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ABSTRACT 

Since the beginning of 2020, the SARS-CoV-2 pandemic has drawn the world's 

attention to the danger of infectious agents, and to the need for ready-to-use therapies that 

are effective, with low risks and side effects for the patients. Despite the drama of today's 

situation, it is necessary to realize that there are many other infectious diseases in the world, 

which every year lead to the death of millions of people. 

Tuberculosis (TB), caused by the bacillus Mycobacterium tuberculosis (Mtb), remains a 

worldwide spread disease. TB is the first cause of death from a single pathogen, and its 

therapy requires daily doses of multiple antibiotics over a period of 6 months but can be 

extended due to the onset of drug-resistant Mtb strains. For years, the efforts of our 

laboratory have focused on the characterization of the mechanism of action of new 

compounds with antitubercular activity, as well as on the understanding of the molecular 

and biochemical mechanisms of Mtb drug resistance. 

In this thesis, we proceeded along the same path, following two complementary 

approaches: the “Target-to-Drug” and the “Drug-to-Target”. Firstly, through screening of 

compound libraries, we identified new anti-TB compounds, and studied their possible 

mechanism of action. In addition, we proceeded with a repurposing study of the 

Avermectins, which are anthelmintic compounds used in veterinary practice; among them, 

Selamectin showed the greatest anti-TB activity. This study revealed that selamectin has an 

inhibitory effect on the well-known drug target decaprenylphosphoryl-beta-D-ribose 

oxidase (DprE1), which is essential for the biosynthesis of the mycobacterial cell wall. 

Furthermore, because DprE1 works in concert with the decaprenylphosphoryl-2-keto-

beta-D-erythro-pentose reductase (DprE2), the DprE1-DprE2 complex activity was in 

depth investigated.  

On the other hand, we studied the polymorphisms associated with bedaquiline 

resistance, to deepen the knowledge on this mechanism of resistance and to help to 

overcome the spreading of bedaquiline-resistant Mtb strains in clinical settings. 
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This project expanded towards the study of new drugs against non-tuberculous 

mycobacteria (NTM), in particular Mycobacterium abscessus (Mab), which is an emerging 

pathogen among Cystic Fibrosis (CF) patients. In our work, we looked for new drugs 

against Mab. The hit compound 11326083 showed to be active, not only against Mab, but 

also against other NTMs and MDR clinical isolates. Its mechanism of action is still under 

investigation. Furthermore, by in silico molecular docking we identified some putative 

MmpL3 inhibitors active against Mab growth for which the characterization is still in 

progress.
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1.INTRODUCTION 

During the last year, the Severe Acute Respiratory Syndrome - Coronavirus - 2 

(SARS-CoV-2) pandemic has opened the eyes of the entire world on how dangerous 

infectious agents can be. As reported by the World Health Organization (WHO), each year 

millions of people die worldwide due to respiratory diseases, in particular Tuberculosis (TB) 

and acute lower respiratory infections (LRI) [WHO estimates, 2018]. Respiratory diseases 

make up five of the 30 most common causes of death: Chronic obstructive pulmonary 

disease (COPD) is third; LRI is fourth; tracheal, bronchial and lung cancer is sixth; TB is 

twelfth; and asthma is twenty-eighth [GBD, 2016; WHO, 2017]. LRI during childhood, 

and particularly before age 5, has been associated with and increased risk of developing 

asthma and reduced lung function in children, further posing a risk to their lives in the 

future [van Meel et al., 2019]. Moreover, LRI gathering information process can be difficult, 

especially from low-income countries, proving a proper and valid estimation of the burden 

challenging [Murdoch and Howie, 2018; Ruopp et al., 2015]. Even though the LRIs are 

caused by different viruses, Haemophilus influenzae and Streptococcus pneumoniae [Murdoch and 

Howie, 2018], mycobacterial lung infections need to be carefully assessed due to the unique 

characteristics of these bacteria [Cosma et al., 2003].  

TB is the first cause of death worldwide by a single pathogen, Mycobacterium 

tuberculosis (Mtb) [Banuls et al., 2015]. 

As of today, there are more than 170 recognized species of mycobacteria [Forbes, 

2016], which characterization in regards of the interaction with humans is vary, ranging 

from strictly pathogenic (Mycobacterium tuberculosis, Mycobacterium leprae, and Mycobacterium 

ulcerans), to environmental saprophytes (Mycobacterium smegmatis) mycobacteria [Bottai et al., 

2014]. Mycobacterium genus can be classified in two distinct groups: Mycobacterium tuberculosis 

Complex (MTBC) and Non-tuberculous mycobacteria (NTM). NTM do not cause 

tuberculosis or leprosy and are further subdivided into 4 categories based on phenotypic 

traits (Table 1), following Runyon classification [Simner et al., 2016].  

Mycobacteria are aerobic, nonmotile and do not form spores (with the exception 

of Mycobacterium marinum); the cell morphology is small rod-shaped. The colonies have 

different morphologies and colours depending on the type of mycobacteria or the exposure 

to external factors (light, minimal or rich media, anaerobiotic conditions, acidification) 

(Table 1) [Pfyffer, 2015; Wu and Dick, 2015]. Mycobacteria are widely spread in the 

environment, specifically due to their adaptive capabilities developed through genomic 
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evolution and are characterized by a GC-rich genome with a peculiar lipid-rich cell-wall, 

which confers unique characteristics of drug/immuno resistance [Bottai et al., 2014]. Host-

pathogen interaction between Mycobacteria and humans has been the focus of research in 

the last years, unravelling the intricate infection pathways.  

Table 1. Runyon classification of mycobacteria. Adapted from Simner et al., 2016. 

 

While Mtb is an obligate human pathogen, NTM have been considered, at most, 

opportunistic up until the 1980s where the human immunodeficiency virus (HIV) epidemic 

showed critical clinical interaction. Co-morbidity with other pathologies, such as HIV 

infection, Diabete Melitus, Rheumatoid Arthritis, Cystic Fibrosis, immunocompromisation 

and overall structural lung disease are strictly linked with more invasive mycobacterial 

disease and poor clinical outcomes [Degiacomi et al., 2019]. Mycobacterial infections caused 

by Mtb or opportunistic mycobacteria (Mycobacterium abscessus, Mycobacterium avium) can 

interest not only lungs, but also different host’s organs. Notably, the most cases of Mtb 

infections are pulmonary, while the other ones can involve different organs and host body 

districts [Aygun et al., 2019; Sunnetcioglu et al., 2015]. Furthermore, Mtb pulmonary 

infection, even post-treatment and resolution, has been linked to lung disfunction, fibrosis 

and higher risk of developing COPD [Ravimohan et al., 2018]. Similarly, for NTM infection 

over 70% are pulmonary, mostly depending on the host immunological conditions, and are 

principally caused by Mycobacterium avium (Mav), followed by Mycobacterium abscessus (Mab) 

and Mycobacterium kansasii (Mkan) [Henkle and Winthrop, 2016].  

Group 

Growth time on 

solid media 

(days) 

Colony appearance Mycobacterial species 

M. tuberculosis complex > 7 Rough, buff (light and dark) 
M. tuberculosis, M. africanum, 

M. bovis 

Runyon Group I 

Photochromogens 
> 7 

Smooth or rough, buff 

(dark), becoming lemon 

yellow or orange when 

exposed to light 

M. simiae M. marinum, M. 

kansasii, M. asiaticum 

Runyon Group II 

Scotochromogens 
> 7 

Smooth or rough, yellow to 

orange (light or dark) 

M. gordonae, M. scrofulaceum, 

M. szulgai 

Runyan Group 3 

Nonchromogens 
> 7 

Smooth or rough, 

nonpigmented, buff (light or 

dark, colour may intensify 

with age 

M. avium complex, M. 

haemophilum, M. ulcerans, M. 

genavenze 

Runyon Group IV 

Rapid Growers 
< 7 

Smooth or rough, buff or 

orange (light and dark) 

M. abscessus, M. chelonae, M. 

fortuitum, M. mucogenicum 
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1.1 MYCOBACTERIUM TUBERCULOSIS COMPLEX  

Tuberculosis (TB), is an ancient disease, historically known as the “Consumption 

disease’’, and dates back in the years with the first officially reported case about 3000 years 

ago [Barberis et al., 2017]. In humans and animals, TB is caused by members of the 

Mycobacterium tuberculosis Complex (MTBC), which is a group of acid-fast bacteria with a 

high percentage of identity (99.9%) and comprises: Mycobacterium tuberculosis, Mycobacterium 

africanum, Mycobacterium bovis (and Mycobacterium bovis bacillus Calmette-Guérin), 

Mycobacterium canettii, Mycobacterium microti, Mycobacterium pinnipedii, Mycobacterium mungi, 

Mycobacterium caprae, Mycobacterium orygis and Mycobacterium suricattae [Brites and Gagneux, 

2017; Malone and Gordon, 2017]. Among the species belonging to MTBC, 7 lineages are 

human host-specific: Mycobacterium tuberculosis lineages 1, 2, 3, 4 and 7; Mycobacterium africanum 

lineages 5 and 6; the other species cannot sustain the entire infective cycle only relying on 

the human host [Brites and Gagneux, 2017].  

To this date, TB caused by Mtb still represents a serious health issue with over 10 

million people affected in 2019, which resulted in about 1.4 million death worldwide 

[WHO, 2020]. To ultimately eradicate TB, in 2015 started the EndTB strategy, which aim 

is the 90% reduction of mortality and incidence of this disease by 2035 [Chakaya et al., 

2020]. Quick diagnosis protocols, management of TB latent form, immediate therapy 

administration and research funding are fundamental in order to reach the goal [Chakaya et 

al., 2020]. Owing to its virulence and airborne transmission, Mtb is classified as a risk group 

3 agent; as stated by the European Centre for Disease Prevention and Control (ECDC), 

manipulation of this microorganism, for diagnosis or research purposes, needs to be carried 

out at a Biosafety Level 3 laboratory (BSL3) [ECDC handbook, 2018]. The identification 

and characterization of the infective Mtb strain is fundamental for the appropriate therapy 

[Unubol et al., 2019]. In this regard, genotyping and spoligotyping are established 

methodologies [Gori et al., 2005], but new techniques are being developed to further reduce 

analysis time and laboratory expenses [Khosravi et al., 2017; Unubol et al., 2019]. Particularly 

in high burden countries, where TB is still endemic, understanding Mtb transmission, 

infection mechanisms and survival is pivotal [WHO report, 2020].  

Upon exposure to infective agents, the human immune system is brought into 

action through recognition of specific pathogen-associated molecular patterns (PAMPs) by 

the pattern recognition Toll-like receptors (TLRs). However, Mtb can evade the immune 

response thanks to cell surface associated phthiocerol dimycoceroserate (PDIM) lipids that 

mask PAPMs preventing signalling during the initial infective phase [Cambier et al., 2014]. 

Furthermore, even when phagocytised, Mtb can counter the phagosome acidification 

thought the activation of stress-response genes and perforate the phagosome activating its 

Type VII/ ESX-1 protein secretion system [Simeone et al., 2015]. Mtb can survive in the 

macrophage for a long period of time stimulating the formation of the granuloma through 
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cytokines induction by the phosphatidylinositol mannosides, and lipomannans present in 

the mycobacterial cell membrane [Dulberger et al., 2019]. The granuloma structure, which 

is composed of a central necrotic core, surrounded by macrophages and lymphocytes, is a 

control mechanism, that can lead to the resolution of the infection, successfully eradicating 

Mtb. In some cases, it can also fail, allowing Mtb survival, leading to lung parenchyma 

disruption, cavitation of the airways and onset of the active disease, allowing Mtb 

transmission [Cadena et al., 2017]. Consequently, upon Mtb exposure, only 5-10% of 

patients will immediately develop active TB, while the majority will have a persistent 

immune response to Mtb antigens in absence of clinical symptoms known as latent TB 

infection (LTBI) [Huang et al., 2019]. LTBI can be diagnosed using the Tuberculin Skin 

Test (TST) and the Interferon-γ release assay (IGRA); neither of these tests has the power 

to help predicting the possibility of LTBI progression in the active TB form [Auguste et al., 

2017]. Nonetheless, a correct diagnosis is crucial for starting the therapy and ultimately 

eradicate TB, because LTBI can switch into the active form of the disease in case of 

immune system debilitation, such can occur in co-morbidities that modulate the patient 

immune system [Sia and Rengarajan, 2019].  

Unfortunately, the only licenced vaccine available is Bacillus Calmette-Guérin 

(BCG), which is an attenuated strain of M. bovis [Calmet, 1931]. The efficacy of BCG in 

preventing Mtb infections varies widely between adults and children, being effective mostly 

only for the latter; the low efficacy of BCG could be explained considering that its antigenic 

composition is loosely related to Mtb [Ernst, 2018]. Currently, there are 14 new vaccine 

candidates in the Pipeline (Figure 1), of which 3 are in phase I, 8 in phase II (4 in phase IIa 

and 4 in phase IIb) and 3 in phase III clinical trials [WHO report, 2019]. However, only 

the vaccine candidate M72/AS01E showed an unprecedented efficacy [WHO report, 2019]. 

M72/AS01E comprises a recombinant fused protein (M72) of 2 highly immunogenic Mtb 

antigens (Mtb32A and Mtb39A), and the adjuvant ASO1E, that helps boosting the immune 

system cytotoxic response [Ji et al., 2019]. This vaccine was designed to prevent pulmonary 

TB in subjects infected with Mtb. Clinical trials show that M72/AS01E has a 54% efficacy 

in adult patients, and a 57% efficacy in LTBI patients in preventing pulmonary TB. 

Furthermore, this vaccine candidate can be safely used with HIV-infected patients and a 

second dose vaccination allows for a longer-term protection, with scarce adverse effects, 

deeming M72/AS01E an interesting and safe candidate vaccine [Ji et al., 2019]. 

Nonetheless, the progresses made are still far from what needed to eradicate Mtb. 

Various reasons hide behind the challenges for the development of a valid Mtb vaccine: 

scarce knowledge of Mtb epitopes, insufficient availability of valid animal models, need of 

infected human (or humanized) cells, higher equipment sensitivity and facilities that can 

sustain biosafety risk [Ernst, 2018].  
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Figure 1. Vaccine Pipeline 2019 [WHO report, 2019]. 

 

1.1.1 Epidemiology and Drug-Susceptible TB therapy 

The incidence trend since the EndTB strategy started, shows a gradual reduction 

over the years: 142:100000 in 2015 [WHO report, 2016], 140:100000 in 2016 [WHO report, 

2017], 133:100000 in 2017 [WHO report, 2018], 130:100000 in 2018 [WHO report, 2019]. 

Over the last 4 years there has been a 6.3% reduction of TB incidence, which is far from 

the 20% reduction goal for 2020 [WHO report, 2019]. However, the distribution of the 

disease is not equally spread out in the world (Figure 2), because of the 87% of all registered 

TB cases in 2018 came from 30 high burden country, of which roughly the 67% were from 

just 8 of those: India (27%), China (9%), Indonesia (8%), the Philippines (6%), Pakistan 

(6%), Nigeria (4%), Bangladesh (4%) and South Africa (3%) [WHO report, 2019]. 

Furthermore, Mtb lineages are differently distributed in the world: lineages 2 (East Asia 

Lineage) and 4 (Euro-American Lineage) are broadly spread out; lineage 1 (Indo-Oceanic 

Strain) is commonly found in the regions of the Indian Ocean and lineage 3 is mostly 

distributed in East Africa, Central Asia and South Asia; lineages 5 (West Africa 1), 6 (West 

Africa 2) and 7 are specific of different African regions [Correa-Macedo et al., 2019; 

Coscolla and Gagneux, 2014].  
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 Figure 2. Estimates TB incidence rates in 2018 [WHO report, 2019]. 

The lineage identification could be beneficial for treatment, patient care and TB 

epidemiology, as Mtb lineages showed different behaviors in terms of virulence, stimulation 

of the host pro-inflammatory response and site of infection (pulmonary or extra-

pulmonary) [Coscolla and Gagneux, 2014]. Moreover, TB progression depends on a 

plethora of factors, such as socioeconomic status, nutrition, smoke or alcohol abuse, co-

morbidity with other pathologies, living conditions (overcrowding, poor ventilation, scarce 

hygiene) and intravenous drug usage [Duarte et al., 2018]. Delineate the correct therapy and 

immediately start the patient on antibiotics are the most important actions to take.  

Drug-susceptible TB (DS-TB) therapy is a two-phase treatment that last up to 6 

months. During the first phase, the patient is administrated with 4 different first-line 

antibiotics daily, over a period of 2 months: isoniazid, rifampicin, pyrazinamide, and 

ethambutol; during the second phase that lasts 4 months, the patient is given rifampicin 

and isoniazid daily. The treatment has a low cost (about US$20 in total) and an average 

success rate of 85% [Tiberi et al., 2018].  

Whereas for LTBI, different treatment options are available, and more are being 

tested in clinical trials. The three main optional treatments available are: (i) isoniazid and 

rifapentine once a week for 4 months; (ii) daily rifapentine for 4 months; (iii) daily isoniazid 

for 9 months [Lee et al., 2020].  
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Rifampicin and rifapentine are part of the same drug class and act by inhibiting 

transcription through binding of the mycobacterial RNA polymerase β subunit. Most of 

the mutations that confer resistance to these drugs are in the rpoB gene, coding for the 

RNA polymerase β subunit [Riccardi and Pasca, 2014]. Since its first use for TB treatment 

in the 1970s, not much has changed in terms of its administration, due to the dose-

dependent complications that could arise [Grobbelaar et al., 2019]. Furthermore, the use of 

rifampicin for over 40 years has led to the development of compensatory mutations in 

other genes, that allow Mtb rifampicin-resistant strains to have higher fitness and infectivity 

[Dookie et al., 2018].  

Isoniazid is a prodrug that once activated by the Mtb catalase-peroxidase KatG 

inhibits the NADH-dependent enoyl-ACP reductase by blocking mycolic acid synthesis, 

which is essential for Mtb survival, virulence and drug-resistance [Unissa et al., 2016]. Since 

its first use in TB therapy in the 1950’, isoniazid has been defined as the ‘magic drug’ by 

the media, and it is still one of the most powerful and used drugs in TB treatment [Riccardi 

and Pasca, 2014]. Most drug-resistant mutations reported are in katA and inhA genes that 

code respectively for the overmentioned activator and target of the drug; isoniazid-

resistance mechanism is far more complex and can involve multiple genes and types of 

mutations at once [Hameed et al., 2018]. 

The other first-line prodrug in TB treatment is the pyrazinamide; this compound 

is activated by the bacterial pyrazinamidase into pyrazinoic acid and acts by blocking 

mycobacterial translation through the binding of RpsA, coded by the rspA gene [Riccardi 

and Pasca, 2014]. Mutations in rspA gene are linked to pyrazinamide-resistance, as well as 

mutations in pncA gene (coding for the activator pyrazinamidase), but new resistance-linked 

genes are being discovered, highlighting the complexity of the mechanisms behind 

pyrazinamide-resistance [Hameed et al., 2018].  

The last one first-line drug, which is routinely utilised in DS-TB therapy, is 

ethambutol [Riccardi and Pasca, 2014]. This compound inhibits Mtb cell wall biosynthesis 

by targeting the arabinosyltransferase complex through the binding of the active sites of 

EmbC and EmbB [Zhang et al., 2020]. The arabinosyltransferase complex is comprised of 

the heterodimer EmbA-EmbB and the homodimer EmbC2; mutations in each one of the 

genes encoding for the complex subunits have been linked to Mtb ethambutol resistance 

[Hameed et al., 2018; Zhang et al., 2020].   

Therapy success rate, for both DS-TB and LTBI, depends on diverse factors such 

as treatment drop-out, availability of counseling during treatment and follow-up, high-risk 

populations (refugees, poor, alcohol abusers, smokers), spread of Mtb drug resistant strains 

and co-morbidity with other pathologies [Lee et al., 2020]. Particularly, HIV/Mtb 

coinfection (Figure 3) is the most represented and lethal comorbidity worldwide with over 
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862000 coinfected subject and 251000 deaths in 2018 [WHO report, 2019]. In patient HIV-

positive, the risk of Mtb infection, reinfection and switching from LTBI to active TB is 

higher than the healthy population [Bruchfeld et al., 2015]. However, the co-administration 

of TB and HIV antiviral therapies can produce alarming side effects, such as in case of 

rifampicin-based TB therapy co-administrated with Lopinavir/Ritonavir antivirals which 

could result in an increased hepatotoxicity with gastrointestinal involvement [Bruchfeld et 

al., 2015]. In this regard, new therapies are being developed to overcome the problems 

related to co-administration, using a dual-target approach that allows for the targeting of 

both Mtb and HIV simultaneously [Alexandrova et al., 2017]. 

 

Figure 3. Estimated HIV prevalence in new and relapse TB cases, 2018 [WHO report, 
2019]. 

 

Despite all the efforts for TB control and management, the situation is still 

extraordinarily complex. All the risk factors associated with contracting TB are the same as 

those related to the progression and resolution of the disease, which outline the effect of a 

'dog chasing its tail'. Furthermore, apart from comorbidities, even more worrisome is the 

spreading of Mtb drug-resistant strains, as their appearance increases the variables against 

the resolution of the disease more than anything else. 

1.1.2 Mtb Drug resistance: current therapy and drug development 

Insurgence of drug resistance may derive from diverse factors, such as wrong 

antibiotics administration, treatment drop-out, late diagnosis, limited access to the therapy 

[Hameed et al., 2018]. The first reported case of drug-resistant TB (DR-TB) was in the 
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1950s, and ever since there has been an alarming increase in DR and Multi DR Mtb (MDR-

Mtb) strains worldwide. Mtb drug resistant strains are categorized as it follows: (i) Mono-

resistant (resistant to one antitubercular drug); (ii) Poly-resistant (resistant to at least 2 First-

line drugs but rifampicin or isoniazid susceptible); (iii) Rifampicin-resistant (RR); (iv) MDR 

(resistant to both rifampicin and isoniazid); (v) Extensively Drug Resistant (XDR; an MDR 

strain also resistant to a fluoroquinolone and a second-line drug); (vi) Pre-XDR (MDR 

resistant to a fluoroquinolone or a second-line drug) [Hameed et al., 2018; Shah et al., 2020]. 

Furthermore, in recent years there have been reports of XDR Mtb strains resistant to all 

second-line drugs, which were classified as Totally drug resistant (TDR) Mtb [ Migliori et 

al., 2007; Velayati et al., 2009; Udwadia et al., 2012].  

