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Abstract 

The existence and continuity of mankind is threatened by the once heralded miracle drugs losing 

their effectiveness amidst the growing antibiotic resistance. To alleviate this growing global health 

crisis, new antibacterial agents addressing novel targets are needed. 

This thesis focused on the characterization of the antibacterial activities and mode(s) of action of 

natural products and nature-inspired compounds. In general, these compounds were screened 

against a broad range of bacteria, but with a focus on Mycobacterium tuberculosis (Mtb) and 

Staphylococcus aureus, and their molecular target(s) or mode(s) of action uncovered using a variety 

of techniques. 

In the first part, using an optimized Masuda borylation-Suzuki coupling (MBSC) system, natural 

bisindole alkaloids (hyrtinadine A and alocasin A) known to exhibit diverse bioactivities but lacking 

antibacterial activity, were modified to generate a library of natural product-derived and synthetic 

(di)azine-bridged bisindole derivatives. Among these, the 5,5´-chloro front-runner compounds 4j 

and 4n displayed broad activity against Gram-positive pathogens including methicillin-resistant S. 

aureus with minimal inhibitory concentrations (MICs) in the sub-micromolar range. Both 

compounds, while maintaining moderate cytotoxicity against human cell lines, exhibited strong and 

rapid bactericidal effects and membrane-perturbing features. Their very low propensity for 

resistance development and potent in vivo efficacy in a mouse wound infection model position them 

as promising lead structures for antibacterial drug development. 

In a follow-up study, an optimized MBSC protocol and viability assay were exploited to expand the 

bisindole compound library with the synthesis and screening of several undescribed N-tosyl 

bisindole derivatives against MRSA, thus broadening the understanding of the structure-activity 

relationship of bisindole derivatives beyond halogenation of the indole moieties. In further pursuit 

of the mode of action of bisindoles, mechanistic studies revealed that these molecules, renamed 5c 

and 5f, dissipate membrane potential, and permeabilize bacterial membranes by interacting with 

lipid II and membrane phospholipids, interfering with the lipid II biosynthetic cycle in the process. 

In the third part, a previously identified anti-tubercular agent, callyaerin, was characterized. 

Callyaerins are cyclic peptides originally isolated from the Indonesian marine sponge Callyspongia 

aerizusa. Enabled by solid phase synthesis protocol and viability assay, structure-activity 

relationship studies of different callyaerins and derivatives uncovered the structural determinants 

of their anti-tubercular activity, with CalA and CalB being the most potent with minimal inhibitory 

concentrations (MICs) ranging between 1.56 and 3.13 µM. These cyclic peptides are bacteriostatic 

in action and selective in activity majorly against Mtb including multidrug and extensively drug-

resistant strains, with encouraging cytotoxicity profiles. A combination of mutant screens and 

chemical proteomics revealed Rv2113, a non-essential, integral membrane protein as the direct 

target of callyaerins. Further, a deep dive into the proteome of Mtb exposed to callyaerins revealed 

that these molecules interact with Rv2113, causing a broad downregulation of vital pathways 

including lipid biosynthesis, cell division, DNA repair, and replication. With excellent activity in 

an ex vivo infection model, and an unprecedented mode of action differing from all conventional 

antibiotics, these peptides hold promise for the development of novel tuberculosis drug.
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1 Introduction 

Bacteria are unicellular microorganism devoid of a nuclear membrane. They are one of the most 

diverse and abundant, yet relatively simple forms of life on earth, existing in various shapes 

and sizes. Bacteria are ubiquitous in nature and possess a remarkable ability to adapt and thrive 

in diverse environments. Depending on their adaptability to these environments, which vary 

greatly among bacterial species, and the mode of relationship established with specific hosts, 

these bacteria can either be pathogenic or non-pathogenic. The non-pathogenic ones are mostly 

beneficial to humans in various regards. For example, the intestinal microbiome provides its 

host with vitamins and other nutrients, thus enhancing the metabolic health of humans. Other 

beneficial bacteria do not inhabit the human body but offer crucial roles in ecosystem 

sustainability, bioremediation, food processing and production. Pathogenic bacteria, on the 

other hand, are associated with specific diseases. Although they constitute only a small fraction 

of bacterial species, they are responsible for 90% of documented hospitalized patients in 

developed countries. Accordingly, this underscores the importance of pathogenic bacteria in 

every field of medicine1. 

