor analogue 50. The reaction of intermediate 50 with p-methoyxythiofenol
followed by Liebeskind-Srogl cross-coupling reaction gave products 52. Final
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squaramides 53 were obtained upon the reaction of 52 with pyridin-2-ylmethanamine.
I would like to point out that my student Jan Chasák carried out described synthetic work
within his Master thesis.46
To develop a universal synthetic methodology, we used several boronic acids
without a specific selection of substrates. However, consecutively, we will select
appropriate analogues based on molecular docking and simultaneous biological tests.

Scheme 8. Synthesis of new squaramide anlogues 53 based on the Liebeskind-Srogl
coupling. Reagents and conditions: (i) dry MeOH, dry DCM, rt, 16 h;
(ii) p-methoyxythiofenol, TEA, dry THF, rt, 30 min, 42-64 % over two steps; (iii) boronic
acid/pinacol, CuTC, TFP, Pd(dba)3, dry dioxan, 100 °C, 20 h, 12-89 %; (iv) pyridin-2ylmethanamine, MeCN, rt, 30 min, 65-85 %.
We suggested new analogues 56 differing from previous compounds in amide bonds
based on molecular docking. For suggested compounds, an efficient synthetic approach
was developed (Scheme 9). Firstly, intermediate 54 was successfully prepared in high
yield and converted to amides 55. The final reaction with pyridin-2-ylmethanamine
yielded compounds 56. All amides 56 were synthesized by my PhD student Milan Dak.

Scheme 9. Synthesis of squaramides 56. Reagents and conditions: (i) NH3 (g), Et2O,
0 °C, 30 min, 89 %; (ii) R-COOH, EDC.HCl, DMAP, DMF, rt, 2h, 26-60 %; (iii) pyridin2-ylmethanamine, MeCN, rt, 1 h, 60-90 %.
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Analogues 56 are currently undergoing initial biological screening for their activity
against M. tuberculosis H37Ra.
Obviously, the squaric acid scaffold is a particular feature with the potential to be
further developed into drug candidates for tuberculosis. Our systematic investigation of
squaric acid analogues revealed some specific modifications, demonstrating the
significant potential for structure-based design in developing next-generation
antituberculosis drugs.
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3 Mycobacterial Zmp1 inhibitors

Zinc metalloprotease 1 (Zmp1) is a Mycobacterium tuberculosis 75 kDa secreted enzyme
found to be essential for intracellular survival and M. tuberculosis pathogenicity.48,49
In 2008, Master et al. described that mycobacterial Zmp1 interferes with the macrophage
phagosome maturation by inhibiting caspase-1 activation and thereby reduction of IL-1β
secretion (Fig. 11).48 This disruption of the signalling pathway for inflammasome
activation prevents the early inflammatory response necessary for the complete clearance
of the invalid pathogen.50 However, the molecular mechanism of caspase-1 inhibition by
Zmp1 has not been fully elucidated to date. Zmp1 and its inhibition leading to attenuation
of virulence may represent a potentially useful drug target and is worthy of further
investigation.

Fig. 11: Inhibition of the phagosome maturation process by mycobacterial Zmp1 (this
figure was drawn according to Ferraris and Rizzi).51

3.1 Structure of mycobacterial Zmp1
The first structural characterization of Zmp1 was published in 2011 by Ferraris et al. (Fig.
12).52 They recombinantly expressed Zmp1 in Escherichia coli, purified and cocrystalized with the known broad-spectrum inhibitor of Zn-dependent metalloproteases
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phosphoramidone. Experiments carried out showed that Zmp1 is composed of two mainly
α-helical lobes interconnected by several loops distributed over the protein equatorial line
(Fig. 12). The active site of Zmp1 is located between two lobes with the catalytic zinc ion
coordinated in a tetrahedral geometry by the conversed residues His497 and His493.

Fig. 12: Crystal structure of Mycobacterium tuberculosis zinc metalloprotease Zmp1 in
complex with inhibitor (PDB: 3ZUK; figure created using Mol* Viewer).52
The exciting study describing two open-state cryo-EM (cryo-electron microscopy)
structures of Zmp1 was published recently by Liang et al. (Fig. 13).53 Their structural
analysis highlighted the key conformational states for structural enzymology studies.

Fig. 13: Cryo-Em structure of M. tuberculosis Zmp1 in the open state (PDB: 6XLY;
figure created using Mol* Viewer).53
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3.2 Zmp1 inhibitors
The initial study on effective mycobacterial Zmp1 inhibitors was published by
Peterea et al. in 2012, who investigated the interaction of this metalloprotease with
phosphormadion and chelators such as 1,10-phenanthroline and EDTA.50 A relatively
limited number of additional studies on this topic followed.54–59 All published substances
contain the rhodanine skeleton,54–57 hydroxamate moiety58 or thiazolidinedione
heterocycle.59 They are characterized by a chemical entity with an affinity towards Zn2+
ion called zinc-binding group (ZBG).
The most potent inhibitors are depicted in Fig. 14, along with the relevant available
data. However, it is hard to compare the functionality of these inhibitors as some of them
were studied merely theoretically in terms of Zmp1 inhibition using molecular docking
studies (Fig. 14, compounds 59 and 60).55,56 Regarding the mycobacterial Zmp1
inhibition, compound 6158 exhibited the best experimental results to date. All structures
will be discussed in more detail below.