Early identification and monitoring of monoresistant Mtb strains are pivotal to 

prevent the development of additional drug resistances; furthermore, particular attention 

should be given to anti-TB compounds used in the treatment of bacterial infections other 

that TB, as the over-exposition to these drugs can lead to the development of additional 

antibiotic-resistances [Mogashoa et al., 2019]. Since treatment recommendations for DR-

TB have changed throughout the years, the therapy should be carefully addressed; in 

particular, the patient must be supported and thoroughly followed during and after therapy 

administration [Tiberi et al., 2017]. Clinicians should seek advertisement from TB experts 

in case of a suspected or confirmed case of DR-TB; then, molecular analysis for the 

identification of the Mtb drug resistance profile should be performed before and during TB 

treatment, to adapt the therapy to the patient needs [Nahid et al., 2019]. Table 2 reports the 

latest classification of second-line drugs officially recommended by WHO [WHO 

consolidated guidelines, 2019]. 

Table 2. Second-line Drugs [WHO consolidated guidelines, 2019]. 

Group Drugs 

A  Fluoroquinolones (Levofloxacin, Moxifloxacin) 
Bedaquiline 
Linezolid   

B  Clofazimine 
Cycloserine or Terizidone   

C  Ethambutol 

Delamanid 

Pyrazinamide 

Imipenem-Cilastatin† or Meropenem† 

Amikacin or Streptomycin‡ 

Ethionamide or Prothionamide 

p-Aminosalicylic acid 
† Are administrated in association with Clavulanic acid, or Amoxicillin-Clavulanic acid. 
‡ Streptomycin is administrated only in case of Amikacin resistance or unavailability. 
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Patients with isoniazid-resistant TB should be administrated with rifampicin, 

ethambutol, pyrazinamide and levofloxacin daily for 6 months without streptomycin or 

other injectable drugs. Streptomycin should be used in MDR/RR-TB treatment only in the 

case of amikacin unavailability as it can correlate with lower treatment success rate [WHO 

consolidated guidelines, 2019]. 

For MDR/RR-TB the recommended treatment includes all Group A plus one 

from Group B drugs; Group C agents should be used only in the case of multiple 

resistances to Group A and B drugs (Table 2). Pyrazinamide should be administered for 

the entirety of the treatment, associated with fluoroquinolones, injectable anti-TB drugs, 

ethionamide and cycloserine in the intensive phase. In the eventuality of cycloserine 

unavailability, the p-Aminosalicylic acid should be used instead [WHO consolidated 

guidelines, 2019]. MDR/RR-TB treatment duration depends on the patient condition; the 

suggested period is of 18-20 months but can be shortened to 9-12 months if the patient 

has not already been treated for more than 1 month and resistance to fluoroquinolones or 

second-line injectable drugs has not been observed [WHO consolidated guidelines, 2019].  

Treatment success for DR-TB depends on multiple factors; results from a 

metanalysis of 87 studies from 25 countries, show an overall success rate of 65%, definitely 

lower than the 87% success rate of DS-TB therapy, but higher than previously reported 

(54%) for DR-TB [Collaborative Group, 2018]. The authors hypothesized that the 

introduction in the therapy of new drugs and the use of later generation fluoroquinolones 

may be the key factors for the higher success of currently DR-TB treatment compared to 

the past [Collaborative Group, 2018]. Developing new anti-TB drugs is necessary to 

contrast the spreading of Mtb DR strains and build a better treatment. In figure 4 it is 

reported the latest TB Drug pipeline, while the characteristics of recently approved drugs 

as well as that in clinical trials are overviewed in table 3.  

A new anti-TB drug should have the following features: (i) safety usage; (ii) less to 

no side effects; (iii) be effective for shorter treatment time; (iv) cheaper; (v) have different 

targets from previously used drugs, so to avoid existing drug-resistance mechanisms; (vi) 

be compatible for the co-administration with antivirals and other anti-TB drugs [Bahuguna 

and Rawat, 2020]. 

 



INTRODUCTION 

11 
 

 

F
ig

u
re

 4
. 

T
B

 D
ru

g
 P

ip
e
li

n
e
 2

0
19

 [
W

H
O

 r
e
p

o
rt

, 
2
0
19

].
 

 



INTRODUCTION 

12 
 

Table 3. Overview of recent anti-TB drugs and development status. Adapted from 
Bahuguna and Rawat, 2019. 

 

Bedaquiline was the first anti-TB drug approved by Food and Drug 

Administration (FDA) in the last 50 years; it is a potent bactericidal and sterilizing agent 

that inhibits the activity of Mtb ATP synthase. Bedaquiline activity can be enhanced if 

administrated with other anti-TB drugs, such as third-generation fluoroquinolones, 

pretomanid or pyrazinamide. Even though in recent years there has been a rising in 

  Drug Chemical class Target Effect 
Clinical 

status 

Recently 

approved 

Bedaquiline Diarylquinoline ATP 

synthase 

Inhibits cell 

energy 

metabolism 

Phase 

III 

Delamanid Nitroimidazole Not known Inhibits 

mycolic acid 

synthesis 

Phase 

III 

In clinical 

trials 

Pretomanid Nitroimidazole Not known Inhibition of 

cell wall 

synthesis 

Phase 

III 

Delpazolid Oxazolidinone 50S 

ribosome 

subunit 

Inhibits 

protein 

synthesis 

Phase II 

Sutezolid Oxazolidinone 50S 

ribosome 

subunit 

Inhibits 

protein 

synthesis 

Phase II 

SQ109 Diamine MmpL3 Inhibits cell 

wall synthesis 

Phase II 

PBTZ169 Benzothiazinone DprE1 Inhibits cell 

wall synthesis 

Phase II 

Q203 Imidazopyridine Cytochrome 

bc1 complex 

Inhibits ATP 

synthesis 

Phase II 

Repurposed Clofazimine Riminophenazine Not known Transmembra

ne penetration 

and 

intracellular 

redox cycling 

 

Levofloxacin Fluoroquinolone DNA gyrase Inhibits DNA 

replication 

 

Moxifloxacin Fluoroquinolone DNA gyrase Inhibits DNA 

replication 

 

Linezolid Oxazolidinone 50S 

ribosome 

subunit 

Inhibits 

protein 

synthesis 
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bedaquiline-resistant Mtb strains, this drug is included in the second-line Group A drugs 

due to its relevance in treating DR-TB [Li et al., 2019].   

Levofloxacin is a third-generation fluoroquinolone used for a broad spectrum of 

bacterial infections, approved in the 1996 by the FDA and repurposed for TB therapy as a 

second-line drug. Levofloxacin achieves bactericidal activity through inhibition of the 

DNA gyrase, which results in blocking DNA synthesis in susceptible pathogens [Podder 

and Sadiq, 2019].  

A fourth-generation fluoroquinolone approved for TB treatment is moxifloxacin, 

which is an 8-methoxy fluoroquinolone with bactericidal activity against Gram-

positive/negative bacteria and Mtb. It is recommended in monoresistant TB therapy, but 

its plasma concentration is drastically reduced when co-administered with rifamycins. The 

mechanism of action is the same as the other fluoroquinolones. Moxifloxacin is generally 

tolerated in therapy, with rare serious adverse events, and its bactericidal efficacy is similar 

to isoniazid, making this drug an appealing substitute in TB therapy [Naidoo et al., 2017].  

Delamanid, which belongs to Nitroimidazole class, was approved for TB 

treatment in 2014 by the European Medicines Agency but it is yet to be approved by FDA. 

This compound inhibits the biosynthesis of mycolic acids; recent studies show very variable 

treatment success rates (from 53.8% to over 70%), demonstrating that an exhaustive 

validation of delamanid efficacy is yet to be obtained [Li et al., 2019].  

Another Nitroimidazole in phase III clinical trial is pretomanid. This compound 

is a prodrug that once activated by the deazaflavin-dependent nitroreductase Ddn, has 

bactericidal activity against replicating and non-replicating bacilli. Studies have shown 

synergistic effects in the combination pretomanid-bedaquiline-linezolid (PBL) with or 

without moxifloxacin (PBL±M), but the coadministration of PBL and clofazimine has 

antagonistic effects. Nonetheless, the synergy of PBL±M allows for a stronger sterilizing 

effect and shorten the treatment time in murine models [Xu et al., 2019].  

Linezolid belonging to Oxazolidinones class was just recommended by WHO as 

a Group A agent in 2018. Linezolid binds the 70S ribosomal subunit inhibiting Mtb protein 

synthesis. It also can target human mitochondria, leading to severe adverse effects such as 

bone marrow suppression, neuropathy and gastrointestinal involvement. Nonetheless, 

different studies reported the higher efficacy of linezolid in DR-TB treatment, but more 

work and assessments are necessary [Singh et al., 2019].  

Sutezolid is a thiomorpholinyl oxazolidinone, currently in phase II clinical trials 

[Bahuguna and Rawat, 2020]. This compound is generally safe and well tolerated; then, it 

showed superior efficacy against Mtb than linezolid in clinical trials and can shorten the 
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treatment time in murine model. Furthermore, in vitro its sulfoxide metabolite has 

extracellular killing activity while the parent one is active against intracellular mycobacteria, 

making this compound promising for complete Mtb eradication [Wallis et al., 2014].  

Delpazolid is a synthetic oxazolidinone with a cyclic amidrazone group and inhibits 

early protein translation through the binding the 23S rRNA V domain of the 50S ribosomal 

subunit. Retrospective analysis showed that its activity is comparable to other 

oxazolidinones used in TB therapy, but with a fewer delpazolid-resistance rate, probably 

implying that its mechanism of action may differ in part from other oxazolidinones [Zong 

et al., 2018].  

Q203 is an imidazopyridine amide that inhibits Mtb growth in vitro and in murine 

models, by targeting the Cytochrome bc1 complex. Even though nanomolar concentration 

of the compound are needed to explicate its activity, Q203 lacks bactericidal activity against 

Mtb. However, simultaneously targeting other effectors of the respiratory chain or its use 

in combination with other anti-TB drugs may help weakening Mtb defenses and efficiently 

kill the pathogen [Lu et al., 2018].  

Another synthetic drug in the development is SQ109. Its structure is based on a 

N,N’-isopropyl ethylenediamine core. SQ109 derives from ethambutol but has a different 

mechanism of action; in fact, ethambutol-resistant Mtb strains are SQ109-susceptible. This 

compound blocks the integration of mycolic acids into Mtb cell wall through the inhibition 

of MmpL3, which is the membrane transporter of trehalose monomycolate [Tahlan et al., 

2012]. 

Targeting mycobacterial cell wall biosynthesis is a desirable mechanism of action 

for anti-TB drugs, as it leads to integrity disruption of the cell and consequently to 

mycobacterial death. In this regard in 2009 BTZ043 was synthesized [Makarov et al., 2009]. 

This compound blocks arabinogalactan synthesis, which is essential for Mtb cell wall 

biosynthesis, through the inhibition of the decaprenylphosphoryl-β -D-ribose 2-epimerase 

(DprE1) even at nanomolar concentrations [Makarov et al., 2009].  

In 2014 the piperazine derivative of BTZ043, PBTZ169, was synthesized. This 

compound, which is currently in phase II clinical trials, showed higher efficacy against both 

DS and DR Mtb strains and lower cytotoxicity [Makarov et al., 2014]. Moreover, PBTZ169 

has additive effects in combination with isoniazid, moxifloxacin, pretomanid and 

rifampicin, and synergistic effect in combination with bedaquiline in vitro. Also, in a chronic 

TB murine model, the combination of PBTZ169-bedaquiline-pyrazinamide was more 

effective in comparison to the canonical isoniazid-rifampicin-pyrazinamide [Makarov et al., 

2014]. 
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Clofazimine, is a repurposed drug used for leprosy treatment since the 1980’. The 

exact mechanism of action of clofazimine is yet to be fully elucidated, but it probably targets 

Mtb outer membrane. Clofazimine has shown synergistic effects with other anti-TB drugs, 

such as ethambutol, pyrazinamide, PBTZ169 and SQ109. Clofazimine has in its structure 

phenazine nucleus that can spontaneously oxidize, producing electron attractors elements, 

that can compete with NADH oxidization, reducing ATP production, and ultimately 

inhibiting the respiratory chain and ion transporters in mycobacteria [Mirnejad et al., 2018]. 

1.1.3 Focus on bedaquiline, a new antitubercular drug 

Approved in 2012 for TB treatment, bedaquiline (Figure 5) is a diarylquinoline, 

which targets the F0 subunit of the ATP synthase (Figure 6) [Andries et al., 2005; Li et al., 

2019]. Bedaquiline is active against different mycobacterial species but has scarce efficacy 

against Gram-positive and Gram-negative bacteria, proving its specificity to Mycobacterium 

genus [Andries et al., 2005]. Bedaquiline is very active in vitro against fully susceptible Mtb 

strains and drug-resistant clinical isolates (comprising MDR and XDR) (MIC = 0.03-0.12 

µg/mL) [Andries et al., 2005]. 

 

Figure 5. Bedaquiline chemical structure. 

 

Figure 6. Drug targets in the Mtb electron transport chain. [Bald et al., 2017]. 

 

Furthermore, bedaquiline bactericidal activity is time-dependent, more than dose-

dependent, making this drug very appealing for TB treatment [Andries et al., 2005]. Using 
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a metabolomic approach, it was discovered that it is primarily metabolized by the CYP3A4 

through N-demethylation, producing 8 different metabolites; CYP2C8 and CYP2C19 are 

also involved in this process [Liu et al., 2014]. Moreover, CYP3A4 is also responsible for 

bedaquiline N-dealkylation, which produces an aldehyde metabolite with potential high 

toxicity [Liu et al., 2014]. Consequently, as TB treatment requires the co-administration of 

various drugs over a long period of time, it is important to understand the pathways 

involved in the drugs metabolism to avoid adverse effects or treatment failure. In this 

regard, rifampicin is a well-known CYP3A4 inducer, while isoniazid inhibits both CYP3A4 

and CYP2C19 [Desta et al., 2001; Thijs et al., 2019]. Furthermore, CYP3A4 is also inhibited 

by the antiviral ritonavir used to treat HIV infections and by clofazimine, which also 

inhibits CYP2C8 [Jungmann et al., 2019; Sangana et al., 2018]. Co-administration of these 

drugs should be carefully evaluated.  

Bedaquiline has a long half-life (5-6 months), in part attributed to its high lipophilic 

structure, modulable by the modification of the naphthalene ring in C2, the phenyl ring in 

C1 and the Bromine (Br) in position 6 of the methoxy-quinoline moiety [Patel et al., 2019] 

(Figure 5). Moreover, the diethylamino group in C4 enhances lipophilicity, but can also 

target the human cardiac potassium channel hERG (KCNH2), inhibiting its activity, and 

consequently prolonging the QT interval [Patel et al., 2019]. Oral administered high 

lipophilicity drugs have been linked to increased risk of liver toxicity damage, which still 

explains why bedaquiline should be administered under strict patient control [Cohen and 

Martens, 2019; McEuen et al., 2017].   

The use of bedaquiline for treating MDR- and (pre)XDR-TB is crucial as it can 

shorten sputum culture conversion time, increase cure rates, and reduce mortality [Cohen 

and Maartens, 2019]. Bedaquiline, altogether with linezolid, clofazimine or delamanid, is 

recommended for longer DR-TB treatment (18-24 months) by the WHO for patients aged 

6 or more [WHO consolidated guidelines, 2019]. Moreover, different ongoing studies are 

evaluating the efficacy of bedaquiline on shorter regimens and in association with other 

anti-TB drugs [WHO report, 2019]. In particular, NIX-TB and TB-PRACTECAL trials are 

evaluating a 6-month regimen with bedaquiline, pretomanid and linezolid (BPL) 

[ClinicalTrials.gov; Conradie et al., 2020]. In the NIX-TB trial, results showed that 90% of 

the 109 enrolled patients (71 XDR and 38 MDR) had favorable therapy outcomes, while 

the TB-PRACTECAL, which started in January 2017, is ongoing [ClinicalTrials.gov; 

Conradie et al., 2020]. The TB-PRACTECAL enrolled 630 patients (almost 6:1 in 

comparison to NIX-TB) and compared 3 regimens: (i) BPL; (ii) BPL + moxifloxacin; (iii) 

BPL + clofazimine [ClinicalTrials.gov].   

Unfortunately, primary bedaquiline resistance has already been reported in Mtb 

clinical isolates [Veziris et al., 2017; Villelas et al., 2017; Zimenkov et al., 2017; Ismail et al., 

2018]. The most represented bedaquiline-resistance mutations among Mtb clinical isolates 



INTRODUCTION 

17 
 

are in the following genes: Rv0678, coding for the repressor of the MmpS5-MmpL5 efflux 

pump; atpE, coding for the ATP synthase subunit c [Degiacomi et al., 2020]. Mutations in 

atpE increase bedaquiline MIC in Mtb resistant strains, from 10 to 128 times, while 

mutations in Rv0678 have a 2 to 8-fold higher MIC in comparison with the susceptible 

strain, and cause additional cross-resistance to clofazimine [Nguyen et al., 2018]. Moreover, 

in association with Rv0678, other mutations in pepQ gene, coding for the cytoplasmatic 

peptidase PepQ, and in Rv1979c, coding an uncharacterized transporter, have also been 

linked to clofazimine-bedaquiline cross-resistance [Nieto et al., 2020]. For these reasons, a 

quick and specific characterization of Mtb bedaquiline resistant strains is pivotal for the 

definition of the correct and safest therapy for TB patients, particularly in case of drug 

resistant Mtb infections [Nguyen et al., 2017]. In this regard, repurposing already available 

drugs for TB treatment is an appealing strategy to contrast the shortage of ready-to-use 

compounds in the TB drug pipeline. 

1.1.4 Drug repurposing 

Drug repurposing (or-reprofiling) is the study of previously approved drugs, which 

are aimed at specific diseases or conditions, and redirects them to a new purpose. This 

approach is based on the already available knowledge of approved drugs, which can be 

readily authorized by the FDA bypassing the early expensive stages of research [Gns et al., 

2019]. Knowing the involved actors, metabolic pathways, protein interactions, side effects, 

mechanisms of action and more, can help to identify different drugs with the same 

effect/target and repurpose those to cure a different disease with same molecular, 

biochemical characteristics [Gns et al., 2019]. In this regard, recently it was found that 

avermectins (Figure 7) have bactericidal activity against DS-, MDR- and XDR-Mtb strains 

[Lim et al., 2013].   

Avermectins are macrocyclic lactones which are used as veterinary and human 

drugs for the control of parasitic infections [Bishop et al., 2000; Laing et al., 2017]. 

Furthermore, this class is also used as insecticides, that block neural transmission and 

muscular activity through the binding of glutamate-gated chloride ion channels [Giannetti 

et al., 2011]. It is worth noting that mammals have ligand-gated chloride channels, which 

are the γ-aminobutyric acid type A (GABA), located in the central nervous system. 

Macrolides could potentially bind them and activate the inhibitory neurotransmission, but 

the presence of the hematoencephalic barrier prevents macrolides diffusion into the brain 

and consequently their action [Merola and Eubig, 2018]. The repurposing of these drugs 

could be extremely beneficial due to the possible oral administration, reducing therapy 

burden for those infections treated with intravenous drugs daily [Omansens et al., 2015]. 

Furthermore, in recent studies, preliminary data show that both ivermectin and selamectin 

can strongly inhibit the cytopathogenic effect in cells infected with SARS-CoV-2 in vitro 

[Caly et al., 2020; Fan et al., 2020]. In mammal, evidence showed that selamectin is a P-gp 
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modulator. P-gp is a drugs efflux transporter of the ABC superfamily linked to drug 

resistance in tumoral cells; in fact, selamectin oral administration inhibits P-gp activity, 

reducing the transport in the outer-membrane space in Caco-2 monolayer cells in vitro 

[Griffin et al., 2005].  

Interestingly, avermectins appear to target mycobacteria, which is promising for 

human clinical practice, as the gut flora would not be dramatically affected by their 

prolonged use [Lim et al., 2013]. Selamectin has been proven the most effective avermectin 

with bactericidal time-dependent activity against mycobacteria [Scherr et al., 2015]. 

 

Figure 7. Macrolides used in veterinary practice and as insecticides. 

1.1.5 Mycobacterial cell envelope 

Mycobacteria have a peculiar cell envelope composition, that greatly differs from 

Gram-positive and Gram-negative bacteria (Figure 8), both in the structure and in the 

responsiveness to external factors. The plasma membrane has a high presence of 

glycoconjugates and functional proteins and is quite similar between fast and slow growing 

mycobacteria [Daffè and Marrakchi, 2019]. The cell wall is composed of mycoloyl-

arabinogalactan-peptidoglycan, which is a large thick structure of 7-8 nm where the mycolic 
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acid chains are folded and intercalated with glycosylated proteins, transferases, and 

membrane channel proteins [Daffè and Marrakchi, 2019].   

The hallmark of mycobacterial cell wall is the high lipids content, which translates 

in a largely developed lipids metabolism machinery with at least 5-fold more enzymes 

involved in the process, in comparison to the laboratory reference Escherichia coli [Cole et 

al., 1998].   

Figure 8. Graphical representation of Gram-positive, Gram-negative, and 

mycobacterial envelopes. 
 

The outermost layer is represented by the capsule, composed of 

glycopeptidolipids, polysaccharides, glucans and polypeptides that can be secreted or linked 

to the cell wall [Daffè and Marrakchi, 2019]. Furthermore, mycobacterial cell division is not 

symmetrical, leading to different cell daughters, making the understanding of where and 

how the new constituents are inserted hard to decipher [Baranowski et al., 2019]. 

Nevertheless, considering that the cell envelope is the first point-of-contact between the 

pathogen and the human host during infection, and that its integrity is fundamental for 

mycobacterial survival and virulence, its components and effectors are important drug 

targets for the development of new anti-TB drugs [Dulberger et al., 2020]. 

In designing a new compound, deep understanding of the plausible target is 

fundamental. Thus far, different mycobacterial cell wall targets have been identified, and 

specific drugs to inhibit the biosynthesis pathways involved have been designed, but to 
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overcome the rising of Mtb drug resistant-strains, new efforts need to be made [Bhat et al., 

2017]. 