Toward the continuity of mankind and to contain bacterial infections, major advances in 

medicine have been recorded over the decades. These include the development of effective 

vaccines against a number of bacterial diseases, and the golden era of antibiotics ushered in by 

Selman Waksman, which was preceded by the accidental discovery of penicillin by Alexander 

Fleming2. Despite this progress, bacterial infections remain a significant global health 

challenge, causing substantial morbidity and mortality worldwide. Two recent studies 

concluded in 2022 revealed that, in 2019, 34 types of bacteria were implicated in 9.1 million 

deaths, thus making bacterial infections the second largest cause of death globally behind 

cardiovascular diseases3,4. Among these bacterial pathogens, Mycobacterium tuberculosis 

(Mtb) and Staphylococcus aureus (S. aureus) stand prominently as formidable adversaries, 

presenting intricate challenges in treatment due to their diverse virulence mechanisms, 

widespread prevalence, and more importantly, the emergence of antimicrobial resistance. In the 

next paragraphs, the pathogenicity, available treatment options and challenges, as well as 

antibiotic resistance development in these two pathogens will be discussed in detail. 
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1.1 Staphylococcus aureus 

S. aureus is a non-motile, facultative anaerobe capable of growth at a pH range from 4.8 to 9.4. 

Discovered in the 1880s, it is a cocci-shaped, Gram-positive bacterium with a diameter of 0.7-

1.2 µm. Cells of S. aureus are usually arranged in clusters, with a golden yellow appearance on 

growth media. Belonging to the family Staphylococcaceae, the coagulase-positive bacterium 

differs from other closely related staphylococci such as S. saprophyticus and S. epidermidis in 

its ability to ferment mannitol5. S. aureus is a commensal residing majorly in the skin and 

mucous membrane of humans, although its habitat also extends to the skin of sheep, poultry, 

cattle, cats, and dogs6. About 15% of the human population persistently carry S. aureus in their 

anterior nares, and it is estimated that 50% of all adults are colonized by this bacterium. 

However, certain populations such as health care providers, hospitalized patients, individuals 

with regular use of needles, immunocompromised persons, are estimated to have a higher 

colonization rate of about 80%7. 

From the perspective of human health, S. aureus is a major human pathogen, as individuals 

colonized by this bacterium have increased chances of infection. S. aureus is responsible for 

several hospital- and community-acquired infections varying in their level of severity. These 

infections range from mild skin and soft tissue infections (boil, carbuncles, impetigo, 

folliculitis, furuncles, carbuncles, and cellulitis) to invasive and life-threatening diseases such 

as scalded skin syndrome, necrotizing pneumonia, sepsis, endocarditis, and osteomyelitis5,7,8. 

Most of these infections, particularly bacteremia, had a fatality rate exceeding 80% before the 

advent of antibiotics9. Although the discovery of penicillin in the 1940s provided a short-lived 

solution, resistance was developed against it, which led to the development of methicillin. A 

year after the introduction of methicillin, methicillin resistant S. aureus (MRSA) strains 

surfaced10,11. Several decades later, the fatality rate of S. aureus bacteremia is yet to improve 

beyond 15-50% chiefly due to resistance development, particularly with the emergence of 

MRSA9.  