Fig. 14: Structures of known Zmp1 inhbitors.54–59
3.2.1 Inhibitors containing rhodanine heterocycle
The first inhibitors containing rhodanine skeleton were described by Mori et al. in 2014.54
The combination of in silico design and biochemical studies led to the identification of
the small molecule inhibitor 57 reaching the nanomolar Ki of 94 nM (Scheme 10).
Synthesis of this compound started from optically pure phenylalanine 63, which was
reacted with carbon disulfide, giving intermediate 64. Subsequent reaction with sodium

37

chloroacetate, acidic cyclization, and final Knoevenagel condensation (Verley
modification) gave the desired inhibitor 57.

Scheme 10. Synthesis of title compound 57.54 Reagent and conditions: (i): CS2, NaOH,
H2O, rt, on; (ii) sodium chloroacetate, H2O, rt, 2 h; (iii) 6 M HCl, POCl3, 75 °C, 4 h,
66 %; (iv) p-carboxybenzaldehyde, β-alanine, CH3COOH, reflux, 6 h, 83 %.
Mori and co-workers enriched the library of rhodanines with inhibitors 58
(Scheme 11).57 Synthesis proceeded analogously as in the case of previous inhibitor 57
with the application of appropriate precursors.

Scheme 11. Synthesis of the title compounds 58.57 Reagent and conditions: (i): β-alanine,
CH3COOH, reflux, 6 h, 50-94 %.
Furthermore, Mori et al. synthesized aminothiazoles 72 and 73 as possible
rhodanine-mimetics (Scheme 12).57 Synthesis of aminothiazole analogues started with
methylation of commercially available D-phenylalanine 63, giving methyl ester 69.
Subsequently, this ester was reacted with methoxycarbonyl isothiocyanate and
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hydrolyzed with sodium hydroxide to obtain thiourea 71. The Hantzsch synthesis of
thiazole consisting of the condensation of α-bromoacetophenones with thiourea 71
yielded the final compounds 72. The saponification of methyl esters 72 gave the
corresponding dicarboxylic acids 73.

Scheme 12. Synthesis of thiazole conjugates 72 and 73.57 Reagent and conditions:
(i) SOCl2, dry MeOH, 0 °C to rt, 1 h, 99 %; (ii) methoxycarbonyl isothiocyanate, DIPEA,
DCM, 0 °C to rt, 1 h, 94 %; (iii) 3 N NaOH, MeOH, reflux, 1 h, 74 %; (iv) DMF, rt, 1-3 h,
72-91 %; (v) NaOH/MeOH/THF, reflux, 3 h, 83-87 %.
Evaluation of the inhibitory activity of rhodanines 58 and thiazoles 72 and 73 against
recombinant Zmp1 of M. tuberculosis revealed that all tested rhodanines exhibited
activity in the range IC50 = 1.3 – 43.9 µM. On the other hand, only two thiazoles showed
modest inhibition. The most active thiazole 72a is depicted in Scheme 12.
Further rhodanine-based compounds were studied by Subhedar et al. in 2016
(Scheme 13).55 Collective of authors synthesized various conjugates 59 using [HDBU]
[HSO4] acidic ionic liquid as a catalyst for the key step of synthesis – Knoevenagel
condensation. Authors studied all synthesized compounds 59 for their biological activity
against several pathogens. However, the research point consists of assessing
antimycobacterial activity against M. tuberculosis and the molecular docking studies
against mycobacterial Zmp1. The most active analogue 59a exhibited MIC = 4.5 µg/ml.
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Scheme 13. Synthesis of rhodanine-tetrazoloquinoline conjugates 59.55 Reagents and
conditions: (i) [HDBU][HSO4], solvent-free, 80 °C, 30 min, 82-90 %.
A year later, the same group published a study on rhodanine-quinolidine conjugates
(Scheme 14).56 Authors prepared aldehydes 78 that were further subjected to DBU acetate
catalyzed Knoevenagel condensation with various rhodanines giving final substrates 60
in high yields. A series of conjugates were evaluated for their in vitro antimycobacterial
properties against Mycobacterium tuberculosis H37Ra and Mycobacterium bovis BCG.
Several compounds exhibited antimycobacterial activity with MIC ranging from 3.5 to
19.9 µg/ml against M. tuberculosis H37Ra. The most active analogue 60a is depicted in
Scheme 14. Follow-up molecular docking studies indicated the binding modes of
concerned molecules in the active site of mycobacterial Zmp1. Nevertheless, no
experimental study in this respect was provided.