1.1.5.1 Mycolic acid biosynthesis and direct inhibitors 

Mycolic acids are composed of multiple long-chain fatty acids that can be linked 

to trehalose sugars or extractable with organic solvents; they are disposed in the outermost 

layer of the mycobacterial cell envelope just beneath the loose matrix of glucans and 

proteins that composes the capsule [Dulberger et al., 2020]. Their biosynthesis involves the 

iterating action of the fatty acid synthase type I (FAS-I) and the fatty acid synthase type II 

(FAS-II) systems. The first biosynthetic step is carried out by the FAS-I system through 

the condensation of acetyl-CoA units to form malonyl-CoA, that is further elongated by 

FAS-I up to C16-C18 or C24-C26 fatty acid chains. The C16-C18 chains are condensed with 

Malonyl-ACP to form β-ketoacyl-ACP, which is modified and elongated 2 carbons per 

cycle through the FAS-II system. The Acyl-ACP formed is then elongated, desaturated and 

modified to obtain a C48-C52 activated meromycolate; it can be condensed with the 

carboxylated C24-C26 chain produced by FAS-I, generating a mycolic β-ketoester. Finally, 

the trehalose ester can be transported through the trehalose monomycolate transporter 

MmpL3 from the cytosol to the cell wall [Marrakchi et al., 2014].  

Several enzymes are involved in the fatty acid biosynthesis process, but only that 

coded by fas, inhA, fabG1, hadB and kasA genes are essential for Mtb growth. In particular, 

fas gene codes for the fatty acid synthase type I, while the other ones are part of the FAS-

II system; inhA codes for the NADH-dependent enoyl-ACP reductase, that reduces the 

enoyl chain to produce acyl-ACP; fabG1 codes for the 3-oxoacyl-ACP reductase that 

catalyses the first reduction of the FAS-II cycle; hadB codes for one of the subunits of the 

(3R)-hydroxyacyl-ACP dehydratase that removes one molecule of H2O from the elongating 

fatty acid; kasA codes for the 3-oxoacyl-ACP synthase 1 that starts a new FAS-II cycle 

through the addition of another Malonyl-ACP unit to the fatty acid chain [Marrakchi et al., 

2014]. The expression of the fatty acid synthase I is promoted by the TetR-like regulator 

FasR, which binding to the fas promoter is modulated by the pool of C16-C>16 fatty acids 

chains, while the expression of the FAS-II enzymes is regulated by the binding of MabR to 

the FAS-II operon promoter. Interestingly, MabR appears to also have a role in modulating 

FasR, as the repression of the FAS-II promoter from MabR yields the accumulation of C16-

C>16 fatty acid chains that inhibit FasR binding to the fas promoter [Salzman et al., 2010; 

Mondino et al., 2013].  

Taking into consideration all the different effectors and steps in the biosynthesis 

of mycolic acids, many compounds that target this process are already available or in 

development.  
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As already mentioned, isoniazid is a first-line prodrug that after its activation 

inhibits the NADH-dependent enoyl-ACP reductase (InhA). The insurgence of resistance-

inducing mutations in both the activator and the target is posing a great problem for the 

public health [Garg et al., 2019]. For this reason, finding a new compound that does not 

need to be activated, while still targets InhA is appealing.  

In this regard, triclosan and its derivatives are promising candidates as they directly 

interact with InhA active site, competing both with the NADH and the substrate for the 

binding of the reductase and consequently inhibiting its function [Vosátka et al., 2018]. 

Triclosan is a biocide widely used as a sterilizing agent in veterinary, industrial care and 

house care; its bactericidal activity is dose-dependent. Furthermore, it is not toxic nor 

mutagenic in mammals but its scarce solubility in water and bioavailability limits its therapy 

use [Vosátka et al., 2018]. For these reasons, the development of derivative is an appealing 

strategy to overcome the issues of triclosan administration while keeping the positive 

effects of this compound. Triclosan has a two-ring structure composed of a 5-clorophenol 

(A-ring) and a 2,4-dichlorophenoxyl in 2 (B-ring); substituents on its rings have proven to 

alter its efficacy and chemical characteristics (Figure 9) [Vosátka et al., 2018]. 

Figure 9. Triclosan molecular structure. 

Triclosan alkyl diphenyl ethers substituted at the A-ring are less cytotoxic in vitro, 

have higher affinity to InhA and are well tolerated in murine model. The higher affinity can 

be explained because the bulkier substituent may produce more interactions with the active 

lipophilic site of the reductase; on the other hand, bulk substitutions on the B-ring proved 

a reduced affinity to the target, with lower antimicrobial activity. Therefore, the A-ring may 

play an important role in the interaction with InhA, and in particular the substitution of Cl 

in 5 seems to be crucial, as longer chain substituents in 5 have an increased inhibitory 

potency against InhA [Vosátka et al., 2018]. Nevertheless, ortho-substitution in the B-ring 

showed a slow-onset inhibition oh InhA, which is preferable as it correlates with stronger 

activity in vivo [Vosátka et al., 2018]. In particular, the substitution in ortho of a methyl moiety 

produces more hydrophilic interactions with the reductase, making the binding to InhA 

more stable and long, yielding to a better inhibition [Vosátka et al., 2018]. Furthermore, the 

removal of the hydroxyl group coupled with substitutions in either ortho, meta or para 

showed higher efficacy in vitro and good efficacy in vivo in a murine model of M. bovis BCG 

infection [Vosátka et al., 2018]. In conclusion, the direct inhibition of the InhA achieved by 

using triclosan, and the possibility to modulate its action through substitutions on its 
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scaffold paves the way for the design of new and more powerful derivatives that could 

bypass the issue of drug-resistant Mtb strains [Vosátka et al., 2018]. 

1.1.5.2 Arabinogalactan biosynthesis effectors as molecular targets 

Arabinogalactan is a fundamental component of the mycobacterial cell wall, which 

structure comprises arabinose and galactose sugars intertwined and interlinked to 

peptidoglycan on one end and to mycolic acids on the other [Alderwick et al., 2015]. The 

binding to peptidoglycan is allowed through linker units composed of two types of 

glycolipids (GL-1 and GL-2), while the mycolic acids are esterified to the arabinan 

component of arabinogalactan [Alderwick et al., 2015]. The galactan precursors are 

synthesized through epimerization and ring contraction reactions starting from the UDP-

D-glucopyranose to obtain the UDP-D-galactofuranosyl, while the arabinan precursors 

derive from the 5-phosphoribosyl-1-pyrophosphate (pRpp) a nonoxidative pentose shunt 

pathway metabolite [Alderwick et al., 2015]. In Mtb, UbiA transferase uses pRpp to produce 

decaprenylphosphoryl-5-β-D-phosphoribofuranose (DPPR), which is then 

dephosphorylated by Rv3807c to obtain decaprenylphosphoryl-β-D-ribofuranose (DPR). 

Subsequently, DPR is epimerized to decaprenylphosphoryl-β-D-arabinofuranose (DPA), 

which is the fundamental activated D-arabinofuranosyl substrate for arabinan biosynthesis 

(Figure 10) [Alderwick et al., 2015]. This two-step epimerization process involves the 

enzymes decaprenylphosphoryl-β-D-ribose 2’-oxidase (DprE1 coded by Rv3790) and the 

decaprenylphosphoryl-D-2-keto erythropentose reductase (DprE2 coded by Rv3791). 

DprE1 catalyses the oxidation of DPR into decaprenylphosphoryl-D-2’-keto-erythro-

pentofuranose (DPX), which is an intermediate that is the substrate for DprE2 to be 

reduced and forms DPA [Mikusova et al., 2005]. This last biosynthetic step is essential, as 

its inhibition leads to cell death by accumulation of DPR in the cytoplasmic membrane 

[Alderwick et al., 2015].   

Indeed, DprE1 has been demonstrated to be a pharmacological target, whose 

inhibition leads to mycobacterial cell death. Moreover, this enzyme is the cellular target of 

more than 15 different classes of inhibitors, and for this reason has earned the title of 

‘promiscuous target’. Such title had a negative connotation in the past, due to the possibility 

of developing more compounds resistances with just one target mutated, but lately it has 

been reconsidered as a valid option to reduce the treatment time in TB therapy [Degiacomi 

et al., 2020]. 
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The already mentioned nitrobenzothiazinones (BTZ) as well as other classes of nitro 

compounds such as dinitrobenzamides (DNB), have been demonstrated to target DprE1, 

with a peculiar mechanism of action [Makarov et al., 2009; Christophe et al., 2009]. In 

particular, the cysteine in position 387 (Cys387) of DprE1 is fundamental for BTZs activity 

(Figure 11), as proved by the in vitro isolation of BTZ043 resistant Mtb mutants, harbouring 

Cys387 serine/glycine substitutions [Makarov et al., 2009]. The crystallographic structure 

of Mycobacterium smegmatis (Figure 12) and Mtb DprE1 proved that the Cys387 (Cys394 in 

M. smegmatis) is fundamental for the interaction with BTZ and DNB forming a covalent 

adduct with these compounds [Batt et al., 2012; Neres et al., 2012]. Indeed, the inhibitory 

activity of BTZs requires their activation through reduction of their nitro moiety in the 

nitroso state that can covalently bind the Cys387 through a semimercaptal adduct [Trefzer 

et al., 2012; Neres et al., 2012]. 

Figure 10. Overview of the pathway for DPA biosynthesis in Mtb. [Huang et al., 

2008]. 

Figure 11. Structure and mechanism of action of BTZ043 against DprE1 in Mtb. 

[Neres et al., 2013] 
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Figure 12. DprE1 3D structure bound to the FAD cofactor. A) Ribbon diagram of M. smegmatis 

DprE1 structure. B) Electron density map for the FAD cofactor and the Cys394 residue of DprE1. 

C) DprE1 active site. D)  Electrostatic surface potential of DprE1. [Adapted from Neres et al., 2012] 

DprE1 is a flavin adenine dinucleotide (FAD)-dependent oxidoreductase, with the 

cofactor binding site, which stretches along the DprE1 substrate-binding site, being 

accommodated in the proximity of the Cys387 residue. As BTZ043 needs to be activated 

through reduction of its nitro moiety, it has been proven that FADH2, which is the reduced 
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form of FAD, is actually responsible for its activation, thus demonstrating that BTZ043 

acts as a suicide inhibitor being activated by its own target cofactor [Trefzer et al., 2012; 

Neres et al., 2012]. The FAD-binding site is highly conserved and composed of various α-

helices and two β-sheets that allows for a deep accommodation of the cofactor. On the 

other hand, the substrate-binding site is composed of a long antiparallel β-sheet with three 

α-helices on the back. Moreover, in correspondence with the substrate-binding site there 

are two distorted regions, which suggested that DprE1 may have formed an homocomplex; 

in fact, it was not possible to detect DprE1 dimerization in solution, highlighting that this 

enzyme does not present as a homodimer (Figure 12) [Batt et al., 2012].  

In Corynebacterium glutamicum it was shown through the bacterial adenylate cyclase 

two-hybrid (BACTH) system, that DprE1 directly interacts with DprE2 to perform the 

conversion of DPR into DPA [Jankute et al., 2014]. As the genus Corynebacterium is closely 

related to Mycobacterium, it was postulated that the DprE1-DprE2 interaction described may 

also be present in Mtb, but to date, there still is no definitive proof that DprE1 and DprE2 

form a complex in Mtb [Jankute et al., 2014]. 

Nonetheless, computational homology modelling investigated the structural and 

dynamic features of DprE1, particularly of the two distorted regions at the substrate-

binding site, thus strengthening the assumption of their physical interaction [Bhutani et al., 

2015]. Considering that both DprE1 and DprE2 are required for DPA production and that 

are fundamental for Mtb survival, the hypothesis of the DprE1-DprE2 heterocomplex is 

positively plausible [Mikusova et al., 2005; Kolly et al., 2014]. 

 

1.2 CYSTIC FIBROSIS AND NONTUBERCULOUS MYCOBACTERIA 

Cystic Fibrosis (CF) is a multisystem autosomal recessive genetic disease caused 

by mutations in the gene that codes for the CF transmembrane conductance regulator 

(CFTR), which is a cAMP-regulated anion channel [Egan, 2016]. CF incidence ranges from 

1 in 2800 to 1 in 3500 live births with prevalence in subject of European descent. To this 

day, over 2000 different mutations have been identified linked to CF and are subdivided 

into 6 different classes based on the type of mutation and clinical outcome (Table 4). The 

most represented CFTR mutation is the deletion of a single phenylalanine at position 508 

that accounts for over the 80% of single mutations and 50% homozygotes CF European 

descent patients [Egan, 2016]. 
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Table 4. Overview of CFTR mutations Classes [adapted from Egan, 2016]. 

 

In most cases, mutations of this channel predispose patients to chronic respiratory 

infections with disfunction of the respiratory, gastrointestinal, and genitourinary tracts. In 

particular, in the respiratory tract these mutations are translated in dysregulation of the 

airway’s epithelial cells, with variation in the pH, mucus composition and airway surface 

liquid volume, with a neutrophil-driven inflammation [Ramsey et al., 2019]. Activation of 

the neutrophil inflammatory response can stimulate the progression of the pulmonary 

disease that can lead to respiratory failure, which is to this day, the most common cause of 

death in FC patients [King et al., 2016]. Despite the high prevalence of neutrophils, there 

are various factors that cause phagocyte dysfunction in CF patients making the 

microenvironment of CF lung airways favourable for microbial survival and persistence 

[Ramsey et al., 2019]. 

The most common pathogens associated with pulmonary infections in CF patients 

are: Staphylococcus aureus, Pseudomonas aeruginosa, Burkholderia cepacia complex, Haemophilus 

influenzae and emerging pathogens such as Stenotrophomonas maltophilia, and nontuberculous 

mycobacteria (NTM) [Scoffone et al., 2019]. Usually, NTM are not classified as human 

pathogens, but they can become opportunistic pathogens and infect the human host 

causing among others TB-like pulmonary diseases, skin and central nervous system 

infections [Lee et al., 2015]. In recent years, NTM are emerging as important pathogens for 

CF patients; in particular, Mycobacterium avium complex (MAC) and Mycobacterium abscessus 

complex (MABSC) are the most rapresented NTM species in CF patients [Martiniano et al., 

2018]. The MAC historically comprises the species Mycobacterium avium (Mav) and 

Mycobacterium intracellulare. However the advancement of molecular identification tools 

identified new species strictly related to M. intracellulare that could be included into the 

  CFTR Defect Mutation Type Major Problem 

Class I 
No functional CFTR 

protein 

Nonsense, Splicing, 

Frameshift 
Truncated unstable RNA 

Class II 
CFTR 

trafficking/processing 

Missense, SNP, 

single Deletion  
Unstable protein degraded 

Class III Defective CFTR protein 
Missense, SNP, 

single Deletion  

Abnormal CFTR channel 

regulation 

Class IV Defective CFTR protein 
Missense, SNP, 

single Deletion  

Decreased CFTR channel 

conductance 

Class V 
Reduced synthesis of 

CFTR protein 
Splicing, Missense 

Decreased amount of 

normal CFTR at the cell 

surface 

Class VI 
Reduced CFTR protein 

(instability) 
Missense, SNP Unstable CFTR protein 
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MAC, even though they differ in terms of virulence and therapy success rate: Mycobacterium 

chimaera, Mycobacterium colombiense, Mycobacterium arosiense, Mycobacterium vulneris, Mycobacterium 

marseillense, Mycobacterium timonense, Mycobacterium bouchedurhonense, Mycobacterium mantenii, 

Mycobacterium yongonense, “Mycobacterium indicus pranii”, Mycobacterium paraintracellulare, and 

Mycobacterium lepraemurium. On the other end, MABSC includes the three Mycobacterium 

abscessus subspecies: Mycobacterium abscessus subsp. abscessus (Mab), Mycobacterium abscessus 

subsp. bolletii, and Mycobacterium abscessus subsp. massiliense [Koh, 2017; Turenne, 2019]. 

Among the NTM affecting CF patients (3.3-22.6%), Mab is the most represented 

worldwide and the one with the lowest cure rate (25–58%). Mab-infected CF patients can 

benefit from the surgical resection of the colonized lung tissue, but unsuccessful Mab 

eradication is a contraindication for lung transplantation [Wu et al., 2018; Lopeman et al., 

2019; Degiacomi et al., 2019]. Since its first isolation in 1952, Mab has been identified as 

widespread in the environment, generally found in the soil, dust, plants and water sources. 

It is a rapid growing mycobacterium, which is able to produce biofilm. The insurgence of 

Mab infections is associated with various risk factors, such as age of the CF patient, lower 

values of body mass index (BMI), worse values of forced expiratory volume (FEV1), 

Pseudomonas aeruginosa and Stenotrophomonas maltophilia pre-existing infections, 

pneumothorax, chest drain, use of inhaled antibiotics and overall compromising of the 

immune system [Lopeman et al., 2019]. Furthermore, Mab can resist harsh environmental 

conditions thanks to its ability of forming biofilm, which in association with its 

characteristic mycobacteria cell wall, further enhances its survival both in the environment 

and in the human host [Lopeman et al., 2019]. Mab mode of transmission is yet to be fully 

elucidated, but recently it was unveiled through whole-genome sequencing (WGS) of Mab 

isolates from CF centres worldwide that human-to-human transmission is possible [van 

Dorn, 2017; Bryant et al., 2016; Yan et al., 2020]. Moreover, Bryant et al. (2016) grouped 

Mab subspecies into three circulating clusters: Mycobacterium abscessus isolate 1 and 2 and 

Mycobacterium massiliense isolate 1. Interestingly, these 3 clusters of Mab isolates were 

identified in CF centres in different countries, proving that transcontinental spreading is 

possible [Bryant et al., 2016]. Consequently, are not just the environmental sources of Mab 

that should be addressed, but it is pivotal to prevent the human-to-human spreading 

between CF patients as well [Stephenson, 2019; Ramsey et al., 2019].  

1.2.1 NTM morphology and pathophysiology 

Even if the WGS and the RNA 16S typing are available, to this day the phenotypic 

characterization of NTM still remains valid, with the Runyon classical subdivision that 

divides NTM in Rapid Growing Mycobacteria (RGM) and Slow Growing Mycobacteria 

(SGM) [Turenne, 2109]. NTM are aerobic, non-motile acid-fast bacilli with a high content 

of GC in their genome. Moreover, NTM have the same complex and peculiar cell wall 

structure as other mycobacteria [Turenne, 2019]. Cell wall lipids can help escaping the host 

immune response through suppression of the cytokine signalling fundamental to control 
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NTM infections. In particular, the surface glycopeptidolipids (GPL; Figure 13) are required 

for intracellular survival, biofilm formation, host-pathogen interactions, and modulation of 

the inflammatory response [Johansen et al., 2020]. Variations in the level of expression of 

GPL leads to changes in the colonies morphotype, from smooth (high level of GPL) to 

rough (low to no level of GPL) and are correlated to NTM virulence with the rough 

morphotype being the most virulent [Johansen et al., 2020]. NTM can display both the 

smooth and the rough phenotype, the latter correlated to a more virulent phenotype 

[Johansen et al., 2020]. 

Figure 13. GPL and TDM structures. A) Exemplificative structure of a mycobacterial 

glycopeptidolipids [Johansen et al., 2020]. B) Structure of the mycobacterial trehalose 

dimycolate [Norbe et al., 2012].  

GPLs can be subdivided into alkali-stable (or C-type GPL) an alkali-labile serine-

containing GPL; the first ones are more common in saprophytes and opportunistic NTM. 

The C-type GPL have a lipopeptidyl core of C28-C30 fatty acid chains amidated by a 

tripeptide-amino-alcohol core of D-Phe-D-allo-Thr-D-Ala-L-alaninol. The C-type core is 

glycosylated with the allo-Thr linked to a 6-deoxy-a-L-talose and the alaninol linked to an 



INTRODUCTION 

29 
 

a-L-rhamnose. Mav C-type GPL can be not-methylated in the 6-deoxytalose or 3-O-

methylated and can also be O-acetylated at various locations. In contrast, Mab has a di-

glycosylated GPL with a 3,4-di-O-acetylated 6-deoxytalose and a 3,4-di-O-methylated or 

2,3,4-tri-O-methylated rhamnose [Gutiérrez et al., 2018]. The gpl locus is highly conserved 

among NTM and contains several genes coding for proteins essential for GPL biosynthesis 

and transport across the plasma membrane. mps1 and mps2 genes code for the effectors of 

the tripeptide amino-alcohol moiety GPL formation, while gtf1 and gtf2 encoding proteins 

catalyse the glycosylation of the lipopeptide core and Gtf3 adds the extra rhamnose. Rmt2, 

Rmt3, and Rmt4 are involved in the O-methylation of the rhamnose while fmt encoding 

protein is involved in O-methylation of the lipid moiety. The products of atf1 and atf2 genes 

are necessary for the acetylation of the deoxytalose while Mmps4, Mmpl4a and MmpL4b 

are involved in GPL biosynthesis and transport [Gutiérrez et al., 2018]. NTM can switch 

between the smooth and rough morphotype through the development of mutations in the 

genes involved in GPL biosynthesis and transport. In fact, in M. bolletii it was shown that 

point mutations in MmpL4a at Tyr842 or MmpL4b at Tyr854 drastically impaired GPL 

production [Bernut et al., 2016]. In addition to GPL, another fundamental component of 

NTM cell wall is the trehalose dimycolate (TDM; Figure 13). TDM is known to be involved 

in Mtb virulence, and even though its role in virulence has yet to be in depth studied in 

NTM, its level of expression varies inversely proportional to GPL values in the smooth 

and rough morphotype underling a possible relation between TDM, GPL and virulence 

[Hunt-Serracin et al., 2019]. Furthermore, TDM is necessary for the cording phenotype, 

fundamental for increasing NTM virulence and a more invasive infection; indeed, the lack 

of the cording phenotype in the smooth morphotype could be explained by the high 

presence of GPL that could mask the TDM residues [Howard et al., 2006; Hunt-Serracin et 

al., 2019]. 

NTM, and particularly Mab, can persist in the lungs stimulating the formation of 

the granuloma, similarly to what happens during Mtb infection. After inhalation by the host, 

Mab is phagocytised by the immune system cells (macrophages and neutrophils) but can 

escape the intracellular disruption and establish the continuous stimulation of cytokines 

and TNF secretion, which recruits more immunity cells, leading to the formation of the 

granuloma. Moreover, once in the granuloma, Mab can maintain the smooth form and 

persist or switch from the smooth to the rough morphotype, leading to the disruption of 

the granuloma and its release in the lung with consequent lung disease onset [Johansen et 

al., 2020]. 