Resistance to methicillin and other β-lactams in S. aureus is mediated by penicillin binding 

protein 2a (PBP2a), encoded by the mecA gene. Penicillin binding proteins (PBPs) are 

transpeptidases catalyzing the cross-linking of peptidoglycan (PG) chains, a major component 

of the bacterial cell wall. β-Lactam antibiotics impede the function of these proteins, inevitably 

inhibiting cell wall synthesis. However, with the acquisition of mecA, MRSA is still capable of 

cell wall synthesis and growth even when confronted with β-lactam antibiotics due to PBP2a, 

which has very low affinity for these antibiotics12. While MRSA established itself first in the 
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hospitals and settings of high antibiotic use, MRSA is now beyond the hospital confines, with 

greater fitness and altered resistance patterns in the community11,13. Moreover, although MRSA 

infections appear to be waning in the USA and Europe due to improved hygiene and 

surveillance, they are still on the rise in low-income countries. In light of the increased 

morbidity and mortality, as well as prolonged hospital stay associated with MRSA, MRSA 

remains a global health threat14. To date, methicillin remains the treatment of choice for S. 

aureus infections, particularly those caused by the methicillin sensitive S. aureus (MSSA) 

strains, while vancomycin is the second-line antibiotic for MRSA infections. However, MRSA 

strains displaying intermediate resistance to vancomycin have emerged6,14. 

 

1.1.1 Pathogenicity and infections 

Like most successful pathogens, the pathogenicity of S. aureus depends on several factors such 

as surface proteins required for adherence to host cell, as well as secreted proteins or toxins for 

the degradation of the host cell while evading immune cells, thereby facilitating the growth, 

and spread of S. aureus in its host8. These factors, termed virulence factors, range from varying 

pore-forming cytotoxins to exfoliative toxins and superantigens. S. aureus is profoundly 

equipped with different cytotoxins, a necessity for the establishment of infection in its host. 

These cytotoxins create pores in the host cell membranes or disrupt the host cell actin 

cytoskeleton, resulting in a breach of the endothelial cells. Among these pore-forming toxins 

are hemolysins, leukocidins and phenol-soluble modulins6,14. 

Although there are four hemolysins (α-, β-, γ-, and δ-hemolysin) encoded in S. aureus under 

the regulation of an accessory gene regulator (Agr), α-hemolysin, also referred to as α-toxin is 

the most characterized hemolysin and virulence factor of S. aureus. It is encoded by the hla 

gene. The α-toxin has affinity for mammalian cells such as epithelial cells, endothelial cells, 

erythrocytes, monocytes, and keratinocytes, where it causes membrane damage and apoptosis. 

This damage is facilitated by the presence of ADAM10, the toxin´s receptor, on these cells. In 

principle, α-toxin binds to ADAM10 of the host cell, which triggers the stimulation of the 

metalloprotease activity of ADAM10, this then leads to the cleavage of the endothelial cadherin, 

consequently compromising the epithelial protective barrier function. This cascade of events 

initiates cell specific lysis and evokes cellular reactions, including transport of ions through the 

initiated pores, ultimately leading to target cell apoptosis. Besides these effects, during 

inflammation, α-toxin gives rise to tissue injury by inducing the release of cytokines and 

chemokines such as interleukin-1β and TNF-α. Overall, α-hemolysin has been implicated in the 
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development of several severe S. aureus infections, including bacteremia, osteomyelitis, and 

pneumonia. 

Another important class of pore-forming toxins contributing to the pathogenicity of S. aureus 

is bicomponent leukocidins. These toxins distort both adaptive and innate immune responses 

by primarily attacking white blood cells including neutrophils, macrophages, monocytes, 

natural killer cells, dendritic cells, and T lymphocytes6,15,16. S. aureus has the capacity to 

produce different kinds of leukocidins. Five (Panton–Valentine leukocidin (PVL), γ-haemolysin 

AB (HlgAB), γ-haemolysin CB (HlgCB), leukocidin ED (LukED) and leukocidin AB 

(LukAB)) of these are associated with infections in humans while two (leukocidin MFʹ 

(LukMFʹ) and leukocidin PQ (LukPQ)) are peculiar to zoonotic diseases16. PVL consists of two 

different subunits – LukS-PV and LukF-PV17. In principle, the inactive LukS first binds to the 

membrane of the target cell, for instance neutrophils, via the C5aR and C5L2 human 

complement receptors, followed by the docking of the LukF subunit. This binding cascade then 

leads to the multimerization of these subunits to form a pore that spans the phospholipid bilayer, 

which eventually leads to cell death16,18. While PVL has been linked to several diseases, it is 

comparatively more associated with skin and soft tissue infections than invasive ones. Although 

the implication of PVL-positive S. aureus isolates in invasive infections do not often predict 

poor clinical manifestations, the skin and soft tissue counterparts mostly require surgical 

intervention19.  