Scheme 14. Synthesis of rhodanine-quinolidine conjugates 60.56 Reagents and
conditions: (i) acetanhydride, reflux, 3-4 h; (ii) DMF, POCl3, 100 °C, 16 h;
(iii) rhodanines, [DBUH][OAc], solvent-free, 80 °C, 30 min, 80-91 %.
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3.2.2 Inhibitors containing hydroxamates
In 2018, Paolino et al. published the most active Zmp1 inhibitors to date based on the
hydroxyquinoline-hydroxamate skeleton.58 Authors synthesized a small set of
8-hydroxyquinoline-2-hydroxamates 61 through a straightforward synthetic approach
depicted in Scheme 15. Using a fluorimetric assay, all final compounds were studied for
their in vitro inhibitory properties against Zmp1. Moreover, the binding mode was further
analyzed by molecular docking studies. Interestingly, five compounds from the evaluated
library exhibited nanomolar potencies. The best candidate, 61a, is depicted in Scheme 15.

Scheme 15. Synthesis of hydroxyquinoline-hydroxamates 61.58 Reagents and conditions:
HOBt, EDC, NMM, DMF, rt, 2 h, 35-77 %.
3.2.3 Inhibitors containing thiazolidinediones
The last described inhibitors to date were published by our group in 2020.59 We have
developed an efficient and straightforward synthetic protocol to prepare a series of
thiazolidinedione-hydroxamates 84 and 62 (Scheme 16). Synthesis of both series started
with thiazolidinedione 81. Firstly, the starting material was converted to esters 82 by
reacting with bromoacetate or methyl 2-bromopropionate. Subsequent acid-catalyzed
hydrolysis and coupling reaction with O-allylhydroxylamine hydrochloride or
O-benzylhydroxylamine hydrochloride gave products 84. Synthesis of inhibitors 62 was
initiated with Knoevenagel condensation of thiazolidinedione 81 with various aldehydes
yielding precursors 85. The rest of the reaction sequence proceeded similarly to the
previous synthesis of products 84.
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Scheme 16. Synthesis of thiazolidinediones 84 and 62.59 Reagents and conditions:
(i) methyl bromoacetate or methyl 2-bromopropionate, NaH, DMF dry, rt, 16 h; (ii) HBr
(40%), reflux, 5 h; (iii) O-allylhydroxylamine hydrochloride or O-benzylhydroxylamine
hydrochloride, EDC.HCl, H2O, rt, 2 h, 31-75 %; (iv) aldehyde, piperidine, EtOH, reflux,
5 h.
Further, the inhibitory properties of prepared compounds towards a recombinant
Zmp1 from Mycobacterium tuberculosis were assessed by prof. Marek Šebela
(Department of Biochemistry, UP Olomouc) by MALDI-TOF MS. This characterization
was completed by the evaluation of their antimycobacterial activity and acute cytotoxicity
using whole-cell assays performed by Dr. Davie Cappoen (University of Antwerp,
Belgium).
As expected, the extracellular antimycobacterial activity was rather limited, whereas
antimycobacterial activity against intracellular residing bacteria was present for most
tested compounds. Moreover, our results showed that none of the synthesised
thiazolidinedione-hydroxamates possessed acute cytotoxic effects against RAW264.7
macrophages. The existing structural differences were reflected in the variability of the
in silico predicted parameters and biologically determined responses. Our results indicate
a significant potency of the suggested thiazolidinedione-hydroxamates, where compound
62a (Scheme 16) was considered the best candidate from the first generation library.
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3.2.4 Other inhibitors prepared by our group
Molecular docking of the first generation of thiazolidinediones59 showed us that the
studied compounds would rather occupy the entrance into the central cavity than the zinc
catalytic site.59 Therefore, we designed novel derivatives 88 with a longer peptide chain
containing a terminal zinc-binding group COOH or COOMe (Fig. 15) that was proven to
interact with the zinc ion at the active site according to molecular docking studies.
Furthermore, thiazolidinediones are presented as PAINS (pan-assay interfering
compounds) and might be problematic for developing drug-like molecules.60 Careful
biophysical tests will have to be performed to verify the target engagement of the hit
compounds. For this reason, we designed novel classes 89 and 90 of compounds (Fig. 15)
with the modified central heterocyclic scaffold. Based on molecular docking, these
compounds appear to bind with a similar or higher affinity toward Zmp1 than those from
the first generation.

Fig. 15: Design of novel Zmp1 inhibitors.
Synthesis of inhibitors 88 was performed by my PhD student Milan Dak (Scheme
17). The first step of the reaction sequence was an aldol condensation between
thiazolidine-2,4-dione 80 and the corresponding aldehydes to form esters that were
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hydrolyzed, giving acids 91. The subsequent reaction between the corresponding
carboxylic acids 91 and the suitably modified amino acids gave thiazolidinediones 92.
These modified thiazolidinedione derivatives 92 were subsequently alkylated using
tert-butyl bromoacetate. The removal of the tert-butyl group using a mixture of
trifluoroacetic acid and dichloromethane gave the corresponding carboxylic acids 93,
which were further subjected in the final step to reaction with the corresponding
hydroxylamines using EDC.HCl.