NTM lung disease has two major different radiographic manifestations: the 

fibrocavitary and the nodular bronchiectatic forms. The first form has cavitary lesions 

predominantly in the upper lobes, similar to pulmonary TB, and it generally occurs in older 

individuals with pre-existent pulmonary disease or smoking habit. On the other end, the 

nodular bronchiectatic disease can occur as a multifocal bronchiectasis, with clusters of 
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small nodules, and branching linear structures that generally involve the right middle lobe 

and the lingular segment of the left upper lobe [Koh, 2017]. For the right diagnosis of NTM 

infections, the physician should keep in consideration the clinical findings (e.g.: pulmonary 

symptoms, radiographic evidence, high-resolution computed tomography) altogether with 

the microbiological findings (e.g.: positive sputum cultures, positive bronchial wash); when 

possible, the molecular identification is the most reliable because it allows for a correct 

differentiation between NTM and Mtb [Koh, 2017]. It is important to correctly identify the 

NTM, particularly in case of infected CF patients, because the therapy design is 

fundamental for its success. In CF patients Mab therapy can last up to 2 years, but the 

success rate is incredibly low (30%), and not achieving the total eradication of the pathogen 

leads to an accelerated deterioration of lung function in these patients [van Dorn, 2017]. 

1.2.2 Therapy and drug-resistance 

Treatment of Mab lung infections can be challenging due to the lack of specific 

drugs against this pathogen and its innate resistance to the commonly used antibiotics for 

Gram-positive/negative bacteria and for most of the anti-TB drugs [Luthra et al., 2018]. 

Moreover, particularly in CF patients where the secretions of thick mucus can cause an 

increase in the renal clearance of the drug and a possible reduced gastrointestinal 

absorption, a completely resolutive treatment can be difficult to achieve [Chopra et al., 

2011]. Furthermore, Mab can resist the antibiotics effect due to their inability of passing 

through the biofilm and the complex, GPL, mycolic acid rich cell wall [Esteban and Garcia-

Coca, 2018; Howard et al., 2006; Hunt-Serracin et al., 2019]. 

The antibiotic therapy reported in the guidelines for Mab infections in CF patients 

consists of a first intensive phase that lasts from 3 to 12 weeks, followed by a continuation 

phase that can last up to 12 months after culture conversion. During the intensive phase, 

the patient is given daily doses of oral macrolides, preferably azithromycin, in combination 

with intravenous amikacin (IV) and one or more of the following antibiotics: tigecycline 

IV, imipenem or cefoxitin. For the continuation phase, the patient is given inhaled amikacin 

and 2 or 3 oral antibiotics chosen from minocycline, clofazimine, moxifloxacin and 

linezolid [Floto et al., 2016]. In figure 14, the chemical structures of the drugs commonly 

used in Mab therapy for CF patients are reported. Clarithromycin and azithromycin should 

always be administered in combination with other antibiotics to prevent the insurgence of 

macrolides resistance; considering that CF patients can be under different medicaments at 

the same time, interactions with other drugs should be carefully evaluated for each patient 

[Floto et al., 2016; Skolnik et al., 2016]. 

Macrolides are a large family of natural and synthetic antibiotics, which show a 14-

16 lactones structure with sugar residues. They inhibit protein biosynthesis through the 

binding of the ribosome, successfully blocking the peptide elongation [Hansen et al., 2002]. 
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A frequent cause of macrolide resistance among Mab clinical isolates, are mutations in the 

peptidyl-transferase region of the rRNA 23S, particularly at the positions 2058 and 2059 of 

the rrl gene (encoding the 23S rRNA), which are involved in the binding to the drugs [Nash 

et al., 2009]. Furthermore, another mechanism of macrolide resistance is due to the presence 

of the macrolide-inducible gene erm(41), coding for the inactivating enzyme Erm(41), 

responsible for the post-transcriptional methylation of the Ala2058 of the peptidyl-

transferase region [Hansen et al., 2002; Nash et al., 2009]. In this case, the T28C 

polymorphism in erm(41) is responsible for the macrolides-inducible phenotype [Nessar et 

al ., 2011]. However, the mechanism of erm(41) inducible macrolides-resistance is not 

commonly shared across different NTM, as in M. massiliense this gene is completely deleted, 

consequently this NTM is macrolide-susceptible [Nash et al., 2009].  

Figure 14. Chemical structures of the drugs used in Mab therapy. 

In Mab the mechanism of aminoglycosides resistance is mainly based on the 

modification of the ribosome 30S subunit; in fact, in 90% of Mab clinical isolates resistant 
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to aminoglycosides, the gene rrs (coding rRNA 16S) and the gene rpsL are mutated. In 

particular, the mutation A1408G in rrs results in high amikacin resistance in Mab isolates. 

[Nessar et al., 2011; Prammananan et al., 1998]. Interestingly, another aminoglycoside 

resistance mechanism could be linked to enzymatic drug modification. Several 

aminoglycosides could be acetylated by the 20-Nacetyltransferase (AAC(20)), encoded by 

MAB_4395 gene. So, Mab strains harbouring mutations (or complete deletion) in this gene 

show higher sensitivity to aminoglycosides. Another N-acetyltransferase, named Eis2 

(coded by MAB_4532c), is able to acetylate aminoglycosides, conferring Mab resistance 

[Luthra et al., 2018]. 

The only β-lactams used in Mab therapy are cefoxitin and imipenem. The low 

activity of β-lactams depends on the presence in Mab of the constitutively expressed Class 

A β-lactamase, Bla_Mab coded by MAB_2875 gene. Bla_Mab hydrolyses cefoxitin and 

imipenem at very low level, not compromising their therapeutic efficacy [Soroka et al., 

2014]. Avibactam is a β -lactamase inhibitor approved by the FDA in 2014 [Dubee et al., 

2015]. Recently, 5 combinations of avibactam with β-lactams were tested against Mab; the 

activity of three β-lactams (cefuroxime, imipenem and biapenem) was reduced below the 

therapeutic level, in presence of avibactam [Story-Roller et al., 2018]. 

Tetracycline inhibits protein biosynthesis through the binding to the ribosomal 

30S subunit. In Mab tetracycline resistance can be caused by enhanced activity of MabTetX 

enzyme, which is a monooxygenase coded by the MAB_1496c, that inactivate tetracycline. 

It was shown in Mab strains hypersensitive to tetracycline harbouring a deletion of 

MAB_1496c gene. MabTeX expression appears to be induced by the WhiB7 regulator after 

tetracycline exposure [Rudra et al., 2018].  

WhiB7, coded by MAB_3508c, is a transcriptional regulator that regulates many 

intrinsic mechanisms of drug resistance not only in Mab, but also in Mtb [Hurst-Hess et al., 

2017]. Furthermore, Mab WhiB7 also regulates the expression of genes that confer 

resistance to aminoglycosides and macrolides. Its expression is strongly induced after 

exposure to antibiotics affecting the ribosome (erythromycin, tetracycline, clarithromycin 

and amikacin). In fact, deletions in MAB_3508c gene coding for WhiB7 results in an 

increased sensitivity to amikacin and clarithromycin [Hurst-Hess et al., 2017; Wu et al., 

2018]. 

Clofazimine is a repurposed drug which is used in the treatment of both leprosy 

and MDR-TB. It was recently introduced in Mab therapy despite its mechanism of 

resistance already known in Mtb and caused by mutations in MAB_2299c gene 

(homologous to Rv0678 in Mtb) coding for the repressor of MmpS5-MmpL5 efflux pump 

[Hartkoorn et al., 2014; Richard et al., 2018]. 
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Moxifloxacin is a bactericidal fluoroquinolone used in TB treatment. Moxifloxacin 

inhibits the DNA gyrase blocking DNA replication and leading to cell death. The genes 

involved in moxifloxacin resistance are gyrA and gyrB coding for the target gyrase [Dookie 

et al., 2018]. In Mab, resistance to moxifloxacin is caused by mutations in gyrA, coding for 

the A subunit of DNA gyrase [Guillemin et al., 1998]. However, in a recent study, no clear 

correlation was found between mutations in gyrA/gyrB genes and fluoroquinolone 

resistance, suggesting that there could be an additional mechanism involved in Mab 

fluoroquinolone resistance [Kim et al., 2018].  

Linezolid is an oxazolidinone active against Mab and Mtb. The resistance 

mechanism involves mutations in the target rRNA 23S, and in the ribosomal proteins L3, 

L4 and L22 [Ye et al., 2019]. Linezolid was the first oxazolidinone to be used in NTM 

treatment. Tedizolid and delpazolid are two others more active oxazolidinones and with 

less side effect (Figure 15) [Kim et al., 2017]. 

Figure 15. Chemical structures of new and repurposed drugs for in Mab therapy. 
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1.2.3 New drugs and possible molecular targets  

There is an urgent need to discover and to develop novel and more effective agents 

to contrast the spreading of Mab drug resistant isolates. Considering in Mab the presence 

of intrinsic (biofilm formation, cell wall complexity), adaptative (erm(41) inducibility) and 

acquired (mutations in target genes) drug resistance, unfortunately the NTM drug pipeline 

is nearly empty in comparison with that of TB [Johansen et al., 2020]. Indeed, most current 

antibiotics and lead candidates are derived either from existing drugs or taken directly from 

the TB Drug Pipeline. The hypothetical repurposing of anti-TB drugs in Mab therapy is 

based on the knowledge that Mab and Mtb share a strong genome similarity; however, just 

some anti-TB drugs actually are effective against Mab growth [Choo et al., 2014]. In figure 

15 the structures of new and repurposed drugs against Mab are reported. 

Bedaquiline is a recently approved anti-TB drug already described [Andries et al., 

2005] (Figure 15). Unfortunately, controversial results were observed when bedaquiline was 

tested in vivo, probably due to its bacteriostatic activity against Mab [Lerat et al., 2014; 

Obregón-Henao et al., 2015]. However, the activity of bedaquiline can be enhanced by 

coadministration with verapamil, an efflux pump inhibitor, both in vitro and ex vivo [Viljoen 

et al., 2019].  

SQ641 belongs to capuramycins, which is a class of antibiotics targeting the 

Traslocase 1, an enzyme essential for peptidoglycan synthesis (Figure 15). SQ641 is 

bactericidal against Mab with a MIC of 0.25–1 μg/mL. Furthermore, when administered in 

combination with rifabutin and streptomycin has synergistic effects against Mab (Figure 15) 

[Dubuisson et al., 2010]. 

Tigecycline is a tetracycline glycylcycline which is in phase II clinical development 

(Figure 15). Preliminary data report that tigecycline administered on its own, is associated 

with a favourable treatment outcome, and in association with other compounds, such as 

rifabutin, has synergistic effects [Wallace et al., 2014; Cheng et al., 2019].  

Rifabutin, a rifampicin derivative, has been found to be bactericidal against Mab in 

vitro and ex vivo. Furthermore, rifabutin has synergistic activity in combination with 

amikacin, cefoxitin, linezolid, clarithromycin (in triple combination with tigecycline) and 

azithromycin [Aziz et al., 2017; Ganapathy et al., 2019].  

MmpL3, is a crucial mycobacterial transporter for the export of trehalose 

monomycolates from the periplasmic space to the mycobacteria cell wall. It is an important 

antitubercular drug target [Saxena and Singh, 2019]. The compounds PIPD1 (piperidinol 

based molecule) and 2-indole-carboxamides, although structurally distinct, target MmpL3 
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transporter. PIPD1 and 2-indole carboxamides are bactericidal in vitro against Mab with 

good MIC of 0.0625–1 μg/mL (Figure 13) [Wu et al., 2018]. 

Disulfiram is a repurposed drug from the treatment of alcohol dependence (Figure 

15). Recently, disulfiram was found to be active in vitro and ex vivo against not only Mab in 

a time-dose dependent manner, but also against HIV [Das et al., 2019]. 

The gaseous nitric oxide (NO) in the inhaled formulation is in phase II of clinical 

development for the treatment of Mab and other NTMs. NO is normally produced by the 

nitric oxide synthase from L-arginine; it is fundamental for a plethora of biological 

functions including also the defence mechanism against pathogens. CF patients are usually 

NO-deficient in the airways, which not only does not help getting rid of possible new 

infections, but contributes to the further impairment of lung function [Wu et al., 2018; 

ClinicalTrials.gov]. Although the treatment with NO may not lead to a complete eradication 

of Mab infection, the bacterial load in the airways can be reduced by its use, meaning that 

there is space for improvements [Bentur et al., 2020; Chiarelli et al., 2020].  

Amikacin liposome inhalation suspension (ALIS) is currently in Phase II clinical 

development [ClinicalTrials.gov]. ALIS is composed of small biocompatible, neutral 

liposomes of approximately 0.3 μm in diameter, encapsulated with amikacin. Once in the 

airways, liposomes can be directly absorbed by the pulmonary macrophages, allowing the 

intracellular acquisition of amikacin at high levels by cells infected with NTM [Olivier et al., 

2017]. Preliminary data show that this formulation has a reduced toxicity and improved 

efficacy in patients with Mab lung disease [Caimmi et al., 2018].  

Molgramostin, which is currently in phase 2 clinical trial, is an inhaled formulation 

of the Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF). GM-CSF is a 

protein naturally present in the human immune system, which plays an important role in 

activating the immune response against bacterial infections [ClinicalTrials.gov]. 

The lack of specific drugs against Mab is one of the main causes responsible for 

the spread of Mab clinical isolates among CF patients. More efforts in the development of 

the drug pipeline could help to find new specific drugs against this worrisome pathogen.  
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2.AIMS OF THE RESEARCH 

Among mycobacterial species the most pathogen is Mycobacterium tuberculosis, which 

is the etiological agent of tuberculosis. Recently, the emergence of Mycobacterium abscessus as 

a new pathogen is worrying, in particular for cystic fibrosis patients.  

In this work, our aim is to identify new strategies to contrast their spreading and 

to fill-in the drug pipelines for the development of more effective therapies against both 

mycobacterial species. 

In order to characterize the mechanism of action of new drugs and novel cellular 

targets, this study was founded on two complementary approaches: the Drug-to-Target and 

the Target-to-Drug.  

In the Drug-to-Target strategy, the aim is to find new, more powerful anti-

mycobacterial drugs, and to characterize their mechanism of action. It could reduce the 

treatment time, but also hinder the spreading of Multi Drug Resistant (MDR) mycobacterial 

strains. This approach requires testing of hundreds of different molecules, some of which 

may have been described and used in clinical practice (Drug repurposing), while others are 

completely newly designed. This method of investigation requires time, but it is powerful, 

and potentially successful as it allows for large screening of different molecular classes.  

For the second approach, the Target-to-Drug, the aim is to characterize already 

known drug targets and to find new inhibitors. Characterizing pharmacological targets is 

pivotal for drug development to have a better understanding of their behavior and 

resistance mechanism. In this regard, our focus was mainly on the Mycobacterium tuberculosis 

enzyme decaprenylphosphoryl-D-2-keto erytropentose reductase (DprE2), which works in 

association with the decaprenylphosphoryl-β-D-ribose 2’-oxidase (DprE1), which is a well-

established drug target [Makarov et al., 2009]. Our aim was to functionally characterize the 

putative DprE1-DprE2 complex to have a better understanding of its interaction, in order 

to develop new DprE1/DprE2 inhibitors.  
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3.MATERIALS AND METHODS 

3.1 BACTERIAL STRAINS, MEDIA, AND GROWTH CONDITIONS 

All bacterial strain used in this work are listed in table 5. For all cloning procedures 

Escherichia coli HST08 strain (Stellar Competent Cells) was used according to manufacture 

guidelines [Clontech Laboratories, Inc, Takara Bio]. For protein expression studies 

Escherichia coli BL21(DE3) strain was used. Mycobacterial strains were grown in 

Middlebrook 7H9 medium or on Middlebrook 7H11 agar, supplemented with 10% Oleic 

acid-Albumin-Dextrose-Catalase (OADC) Middlebrook Enrichment. For other bacterial 

strains, Luria-Bertani (LB) broth and agar were used. All bacteria were grown aerobically 

at 37°C. For each growth condition, when required, antibiotics or tested compounds were 

added to the media. 

Table 5. Strains used in this study. 

Strains Features Source 

M. tuberculosis H37Rv Wild-type Laboratory collection 

M. tuberculosis 53.3 (Rv2466c,W28S) Laboratory collection 

M. tuberculosis 53.8 (Rv0579, L240V) Laboratory collection 

M. tuberculosis NTB9 (DprE1, G387G) Laboratory collection 

M. tuberculosis NTB1 (DprE1, G387S) Laboratory collection 

M. tuberculosis DR1 (DmpL3, V681I) Laboratory collection 

M. tuberculosis Ty1 (Rv3405c, c190t) Laboratory collection 

M. tuberculosis 88.1 (CoaA, Q207R) Laboratory collection 

M. tuberculosis 88.7 (PyrG, V186G) Laboratory collection 

M. tuberculosis 81.10 (ethA, Δ1109-37) Laboratory collection 

M. tuberculosis IC1 (resistant to STR, INH, RIF, EMB) Laboratory collection 

M. tuberculosis IC2 
(resistant to STR, INH, RIF, EMB, PYR, 

ETH, capreomycin) 
Laboratory collection 

M. bovis BCG Pasteur Wild-type Laboratory collection 

M. smegmatis mc2155 Wild-type Laboratory collection 

Escherichia coli ATCC25922 Wild-type Laboratory collection 

Bacillus subtilis 168 Wild-type Laboratory collection 

Salmonella thyphimurium LT2 Wild-type Laboratory collection 

Burkholderia cenocepacia K56-2 Wild-type Laboratory collection 

Escherichia coli BL21(DE3) F- ompT hsdSB (rB- mB-) dcm (DE3)  Laboratory collection 
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 Escherichia coli HST08 

F–, endA1, supE44, thi-1, recA1, relA1, 
gyrA96, phoA, Φ80d lacZΔ M15, Δ 

(lacZYA - argF) U169, Δ (mrr - hsdRMS - 
mcrBC), ΔmcrA, λ– 

Laboratory collection 

M. abscessus ATCC19977 Wild-type 
Laboratory collection 

(ST. Cole) 

M. bolletii 1999-0888 Wild-type 
Hôpital Raymond-

Poincaré (Paris, France) 
(ST. Cole) 

M. massiliense 2005-0524 Wild-type 
Hôpital Raymond-

Poincaré (Paris, France) 
(ST. Cole) 

M. abscessus MDR clinical 
isolate 1 

Resistant to amikacin, clarithromycin, 
doxycycline, bedaquiline, ciprofloxacin, 
erythromycin, meropenem, econazole, 
ethambutol, ethionamide, lansoprazole, 
pristinamycin, rifampicin, rifapentine, 

SQ109, sutezolid, thioacetazone. 

Centre hospitalier 
universitaire vaudois 
(CHUV, Lausanne, 

Switzerland) (ST. Cole) 

M. abscessus MDR clinical 
isolate 2 (from CF patient) 

Resistant to amikacin, amoxicillin, 
clavulanic acid, cefepime, cefoxitin, 

ceftriaxone, ciprofloxacin, doxycycline, 
imipenem, linezolid, minocycline, 

moxifloxacin, tobramycin, 
trimethoprim/sulfam 

Ospedale Pediatrico 
Bambino Gesù (Rome) 

(E.V. Fiscarelli) 

M. abscessus clinical isolate n. 6 
Resistant to clarithromycin, moxifloxacin, 

doxycycline, linezolid 
ISS, Rome, Italy  

(L. Fattorini) 

M. abscessus clinical isolate n. 7 
Resistant to clarithromycin, amikacin, 

moxifloxacin, doxycycline (Intermediate 
sensitivity to linezolid) 

ISS, Rome, Italy  
(L. Fattorini) 

M. abscessus clinical isolate n. 8 Resistant to moxifloxacin, doxycycline 
ISS, Rome, Italy  

(L. Fattorini) 

M. abscessus clinical isolate n. 9 
Resistant to clarithromycin, moxifloxacin, 

doxycycline 
ISS, Rome, Italy  

(L. Fattorini) 

M. abscessus clinical isolate n.10 Resistant to moxifloxacin, doxycycline 
ISS, Rome, Italy  

(L. Fattorini) 
M. avium subsp. avium Chester 
ATCC15769 

Wild type 
Laboratory collection 

(ST. Cole) 

M. avium clinical isolate n.1 
Resistant to linezolid (Intermediate 

sensitivity to Moxifloxacin) 
ISS, Rome, Italy  

(L. Fattorini) 

M. avium clinical isolate n.2 
Resistant to linezolid (Intermediate 

sensitivity to Moxifloxacin) 
ISS, Rome, Italy  

(L. Fattorini) 

M. avium clinical isolate n.3 
Resistant to linezolid (Intermediate 

sensitivity to Moxifloxacin) 
ISS, Rome, Italy  

(L. Fattorini) 

M. avium clinical isolate n.4 Resistant to linezolid and Moxifloxacin 
ISS, Rome, Italy  

(L. Fattorini) 

M. kansasii ATCC12478 Resistant to Streptomycin 
Laboratory collection 

(J.A. Ainsa Claver) 
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For heterologous expression of proteins in Escherichia coli, specific media were used 

as shown in table 6. 

Table 6. Media used for protein expression trials. 

 

Bacteria were grown to exponential phase (OD600nm: 0,6-0,7) and induced with 1 

mM Isopropyl-β-D-1-tiogalattopiranoside (IPTG). 

 

3.2 DETERMINATION OF THE MINIMAL INHIBITORY CONCENTRATION (MIC) 

Two independent cultures were grown approximately to mid-log phase, diluted (as 

indicated in table 7) for REMA assay and were seeded in a 96-well black plate [Fluoronunc, 

Thermo Fisher] in presence of serial compound dilutions. A growth control containing no 

compound and a sterile control without inoculum were also included. The different 

conditions for MIC determination using the REMA assay are reported in table 7. At the 

end of the exposition time, resazurin was added at each well at a final concentration of 

0.0025%. After further 1-day incubation, plates were read [Ex 544 nm, Em 590 nm, 

Fluoroskan ThermoScientific]. Bacterial viability was calculated as a percentage of resazurin 

turnover in the absence of compound. 

 

 
1 L Media 

  
LB Autoinducing 

(1x) 
Autoinducing 

(2x) 
Terrific 

Super 
Broth 

M9-
glucose 

Tryptone 10 g 10 g 20 g 12g 32 g  

Yeast Extract 10 g 5 g 10 g 24g 10 g  

(NH4)2SO4  3,3 g 3,3 g    

KH2PO4  6,8 g 6,8 g 0,17M  3 g 

Na2HPO4  7,1 g 7,1 g   6,78 g 

Glycerol  5 g 10 g 5g   

Glucose  0,5 g 1 g   10 g 

α-Lactose  2g 4 g    

MgSO4  1 mM 1 mM   2 mM 

K2HPO4    0,72M   

NaCl 5 g    5 g 0,5 g 

NH4Cl      1 g 

CaCl2      0,1 g 
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Table 7. REMA assay conditions for the bacteria used in this study. 