Besides hemolysins and leukocidins, other virulence factors also contribute to the pathogenicity 

of S. aureus. These include phenol-soluble modulins (bacteremia, skin infection), epidermal 

cell differentiation inhibitor (pneumonia, bacteremia, and diabetic foot ulcer), exfoliative toxins 

(staphylococcal scalded skin syndrome), staphylococcal enterotoxins (food poisoning), and 

toxic shock syndrome toxin 1 (toxic shock syndrome)6. 

 

1.2 Mycobacterium tuberculosis 

Alongside over 190 species, Mtb belongs to the genus Mycobacterium, a genus of non-

sporulating, aerobic, non-motile, slightly curved shape Gram-positive, acid-fast bacteria with a 

unique cell wall rich in mycolic acids. Based on their growth rate, species in this genus are 

classified into fast-growing and slow-growing mycobacteria20,21. Mtb is a slow-growing 

Mycobacterium with a generation time of about 20 hours. Further examples of slow-growing 

mycobacteria include M. marinum, M. leprae (the causative agent of leprosy), and M. bovis. 
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On the other hand, M. smegmatis (a widely used model organism for studying mycobacterial 

genetics, physiology, and drug susceptibility), M. abscessus, M. chelonae, and M. fortuitum 

exist as fast-growing mycobacteria, all of which only cause opportunistic infections in humans, 

particularly individuals with compromised immune systems or underlying health conditions22. 

Although Robert Koch in 1882 identified Mtb as the causative agent of tuberculosis (TB), an 

airborne infectious disease, other tuberculosis-causing Mycobacterium species abound, all of 

which make up the Mycobacterium tuberculosis complex (MTBC). Members of the MTBC are 

closely related. They share over 99% genomic sequence similarity but differ immensely in their 

pathogenicity and the hosts they infect21,22. Members of this complex were initially limited to 

Mtb (human), M. bovis (bovine), M. africanum (human), M. canettii (human), M. microti 

(voles), M. pinnipedii (seals), M. caparae (goats and sheep)20,23, before the recent inclusion of 

M. orygis (big mammals such as oryxes, gazelles, waterbucks, and antelopes) and M. mungi 

(banded mongoose)24.  

 

1.2.1 Infection and pathogenicity  

Current WHO estimates have it that about a quarter of the global population is infected with 

Mtb25. Most Mtb infections are initiated predominantly via the respiratory routes and barely by 

other means such as swallowing and accidental percutaneous inoculation26. Disseminated from 

the infected lungs of a diseased individual, to a new host in aerosol droplets via coughing or 

sneezing, the success of Mtb transmission is dependent among other factors, on the amount of 

bacteria present in the droplets27. Paradoxically, unlike a few other respiratory infections caused 

by group A streptococcus (strep throat and scarlet fever), and Corynebacterium diphtheriae 

(diphtheria) transmitted via large aerosol droplets, the lower the number of bacteria and smaller 

the droplet, the higher the chances of transmission of Mtb. Typically, infection is largely and 

efficiently initiated in the lower lungs with small aerosol droplet nuclei containing 1 to 3 

bacilli27.  