Scheme 17. Synthesis of thiazolidinediones 88. Reagents and conditions: (i) methyl 4/3formylbenzoate, piperidine, EtOH, reflux, 20 h, 73-74 %; (ii) 6M HCl, reflux, 4 h,
84-94 %; (iii) ʟ-leucine / ʟ-valine methyl ester.HCl, DIPEA, HOBt, EDC.HCl, DMF, rt,
19 h, 50-64 %; (iv) tert-butyl bromoacetate, K2CO3, TBAI, acetone, 40 °C, 18 h, 70-93
%; (v) TFA, DCM, rt, 2 h, 82-95 %; (vi) allyl/benzyl hydroxylamine.HCl, EDC.HCl,
H2O:THF, rt, 2 h, 59-86 %.
To avoid unwanted interactions of TZDs as pan-assay interfering compounds
(PAINS),60 we utilized scaffold hopping to substitute the central TZD for an indole or
pyrrole moiety proposing hydroxamates 89 or 90, respectively (Fig. 15). Despite some
structural similarity with previous TZD-hydroxamates, a notably different synthetic
pathway toward indole/pyrrole hydroxamates was needed and carried out by my PhD
student Veronika Šlachtová.61
All the synthetic effort started with constructing the dipeptide side chains, which is
described in the PhD thesis of Veronika Šlachtová in more detail.61 The synthesis of
indole/pyrrole final compounds proceeded according to the protocol depicted in
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Scheme 18. Commercially available methyl indole or pyrrole-3-carboxylates 94 were
chosen as starting materials. The reaction sequence started with N-alkylation utilizing
tert-butyl bromoacetate. Selective removal of tert-butyl from diesters provided
intermediates 95. The desired heterocyclic hydroxamates 96 resulted from the coupling
of intermediate acids 95 with O-alkyl hydroxylamine hydrochlorides. Subsequent basic
hydrolysis of the methyl ester produced the free acids 97 conjugated with various
dipeptides giving intermediates 98. Base-mediated methyl ester cleavage accomplished
the formation of the target indole / pyrrole-hydroxamates 89 and 90. Our synthetic
protocol yielded two series of heterocyclic hydroxamates 89 and 90 isolated in lower
yields ranging from 2 to 60 % in two steps.

Scheme 18. Synthesis of pyrrole/indole-hydroxamates 89 and 90. Reagents and
conditions: (i) K2CO3, tert-butyl bromoacetate, MeCN, reflux, 16 h 83-90 %; (ii) TFA,
DCM, rt, 2 h, 95-98 %; (iii) O-allylhydroxylamine.HCl/O-benzylhydroxylamine.HCl,
EDC.HCl, H2O, rt, 2 h, 73-92 %; (iv) 2 M aq. LiOH, THF, 60 °C, 2 h, 56-98 %; (v)
dipeptides, EDC.HCl, HOBt, DIPEA, DMF, rt, 16 h; (vi) LiOH, H2O, MeOH, rt, 2 h,
2-60 %.
No direct activity of synthesized heterocyclic hydroxamates 88-90 was observed in
the whole-cell assay against Mycobacterium tuberculosis and Mycobacterium bovis.
However, the thiazolidinediones 88 showed dose-dependent inhibition of intracellular
survival of Mycobacterium tuberculosis H37Ra. Furthermore, the inhibition was
structure-dependent, with the most active derivative 88a (Fig. 16) inducing an 83.2%
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reduction of bacterial survival within the macrophage host cell. The promising biological
activity confirmed thiazolidinediones 88 as potent Zmp1 inhibitors that can be used as
tool compounds for further exploration of the role of Zmp1 for in vivo pathogenicity.

Fig. 16: The most active analogue from tested heterocyclic hydroxamates 88-90 in a
macrophage infection assay.
Further, interesting inhibitory properties of analogues 88-90 towards a recombinant
Zmp1 were analyzed by MALDI-TOF MS by our colleague prof. Marek Šebela
(Department of Biochemistry, UP Olomouc). Followed a previously developed
procedure59 based on monitoring the peptidolytic conversion of angiotensin II
(DRVY↓IHPF) in the reaction mixture, we assessed the inhibitory properties of all
derivatives 88-90. Most compounds provided only a weak inhibition at 40 µM
concentration. However, a few exceptions are depicted in Fig. 17.

Fig. 17: Structures of the most potent inhibitors from libraries of analogues 88-90
analyzed by MALDI-TOF MS.
IC50 values were 20 and 17, respectively, narrowing the best candidates to 89a and
90a (Fig. 17). A possible interpretation suggests the superiority of the pyrrole and indole
central moiety over that of thiazolidinedione. The most favourable substitutions R1, R2
and R3 at the pyrrole/indole-based scaffold seem to be Me, iBu, and allyl, respectively,
or, with lower efficiency, H, iPr and benzyl, respectively.
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To sum up our achievements in the new mycobacterial Zmp1 inhibitors
development, we designed and synthesized collections of new compounds and evaluated
their inhibitory properties. Our first generation of thiazolidinedione-hydroxamates
comprising the most active inhibitor 87a reaching the IC50 = 18 µM (M. tuberculosis
Zmp1) was published in Eur. J. Med. Chem. in 2020.59 Following the first generation of
thiazolidinedione-hydroxamate analogues, we designed and synthesized next-generation
libraries 88-90. While these compounds did not exhibit significant antimycobacterial
potency, few analogues proved to be as active as previous analogue 87a. The presented
study results clearly indicate the potency of our inhibitors towards zinc-dependent
metalloprotease Zmp1 and provide a platform for future structure-based optimization.
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4 Phenotypic screening