Strains OD600nm Temperature 
Concentration 

assayed µg/mL 
Drug exposure 

time in days 
Control 

Mtb 0,0005 

37°C 

32-16-8-4-2-1-0,5-
0,25 

7  Streptomycin 

M. bovis BCG 0,02 7 Streptomycin 

NTMs 0,02 3 Ciprofloxacin 

M. smegmatis 0,02 3 Streptomycin 

E. coli 0,0006 

256-128-64-32-
16-8-4-2-1-0,5-

0,25 

1 Kanamycin 

B. subtilis 0,0006 1 Kanamycin 

S. typhimurium  0,0006 1 Kanamycin 

B. cenocepacia  0,0006 1 Ciprofloxacin 

 

MIC determination for mycobacterial species was also performed onto solid 

medium. Briefly, dilutions of two independent cultures (about 105-106 CFU/mL) were 

streaked onto 7H11 solid medium containing a range of drug concentrations (in general 

0.125 to 40 g/mL), following the micro-dilution method. Plates were incubated at 37°C 

for the desired time (2 days for M. smegmatis, 3-4 days for Mab, 10 days for Mav, 15-18 days 

for Mtb and M. bovis BCG). The growth was visually evaluated; the lowest drug dilution at 

which visible growth failed to occur was taken as the MIC value. Results were expressed as 

the average of at least three independent determinations. 

3.3 DNA PROCEDURES: CLONING, PLASMIDS, AND PRIMERS 

DNA was manipulated following standard procedures [Sambrook and Russell, 

2001]. DNA fragments were purified from agarose gel using the Wizard SV Gel and PCR 

Clean-Up System [Promega]. All genes were cloned using the In-Fusion HD Cloning Plus Kit 

[Takara Bio] following manufacturer’s instructions. Plasmids used in this study are reported 

in table 8. 

Table 8. Plasmids used in this study. 

Vector Features Source 

pETDuet™-1 Ampicillin resistant. Simultaneous expression of 2 genes Novagen 

pET-SUMO Kanamycin resistant, pBR322 Invitrogen 

pET-23b(+) Ampicillin resistant; pBR322 Novagen 

 

Stellar Competent Cells (E. coli HST08) were transformed with the desired plasmid 

following In-Fusion HD Cloning Plus Kit [Takara Bio] manufacturer’s instructions. Plasmid 

isolation was performed using the Plasmid Mini kit [Qiagen]. To check the quality of the 
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cloning, the plasmids were sequenced at Microsynth – AG (Switzerland). A list of all 

primers used in this study is reported in table 9. 

Table 9. List of Primers. 

Name Sequence Vector Gene 
Restriction 

Enzyme 

DprE1Duet

_FW 

CACAGCCAGGATCCGCTGGAAG

TTCTGTTCCAGGGGCCCTCTTTG

ACGACGATGTTGAG 

pETDuet™-1 Rv3790 BamHI 

DprE1Duet

_RV 

ATTATGCGGCCGCAAGCTTCATC

TACAGCAGCTCCAA 
pETDuet™-1 Rv3790 HindIII 

DprE2Duet

_FW 

GGAGATATACATATGGCTGCTG

TAGATGGTTCTT 
pETDuet™-1 Rv3790 NdeI 

DprE2Duet

_FW_HYS 

ATATGGCAGATCTCAATGCATCA

CCATCATCACCACCTGGAAGTTC

TGTTCCAGGGGCCCGTTCTTGA

TGCCGTAGGA 

pETDuet™-1 Rv3790 NdeI 

DprE2Duet

_RV 

GCAGCCTAGGTTAATTAAGCTC

GGCATACTCAGATG 
pETDuet™-1 Rv3790 PacI 

MSMEG_63

85FOR per 

Duet 

AGAAGGAGATATAC ATAT 

TGCAGAAGATGGTGTTCGAC 
pETDuet™-1 

MSMEG_

6385 
NdeI 

MSMEG_63

82FOR per 

Duet 

TCATCACCACAGCCAGGATCCAC

TGGAAGTTCTGTTCCAGGGGCC

CAACAGGTTGCGGGCAATG 

pETDuet™-1 
MSMEG_

6382 
BamHI 

MSMEG_63

82REV per 

Duet 

ATGCGGCCGCAAGCTTCTGTCA

GAGCAGTTGCAG 
pETDuet™-1 

MSMEG_

6382 
HindIII 

MSMEG_63

85FORH 

per Duet 

ATATGAATGCATCACCATCATCA

CCACCTGGAAGTTCTGTTCCAG

GGGCCCTTGCAGAAGATGGTGT

TCGAC 

pETDuet™-1 
MSMEG_

6385 
NdeI 

MSMEG_63

85REV  per 

Duet 

CAGCAGCCTAGGTTAATTAAGC

ATCAGATGGGGAGCTT 
pETDuet™-1 

MSMEG_

6385 
PacI 

MSMEG_23

bFor 

AGAAGGAGATATACATATTGCA

GAAGATGGTGTTCGAC 
pET-23b 

MSMEG_

6385 
NdeI 

MSMEG_23

bRev 

GTGGTGGTGGTGACTCGAGGG

CCCCTGGAACAGAACTTCCAGA

AGGCAACAGATGGGGAGCTT 

pET-23b 
MSMEG_

6385 
XhoI 

FOR_cis_ala 
CGATCCCGGGCTGGAACGTGGC

CGTGGACTTCCCGATCAAGG 
pET-SUMO 

MSMEG_

6382 
 

FOR_cis_gli 
CGATCCCGGGCTGGAACGTGGG

CGTGGACTTCCCGATCAAG 
pET-SUMO 

MSMEG_

6382 
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FOR_cis_ser 
GATCCCGGGCTGGAACGTGTCC

GTGGACTTCCCGATCAAGG 
pET-SUMO 

MSMEG_

6382 
 

REV_cis_ala 
CCTTGATCGGGAAGTCCACGGC

CACGTTCCAGCCCGGGATCG 
pET-SUMO 

MSMEG_

6382 
 

REV_cis_gli 
CTTGATCGGGAAGTCCACGCCC

ACGTTCCAGCCCGGGATCG 
pET-SUMO 

MSMEG_

6382 
 

REV_cis_ser 
CCTTGATCGGGAAGTCCACGGA

CACGTTCCAGCCCGGGATC 
pET-SUMO 

MSMEG_

6382 
 

 

3.4 RNA-SEQ EXPERIMENTS 

Triplicates of mycobacterial cultures grown to mid-exponential phase were 

exposed to high compound concentrations (10-fold and 30-fold MIC for Mtb; 10-fold and 

20-fold MIC for Mab). Triplicate of not-treated cultures were included as control. After 4 

hours (24 h for Mtb), cells were pelleted and stored at −80°C until use. 

RNA was extracted using Direct-zol™ RNA Miniprep [Zymo Research] following 

manufacturer’s instructions. DNase treatment was carried out twice using TURBO DNA-

free™ Kit [Ambion] following the manufacturer’s recommendations. RNA was stored at 

−80°C in RNAse-free water. Amount and purity of RNA were determined 

spectrophotometrically; integrity of RNA was assessed on a 1% agarose gel.  

RNA-Seq was performed by IGA Technology Service 

[https://igatechnology.com/, Udine, Italy] using the Illumina platform, after a ribosomal 

transcript depletion step. Libraries were then sequenced on single-end 75 bp mode on 

NextSeq 500 (Illumina, San Diego, CA). Reads were quality checked using FASTQC tool 

and pre-processed by Trimmomatic v0.38 to trim the adaptor sequences and remove low-

quality sequences. The resulting clean reads were mapped to the mycobacterial reference 

genome using Bowtie2 v2.2.6. Gene expression estimates were made as raw read counts 

using featureCounts (v1.6.4) and summarized at CDS level. 

Normalization of raw read counts and differential expression analysis was 

performed using DeSeq2 v1.24.0. Differentially expressed genes (DEG) were defined using 

the following criteria: log2FoldChange > |2| (sample group/control) and FDR (false 

discovery rate) < 0.05. 

3.5 REAL-TIME PCR 

Purified total RNA was reverse transcribed using QuantiTect® Reverse 

Transcription kit [Qiagen], following the manufacturer’s recommendations. Real-Time 

PCR experiments were performed using QuantiTect SYBR Green PCR Master Mix 
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[Qiagen] kit and the thermocycler "Rotor Gene 6000" [Corbett Life Science] to amplify 

and quantify a cDNA sequence of interest. All reactions were repeated in triplicate and the 

mean value was considered. sigA was used as internal gene control, since it is a 

housekeeping gene encoding σA factor for both Mab and Mtb. 

3.6 TIME-CONCENTRATION KILLING ASSAY 

Two independent Mtb cultures were grown to exponential phase, diluted to 105 

CFU/mL, and 10 mL were inoculated in 50 mL falcon tubes. In each tube Selamectin was 

added at the desired concentration: 0, 0.1, 0.5, 2, 8, 32 µg/mL. At every time point (-3, 0, 

1, 3, 7, 11, 14, 22 days) cultures were thoroughly mixed to disrupt clumps and were 

resuspended in sterile PBS 1X. Serial dilutions in PBS 1X were then plated onto 

Middlebrook 7H11 agar plates and incubated at 37°C for 3-4 weeks. Isoniazid was used as 

control at fixed concentrations (0,025 µg/mL, 0.5-MIC).  

Similarly, Mab was grown to mid-exponential phase and diluted to 106 CFU/mL. 

Two mL of cultures were transferred to each 15 mL Falcon tube. 11326083 was added to 

the respective tubes to achieve the final concentration of 3-, 30- or 150-fold their MIC. A 

drug-free control and Ciprofloxacin at its MIC value and 3-fold MIC were included as well. 

The cultures were incubated at 37°C for 5 days. At the indicated time-points, dilutions of 

each sample were plated onto Middlebrook 7H11 agar. The agar plates were incubated for 

4 days at 37°C, and subsequently CFU value was determined by counting the colonies. 

3.7 PRODUCTION AND CHARACTERIZATION OF DPRE1 MUTANTS 

C394G, C394S and C394A mutant M. smegmatis DprE1 enzymes were generated 

using the pET-SUMO-MSMEG_6382 recombinant vector and the QuikChange site-directed 

mutagenesis kit (Agilent), following manufacturer’s recommendations with the primers 

reported in table 9. Wild-type and mutant enzymes were expressed and purified, and the 

enzyme activity assayed through a coupled Amplex Red/horseradish peroxidase reaction, 

as described before [Neres et al., 2012]. Steady-state kinetic parameters were determined by 

assaying the enzyme at different concentrations of the DprE1 substrate analogue farnesyl-

phosphoryl-D-ribofuranose (FPR) (12.5-800 μM), and the kinetic constants Km and kcat 

determined by fitting the data to the Michaelis-Menten or the Hill equation, using Origin 

8.0 software. For avermectins inhibition assays, the enzyme activity was determined in the 

presence of different compound concentrations (1.56-200 μM). IC50 was determined 

according to the Equation 1, where A[I] is the enzyme activity at inhibitor concentration 

[I] and A[0] is the enzyme activity without inhibitor. 

A[I]=A[0]× (1-
[I]

[I]+IC50
)  Equation 1 
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3.8 CO-EXPRESSION,  PURIFICATION OF DPRE1-DPRE2 COMPLEX 

E. Coli BL21 (DE3) competent cells were transformed by Heat shock with pET-

SUMO-MSMEG_6382 recombinant plasmid and selected onto LB-Kanamycin [50 

µg/mL]. These cells were made competent and transformed with pET-23b-MSMEG_6385 

plasmid, selecting onto LB-Kanamycin [50 µg/mL]/Ampicillin [100 µg/mL] and used to 

co-express M. smegmatis DprE1 and DprE2. 

Protein expression was achieved through induction with 1mM IPTG at 25°C, 

overnight. The day after, cells were harvested by centrifugation, resuspended in 50 mM 

potassium phosphate buffer pH 8.0, 500 mM KCl, (Buffer A), supplemented with 1 mM 

phenylmethylsulfonyl fluoride, lysed by sonication, and centrifuged at 50000 g for 20 

minutes at 4°C. The cell-free extract was loaded on a 5mL HisTrap column equilibrated 

with Buffer A, the column washed with 30 mM imidazole in buffer A, then bound proteins 

were eluted with 500 mM of imidazole in Buffer A. The elution was monitored at 280 nm, 

and fractions showing absorbance were pooled, and dialyzed in Buffer B (50 mM potassium 

phosphate buffer pH 8.0, 150 mM KCl) overnight at 4°C, in the presence of SUMO-

protease. The following day, the dialysed solution was loaded on a 1 mL HisTrap column 

equilibrated in Buffer B, and bound proteins eluted with 500 mM imidazole. The fractions 

that displayed absorbance at 280 nm and 414 nm were pooled, concentrated to 5 mL by 

ultrafiltration [Amicon® Ultra-10 mL, Millipore] and loaded on a HiLoad Superdex 75 

16/60 column [Sigma-Aldrich] equilibrated in Buffer B. The column flowrate was 

maintained at 0.8 mL/min by an AKTA pump System [GE Healthcare Biosciences]. 

Fractions of 1.5 mL were collected and those that showed absorbance at 280 nm and 414 

nm run on 1% SDS-PAGE. Fractions showing the two bands corresponding to DprE1 

and DprE2 were pooled, flash frozen in liquid nitrogen and stored at -80°C until use. For 

the calibration of the HiLoad Superdex 75 16/60 column, the following proteins have been 

loaded: aldolase (158 kDa), albumin (67 kDa), ovalbumine (44 kDa), chymotrypsinogen A 

(25 kDa), Myoglobulin (17 kDa) and ribonuclease (13.7 kDa). 

The enzymatic activity of the purified DprE1-DprE2 complex was assayed 
following the decrease in absorbance of NADH. Indeed, DprE2 reduces the FPX 
produced by DprE1, oxidizing the NADH cofactor; this reaction can be monitored at 340 
nm. Briefly, the standard reaction mixture contained 50 mM potassium phosphate buffer 
pH 8.0, 150 mM KCl, 0.2 mM NADH and about 2 μM of DprE1/DprE2 complex, and 
the reaction initiated by adding FPR solution at the desired concentration. Steady-state 
kinetic parameters were determined by assaying the enzyme at different concentrations of 
FPR (2.5-500 μM), and the kinetic constants Km and kcat determined by fitting the data to 
the Michaelis-Menten equation. The kinetic data obtained were compared to that achieved 
in the same conditions but using 2 μM of the two enzymes expressed and purified 
singularly. 
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4.RESULTS AND DISCUSSION 

 
4.1 IN SEARCH FOR NEW DRUGS AND NOVEL CELLULAR TARGETS 
AGAINST TUBERCULOSIS 

To this day Tuberculosis (TB) remains a leading cause of mortality worldwide 

[WHO, 2020]. Caused by Mycobacterium tuberculosis, the hurdles of its resolutions lay in the 

long, complex, and financially heavy therapy. To help achieve the EndTB strategy goals of 

95% reduction in deaths and 90% reduction of new cases by 2035, new therapeutic 

strategies and a deeper understanding of TB drug development is urgently needed. 

In our work we contributed to characterize the mechanism of action of new anti-

TB drugs and novel cellular targets following different strategies: 

1. Study of the mechanisms of resistance of Bedaquiline, a new antitubercular drug used 

in TB treatment [Degiacomi et al., 2020]. 

2. Determination of the activity of new Triclosan macrocyclic derivatives against Mtb 

[Rodriguez et al., 2020]. 

3. Identification and study of MtbI inhibitors [Chiarelli et al., 2019]. 

4. Characterization of the mechanism of action of 11726172 (4-

nitrobenzo[c][1,2,5]thiadiazol-5-yl thiazolidine-3-carbodithioate) anti-TB compound 

by global transcriptomic analysis. 

5. Characterization of the mechanism of action of new DprE1 inhibitors [Liu et al., 2020] 

and of selamectin, a repurposing drug which inhibits Mtb DprE1 enzyme. 

6. Characterization of the DrpE1-DprE2 enzymatic complex. 
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4.1.1 Understanding the spread of bedaquiline resistance among Mtb 

clinical isolates 

Among the newly introduced drugs in TB treatment, Bedaquiline, Delamanid and 
Pretomanid have proven to be efficient for the treatment of DR-TB [Migliori et al., 2017; 
Keam et al., 2019]; in particular, the use of bedaquiline is recommended for MDR and 
XDR-TB treatment [Ahmad et al., 2018; Conradie et al., 2020]. Despite its recent 
introduction in DR-TB therapy, Mtb bedaquiline resistant clinical isolates have already been 
reported [Villellas, et al., 2017; Ismail et al., 2018; Zimenkov, et al., 2017], harboring 
mutations in either atpE gene, encoding the target, or in Rv0678, coding for the repressor 
of the MmpS5-MmpL5 efflux pump. 

To better understand the spreading of bedaquiline resistance in MDR- and XDR-
TB, several Mtb resistant mutants were isolated starting from two MDR clinical isolates as 
parental cultures and miming what happens in clinical setting. The genomic DNAs of both 
isolates were subjected to Whole-Genome-Sequencing by Illumina, finding the mutations 
related to the MDR phenotype. [Degiacomi et al., 2020]. Furthermore, both clinical isolates 
were bedaquiline sensitive and did not show mutations in the BDQ-resistance associated 
genes. 

Exposing IC1 and IC2 strains to high concentration of bedaquiline (up to 20-fold MIC), 
spontaneous resistant mutants were isolated on solid medium at a frequency of 1.8 x 10-8 
and 6 x 10-9, respectively. The bedaquiline-resistant phenotype of 12 isolated mutants was 
confirmed by REMA assay, with MIC values ranging from 0,25 µg/mL to 8 µg/mL, while 
the genotype was determined by Sanger sequencing of the Rv0678, atpE and pepQ genes 
after PCR amplification. None of 12 Mtb resistant mutants had mutation in pepQ gene, 
while different polymorphisms were found either in atpE or Rv0678 genes (Table 10). 
Moreover, from a detailed search of the literature, all the already known mutations linked 
to bedaquiline resistance were collected in a data-set, including that found in our paper. 
This collection of bedaquiline mutations could be useful for the early detection of 
bedaquiline-resistance among Mtb clinical isolates. 
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Table 10. Characterization of Mtb bedaquiline resistant mutants. 

Mtb 

strains 

MIC 

(µg/mL) 
Mutation Amino acid substitution 

H37Rv 0.06 - - 

IC1 0.06 - - 

IC2 0.06 - - 

IC1 B 8  atpE: g187c A63P 

IC1 C 4 atpE: g187c A63P 

IC1 D 4 atpE: g187c A63P 

IC1 F 4 atpE: g187c A63P 

IC1 G 4 atpE: g187c A63P 

IC1 H 2 atpE: a83c D28A 

IC2 Q 0.5 atpE: a83g D28G 

IC1 L 0.5 rv0678: c400t R124Stop 

IC1 M 0.5 rv0678: g120c L40F 

IC1 N 0.5 rv0678: a271c T91P 

IC1 O 0.5 rv0678: g61t E21Stop 

IC2 P 0.25 rv0678: g197a G66E 

 

4.1.2 Triclosan-based macrocyclic compounds as new direct InhA 

inhibitors 

Our collaborators Prof. Christian Lherbet (Paul Sabatier-Toulouse III University, 

France) synthesized some triclosan macrocyclic derivatives as possible new direct InhA 

inhibitors. We tested their in vitro activity against Mtb growth, finding two compounds quite 

active (Table 11).  

Table 11. Biological evaluation of macrocyclic triclosan macrocyclic derivatives. 

Compound 
% inhibition at 50 μM 

(IC50) 

Mtb MIC 

(µg/mL) 

Macrocycle  1 (M01) 52 % 20 

Macrocycle 2 (M02) 93 % (4.7 ± 0.4 uM) 40 

Triclosan (TCL) 100 % (58% at 0.5 uM) 20 

Streptomycin  0.25 
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MIC values for macrocycles M01 and M02 were found to be similar to that of 

TCL. M02 was able to inhibit InhA activity with an affinity (IC50) in the micromolar range. 

Docking experiments showed that M02 binds the InhA active site. In conclusion, M02 

compound is an important starting point for the development of new active triclosan 

macrociclic derivatives that directly inhibit InhA. 

4.1.3 Characterization of new inhibitors of Mg2+-dependent enzyme 

salicylate synthase (MbtI) 

Mycobacterium tuberculosis salicylate synthase MbtI is a validated pharmacological 

target, involved in mycobactin-mediated iron acquisition pathway, that catalyses the two-

step conversion of chorismate to salicylate [Meneghetti et al., 2016]. Targeting this pathway 

is an interesting option for drug discovering as iron is fundamental for Mtb during infection, 

being also strictly correlated to the pathogen virulence. 

In this context, an extended structure−activity relationships (SAR) study of a 

previously identified furan-based hit compound [Chiarelli et al., 2018] was performed. The 

study of this hit optimization led to the disclosure of two new compounds 1h and 10 (Figure 

16), exhibiting a strong activity against MbtI (Ki=8.8 ± 0.7 μM and 4.2 ± 0.8 μM, 

respectively) and a moderate antitubercular activity with MIC of 250 μM. Moreover, 

through the Universal CAS liquid assay in iron-limiting conditions and quantification of 

the mycobactins, the antimycobacterial activity of the compounds was proven to be 

correlated with a reduction of siderophores production. 

 

 

 

Figure 16: Structure of the new MbtI inhibitors 1h and 10. 

 

4.1.4 Study of the mechanism of action of 11726172 by transcriptomic 

analysis 

In collaboration with Dr. Vadim Makarov (Bach Institute of Biochemistry, 

Research Center of Biotechnology of the Russian Academy of Sciences, Russian 
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Federation), we tested in vitro over 600 molecules against Mtb growth, of which only few 

showed to have a good minimal inhibitory concentration (Table 12).  

Table 12. Screening of more than 600 compounds against Mtb growth. 

 

 

 

 

 

 

 

Out of these compounds, two in particular were of great interest: 11626056 and 

11726172 (Figure 17) because of their high activity. The characterization of the mechanism 

of action of 11626056 is described in Monakhova et al., 2021. 

11726172 (4-nitrobenzo[c][1,2,5]thiadiazol-5-yl thiazolidine-3-carbodithioate) 

compound is highly active against Mtb growth with an MIC of 0.25 µg/mL (Figure 17). In 

order to study its mechanism of action, a panel of several Mtb mutants already available 

and harbouring different known mutations in genes encoding for drug targets (NTB1, 

DR1, 88.7), drug activators (53.3 and 81.10), or drug inactivator (Ty1) was used. 