Unlike other feared bacterial pathogens and to the delight of bacterial pathogenesis researchers, 

Mtb does not seem to have classic virulence factors, as they do not produce toxins, pili, flagella, 

or lytic enzymes28. They simply evade, and subjugate the host´s immune cells, replicate 

massively in a privileged niche, disintegrate this niche, spread throughout the body and are 

ready to enter another host27. Upon transmission to a new host, these bacteria are believed to 

first undergo phagocytosis, that is principally initiated by bacterial contact with alveolar 
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macrophage mannose receptors in the lungs29,30. In principle, surfactant protein A, a 

glycoprotein located on alveolar surfaces facilitates the upregulation of mannose receptor 

activity, which in turn enhances the binding and uptake of the bacteria29,31. The macrophage, 

particularly after phagosome-lysosome fusion, is a machinery sufficient for the killing of 

bacteria, as the phagolysosome is a compartment housing destructive enzymes and toxic 

reactive oxygen and nitrogen species29. Unlike most bacteria, Mtb has devised several strategies 

to resist or survive killing within macrophages. For instance, Mtb simply prevents the fusion of 

the phagosome and lysosome by interfering with normal trafficking and fusion processes32. 

While preventing this fusion, these bacteria with the help of some secreted proteins and lipids 

like SapM and phthiocerol dimycocerosate (PDIM), respectively, modulate the phagosomal 

environment to make it less hostile while preventing its maturation. In essence, SapM 

dephosphorylates phosphatidylinositol 3-phosphate, a phospholipid found in the membrane 

crucial for phagosome maturation33,34, whereas, PDIM essentially alters or modifies the 

phagosomal membrane in a bid to protect Mtb against acidic conditions as well as aid the 

pathogen´s escape from the phagosome35. Moreso, Mtb is also capable of resisting macrophage-

killing, particularly oxidative and nitrosative stress, by neutralizing reactive oxygen and 

nitrogen intermediates with the expression of KatG, SodA, NrdH and AhpC29. Beyond these 

mechanisms, Mtb has the capacity to escape destruction by actively evading or modulating host 

immune responses. Mtb secretes ESAT-6, an effector protein capable of disrupting host immune 

signaling and inducing apoptosis in immune cells36. Mtb is also able to diminish immune 

response by altering cytokine (TNF-α, IL-10 and IL-12) production.  

The ability of Mtb to evade host immune response and enter a non-replicative, dormant state 

mostly begets a structured collection of immune cells that ensue in an immunocompetent host´s 

bid to contain or fight substances it cannot eliminate31,37. This collection, termed granuloma, is 

the hallmark of TB38. In this sort of event where the bacilli are well contained in the granuloma, 

Mtb is in a latent state, and the host is said to have asymptomatic TB. Neither is the host showing 

symptoms nor capable of transmitting the bacteria to another individual. However, in an event 

where the immune system of an individual is compromised or suppressed, as it is the case with 

TB-exposed HIV-positive individuals, the granuloma wanes, disintegrates, and there is leakage 

of virulent bacteria from the granuloma27,38. These bacteria do not only then spread throughout 

the lungs, causing cavitary lesions, they also travel through the blood capillaries where they can 

now spread to other tissues and organs causing miliary TB. At this point, such individuals are 

highly contagious and said to have active or symptomatic TB38,39. Nevertheless, TB is not as 

deadly as it sounds, as most people with TB exposure do not exhibit disease progression. For 



7 
 

instance, although one-third of HIV-negative individuals are currently infected with TB 

globally, only 3 to 5% of this number develop TB in their first year while another 3 to 5% might 

develop TB later in their lives25. In contrast, 50% of TB-exposed HIV-positive individuals 

develop TB at a certain point in their lives. These patients and other immunosuppressed 

individuals show disease progression, thus accentuating the lethality of TB in HIV patients and 

individuals with suppressed immune systems. Of note, TB reactivation is not limited to HIV 

co-infection, other circumstances such as malnutrition, alcohol addiction, smoking, 

chemotherapy, diabetes mellitus, chronic renal failure are worthy triggers as well40. 