Phenotypic screening is one of two strategies in new drug development, as discussed in
Chapter 1.4.3. Phenotypic whole-cell-based assays screen for compounds inhibiting
pathogen growth to identify hits for further optimization and deconvolution of the mode
of action (MoA). Importantly, this approach has a high potential to open the path for
discovering compounds that could inhibit completely new targets or new pathways,
leading to the identification of a new compound highly active against MDR or XDR TB
strains.
The efficient use of this approach is fueled by progress in combinatorial chemistry
comprising synthetic methods used to prepare a large number of compounds in a single
process. Consequently, high-throughput screening (HTS) is established as a tool for the
fast screening of the biological activity of the compound library. HTS can identify
candidates for further optimization and rapidly exclude compounds with a poor or no
effect.
Without any particular mycobacterial target, we suggested several libraries to be
synthesized and evaluated for their biological activity using a phenotypic screening
approach (Fig. 18).

Fig. 18: Compounds designed for phenotypic screening (note: substituents R1-R3 will
be explained further).
All these structures were designed as a follow-up to analogies in the literature. All
chemical libraries were parts of the Bachelor, Master, or PhD thesis of my students and
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will be discussed separately below. It should also be mentioned that these students´
projects were mainly devoted to developing synthetic procedures leading to designed
compounds.

4.1 Thiazolidinedione-based conjugates
When we studied the thiazolidinedione heterocycle described above as a scaffold for
Zmp1 inhibitors, we realized many biologically active compounds comprising this
structural motive. Since the combination of two pharmacophores is a well-established
approach for designing more potent drugs with a significant increase in biological
activity, we decided to combine thiazolidinedione with other pharmacophores.
4.1.1 Thiazolidinedione-pyrimidine conjugates
Our first conjugates published in 2019 were based on the combination of a
thiazolidinedione and pyrimidine heterocycles (Scheme 19).62 First of all, we decided to
employ the solid-phase synthetic approach based on easily accessible building blocks and
very simple chemical operations, enabling the effective development of potent
experimental therapeutics of this type in a combinatorial manner. The target conjugates
were synthesized on Wang resin via immobilization of lipophilic amino acids to optimize
the overall drug-likeness of final hybrids.63 Both heterocycles were connected by an
appropriate linker. Herein, ethylenediamine and propylenediamine were selected for
primary screening. Modification of thiazolidinedione core included a typical benzylidene
or alkylidene substitution pattern.64
The solid-phase synthesis started with amino acid immobilization on Wang resin
(Scheme 19). Resin 100 underwent Fmoc deprotection, substitution with 4,6-dichloro-5nitropyrimidine and treatment with aminoethanol or aminopropanol, resulting in resins
101. Subsequent Fukuyama-Mitsunobu transformation then yielded the key polymersupported intermediate 102. Knoevenagel condensation of resins 102 with various
aldehydes resulted in conjugates 104. The desired thiazolidinedione-pyrimidine
conjugates 103 and 105 were finally isolated by standard acidic cleavage and subsequent
HPLC purification. Notably, after Knoevenagel condensation, the formation of two
geometrical isomers E or Z is possible. These two isomers can be easily distinguished by
the 1H NMR spectral characteristics. The NMR elucidation confirmed the formation of Z
isomers for all our products. The reaction proceeded smoothly with aromatic aldehydes
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bearing electron-withdrawing or electron-donating groups as well as aliphatic aldehydes,
giving the target products in crude purity between 58 and 91 %. Overall yields ranged
from 29 to 63 %. All synthetic procedures were performed by my student Veronika
Šlachtová within her PhD thesis, in which all detailed information can be found61 besides
the published paper.62

Scheme 19. Solid-phase synthesis of thiazolidinedione-pyrimidines 103 and 105.
Reagents and conditions: (i) Fmoc-amino acid, HOBt, DMAP, DIC, DMF/DCM (1:1), rt,
16 h; (ii) 50% piperidine, DMF, rt, 15 min; (iii) 4,6-dichloro-5-nitropyrimidine, DIPEA,
DMF, rt, 2 h; (iv) amino alcohol, DIPEA, DMF, rt, 2 h; (v) thiazolidine-2,4-dione, PPh3,
DIAD, THF, rt, 1 h; (vi) aldehyde, piperidine, DMF, 70 °C, 16 h; (vii) 50% TFA in DCM,
rt, 1 h.
Afterwards, all final compounds were evaluated for their antimycobacterial and
antibacterial properties. All these assays were performed by Dr. Lucie Janovská from the
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Department of Microbiology, Faculty of Medicine and Dentistry, UP. We assessed their
properties against several gram-positive and gram-negative bacterial strains (S. aureus,
P. aeruginosa, E. coli, E. faecalis) and two fungal strains (C. albicans, A. niger).
Thiazolidinedione-pyrimidines 103 turned out completely inactive. On the contrary,
conjugates 105 were a little bit more potent. However, none of the compounds was
considered acceptable for further optimization (Fig. 19).