Furthermore, its activity was also evaluated against two Mtb multi-drug resistant clinical 

isolates (Table 13). Interestingly, 11726172 was active against all Mtb strains tested, 

underlining that it could have a new mechanism of action being also active against MDR 

clinical isolates. 

 

 

 

Figure 17. Molecular structure of 11726172 compound. 

MIC 

(μg/mL) 
Number of Compounds Compounds 

0,25 1 11726172 

0,5 14 11626056 

1 5 - 

2,5 10 - 

5 12 - 

10 19  

20 41 - 

> 20 547 - 

Total 649   
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Table 13. Activity of 11726172 against Mtb strains. 

 

To better understand the effect on Mtb growth after 11726172 exposure, a 

transcriptomic analysis by RNA-Seq was performed starting from Mtb cultures treated with 

different compound concentrations (10-fold and 30-fold MIC). The bioinformatic analysis 

was performed in collaboration with Prof. Davide Sassera (Department of Biology and 

Biotechnology, University of Pavia, Italy). Overall, in both conditions 88 genes were up-

regulated, while 4 genes were repressed (Table 14, 15; Figures 18, 19). 

Table 14. Commonly Mtb upregulated genes after 11726172 exposure. 

Gene 
log2FoldChang

e* 
P-value* Padj* Functional category 

Arsc 
4,518071112026

72 

2,136640820154

98E-22 

3,76728624608

235E-20 
Cell wall and cell processes 

CtpG 
4,405768740882

99 

1,137943784277

28E-18 

1,19299565924

637E-16 
Cell wall and cell processes 

Rv1972 
3,940447669889

25 

7,760196208251

24E-19 

8,60051459765

901E-17 
Cell wall and cell processes 

Rv1671 
3,914358515859

31 

1,680963465305

89E-10 

5,34463711632

914E-09 
Cell wall and cell processes 

LpqS 
3,774893372872

65 

1,327632011047

91E-12 

6,43735571356

855E-11 
Cell wall and cell processes 

Rv2698 
3,646690146520

89 

7,364780900647

69E-18 

7,14199627840

31E-16 
Cell wall and cell processes 

Rv0180c 
3,462145237535

26 

2,043047002151

1E-13 

1,18283273452

897E-11 
Cell wall and cell processes 

 MIC [µg/mL]  

Mtb strains 11726172 Isoniazid References 

H37Rv 0.25 0.05 - 

IC1(res. to STR, INH, RIF, EMB) 0.25 > 2 Degiacomi et al., 2020 

IC2 (res. to STR, INH, RIF, EMB, PYR, 

ETH, CM) 
0.25 > 2 Degiacomi et al., 2020 

53.3 (Rv2466c, W28S) 0.25 0.05 Albesa-Jove et al., 2014 

53.8 (Rv0579, L240V; Rv0158, V48A; 

esxD, M41R) 
0.25 0.05 Mori et al. 2020 

NTB1 (DprE1, G387S) 0.25 0.05 Makarov et al., 2009 

DR1 (Mmpl3, V681I) 0.25 0.05 Poce et al., 2013 

Ty1 (Rv3405c, c190t) 0.25 0.05 Neres et al., 2015 

88.1 (CoaA, Q207R) 0.25 0.05 Chiarelli et al., 2018 

88.7 (PyrG, V186G) 0.25 0.05 Mori et al., 2015 

81.10 (EthA, D1109-37) 0.25 0.05 Mori et al., 2015 
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Rv2963 3,440360890679 
4,207245083703

66E-16 

3,13844301532

432E-14 
Cell wall and cell processes 

CtpV 
3,437960120024

17 

1,377702261328

04E-16 

1,11335563993

572E-14 
Cell wall and cell processes 

Rv2025c 
3,298868064549

71 

1,455503434772

09E-25 

4,34299832575

456E-23 
Cell wall and cell processes 

Rv3054c 
8,028457729429

43 

1,207180315764

98E-42 

1,17066311121

309E-39 
Conserved hypotheticals 

Rv2641 
7,776595730696

59 

2,215733455229

96E-48 

2,86494335761

233E-45 
Conserved hypotheticals 

Rv1673c 
7,170091046902

36 

4,423372386785

92E-29 

1,42985512402

855E-26 
Conserved hypotheticals 

Rv3178 
6,622460020110

38 

2,619609178893

81E-67 

5,08073200246

455E-64 
Conserved hypotheticals 

Rv0326 
6,484090413778

31 

4,444686065666

2E-20 

5,56159266087

716E-18 
Conserved hypotheticals 

Rv3463 
5,717553236841

04 

1,545763917305

06E-21 

2,49674222267

307E-19 
Conserved hypotheticals 

Rv0140 
5,643142981689

84 

1,579476701553

33E-19 

1,85660306828

041E-17 
Conserved hypotheticals 

Rv1767 
4,495728779378

58 

2,005391604093

37E-20 

2,68238414906

144E-18 
Conserved hypotheticals 

Rv0141c 
4,403819157356

52 

1,469972884586

83E-15 

9,83107727467

642E-14 
Conserved hypotheticals 

Rv1993c 
4,357376583028

19 

7,637251087081

15E-36 

4,23212813811

254E-33 
Conserved hypotheticals 

Rv2466c 
4,338320456252

87 

7,411740159395

83E-12 

3,05852554024

43E-10 
Conserved hypotheticals 

Rv3353c 
4,069287458912

08 

2,401515048973

18E-21 

3,58287572114

115E-19 
Conserved hypotheticals 

Rv0325 
3,872814578700

53 

1,451198240347

18E-10 

4,77050675788

703E-09 
Conserved hypotheticals 

Rv2822c 
3,860987710074

15 

1,318042033015

78E-11 

5,06206440204

774E-10 
Conserved hypotheticals 

Rv0740 
3,704388865759

98 

3,945666206665

93E-12 

1,71968979951

204E-10 
Conserved hypotheticals 

Rv0142 
3,621254960783

95 

9,374808575316

52E-17 

7,87378095815

854E-15 
Conserved hypotheticals 

Rv0990c 
3,326057377488

93 

1,713401792075

04E-10 

5,40348418817

812E-09 
Conserved hypotheticals 

Rv0991c 
3,310931575403

72 

4,712036070167

8E-07 

6,94980529132

353E-06 
Conserved hypotheticals 

Rv3222c 
3,101722955783

94 

1,039151696024

49E-11 

4,19882232174

896E-10 
Conserved hypotheticals 
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Rv2699c 
3,010397266426

69 

1,293209363338

21E-11 

5,01635912038

892E-10 
Conserved hypotheticals 

Rv3122 
3,008448456312

46 

9,325531107987

78E-10 

2,62128515709

309E-08 
Conserved hypotheticals 

Rv1875 
3,005266221503

91 

9,859917945037

31E-10 

2,75155551861

869E-08 
Conserved hypotheticals 

Rv2706c 
2,886802340047

65 

6,722569454197

41E-08 

1,23586952193

515E-06 
Conserved hypotheticals 

Rv0329c 
2,820597345697

46 

4,232560115045

52E-09 

1,00110370038

18E-07 
Conserved hypotheticals 

Rv0968 
2,803809861006

92 

2,494176362621

61E-12 

1,13822471889

52E-10 
Conserved hypotheticals 

Rv0347 
2,799508287285

3 

2,423299353501

85E-08 

4,92145455090

768E-07 
Conserved hypotheticals 

Rv1954c 
2,796090531634

95 

3,587570857436

37E-05 

0,00031342764

3153 
Conserved hypotheticals 

Rv3269 
2,769717179610

91 

3,052227517835

82E-09 

7,46023329949

446E-08 
Conserved hypotheticals 

Rv2823c 
2,584897258475

34 

1,797601051818

78E-08 

3,83126070329

947E-07 
Conserved hypotheticals 

Rv1461 
2,532006046179

86 

4,587393522792

21E-07 

6,79179369271

412E-06 
Conserved hypotheticals 

Rv2824c 
2,526551808519

57 

1,237015493463

69E-07 

2,10455399085

337E-06 
Conserved hypotheticals 

RshA 
3,442741193095

44 

7,409533876109

96E-12 

3,05852554024

43E-10 
Information pathways 

Rv0560c 
7,213225531568

71 

1,250298799986

09E-79 

4,84990904514

605E-76 

Intermediary metabolism 

and respiration 

Rv3174 
6,899626007486

82 

1,625492929330

16E-36 

1,05088117881

195E-33 

Intermediary metabolism 

and respiration 

Cyp135

A1 

6,561143496376

98 

1,609140385842

4E-21 

2,49674222267

307E-19 

Intermediary metabolism 

and respiration 

Rv1050 
5,988700049389

01 

2,986336051810

53E-23 

5,79199877248

653E-21 

Intermediary metabolism 

and respiration 

TrxC 
5,483632925433

03 

2,576993993783

84E-21 

3,70228137106

945E-19 

Intermediary metabolism 

and respiration 

TrxB2 
5,093034989220

02 

1,727731730312

26E-20 

2,39352549352

901E-18 

Intermediary metabolism 

and respiration 

Rv3175 
5,067351390765

22 

8,941192808753

66E-25 

2,30509560835

626E-22 

Intermediary metabolism 

and respiration 

Rv0331 
4,556868682745

44 

5,585691375928

33E-14 

3,49466078181

065E-12 

Intermediary metabolism 

and respiration 

Rv2962c 
4,327218426158

55 

6,032336172099

99E-23 

1,11425866721

79E-20 

Intermediary metabolism 

and respiration 
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TrxB1 
4,026790156288

08 

1,058425051421

96E-12 

5,33198801878

674E-11 

Intermediary metabolism 

and respiration 

CysO 
3,951921630473

26 

1,184573940063

75E-13 

7,06917279001

119E-12 

Intermediary metabolism 

and respiration 

Rv1334 
3,915688946123

82 

1,393390516053

96E-12 

6,67279236021

394E-11 

Intermediary metabolism 

and respiration 

Rv0793 
3,837849181724

03 

9,346057394138

23E-16 

6,36023800558

986E-14 

Intermediary metabolism 

and respiration 

MoeB1 
3,765327428407

73 

2,145117770429

33E-14 

1,36408390680

252E-12 

Intermediary metabolism 

and respiration 

ThiX 
3,710388471189

11 

1,751200347789

7E-16 

1,38630737736

25E-14 

Intermediary metabolism 

and respiration 

Rv0794c 
3,416868417769

77 

2,406710243816

87E-13 

1,37288662290

671E-11 

Intermediary metabolism 

and respiration 

cysK2 
3,273069865279

09 

5,592727433145

42E-13 

2,97180681002

344E-11 

Intermediary metabolism 

and respiration 

Rv0953c 
3,208001113035

96 

3,097963250546

89E-11 

1,14447613798

775E-09 

Intermediary metabolism 

and respiration 

Rv0846c 
3,130370101055

61 

1,280550126445

31E-11 

5,01635912038

892E-10 

Intermediary metabolism 

and respiration 

ClpC2 
3,007233048191

17 

8,365751912685

78E-16 

5,97592452201

721E-14 

Intermediary metabolism 

and respiration 

PrpC 
2,959905942910

64 

1,402363766071

81E-09 

3,67551962742

741E-08 

Intermediary metabolism 

and respiration 

CysM 
2,905616256217

53 

1,206080287563

06E-09 

3,27093358076

949E-08 

Intermediary metabolism 

and respiration 

Rv2454c 
2,864321332186

28 

2,636701501992

57E-08 

5,27204387949

959E-07 

Intermediary metabolism 

and respiration 

PrpD 
2,611847375400

5 

3,770559634629

14E-07 

5,71328157137

752E-06 

Intermediary metabolism 

and respiration 

Rv1188 
2,562357693386

56 

3,376577063877

57E-08 

6,54887121539

054E-07 

Intermediary metabolism 

and respiration 

MoaE1 
2,556977018001

02 

1,436662447760

16E-07 

2,39176550852

432E-06 

Intermediary metabolism 

and respiration 

PapA4 
3,565702408480

13 

4,511906483232

8E-12 

1,94463169427

334E-10 
Lipid metabolism 

PPE29 
3,502501932268

89 

1,692567723887

62E-08 

3,64748344497

783E-07 
PE/PPE 

PPE15 
2,796729217259

86 

1,222086377492

49E-09 

3,27093358076

949E-08 
PE/PPE 

Rv2642 
6,420973708699

84 

2,068245394715

76E-39 

1,60454477722

049E-36 
Regulatory proteins 

Rv1674c 
6,373063975339

24 

9,507999415751

52E-25 

2,30509560835

626E-22 
Regulatory proteins 
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Rv1049 
6,017140394968

06 

1,122929834168

27E-23 

2,41991379263

262E-21 
Regulatory proteins 

CmtR 
5,676652872236

01 

6,694074276106

46E-34 

3,24578926462

712E-31 
Regulatory proteins 

Rv2640c 
4,518659410636

52 

1,547969190168

37E-18 

1,58015065491

134E-16 
Regulatory proteins 

CmtR 
4,353529367284

28 

8,236415429992

18E-25 

2,28207538949

569E-22 
Regulatory proteins 

CsoR 
3,535498363718

23 

2,030547452439

45E-13 

1,18283273452

897E-11 
Regulatory proteins 

Rv0328 
3,241144440789

63 

3,597856378520

86E-10 

1,09031913220

956E-08 
Regulatory proteins 

Rv0196 
2,629325655061

23 

6,163511523816

03E-07 

8,82223660549

165E-06 
Regulatory proteins 

Rv3177 
6,100366192352

43 

4,519166200239

94E-30 

1,94776063230

342E-27 

Virulence, detoxification, 

adaptation 

MesT 
4,091595888502

92 

1,191757473483

52E-17 

1,10067315229

585E-15 

Virulence, detoxification, 

adaptation 

ClpB 
4,039971344126

97 

1,183975027506

11E-09 

3,23425290964

522E-08 

Virulence, detoxification, 

adaptation 

MymT 
3,871133181067

44 

6,582380791823

28E-16 

4,81755756443

066E-14 

Virulence, detoxification, 

adaptation 

YrbE3A 
3,863750750475

15 

2,397699690973

11E-16 

1,82366217672

249E-14 

Virulence, detoxification, 

adaptation 

KatG 
3,332098998530

15 

1,458303370063

88E-12 

6,89848630789

973E-11 

Virulence, detoxification, 

adaptation 

YrbE3A 
2,889967879956

44 

2,117315615649

35E-05 

0,00019838326

7466 

Virulence, detoxification, 

adaptation 

HigB 
2,687673125245

58 

3,966818083215

78E-06 

4,46008328834

609E-05 

Virulence, detoxification, 

adaptation 

* The values have been obtained after 11726172 treatment (30X MIC). 

 

Table 15. Commonly Mtb down-regulated genes after 11726172 exposure. 

* The values have been obtained after 11726172 treatment (30X MIC). 

Gene log2FoldChange* P-value* Padj* functional category 

MazE8 -4,19354234562672 
9,246259422498

07E-17 

7,873780958158

54E-15 

Virulence, detoxification, 

adaptation 

Rv0047c -2,84315170335902 
1,657797356853

94E-08 

3,592511702366

71E-07 
Conserved hypotheticals 

Rv0430 -2,70713443557783 
2,839013466024

26E-08 

5,618639405463

32E-07 
Conserved hypotheticals 

Rv1632c -2,57419871980713 
4,230498190814

7E-10 

1,262315575551

56E-08 
Conserved hypotheticals 
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Out of 11 functional categories defined for Mtb [Cole et al., 1998], eight categories 

were represented amongst in induced genes in both conditions (Figures 18, 19). The most 

numerous ones are “Conserved hypotheticals” and “Intermediary metabolism and 

respiration”. 

 

Figure 18. Genes induced in low treated samples and high treated samples amongst 
Mtb functional categories. 

 

Figure 19. Genes repressed in in low treated samples and high treated samples 
amongst Mtb functional categories. 

 

Interestingly, several genes known to be induced by metals were up-regulated in 

response to 11726172 exposure, such as cadI (encoding a putative metal transporter), furA 

(encoding a Ferric uptake regulation protein), and cysK2. In particular, cysK2 gene is involved 
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in the biosynthesis of mycothiol that is a signalling molecule triggering responses upon 

exposure to reactive oxygen species. Metals-induced genes can be very important; since 

they can act as regulators of drug tolerance [Peterson et al., 2016]. The gene coding for the 

cytochrome P450 Cyp135A1 was also up-regulated; cytochromes P450 are a group of 

heme-thiolate monooxygenases, which oxidize a variety of structurally unrelated 

compounds, including steroids, fatty acids, and xenobiotics. It could have an important role 

in response to external stress and it could be involved in the detoxification process 

correlated to 11726172. Another up-regulated gene was Rv3914 which codes for a 

thioredoxin (TrxC) that is part of a thioredoxin system altogether with TrxA, TrxB and the 

reductase TrxR. TrxC is a disulfide reductase that catalyses the reduction of oxidized 

disulfide cysteines of different proteins. Then, the oxidated resulting thioredoxin can be 

reduced by the NADPH-dependant reductase TrxR. Moreover, another up-regulated gene 

is rshA, which codes for the anti-sigma factor for sigH. The sigma factor coded by sigH is 

involved in the response to heat and oxidative stresses, and it regulates the expression of 

other two sigma factor: SigE and SigB, which are also involved in stress response. In our 

case, the up-regulation of the anti-sigma factor encoded by rshA could limit the response 

to the stress induced by the drug exposure. 

Among the down-regulated genes, the most repressed is rv2274A, coding for the 

antitoxin MazE8. MazE8 is part of a Toxin-Antitoxin system (TA) in Mtb implicated in 

regulating adaptive responses to environmental stresses or xenobiotic. TA are present in a 

two-gene operon, generally induced during infection by hypoxia, oxidative stress, and low 

pH. Moreover, the MazE TA system seems to be implicated in the transition to the 

persistent state in Mtb and in producing a high inflammatory response in the host body 

[Slayden et al., 2018]. The repression of the antitoxin MazE8 could help the compound in 

its toxic effect against Mtb cells.   

To validate the expression profile obtained by RNA-Seq analysis, an experimental 

validation by Real-Time PCR was performed. To this aim, in both conditions of 11726172 

treatment, three differentially expressed genes (two induced genes, cyp135A1, trxC, and one 

repressed, mazE8) were selected amongst the most up- or down-regulated genes and their 

level of expression was analysed. Housekeeping gene sigA was chosen as a reference gene, 

encoding σA factor of M. tuberculosis. Obtained results are reported in table 16. Expression 

profiles of the selected genes obtained by qPCR were consistent with the patterns of 

expression revealed by the RNA-Seq. The results were considered as technical validation 

of the differential expression gene analysis (Table 16). 
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Table 16. Evaluation of expression levels of cyp135A1, trxC, and mazE8 genes by qPCR. 

 

Taken together, these data suggest that 11726172 could have a pleiotropic effect 

on Mtb cells, triggering general stress responses. In particular, it seems to affect cell 

permeability; consequently, it perturbs metal homeostasis as well as the cytoplasmic redox 

potential. 

In order to have further insights in the mechanism of action of 11726172, the 

study of the metabolome profile changes induced by 11726172 exposure is in progress in 

collaboration with Prof. Katarina Mikusová and Dr. Jana Kordulakova (Department of 

Biochemistry, Faculty of Natural Sciences, Comenius University, Bratislava, Slovakia). 

4.1.5 Selamectin, a repurposing drug which inhibits Mtb DprE1 enzyme 

Drug-repurposing consists in the transferring of routinely used drugs for a specific 

disease to a new one. This procedure can reduce the time necessary for the release of new 

drugs, thanks to the already known pharmaceutical kinetic of the compounds and plausible 

side effects on humans/animals. 

In this regard, our collaborators, Prof. Josè Antonio Ainsa Claver and Dr. Santiago 

Ramon-Garçia (Department of Microbiology, Preventive Medicine and Public Health, 

University of Zaragoza, Spain) are working to repurpose members of the avermectin family 

(macrolides known for their anthelmintic activities) for TB treatment.  

As showed in Lim et al. 2013, selamectin (altogether with other members of the 

avermectin family) is bactericidal against mycobacterial species, including multidrug-

resistant and extensively drug-resistant Mtb clinical strains.  

A panel of Mtb mutant strains harbouring different known mutations in genes 

encoding for drug targets (NTB1, DR1, 88.7), drug activators (53.3 and 81.10), or drug 

inactivator (Ty1) was used to investigate the possible mechanism of action of Selamectin. 

Furthermore, the activity of selamectin against 2 MDR Mtb clinical isolates was tested 

(Table 17). Surprisingly, NTB1 and NTB9 mutants showed a higher susceptibility to 

Treatment of Mtb cultures 
  Expression levels  

cyp135A1 trxC mazE8 

 RT-PCR RNA-Seq RT-PCR RNA-Seq RT-PCR RNA-Seq 

10X MIC 8,86±0,39 7,41 10,65±0,60 5,22 0,22±1,48 -3,92 

30X MIC 6,57±0,12 6,56 5,17±1,24 5,48 - 4,55±1,97 -4,194 



RESULTS AND DISCUSSION 

61 
 

selamectin than the Mtb wild type strain. These mutants harbour a mutation in Rv3790 gene 

coding for the decaprenylphosphoryl-β-D-ribose 2’-oxidase (DprE1), which is essential for 

Mtb growth and it is involved in the cell wall biosynthesis. DprE1 is the molecular target 

of Benzothiazinones (BTZs) [Makarov et al., 2009] and other inhibitors [Degiacomi et al., 

2020]. The amino acidic change of the Cys387 in DprE1 in Gly or Ser seems to increase 

selamectin sensitivity. It is noteworthy that Cys387 is essential for the binding of BTZ to 

DprE1 [Makarov et al., 2009]; consequently, it could be speculated a different mechanism 

of action of DprE1 for the selamectin (Table 17).  

Table 17. Activity of Selamectin against a panel of Mtb strains. 

 

In order to confirm our result, a selamectin time-concentration killing assay was 
performed using Mtb H37Rv wild type and NTB1 strains. As shown in Figure 20A, 
selamectin is bactericidal against Mtb H37Rv strain at 32 µg/mL, even if at 8 µg/mL there 
was a high reduction of survival. On the other hand, selamectin bactericidal activity against 
NTB1 mutant was evident at concentration > 8 µg/mL (from the time point t11) (Figure 
20B). These data confirm the MIC results; NTB1 (and also NTB9) mutant is more sensitive 
to selamectin than the wild-type strain. 