 

1.2.2 Tuberculosis detection and therapy 

Like for other infectious or non-infectious diseases, early diagnosis and successful treatment is 

pivotal to the prevention of TB aggravation and death. While clinical manifestations of TB, 

primarily active pulmonary TB, include persistent productive cough, hemoptysis, night sweat, 

weight loss and low-grade fever41, depending on resource availability, several diagnostic 

approaches enabling TB detection in TB-exposed individuals abound. These include cultural, 

immunological, microscopical and radiological techniques42. Tuberculin skin test and 

interferon-gamma release assay are immunological methods for detecting TB infection42. The 

former relies on injecting a purified protein derivative into the skin and measuring the swelling 

after 48-72 h42. The latter, however, is more specific than the former, as it measures the immune 

response to TB antigens without cross-reactivity with BCG vaccination. Although the outcome 

of both techniques potentially indicates TB exposure, their con lies in their inability to 

differentiate between active and latent TB38. Conversely, chest X-ray, a radiological tool, 

detects only active pulmonary TB by checking for cavities and nodules in the lungs38. Beyond 

this, for more accurate assessment of disease process and complications, CT scanning is better 

suited, as this method is particularly good for characterizing lymph nodes43,44. TB diagnosis can 

also be made microbiologically via sputum smear microscopy and culturing. Sputum smear 

microscopy is a quick, low-cost TB diagnostic method with limited sensitivity that examines 

sputum samples for acid-fast bacilli using Ziehl-Neelsen stain42. Culturing, on the other hand, 

cultivates Mtb from clinical samples such as, but not limited to, sputum, bronchoalveolar 

lavage, and pleural fluid. Although the results could take weeks as it is time-consuming, it is 

highly specific and the gold standard for TB diagnosis42, while CT scanning remains the gold 

standard for imaging primary pulmonary TB, especially in children43. 
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The bacille Calmette-Guérin (BCG) vaccine has been the only licensed vaccine preventing 

miliary TB and TB meningitis in infants and children. However, unfortunately, its efficacy 

wanes with time, and till date, no vaccine has been found effective against this scourge in 

adults25. 80 years after the first successful treatment of a patient suffering from TB, thanks to 

the discovery of the first anti-TB agent, streptomycin, in 1944, a cocktail of four antibiotics 

introduced in the 1970s has been the standard treatment for individuals afflicted with this 

dreaded disease45–47. These four antibiotics are: isoniazid (INH), rifampicin (RIF), ethambutol 

(EMB), and pyrazinamide (PZA)25. With respect to the varying replication states of Mtb, 

specifically from actively replicating to metabolically dormant non-replicating persisters48, this 

drug combination is recommended to be taken for at least 6 months in 2 phases47. The first, 

referred to as the intensive phase, requires ingesting a combination of the four first-line drugs 

(INH, RIF, EMB, and PZA) for 2 months, followed immediately by a two-drug combination of 

INH and RIF for 4 months in the second phase. Although this regimen is documented to achieve 

about 85% cure rate49, a recent attempt to reproduce previous meta-analyses as well as analysis 

of a direct observed therapy (DOT) only yielded 59% cure rate50. This is however not entirely 

surprising since several side effects such as hepatotoxicity, peripheral neuropathy, ocular 

neuritis, central nervous system (CNS) toxicity, gastrointestinal upset and skin rash are 

associated with this lengthy regimen51. Consequently, there is poor compliance by many 

diseased individuals, which mostly then begets drug resistance.  

Drug-resistance has indeed aggravated TB therapy with the emergence of multidrug resistant 

(MDR) and extensively drug-resistant (XDR) TB. MDR-TB is a form of TB resistant to both 

INH and RIF, two of the most potent first-line anti-TB drugs, whereas XDR-TB, is a subset of 

MDR-TB with additional resistance to any of the fluoroquinolones (moxifloxacin and 

levofloxacin) and either bedaquiline (BDQ) or linezolid52. While a number of second-line anti-

TB drugs have been approved for the treatment of MDR-TB, to be administered in combination 

for at least 20 months, a shorter 9-month BPaL regimen consisting of BDQ, pretomanid (PMD) 

and linezolid has been recently recommended, albeit being expensive53.  