Fig. 19: The most active analogues from the series 103 and 105.
It is worthy of notice that we implemented a rather controversial nitro group to our
structures. The nitro group is often considered a toxic moiety leading to mutagenicity and
genotoxicity. However, it was proved that mycobacteria have an ability to deal with this
problem, as is demonstrated by two FDA approved drugs (Delamanid and Pretomanid)
comprising the nitro group in their structures.
4.1.2 Thiazolidinedione-triazole conjugates
We decided to continue with the thiazolidinedione-based combinatorial approach to
extend the possibilities for phenotypic screening. In this case, we focused on the triazole
moiety with unique antimycobacterial potential65 and constructed conjugates of
thiazolidinedione with 1,2,3-triazole (Scheme 20). Our interest in such a combination was
further enhanced by the reported promising pharmacological properties of the
thiazolidinedione-triazole hybrids.66,67
Synthesis of designed hybrids relied on CuI catalyzed azide-alkyne cycloaddition
(Scheme 20).68 For this reason, we selected three simple azide-substituted residues R1 for
the initial investigation to reveal any possible consequences of the triazole ring
modification. Moreover, thiazolidinedione heterocycle was further diversified by various
benzylidenes or alkylidenes according to the prevalent literature.64
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A straightforward synthetic protocol (Scheme 20) performed by my PhD student
Veronika Šlachtová61 started with N-alkylation of thiazolidinedione 80 with propargyl
bromide under standard conditions using K2CO3 in refluxing acetone69 giving derivative
106. Subsequently, alkyne derivative 106 underwent CuI catalyzed azide-alkyne
cycloaddition resulting in the desired hybrids 107 in low to moderate isolated yields of
13-58 %. Synthesis of thiazolidinedione-triazole conjugates 110 (Scheme 20) was
initiated with Knoevenagel condensation and followed with N-alkylation providing
alkynes 109 in excellent 50-97% isolated yields. Final compounds 110 were obtained
after Huisgen cycloaddition of 109 with various azides.

Scheme 20. Synthesis of thiazolidinedione-triazoles 107 and 110. Reagents and
conditions: (i) propargyl bromide, K2CO3, acetone, reflux, 16 h, 48 %; (ii) azide, sodium
ascorbate, CuSO4.5H2O, DMF, rt, 5 h; (iii) aldehyde, piperidine, EtOH, reflux, 16-20 h.
We tested the antimycobacterial potency of the thiazolidinedione-triazole library
against M. tuberculosis H37Ra in cooperation with Dr. Davie Cappoen. None tested
conjugates showed significant antimycobacterial activity with IC50 and MIC values > 64
µM. Further, acute cytotoxicity against human lung fibroblast MRC-5 cells (ATCC®
CCL-171) was assessed. Three compounds, all harbouring a pentilidene group, showed a
cytotoxic effect with CC50 values of 31.29, 28.47 and 35.49 µM (Fig. 20). Though, these
effects do not exceed the cytotoxic effect of the reference drug tamoxifen
(CC50 = 11.06 µM).
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Apart from the antimycobacterial activity, the compounds were tested for their
activity against the Gram-negative bacterium Escherichia coli (ATCC® 8739TM), the
Gram-positive bacterium Staphylococcus aureus (ATCC® 6538TM) and the yeast
Candida albicans (SC5314). None of the compounds showed activity against these
species with IC50 > 64 µM.

Fig. 20: Compounds exhibiting acute cytotoxicity against human lung fibroblast
MRC-5 cells.
4.1.3 Thiazolidinedione-benzoxazole conjugates
Further conjugates synthesized by Michal Kolařík as a part of his Bachelor thesis70
comprised thiazolidinedione and benzoxazole heterocycle. The synthetic pathway leading
to designed compounds is depicted in Scheme 21.
Firstly, thiazolidinedione 81 was subjected to Knoevenagel condensation followed
by alkylation and hydrolysis, giving acid 113. Condensation of 113 with
2-aminobenzoxazoles prepared according to our published protocol47 afforded final
compounds 114. Derivatives 116 with a simple methylene bridge were synthesized from
acids 113 upon condensation with various aminophenoles and subsequent intramolecular
Mitsunobu reactions.
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Scheme 21. Synthesis of thiazolidinedione-benzoxazole conjugates 114 and 116.
Reagents and conditions: (i) aldehydes, piperidine, EtOH, 89 °C, 16 h; (ii) methyl
bromoacetate, NaH, DMF dry, rt, 16 h; (iii) HBr (40%), reflux, 5 h; (iv)
2-aminobenzoxazoles, DIC, HOBt, DCM dry, rt, 16 h; (v) aminophenoles, DIC, HOBt,
DCM dry, rt, 16 h; (vi) PPh3, DIAD, THF dry, 16 h.

Final thiazolidinedione-benzoxazole conjugates 114 and 116 were evaluated for their
antimycobacterial and antibacterial properties. None of the tested analogues exhibited
activity against M. tuberculosis. However, analogue 114a proved significant activity
against Mycobacterium vaccae and Pseudomonas aeruginosa (Fig. 21).