 

 

 

 

Mtb strains 
MIC [µg/mL] References 

selamectin  INH BTZ043 

H37Rv 4-8 0.025 0.001  

53.3 (Rv2466c, W28S) 2-4 0.025  Albesa-Jove et al., 2014 

53.8 (Rv0579, L240V; Rv0158, 

V48A; esxD, M41R) 

2-4 0.025  Mori et al. 2020 

DR1 (Mmpl3, V681I) 2-4 0.025  Poce et al., 2013 

Ty1 (Rv3405c, c190t) 2-4 0.025  Neres et al., 2015 

88.1 (CoaA, Q207R) 2-4 0.025  Chiarelli et al., 2018 

88.7 (PyrG, V186G) 2-4 0.025  Mori et al., 2015 

81.10 (EthA, D1109-37) 4-8 0.025  Mori et al., 2015 

IC1(res. to STR, INH, RIF, EMB) 4-8 >0.2  Degiacomi et al., 2020 

IC2 (res. to STR, INH, RIF, EMB, 

PYR, ETH, CM) 

4-8 >0.2  Degiacomi et al., 2020 

NTB1 (DprE1, G387S) 2 0.025 > 1 Makarov et al., 2009 

NTB9 (DprE1-C384G) 2 0.025 1 Makarov et al., 2009 



RESULTS AND DISCUSSION 

62 
 

 

Considering the achieved results, the activity of other avermectins was tested 

against both Mtb and NTB1 growth (Table 18). Two other avermectins (moxidectin and 

milbemycine oxime) were active against Mtb wild-type strain; no difference in their activity 

were evaluated in NTB1 mutant. 

Table 18. Avermectins activity against Mtb strains. 

 

 

 

 

 

 

Drugs  MIC µg/mL  
 H37Rv NTB1 

Selamectin 4-8 2-4 

Ivermectin >32 >32 

Moxidectin 2 2 

Molbemione Oxime 4 4 

Figure 20. Time-Concentration killing Assay for Mtb wild type (A) and NTB1 (B) 

strains. The time-killing curve for selamectin against Mtb H37Rv and NTB1 strains (left) and 

their corresponding bar graph (right) for a clear comparison of the results were reported. 

Concentrations, expressed in µg/mL, of selamectin/INH used in the assay are reported in 

brackets. 
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In conclusion only selamectin showed to be more active against NTB1 mutant, 

harbouring a mutation in dprE1 gene, than the wild-type strain. Consequently, we wanted 

to in depth study the reason of this behaviour and in particular if there is an interaction 

between selamectin and DprE1 enzyme. To this purpose, the effects of the compounds 

against the activity of DprE1 enzyme have been tested. All the compounds, initially assayed 

at 100 μM, were shown to strongly inhibit DprE1 activity; thus, the IC50 values have been 

determined (Figure 21; Table 19). 

Table 19. IC50 values of avermectins against M. smegmatis DprE1. 

 

As shown by these results, avermectins were confirmed to have an inhibitory effect 

on DprE1 activity; selamectin and moxidectin were the most active with IC50 values of 2.6 

± 1.1 and 6.1 ± 0.9 μM, respectively (Figure 21; Table 19).  

 

 

 

 

 

 

 

 

 

 

 

 Moxidectin Selamectin Ivermectin 
Milbemycine 

Oxime 
 value SE value SE value SE value SE 

Residual activity at 

100 μM (%) 
95.86 4.95 93.93 16.18 91.15 9.10 99.53 7.99 

  IC50 (μM) 6.13 0.91 2.61 1.10 13.23 3.27 25.54 5.54 
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Figure 21. IC50 determination of the different avermectins against M. smegmatis DprE1wt. 

 

Since in the NTB1 mutant the cysteine in position 387 (394 in M. smegmatis) of 

DprE1 is substituted with a serine, while in NTB9 it is substituted with a glycine, we 

produced the homologous M. smegmatis DprE1 mutant enzymes (C394S and C394G), 

through site-directed mutagenesis. At the same time, knowing that the presence of an 

alanine instead of a cysteine at this position confers natural resistance to BTZs [Makarov et 

al., 2009], the C394A was also produced. These proteins were expressed and purified, as 

reported for the wild-type enzyme [Neres et al., 2012]. Unfortunately, it was not possible to 

characterize the C394G mutant DprE1 as the in vitro activity of the purified protein was 

not detectable (data not shown). As the mutant proteins were not previously biochemically 

tested, to validate their in vitro activity, the steady state kinetic constants to the DprE1 

substrate analogue farnesyl-phosphoryl-D-ribofuranose (FPR), were determined (Figure 

22). The kinetic parameters of both mutant proteins resulted to be slightly impaired with 
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respect to the wild type, in both Vmax and Km values, leading to a significantly reduced 

catalytic efficiency (exemplified by their kcat/Km values) (Table 20). 

Figure 22. Steady-state kinetic analysis of the wild-type M. smegmatis DprE1 (A) and of 

the C394S (B) and C394A (C) mutant enzymes. 

Table 20. Selamectin IC50 against M. smegmatis mutant DprE1. 

 

 

Vmax (min-1) Km (mM) 
kcat/Km (min-1 

mM-1)  

Wild Type 5.1 ± 0.4  0.190 ± 0.020  26.8 ± 3.2 

C394A 2.8 ± 0.5  0.330 ± 0.022  8.5 ± 1.3  

C394S 1.6 ± 0.3  0.310 ± 0.015  5.2 ± 1.1  
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The enzymatic activity of the two active purified mutant enzymes was then assayed 

in the presence of selamectin. As shown in figure 23, the two mutant enzymes did not show 

a response to selamectin significantly different with respect to the wild type protein, with 

and IC50 of 3.9 ± 1.0 for C394A, while for the C394S mutant the IC50 was 12.1 ± 1.2,  thus 

even higher than that of the wild type (Figure 23). These results demonstrate that the 

position 394 in M. smegmatis DprE1 (corresponding to 387 in Mtb) is not directly involved 

in the binding of selamectin.  

Figure 23. IC50 determination of Selamectin against the C394S (A) and C394A (B) 

mutant DprE1 enzymes. 

The fact that NTB1 is more sensitive to this compound, could probably be due to 

the intrinsically low specific activity of the mutated enzyme, that is not longer able to 

support metabolic demands even at lower concentration of the inhibitor. 

To investigate the possible binding site of selamectin to DprE1, our collaborator 

Prof. Fabrizio Manetti (Department of Biotechnology, Chemistry and Pharmacy, 

University of Siena, Italy) performed an in silico molecular docking, identifying the most 

plausible pose in correspondence to the leucine at position 275 in Mtb DprE1 structure. 

This amino acid is well conserved in Mtb, M. smegmatis, Mab and M. bovis BCG, while in Mav 

is substituted by a valine and in Mycobacterium kansasii (Mkan) by a phenylalanine. 

Interestingly, the activity of selamectin is higher against Mkan (Phe275 in DprE1) than Mtb 

(Leu275 in DprE1), while it is lower against Mav (Val275 in DprE1) [Dr. S. Ramon-Garcia, 

data not published]. According to the in silico model, the aromatic side chain of the 

phenilalanine 275 is accommodated in a region of space that contains a cage of additional 

aromatic residues. Such an aromatic machinery could be responsible for the stabilization 

of the selamectin-DprE1 interaction, enhancing the idrophobic contacts to the binding site. 

Thus, the different sensitivity of the DprE1 enzymes bearing a Val or Leu residue could be 
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explained considering that the side chains are smaller and have lower lipophilicity than 

phenylalanine (in Mkan). To confirm this hypothesis the corresponding M. smegmatis mutant 

DprE1 enzymes (Phe275 and Val275) will be produced and characterized. Furthermore, in 

collaboration with Dr. Ramon-Garçia (University of Zaragoza, Spain) the M. smegmatis 

strains carrying the Leu275Phe and Leu275Val will be produced, to have a better 

understanding of the effect of these mutations. 

4.1.6 In-depth enzymatic study of DrpE1-DprE2 complex 

Decaprenylphosphoryl-β-D-ribose 2’-oxidase (DprE1) works in association with 

decaprenylphosphoryl-D-2-keto erytropentose reductase (DprE2) for the epimerization of 

decaprenylphosphoryl-β-D ribose (DPR) into decaprenylphosphoryl arabinose (DPA) 

[Makarov et al., 2009; Mikusová et al., 2005], which is essential for the biosynthesis of 

arabinogalactan, a fundamental Mtb cell wall component. Even though DprE1 has been 

extensively studied, little is still known about DprE2. Indeed, several authors have 

suggested that the DprE1 and DprE2 could constitute a heterodimeric enzyme, and their 

direct interaction have been demonstrated through two hybrid system in C. glutamicum 

[Jankute et al., 2014]. However, this complex has not been isolated and characterised yet. 

In this regard, the goal was to in depth characterize DprE2 mechanism of action 

in association with DprE1, by meaning of co-expression in the same host, purification and 

biochemical analysis.  

4.1.6.1 Mtb DprE1 and DprE2 co-expression and purification trials 

A first attempt to express DprE1/DprE2 putative complex was performed using 

the pET-DUET-1 vector [Novagen, MerkMillipore, Germany] that allows for the 

simultaneous expression of both genes, in which Rv3790 and Rv3791 genes coding for 

DprE1 and DprE2, have been cloned. The recombinant vector was transformed in E. coli 

BL21(DE3) cells and the expression trials were performed with different media as well as 

different temperatures and times of induction (Table 21); each condition was then analysed 

in 15% SDS-PAGE (Figure 24). Only for the conditions showed in figure 24 it was possible 

to see an appreciable expression of both DprE1 and DprE2. These combinations were 

selected to attempt the scale-up to 1 litre of medium, which unfortunately was not 

successful (Figure 24).  
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Table 21. Tested conditions for Mtb DprE1 and DprE2 co-expression. 

 

 

 

 

 

 

 

Figure 24. Mtb DprE1 and DprE2 co-expression trials. In figure are reported the 

expression trials of DprE1 (purple box) and DprE2 (red box) using the pET-DUET-1 

expression system. At each time point (pre induction with IPTG, 5 hours post induction, 8 

hours post induction and overnight post induction), samples were gathered and run on 15% 

SDS-PAGE. 

4.1.6.2 Co-expression of M. smegmatis DprE1 and DprE2 

Because the expression of Mtb DprE1 and DprE2 was not successful, a new 

attempt using the Mycobacterium smegmatis (Msmeg) homologue genes 

(MSMEG_6382/dprE1-MSMEG_6385/dprE2) was performed. A first expression trial was 

performed using the pET-DUET/MSMEG_6382-MSMEG_6385 recombinant vector, 

but no significant expression of both proteins was detected (data not shown). 

Due to the problems encountered in producing both proteins with the same 

expression vector, a co-expression was performed by cloning the two genes into separate 

expression vectors, respectively the pET-SUMO and the pET-23b plasmids. Then, E. coli 

BL21(DE3) cells were transformed with both recombinant vectors (pET-

Media  
Temperatures (°C) 

37/37 37/30 37/25 37/17 30/25 30/17 

LB Broth x x x x - - 

Terrific Broth x x x x - - 

Terrific + Lactose - - - x - - 

Autoinducing 1X - - x x x x 

Autoinducing 2X - - x x x x 

Super Broth x x x - - - 

M9 x x x - - - 
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SUMO/MSMEG_6382 and pET-23b/MSMEG_6385) and expression trials were 

performed. Among the tested conditions, an appreciable production of both enzymes was 

achieved upon 1 mM IPTG induction at 25°C overnight. 

For the purification of the complex, a two-step immobilized metal affinity 

chromatography (IMAC) process has been applied. Indeed, the two enzymes have been 

cloned with a 6X-HisTag, but only in DprE1 the tag could be removed, upon digestion 

with SUMO-protease. The rationale behind this approach is that, if these two enzymes do 

in fact form a complex, once in IMAC fractionation they should be both retained in 

column, even if only one actually has the HisTag. Figure 25 presents the 15% SDS-PAGE 

of the fractions of IMAC purification. After the first chromatography two main bands, 

corresponding to DprE1 and DprE2, were eluted with 500 mM imidazole. This fraction 

was then dialysed in the presence of SUMO-protease, to remove the tag from DprE1, then 

loaded on another IMAC column. In this case the excess of DprE1 was directly eluted with 

the flow through (Figure 25, lane 3). However, some DprE1 was retained in the column, 

together with DprE2, strongly suggesting that the two proteins interact, as the former lack 

the His-tag (Figure 25, lane 4). 

Figure 25. Purification of Msmeg DprE1/DprE2 complex. 15% SDS-PAGE of the 

fractions from the IMAC chromatographies. Lane 1: the products of the first IMAC eluted 

in 500mM Imidazole; lane 2: the products of the first IMAC after overnight dialysis in 

presence of the SUMO-protease to remove the SUMO-tag on the DprE1 fused protein; lane 

3: flow-through of the second IMAC; lane 4: the first IMAC eluted in 500 mM Imidazole. 

Green arrow indicates DprE1 before Sumo-protease cleavage, blue arrow cleaved DprE1, 

red arrow DprE2, black arrow SUMO-tag. 
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To further purify the obtained complex, removing the SUMO-tag that have been 

co-eluted during the second IMAC, a size exclusion chromatography has been performed 

on a column HiLoad Superdex 75 16/60, and elution monitored at 280 nm. The 

chromatogram is shown in figure 26. The fraction showing absorbance have been analysed 

in SDS-PAGE (Figure 27). 

Figure 26. Elution profile of the size-exclusion protein Chromatography. Each 

fraction is spectrophotometrically monitored at an absorbance of λ=280 nm, indicative of 

the protein content and of λ=414 nm (not shown), proportional to the concentration of the 

FAD cofactor, and consequently of DprE1. The insert shows the calibration curve of the 

column, performed as described in “Material and Methods”. 

 

As it is evident in Figure 26, two main discrete peaks appear. In particular, the first 

peak had an elution volume of 59 mL, corresponding to a molecular weight of about 77 

kDa, as calculated from the calibration curve. This value is close to the expected molecular 

weight of the hypothetical DprE1/DprE2 complex, being 77.5 kDa. This is consistent with 

the fact that this macromolecule also absorbs at λ = 414 nm, proving the presence of a 

flavoprotein, such as DprE1 in these fractions. 

The SDS-PAGE analysis displayed the presence of both DprE1 and DprE2 bands 

(Figure 27). These evidences confirmed that recombinant DprE1 and DprE2 when co-
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expressed are able to form a stable complex in solution. The second peak, with a molecular 

weight of about 27 kDa, corresponds to the SUMO-tag. 

Figure 27. SDS-PAGE of the fractions corresponding to the first and second peaks. 

Each lane represents an eluted fraction, from 50 to 65 are the fractions of the first peak, 

while the fractions 72 to 75 are representative of the second peak. Blue arrow indicates 

DprE1, red arrow DprE2, black arrow SUMO-tag. 

These fractions were then pooled together, concentrated, and subjected to enzyme 

activity assay, demonstrating that this complex is catalytically active. The steady-state kinetic 

analysis of the complex as a function of FPR was performed (Figure 28), determining the 

Michaelis-Menten constants. These results were compared with those obtained using Msmeg 

DprE1 and DprE2 expressed and purified separately. 
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The co-expressed complex showed a Vmax value similar to that obtained with the 

two enzymes singularly expressed and purified, then mixed together in the assay mixture. 

By contrast, the affinity was significantly higher (Table 22). 

Figure 28. Steady state kinetic analysis of DprE1/DprE2 complex co-expressed (A) 

and of the components singularly expressed and purified (B). 

Table 22. Steady state kinetic analysis values of DprE1/DprE2 complex co-expressed 

or mixed together. 

  
Vmax 

(min-1) 

Km 

(mM) 

kcat/Km 

(min-1 mM-1) 

Mixed enzymes 5.1 ± 0.3 1 0.044 ± 0.003 115 ± 5 

Co-expressed Complex 5.1 ± 0.5  0.005 ± 0.0004  1020 ± 8.6  

 

These results demonstrate that the co-expressed complex is biochemically active 

and it shows a better affinity for the substrate than the proteins expressed individually. This 

suggests that the optimal conformation of the active site is reached only when the two 

proteins are synthesized simultaneously, so they can fold together. Moreover, the fact that 

the complex is more efficient in catalysing the reaction, with a kcat/Km value about 10-fold 

higher, indicates that the conversion of DPR to DPA is not merely the sum of two distinct 

reactions, but it is achieved through the reaction of a single heterodimeric enzyme.  
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4.2 FIGHTING Mycobacterium abscessus IN CYSTIC FIBROSIS PATIENTS 

Among the NTM that affect CF patients, Mab is the most represented worldwide 

and the one with the lowest cure rate (25–58%). New more specific and effective drugs in 

NTM management are urgently needed, especially against Mab. For this aim we followed 

two different approaches, that are described below. 

 

4.2.1 Identification of 11326083 as anti-Mab compound  

Out of more than 700 compounds tested until now synthesized by Dr. Makarov, 

only 1 molecule, named 11326083, was active against Mab growth (CUT-OFF: MIC < 8 

µg/mL) (Figure 29) with an MIC of 1 µg/mL. 113026083 is an ethyl 6-((N-(5-fluoro-2-

methylphenyl)carbamimidoyl)thio)-1-hydroxy-1,2-dihydropyridine-3-carboxylate, 

belonging to the hydroxypyridine class. The activity of 11326083 was also tested against 

other NTM species, NTM MDR clinical isolates, other mycobacterial species, Gram-

positive and Gram-negative bacteria (Table 23). 11326083 is active also against Mab MDR 

strains, other NTM as well as Mav wild type and MDR isolates. Interestingly, its activity 

seems to be specific against mycobacterial species.  

 

 

 

Figure 29. Structure of 11326083. 

Table 23. Activity of 11326083 against bacterial species. 

Strains Genotype/Drug resistance 11326083 MIC [µg/mL] 

M. abscessus ATCC 19977 Wild-type 1-2 

M. bolletii 1999-0888 Wild-type 1-2 

M. massiliense 2005-0524 Wild-type 1-2 

M. abscessus MDR clinical 

isolate 1 

Resistant to amikacin, 

clarithromycin, doxycycline, 

bedaquiline, ciprofloxacin, 

erythromycin, meropenem, 

econazole, ethambutol, 

ethionamide, lansoprazole, 

pristinamycin, rifampicin, 

rifapentine, SQ109, sutezolid, 

thioacetazone. 

1-2 
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M. abscessus MDR clinical 

isolate 2 (from CF patient) 

Resistant to amikacin, 

amoxicillin, clavulanic acid, 

cefepime, cefoxitin, 

ceftriaxone, ciprofloxacin, 

doxycycline, imipenem, 

linezolid, minocycline, 

moxifloxacin, tobramycin, 

trimethoprim/sulfam 

1 

   

M. abscessus clinical isolate n. 6 

Resistant to clarithromycin, 

moxifloxacin, doxycycline, 

linezolid 

2 

M.a bscessus clinical isolate n. 7 

Resistant to clarithromycin, 

amikacin, moxifloxacin, 

doxycycline (Intermediate 

sensitivity to linezolid) 

1-2 

M. abscessus clinical isolate n. 8 
Resistant to moxifloxacin, 

doxycycline 
2 

M. abscessus clinical isolate n. 9 
Resistant to clarithromycin, 

moxifloxacin, doxycycline 
2 

M. abscessus clinical isolate n.10 
Resistant to moxifloxacin, 

doxycycline 
2 

M. avium subsp. avium Chester 

ATCC15769 
Wild-type 1-2 

M. avium clinical isolate n.1 

Resistant to linezolid 

(Intermediate sensitivity to 

Moxifloxacin) 

1-2 

M. avium clinical isolate n.2 

Resistant to linezolid 

(Intermediate sensitivity to 

Moxifloxacin) 

1-2 

M. avium clinical isolate n.3 

Resistant to linezolid 

(Intermediate sensitivity to 

Moxifloxacin) 

1-2 

M. avium clinical isolate n.4 
Resistant to linezolid and 

Moxifloxacin 
2 

M. kansasii ATCC12478 Resistant to Streptomycin <0,25 

M. tuberculosis H37Rv Wild-type 0.0625 

M. bovis BCG Pasteur Wild-type 0.125 

M. smegmatis mc2155 Wild-type 2.5 

Escherichia coli ATCC25922 Wild-type 32 

Bacillus subtilis 168 Wild-type 16 

Salmonella thyphimurium LT2 Wild-type 32 

Burkholderia cenocepacia K56-2 Wild-type > 256 
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Because of the majority of antibiotic used in Mab therapy is bacteriostatic, the 
survival of Mab upon drug exposure for 4 days at concentrations ranging from 3- to 150-
fold MIC was evaluated through TKA assay (Figure 30). 11326083 effectively reduced 
bacterial growth at concentration up to 30-fold MIC, with values comparable to 
ciprofloxacin (bacteriostatic); Mab growth was completely suppressed at 150-fold MIC. 
Consequently, 11326083 is bactericidal at high concentrations, making this a bimodal dose-
dependent compound and an even more promising hit than before.   

 

 

 

 

 

 

Figure 30. Time-Killing kinetic assay of 11326083 against Mab growth. 11326083 

effectively reduced bacterial growth at 3- and 30-fold MIC. 11326083 bactericidal activity is 

comparable to ciprofloxacin at 3- and 30-fold MIC, while Mab growth was completely 

suppressed at 150-fold 83 MIC. 

4.2.2. Study of 11326083 mechanism of action 

It is known that mutations in the gene encoding the target confer drug-resistance, 
thus, to determine the target of 11326083, we attempted to isolate Mab spontaneous 
resistant mutants without success. Mab spontaneous mutants resistant to 11326083 were 
isolated by plating wild type cultures at exponential growth phase onto solid medium in the 
presence of high concentrations of the compound (10-20X the MIC for the wild-type 
strain). The plates were then incubated at 37°C for 7 days. Even though we were able to 
isolate single colonies onto solid medium, it was not possible to confirm the resistant 
phenotype by MIC determination (both onto solid medium and by REMA assay). It was 
hypothesized that the 11326083 target could be highly essential for Mab growth; 
consequently also single SNPs could be not vital for the pathogen. 

For this reason, to better understand the effect on Mab growth after 11326083 
exposure, the global transcriptional profile was evaluated by RNA-Seq. Triplicates of Mab 
cultures were exposed to 11326083 at concentration equal to 10- and 20-fold MIC (Table 
24). Untreated cultures were also included. Total RNA was extracted from these cultures 
and subjected to RNA-Seq. The bioinformatic analysis was performed in collaboration with 
Prof. Davide Sassera. DEGs were defined using the following criteria: log2FoldChange > 
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|2| (sample group/control) and FDR (false discovery rate) < 0.05 (Table 24). We analysed 
differences in the enrichment of Mycobrowser categories (https://mycobrowser.epfl.ch) 
for the DEGs (Table 24). Most of the over-expressed and down-regulated genes fell into 
two main functional categories: hypothetical conserved proteins, whose function is still 
unknown, and intermediate metabolism and cellular respiration (Figure 31; Table 25). 