 

1.3 Brief history of antibiotics 

Infections with rapidly growing bacteria and contagious diseases like sepsis and TB, 

respectively, would most likely have reduced a newborn´s life expectancy to about 32 years as 

it was in 1900 if it was not for one of the greatest medical breakthroughs - the introduction of 

antibiotics into clinical use54. Although penicillin, the first true antibiotic, rediscovered in 1928 
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by Alexander Fleming, ushered in this breakthrough with its introduction to the clinic in 1941, 

the cornerstone of modern medicine was laid as far back as 1890s by Paul Ehrlich in his search 

for dyes showing specific affinity toward pathogens but not human or animals54,55. His idea was 

to find toxic agents with medically inspired discriminatory properties against infectious 

diseases56. Ehrlich tested many aniline dyes and discovered that methylene blue does not only 

stain the parasitic protozoan Plasmodium falciparum, but also noted this parasite could not be 

detected in the blood of two patients with milder symptoms of malaria at least 8 days after 

methylene blue administration. Following this discovery and in search of the cure for syphilis, 

an incurable disease at the time, Ehrlich began an extensive screen of hundreds of atoxyl 

organoarsenic derivatives in syphilis-infected rabbits57. In 1909, Compound no. 606, 

arsphenamine, a derivative, composed of 30% arsenic, returned as the big hit58. Referred to as 

“Ehrlich 606”, and later sold as Salvarsan, the compound was described as the perfect “magic 

bullet” because of its ability to selectively bind Treponema pallidum (the causative agent of 

syphilis) while killing was achieved by arsenate59. Salvarsan had serious side effects like 

hypersensitivity because of arsenic poisoning, nevertheless, two-thirds of syphilis-infected 

individuals were cured up until 192854. Salvarsan is widely regarded as the first modern 

chemotherapeutic agent. 

The 1930s marked a further milestone in antibiotic history with the discovery of the sulfa drug 

class and its antibiotic activity by Paul Gerhard Domagk54. Indeed, the aftermath of World War 

I characterized by war soldiers´ terrific injuries aggravated by bacterial infections, and the 

susceptibility of malnourished civilian population to infections, intensified the research and 

development of antibiotics60. Inspired by Ehrlich´s success, Domagk, a German physician, who 

already participated in treating war wounds, was charged with the responsibility of identifying 

antibacterial azo dyes60. Having failed to identify a useful antibacterial agent in earlier screening 

efforts of dyes due to lack of a reliable testing platform to decipher antibacterial activity, 

Domagk devised the mouse protection assay, a method he used to determine the survival rate 

of mice previously infected with a highly virulent hemolytic Streptococcus strain61. In 1932, 

using this assay, a red colored dye named sulfamidochrysoidine, was discovered to protect mice 

against a lethal dose of streptococci61. Although Domagk observed and proclaimed 100% 

efficacy in vivo, the substance was largely ineffective in vitro62. It was until later that it was 

discovered that sulfamidochrysoidine is a precursor molecule metabolized by enzymes within 

the body to the active sulfanilamide54, thus making sulfamidochrysoidine a prodrug. 

Sulfamidochrysoidine, with the tradename prontosil, was highly potent against Gram-positive 

cocci by targeting the enzyme dihydropteroate synthase in the folic acid pathway that is absent 
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in mammalian cells63. From 1935 on, deaths caused by pneumonia, meningitis, and childbed 

fever were drastically reduced with the sale of prontosil54. However, today, prontosil is sparsely 

used because of widespread resistance that first emerged in 194263,64. 