Fig. 21: Structure of the most active analogue from the library of conjugates 114 and
116.
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Three chemical libraries of thiazolidinedione conjugates were reported in this
chapter: (i) thiazolidinedione-pyrimidines, (ii) thiazolidinedione-triazoles, and (iii)
thiazolidinedione-benzoxazoles. We implemented the wide structural diversity needed
for

phenotypic

screening

using

various

pharmacophores.

Despite

the

low

antimycobacterial potential of studied compounds, we came up with structures that
showed interesting antibacterial activity and can be further optimized and studied.
Moreover, compounds 110a and 110b (Fig. 20) exhibited promising antileishmanial
properties undergoing an extensive biological study.

4.2 Pyrimidines for phenotypic screening
In 2020, we reported the solid-phase synthesis of new pyrimidine derivatives.71 Inspired
by the literature, we suggested two different types of scaffolds, consisting of the central
pyrimidine heterocycle (Scheme 22 and 23).71 First derivatives comprised a
5-nitropyrimidine scaffold and two positions on the pyrimidine central core that differs
from the used amino acid and amine. Moreover, the second scaffold was modified with
various carboxylic acids. Synthesis of designed compounds was carried out by my student
Romana Machníková within her Master thesis.72
Target compounds 120 were synthesized from the resin-bound precursors 117
(Scheme 22). Firstly, Wang resin was acylated with five different Fmoc-protected amino
acids (Fmoc-β-Ala-OH, Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Met-OH, and Fmoc-ValOH). The Fmoc protecting group was then removed through exposure to 50% piperidine,
and the free amino group reacted with commercially available 4,6-dichloro-5nitropyrimidine. Subsequently, the nucleophilic substitution of the resulting chloride 118
afforded resin-bound pyrimidines 119. Standard cleavage with 50% TFA in DCM and
subsequent high-performance liquid chromatography (HPLC) purification afforded the
first library of pyrimidines 120. All final compounds 120 were obtained in excellent crude
purity ranging from 74 to 92 % as measured by LC-UV traces at 210–500 nm.
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Scheme 22. Solid-phase synthesis of pyrimidines 120.71 Reagents and conditions:
(i) Fmoc-amino acid, HOBt, DMAP, DIC, DMF/DCM (1:1), rt, 16 h; (ii) 50% piperidine,
DMF, rt, 15 min; (iii) 4,6-dichloro-5-nitropyrimidine, DIPEA, dry DMF, rt, 2 h;
(iv) amine, DIPEA, DMF, rt, 16 h; (v) 50% TFA in DCM, rt, 1 h.
Synthesis of the second type of pyrimidine scaffold proceeded according to the solidphase synthetic pathway depicted in Scheme 23. Valine and cyclohexylamine
substitutions were chosen considering the initial antibacterial activity. After immobilizing
Fmoc-Val-OH on Wang resin and cleavage of the Fmoc protecting group, the resulting
intermediate 121 was reacted with 4,6-dichloro-5-nitropyrimidine. Nucleophilic
substitution of chloride 121 with cyclohexylamine delivered 5-nitropyrimidine 123.
Further, nitro group 123 was reduced using sodium dithionite. The third core was
introduced to the resin-bound amine 124 via acylation, for which ten different carboxylic
acids were selected. Finally, acid-mediated cleavage from the resin with TFA in DCM
and subsequent HPLC purification yielded a series of compounds 126 for biological
activity testing.
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Scheme 23. Solid-phase synthesis of final compounds 126. Reagents and the conditions:
(i) Fmoc-valine, N-hydroxybenzotriazole (HOBt), DMAP, DIC, DMF/DCM (1 : 1), rt,
16 h; (ii) 50% piperidine, DMF, rt, 15 min; (iii) 4,6-dichloro-5-nitropyrimidine, DIPEA,
dry DMF, rt, 2 h; (iv) amine, DIPEA, DMF, rt, 16 h; (v) Na2S2O4, K2CO3, ethyl viologen
diiodide, H2O/DCM, rt, 16 h; (vi) carboxylic acid, HOBt, DMAP, DIC, DMF/DCM
(1 : 1) or DMF, rt, 16 h; (vii) 50% TFA in DCM, rt, 1 h.
All final pyrimidines were screened for their in vitro antibacterial activity against M.
tuberculosis H37Rv and several Gram-positive and Gram-negative strains such as
S. aureus, P. aeruginosa, E. coli, and E. faecalis in the concentration range of 1024 –
0.0312 µg/ml. Additionally, their antifungal activity against C. albicans and A. niger was
also investigated. None of the tested compounds 120 and 126 exhibited any activity
against fungal strains, E. coli, S. aureus, and E. faecalis. On the other hand, compound
120a (Fig. 22) showed considerable activity against P. aeruginosa (the bactericidal
activity was observed in the range of concentrations 2-8 µg/ml) and was found to be as
active as the standard (gentamicin). Further, compound 126a (Fig. 22) with the
4-pyridinyl moiety exhibited moderate antimycobacterial activity with a MIC value of
32 µg/ml.
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Fig. 22: The most active analogues from the pyrimidine libraries 120 and 126.71
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5 Conclusions and future perspectives