Table 24. Differentially expressed genes in Mab after exposure to 11326083. 

 

 

 

Table 25. Top-20 deregulated genes in Mab after exposure to 11326083 (20X MIC). 

Up-regulated genes 

  Product 
Functional 

category 

Functional 

subcategory 

log2Fold 

Change  
padj  

MAB_4663  Hypothetical protein 

Hypothetical 

conserved 

protein 

-  9,438495024 
6,89E-

251 

MAB_0448c  Hypothetical protein  

Hypothetical 

conserved 

protein 

-  9,382848473 
1,20E-

227 

MAB_1044c  

Glyoxylase / protein 

associated with 

bleomycin resistance 

Hypothetical 

conserved 

protein 

Metabolism of 

metals 
9,262713489 

2,42E-

137 

MAB_0512  
Aminotransferase / 

cysteine-desulfurase 

 Intermediate 

metabolism and 

cellular 

respiration 

 

Nitrogen and 

sulfur metabolism 

8,923449893 
1,92E-

209 

MAB_3055c  
Aminotransferase / 

cysteine-desulfurase 

 Intermediate 

metabolism and 

cellular 

respiration 

 

Nitrogen and 

sulfur metabolism 

8,574786795 
1,83E-

213 

MAB_4664  Hypothetical protein 

Hypothetical 

conserved 

protein 

-  8,485444808 
1,67E-

290 

MAB_0470c  Putative hydrolase   

Hypothetical 

conserved 

protein 

-  8,299087141 
1,13E-

272 

Treatment of Mab cultures Up-regulated 

(log2FC > 2.5)  

Down-regulated 

(log2FC < 2.5) 

10-fold MIC  475  172  

20-fold MIC  439  234  

Common genes  363  129  
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MAB_2567  
Arsenic transporter, 

ArsC  

Cell wall and cell 

processes 

Metabolism of 

metals 
7,864110652 

6,95E-

274 

MAB_3016c  Hypothetical protein 

Hypothetical 

conserved 

protein 

-  7,748450127 
5,68E-

148 

MAB_4736  
Serin/threonine 

Kinase-PknE  

Hypothetical 

conserved 

protein 

Cellular stress   7,654447785 
1,85E-

219 

MAB_1270  Hypothetical protein 

Hypothetical 

conserved 

protein 

-  7,516943452 
4,17E-

197 

MAB_0351  Catalase 

Hypothetical 

conserved 

protein 

Cellular stress  7,442769359 
1,23E-

192 

MAB_1043c  
Putative 

oxidoreductase 

 Intermediate 

metabolism and 

cellular 

respiration 

-  7,419796069 
4,21E-

116 

MAB_1224  Hypothetical protein 

Hypothetical 

conserved 

protein 

-  7,417149245 
1,37E-

232 

MAB_2459  Hypothetical protein 

Hypothetical 

conserved 

protein 

-  7,393843311 
3,73E-

92 

MAB_2604c  
Transcriptional 

regulator, ArsR  

Regulatory 

proteins 

Metabolism of 

metals 
7,387174553 

7,76E-

163 

MAB_0827  
Hypothetical 

dehydrogenase 

 Intermediate 

metabolism and 

cellular 

respiration 

-  7,386301377 
1,42E-

190 

MAB_4143c  
Anti-factor sigma 

ECF, ChrR 

Information 

relating to 

cellular pathways 

Transcription- 

associated 

enzymes 

7,278599399 
1,38E-

93 

MAB_2603c  
Putative membrane 

protein 

Cell wall and cell 

processes 

Membrane 

protein 
7,254254687 

5,24E-

197 

MAB_0485  
Putative 

oxidoreductase 

 Intermediate 

metabolism and 

cellular 

respiration 

-  7,238249503 
1,89E-

133 

Down-regulated genes 

MAB_3999  Hypothetical protein 

Conserved 

hypothetical 

proteins 

  
-

5,566388838 

3,85E-

59 
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MAB_2362  Hypothetical protein 

Conserved 

hypothetical 

proteins 

-  
-

5,355994849 

2,39E-

121 

MAB_2363  Hypothetical protein 

Conserved 

hypothetical 

proteins 

- 
-

5,323498555 

1,53E-

137 

MAB_2322  
Ribosomal protein 

50S, L35, RpmI  
Cellular pathways Protein synthesis -5,31967408 

1,84E-

82 

MAB_2323  
Ribosomal protein 

50S, L20, RplT  
Cellular pathways Protein synthesis 

-

5,167787119 

6,69E-

80 

MAB_2009  
Cell division protein, 

FtsZ  

Cell wall and cell 

processes 

 Cell division and 

septal formation 

-

4,659460164 

2,38E-

80 

MAB_3834c  

L-lactate 

dehydrogenase, 

LldD1  

 Intermediate 

metabolism and 

cellular 

respiration 

Biosynthesis of 

ATP, 

cytochromes, 

quinolones 

-

4,658916216 

3,21E-

34 

MAB_1008c  
Protein belonging to 

the MCE family 

Virulence, 

detoxification 

and adaptation 

MCE proteins 
-

4,527600924 

1,50E-

43 

MAB_1450  
ATP-synthetase delta 

chain AtpFH  

 Intermediate 

metabolism and 

cellular 

respiration 

Biosynthesis of 

ATP, 

cytochromes, 

quinolones 

-4,4426458 
8,22E-

98 

MAB_2012  Hypothetical protein 

Conserved 

hypothetical 

proteins 

-  
-

4,362405395 

7,99E-

53 

MAB_3998  Hypothetical protein 

Conserved 

hypothetical 

proteins 

-  
-

4,294324421 

3,15E-

142 

MAB_3223c  
Signalling peptidase I, 

LepB  

Cell wall and cell 

processes 
-  

-

4,046643445 

4,21E-

58 

MAB_1452  
ATP-synthetase  

gamma subunit AtpG  

 Intermediate 

metabolism and 

cellular 

respiration 

Biosynthesis of 

ATP, 

cytochromes, 

quinolones 

-3,99627465 
4,01E-

81 

MAB_3794c  
Ribosomal protein 

50S, L30, RpmD  

Information 

relating to 

cellular pathways 

Protein synthesis 
-

3,987528115 

1,46E-

08 

MAB_1453  
ATP synthetase beta 

subunit AtpD  

 Intermediate 

metabolism and 

cellular 

respiration 

Biosynthesis of 

ATP, 

cytochromes, 

quinolones 

-3,97531526 
5,57E-

120 
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MAB_3835c  

Protein E responsible 

to the synthesis of the 

coenzyme PQQ   

 Intermediate 

metabolism and 

cellular 

respiration 

Biosynthesis of 

ATP, 

cytochromes, 

quinolones 

-

3,901268901 

1,14E-

20 

MAB_1142c  
Peptidil-tRNA 

hydrolase (PTH)  

 Intermediate 

metabolism and 

cellular 

respiration 

-  
-

3,878715004 

9,00E-

26 

MAB_0191c  

Short-chain 

dehydrogenase / 

reductase 

 Intermediate 

metabolism and 

cellular 

respiration 

-  -3,86406847 
5,30E-

49 

MAB_1451  
ATP-synthetase  alfa 

chain, AtpA  

 Intermediate 

metabolism and 

cellular 

respiration 

Biosynthesis of 

ATP, 

cytochromes, 

quinolones 

-

3,824667043 

8,77E-

90 

MAB_2854c  Hypothetical protein 

Conserved 

hypothetical 

proteins 

-  
-

3,820736319 

8,87E-

77 

  

 

Figure 31. Functional categories related to up-regulated (on the left) and down-

regulated (on the right) genes in common in both treatments. 

 

To understand which metabolic pathways was influenced by treatment with 

11326083, an accurate analysis was carried out to identify the functional sub-categories 

associated with DGEs which are in common for both treatments (Figure 32).  
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Regarding the up-regulated genes, most of them were included in the following 

sub-categories: 

- cellular stress, such as carbonic anhydrases, alternative sigma factors, etc.; 

- metal metabolism, e.g. metal transporter (ArsC) or transcriptional regulators 

(ArsR), which respond to the presence of metals; 

- nitrogen and sulphur metabolism, genes coding for enzymes involved in 

detoxification process; 

- chaperonins and heat shock proteins, which are up-regulated in presence of 

cellular stress; 

- membrane proteins, such as hypothetical efflux pumps induced by the presence of 

the compound (Figure 29). 

The most representative functional sub-categories for down-regulated genes were: 

- protein synthesis; 

- transcription, e.g. genes coding for RNA polymerase, Rho factors, etc.; 

- ATP biosynthesis, cytochromes, as well as the quinones components of the 

respiratory chain; 

- MCE family, genes encoding factors which promote pathogen entry in 

macrophages (Figure 32). 

These data highlight how the exposure to 11326083 inhibits fundamental 

metabolic pathways such as protein synthesis, ATP synthesis, respiration, and transcription. 

Moreover, using this compound could also have an anti-virulence effect by blocking the 

MCE family proteins which are implicated in promoting the entry of pathogenic 

mycobacteria into the macrophage [Sassi and Drancourt, 2014]. 

These results were technically validated by quantitative-PCR (Table 26). 
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Figure 32. Functional subcategories associated with Mab genes differentially 

expressed in both treatments. 

Table 26. Evaluation of expression levels of over-expressed and down-regulated 

genes by qPCR. 

Mab cultures 

Expression levels 

MAB_3211c MAB_2245 MAB_3998 

RT-PCR RNA-Seq RT-PCR RNA-Seq RT-PCR RNA-Seq 

Not treated 1±0.37 - 1±0.20 - 1±0.15 - 

10X 083 MIC 
1117.97 ± 

0.34 
6.24 

595.66 ± 
0.48 

5.66 0.39±0.11 -4.41 

20X 083 MIC 
564.83 ± 

0.31 
5.96 

73.18 ± 
0.25 

2.86 0.31±0.09 -4.29 
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4.2.3. Structure-activity relationship (SAR) of 11326083 structure 

In order to understand the structure-activity relationship (SAR) of the compound, 

we tested the activity of 24 new derivatives and 6 possible metabolites. No derivative was 

more active than the hit compound; only the putative metabolite 11226084 was found to 

be more active than 11326083, showing a MIC value of 0.25 μg/mL (Figure 33). The 

studies on SAR will be further examined by means of mass spectrometry; furthermore, the 

synthesis of new 11226084 derivatives is ongoing. We decided to focus on 11226084, which 

is also active against other NTM species and MDR clinical isolates. 

Figure 33. Structure of 11326084. 

 

We have already demonstrated that also 11326084 is bactericidal at high 

concentrations as previously shown with 11326083 (Figure 34). The characterization of the 

mechanism of action of 11326084 is in progress as well as toxicity studies. Furthermore, its 

activity will be also evaluated in a Mab infected murine model. 

 

 

 

 

 

 

 

Figure 34. Time-Killing kinetic assay of 11326084 against Mab growth. 11326084 

effectively reduced bacterial growth at 3- and 30-fold MIC. 11326084 bactericidal activity is 

higher than ciprofloxacin already at 3-fold MIC. Mab growth was completely suppressed at 

150-fold 84 MIC. 
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4.2.4 MmpL3 inhibitors active against Mycobacterium abscessus 

MmpL3 has been recently described as a new, promising drug target in Mab [Li et 

al., 2018]. Recently, the crystal structure of Mycobacterium smegmatis MmpL3 has been 

determined alone and in complex with 4 anti-TB drugs [Zhang et al., 2019]. Taking 

advantage of this, our collaborator Prof. Fabrizio Manetti (Department of Biotechnology, 

Chemistry and Pharmacy, University of Siena, Italy) performed an in silico virtual screening 

by means of pharmacophore modelling and docking simulations on compound libraries 

(more than 276.000 molecules) against the Mab virtual structure of Mmpl3 (54.18% 

homology with M. smegmatis structure). Among the tested molecules, there are already 

licensed anticancer drugs or molecules used for other diseases in preclinical or clinical trials, 

etc. Interestingly, 48 possible MmpL3 inhibitors were found that we tested against Mab 

growth (Table 27). Their screening led to 3 active compounds: CAY3 (Mefluoquine), which 

is a well-known approved antimalarial compound, 135792 (benzoimidazole analogue), and 

120330 (derivative of arylurea). 

Table 27. In silico screening of MmpL3 inhibitors. 

 

Hoping to find more active compounds, different analogues of the selected hit 

active compounds were tested without success (Table 28). Only two analogues showed an 

activity similar as mefluoquine. 

Table 28. Overview of the MIC values for the analogues of the hit compounds. 

 

Following Prof. Manetti’s suggestion, we decided to not further characterize the 

120330 compound for its possible toxicity issue. Finally, Mefluoquine and 135792 were 

tested to be active also against other NTM species and MDR clinical isolates (Table 29). 

Compound libraries Library size 
MmpL3 inhibitors 

selected in silico 
MIC in Mab (µg/mL) 

Drug Bank (Canada) ~ 10.000 10 CAY3: ~ 16 

NCI library (USA) ~ 265.000 28 120330 and 135792: ~ 16 

Library from Prof. Corelli 

(University of Siena) 
~ 1.000 6 - 

New compounds - 4 - 

Total ~ 276.000 48 selected 3 active compounds 

  n° of compounds MIC ≤ 16 µg/mL 

Mefluoquine analogues 14 2 (NSC4377 = 16; NSC13480 = 16) 

Arylurea analogues 8 0 

Benzoimidazole analogues 28 0 
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Table 29. Activity of CAY3 and 1235792 against bacterial species. 

Strains Genotype 
MIC (µg/mL) 

CAY3 1235792 

M. abscessus ATCC 19977 Wild-type 16-32 16-32 

M. bolletii 1999-0888 Wild-type 32 32 

M. massiliense 2005-0524 Wild-type 32 32 

M. abscessus MDR clinical 

isolate 1 

Resistant to amikacin, clarithromycin, 

doxycycline, bedaquiline, ciprofloxacin, 

erythromycin, meropenem, econazole, 

ethambutol, ethionamide, lansoprazole, 

pristinamycin, rifampicin, rifapentine, SQ109, 

sutezolid, thiacetazone. 

32 32 
 

M. abscessus MDR clinical 

isolate 2 (from CF patient) 

Resistant to amikacin, amoxicillin, clavulanic 

acid, cefepime, cefoxitine, ceftriaxone, 

ciprofloxacin, doxyciclin, imipenem, linezolid, 

minocycline, moxifloxacin, tobramycin, 

trimethoprim/sulfam 

32 32 

 

 

M. abscessus clinical isolate 

n. 6 

Resistant to clarithromycin, moxifloxacin, 

doxycycline, linezolid 
32 32  

M. abscessus clinical isolate 

n. 7 

Resistant to clarithromycin, amikacin, 

moxifloxacin, doxycycline (Intermediate 

sensitivity to linezolid) 

32 32  

M. abscessus clinical isolate 

n. 8 
Resistant to moxifloxacin, doxycycline 32 32  

M. abscessus clinical isolate 

n. 9 

Resistant to clarithromycin, moxifloxacin, 

doxycycline 
32 32  

M. abscessus clinical isolate 

n.10 
Resistant to moxifloxacin, doxycycline  32 32  

M. avium subsp. avium 

Chester ATCC15769 
Wild-type 64 64  

M. avium clinical isolate n.1 
Resistant to linezolid (Intermediate sensitivity 

to Moxifloxacin) 
64 64  

M. avium clinical isolate n.2 
Resistant to linezolid (Intermediate sensitivity 

to Moxifloxacin) 
64 64  

M. avium clinical isolate n.3 
Resistant to linezolid (Intermediate sensitivity 

to Moxifloxacin) 
64 64  

M. avium clinical isolate n.4 Resistant to linezolid and Moxifloxacin 64 64  

M. smegmatis mc2155 Wild-type 16 128  

 

To validate MmpL3 as the target of these inhibitors, a biochemical assay in which 

we can appreciate the possible inhibition of MmpL3 activity [Degiacomi et al., 2017] is in 

progress
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5.CONCLUSIONS 

Mycobacterial infections are a heavy burden worldwide, with the deadliest 

pathogen Mycobacterium tuberculosis (Mtb) and the emerging Nontuberculous mycobacteria 

(NTM). Furthermore, pharmacological treatments against these mycobacterial infections 

can be proven unsuccessful, due to the development of drug-resistant strains, treatment 

drop-out, and their peculiar cell wall, which is the main cause for both their drug-resistance 

and their virulence. 

To help contrasting these issues, this research work aimed at identifying new 

promising anti-mycobacterial molecules and at characterizing already known 

pharmacological targets.  

Among the pharmacological targets, we focused on DprE1 BTZ molecular target 

[Makarov et al., 2009], to better understand how this enzyme works, and particularly its 

association with DprE2, by characterizing their interaction as a heterodimer and their 

biochemical activity as a complex. To this purpose, we attempted to achieve the co-

expression of both Mtb enzymes, but unsuccessfully, despite the several approaches used. 

To overcome this issue, we moved to Mycobacterium smegmatis DprE1 and DprE2, that were 

successfully co-expressed and purified in Escherichia coli, by using two different recombinant 

vectors. Through size exclusion chromatography, it was demonstrated that DprE1 and 

DprE2 form strong interactions, behaving as a heterodimer in the elution profile. 

Furthermore, the complex was catalytically active, and the kinetic analysis demonstrated 

that this complex is significantly more efficient than the two enzymes produced separately. 

These results further strengthened our hypothesis that DprE1-DprE2 form a 

heterocomplex. We are in-depth validating DprE1-DprE2 biochemical activity and 

working to obtain a crystallographic structure of the complex (Manuscript in preparation). 

Ultimately, our study on the DprE1-DprE2 complex lays the foundations for the 

development of new inhibitors directed against both enzymes following the concept of 

multitargeting drug development [Stelitano et al., 2020]. 

We also focused our work on the study of the mechanism of action of either new 

compounds or repurposing drugs active against Mtb and Mycobacterium abscessus (Mab). 
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We studied the mechanism of action of 11726172, which is a novel compound 

synthesized by Dr. V. Makarov. This compound showed to have good activity against Mtb 

wild type strain and MDR clinical isolates in vitro. To have more insights in its mechanism 

of action, we performed a transcriptomic analysis. Our findings suggested that 11726172 

may have a pleiotropic effect on Mtb growth, triggering general stress responses. In 

particular, it seems to affect cell permeability; consequently, it perturbs metal homeostasis 

as well as the cytoplasmic redox potential. Furthermore, the repression of the antitoxin 

MazE8 could increase the toxic effect on Mtb cells upon drug exposure. Thus, for a better 

understanding of its mechanism of action, in collaboration with Dr. Katarina Mikusová 

(Department of Biochemistry, Faculty of Natural Sciences, Comenius University, 

Bratislava, Slovakia), the study of the metabolome profile changes induced by 11726172 

exposure is ongoing. 

As the process of drug development may require long period of time and 

resources, the drug repurposing strategy has gained the attention of the scientific 

community. Avermectins are a family of macrolides with antiparasitic activity which was 

repurposed against different mycobacteria species (e.g.: Mtb, Mycobacterium ulcerans) [Lim et 

al., 2013; Scherr et al., 2015]. In this work, we identified the mechanism of action of 

selamectin, belonging to avermectin class, in mycobacteria. We found that selamectin was 

more active against NTB1 and NTB9 mutants than against the wild-type strain. These 

mutants harbour the BTZs-resistance mutations C387S and C387G in DprE1, respectively 

[Makarov et al., 2009]. We further confirmed this finding by Time-Concentration Killing 

assay. These results suggested that DprE1 is involved in selamectin mechanism of action 

and that this residue should be investigated to understand its role. Using a biochemical 

approach, we demonstrated that selamectin interacts with DprE1, having and inhibitory 

effect on its activity, but that the Cys387 residue (Cys394 in M. smegmatis) is not involved 

in the binding with avermectins. Consequently, selamectin could bind DprE1 differently 

than BTZs. Thanks to the collaboration with Prof. F. Manetti we hypothesize through 

molecular docking, that DprE1 Leu275 residue could be responsible for the selamectin 

binding site. To validate this hypothesis, we would like to test the activity of mutated 

enzymes harbouring some substitution in Leu275 (Val and Phe), and to produce M. 

smegmatis strains carrying these mutations. These experiments are in progress; in this way, 

we are able to carefully elucidate the mechanism of action of selamectin in mycobacteria. 

To better understand the reason of the spreading of bedaquiline resistance among 

MDR- and XDR Mtb clinical isolates, we generated Mtb mutants resistant to bedaquiline 

starting from two MDR clinical isolates and mimicking what happens in clinical settings. 

As expected, these mutants harbored mutations in both atpE and Rv0678 genes. The 

growth curves of bedaquiline resistant mutants were also evaluated, showing that Rv0678 

mutations could give an advantage in the growth rate, explaining their spread in clinical 

settings also prior to bedaquiline treatment [Degiacomi et al., 2020]. Moreover, all the 
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mutations associated with bedaquiline resistance were collected in a data-set, hoping that it 

could be useful for the early detection of bedaquiline-resistance in MDR/XDR clinical 

isolates. 

In this work, we also found a good candidate against Mab infections affecting in 

particular CF patients [Degiacomi et al., 2020]. 11326083 showed good activity, not only 

against Mab growth, but also against other NTM and drug-resistant clinical isolates. Thanks 

to transcriptomic analysis, we discovered that several metabolic pathways are affected after 

11326083 exposure, such as protein synthesis, ATP synthesis, respiration, and 

transcription. A putative more active metabolite, named 11226084, was also detected. The 

characterization of the mechanism of action of 11326083 and its metabolite as well as their 

toxicity studies are ongoing. Furthermore, the activity of these compounds will be also 

evaluated in a Mab infected murine model. 

Finally, 3 putative Mmpl3 inhibitors (repurposing compounds) active against Mab 

growth were identified. We are validating MmpL3 as cellular target of these compounds. It 

is important to underline that among these 3 compounds there is mefloquine, which is a 

well-known antimalarial that is repurposed to fight Mab infections. 

In conclusion, with our work we contributed to better understand the mechanisms 

underlying the onset of drug resistant mycobacterial strains, but we also provided the 

scientific community with information for the development of new therapeutical 

approaches hoping for a safer, shorter, and more responsive treatment for the patient 

affected by mycobacterial infections. 
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