Prior to the Covid-19 pandemic, tuberculosis was the leading cause of death from a single
infectious agent worldwide. Even though TB is treatable in almost all cases, many drugresistant strains emerge. WHO estimates that half a million people annually have disease
resistance to the most effective antimicrobials used to treat it. For this reason, I decided
to establish my research group aimed at the development of new antimycobacterial
agents.
During the last four years, my research group has reached significant results in
antituberculosis drugs development. We mainly focused on the specific target at the level
of bacteria. However, some rather synthetic projects were involved in phenotypic wholecell screening.
From my point of view, the most exciting results were achieved in the projects
comprising the development of new mycobacterial ATP synthase inhibitors. Inspired by
the literature, we designed and synthesized several libraries of squaramide analogues.
Notably, few analogues exhibited nanomolar antimycobacterial activity, and for this
reason, Dr. Davie Cappoen (University of Antwerp) comprised these analogues in the
advanced biological test. They were able to generate spontaneous resistant mutants and
exactly proved the molecular target of our squaramides, subunit a of mycobacterial ATP
synthase. Moreover, our compounds showed sensitivity to bedaquiline-resistant strains.
These results will be submitted for publication in a short time.
Another promising direction in this work is targeting mycobacterial virulence factor
Zmp1. Employing this approach, we can help the immune system fight against bacteria
more efficiently. Focusing on this non-lethal pathway could result in efficient adjunctive
treatment options that have the potential to increase the antibiotic susceptibility of M.
tuberculosis. We prepared two generations of analogues based on the thiazolidinedionehydroxamate scaffold. Although we did not reach more active inhibitors compared to
those published in the literature, we originated several analogues that could be further
optimized in other to improve pharmacological properties.
Many of my students (Bachelor, Master, PhD) were involved in the research that
resulted in the successful synthesis of several libraries for phenotypic screening.
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However, we did not accomplish significant results related to antimycobacterial drugs
development in this field. On the other hand, we discovered an exciting hit compound
showing high activity against bacteria like Pseudomonas aeruginosa.
We published seven papers related to our research in peer-reviewed impact journals,
and two additional are currently prepared for publication. Our multidisciplinary work
comprises the design of new analogues, their synthesis and characterization, and
biological evaluation. Regarding the latest, we established international cooperation with
the team of biologists from the University of Antwerp (Laboratory for Microbiology,
Parasitology and Hygiene), led by Dr. Davie Cappoen.
During the last years, we have been immersed in the exciting issue of antituberculosis
research and discovered valuable structures. However, many outstanding questions for
future research remain. We will continue our effort to target some of the vital processes
of bacteria or target non-lethal pathways.
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6 Abbreviations

AIDS

acquired immunodeficiency syndrome

AMK

amikacin

ATP

adenosin triphosphate

BCG

bacillus Calmette–Guérin

BDQ

bedaquiline

CC50

50% cytotoxic concentration

CFZ

clofazimine

CS

cycloserine

CuTC

copper(I)-thiophene-2-carboxylate

DCM

dichloromethane

DIC

N,N’-diisopropycarbodiimide

DIPEA

N,N-diisopropylethylamine

DLM

delamanid

DMAP

(4-dimethylamino)pyridine

DMF

N,N-dimethylformamide

DOTS

directly observed treatment, short course

DR-TB

drug-resistant tuberculosis

EDTA

ethylenediaminetetraacetic acid

EMB

ethambutol

Et

ethyl

ETO

ethionamide

FDA

food drug administration

Fmoc

9-fluorenylmethoxycyrbonyl

[HDBU][HSO4]

1,8-diazabicyclo[5.4.0]-undec-7-ene-8-ium hydrogensulfate

HDT

host-directed therapy

HIV

human immunodeficiency virus

HOBt

1-hydroxybenzotriazole

HPLC

high performance liquid chromatography

IC50

half maximal inhibitory concentration
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INH

isoniazid

IPM-CLN

imipenem-cilastatin

LDA

lithium diisopropylamide

LFX

levofloxacin

LTBI

latent TB infection

LZD

linezolid

M. tuberculosis

Mycobacterium tuberculosis

MALDI-TOF MS

matrix-assisted laser desorption/ionization-time of flight mass
spectrometry

MDR/RR-TB

multidrug-resistant or rifampicin-resistant tuberculosis

MDR-TB

multidrug-resistant tuberculosis

Me

methyl

MFX

moxifloxacin

MIC

minimum inhibitory concentration

MIC

minimum inhibitory concentration

MPM

meropenem

NMM

N-methylmorpholine

PAS

p-aminosalicylic acid

PTO

prothionamide

PZA

pyrazinamide

RIF

rifampicin

RR-TB

rifampicin-resistant tuberculosis

rt

room temperature

SAR

structure-activity relationship

SFC

supercritical fluid chromatography

STM

streptomycin

TB

tuberculosis

TFA

trifluoroacetic acid

TFP

tri(2-furyl)phosphine

THF

tetrahydrofuran

TRD

terizidone

WGND

working group on new TB drugs

WHO

world health organization

XDR-TB

extensively drug-resistant tuberculosis
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ZBG

zinc-binding group

Zmp1

zinc-dependent metalloprotease 1
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