The next big milestone in antibiotic history was in 1941 with the introduction of penicillin, an 

antibiotic rediscovered by Alexander Fleming in 1928, into clinical use65. The 13-year delay 

was chiefly because penicillin could neither be purified in significant amounts, nor its structure 

be elucidated54. While working on Staphylococcus, Fleming observed that a mold growing on 

his dish of Staphylococcus bacterial colonies seemed to be inhibiting the growth of the bacteria 

around it66–68. Intrigued by his observation, he grew more cultures of mold and tested the 

substance produced by the mold against varying bacteria and found that the substance, which 

he later called penicillin, was effective against various bacteria67,68. It is worth noting that, while 

Ernest Duchesne and many scientists before Fleming made similar observations of the 

antimicrobial potential of Penicillium69, the antibacterial capacity of molds dates to ancient 

times, as witnessed by Arabian hostlers who stored their saddles in mold-supporting, dark, and 

moisture chamber for wound healing effect54. Post World War II, penicillin became available 

and quite handy against myriads of Gram-positives including pathogens causing syphilis, 

gonorrhea, and puerperal infections. Fueled by the accidental discovery of the first broadly 

effective antibiotic, Fleming went in search of bioactive compounds from microorganisms by 

placing soil samples on agar plates laced with bacteria, and subsequently checked for inhibition 

zones70. This cheap method, in contrast to animal disease models in terms of time and resources, 

would go on to revolutionize antibiotic research70. 

Despite the discovery of salvarsan, prontosil, and penicillin, most infectious diseases remained 

incurable in 1940. One of these incurable diseases was TB, a scourge, responsible for the death 

of every fourth person in USA and Europe in the 1900s54. In the early 1940s, Selman Waksman 

and his students embarked on a screening campaign of soil microorganisms against targeted 

pathogens using Fleming´s method. Their goal was to find an antibiotic that would tackle TB54. 

Actinomycin and streptomycin, both produced by Streptomyces, were the first two promising 

hits from this screening campaign that inhibited the growth of Mtb45,71. The former was a 

therapeutic liability in humans due to toxicity71, whereas the latter became the first antibiotic 

introduced clinically for the treatment of TB46,72. In addition to finding the cure for TB, 

Waksman also identified the genus Streptomyces as a prolific producer of natural products 

active against bacteria, viruses, fungi, nematodes, and fungi46,66. Upon Waksman´s pioneering 

work, his template was established in various labs, and attention was focused on Streptomyces54. 
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This resulted in hits after another between the 1940s and 1960s - the golden era of antibiotics. 

Arguably exhaustively explored since no new drug or novel carbon skeletons have been 

identified from this genus since the mid-1980s, Streptomyces still accounts for about two-thirds 

of antibiotics discovered till date73,74. While attention has since shifted away from this genus, 

several antibiotics have been identified from other natural sources and various high throughput 

screens, albeit with greater difficulty and much lesser output compared to the golden era.  

 

1.3.1 Bacterial drug targets 

Some naturally occurring and synthetic antibiotics discovered so far cause direct cell death of 

bacteria. Others might just inhibit growth without directly affecting bacterial viability but allow 

elimination of the pathogenic bacteria by the host´s immune defenses. Both bactericidal and 

bacteriostatic antibiotics target certain unique hotspots or specific cellular processes in these 

bacteria that include, but are not limited to, cell wall biosynthesis, DNA replication, 

transcription, protein synthesis, and bioenergetics. 

 

Cell wall biosynthesis 

Bacterial survival aided by the maintenance of cellular rigidity and shape, as well as protection 

against osmotic pressure, all provided by the cell wall, accentuates the essentiality of this 

structure in bacteria. This, in addition to its absence in human cells, have made its biosynthesis 

an attractive cellular process targeted by several antibiotics over the years. The chief component 

of bacterial cell wall is the PG, and its synthesis occurs in a multi-stage process. The first stage, 

which is cytoplasm-bound, is comprised of two key processes. The first entails synthesis of 

low-molecular weight precursor molecule uridine diphosphate N-acetylglucosamine (UDP-

GlcNAc) from fructose-6-phosphate (F-6-P), and subsequent conversion of UDP-GlcNAc to 

UDP-N-acetylmuramic acid (UDP-MurNAc) catalysed by an enzyme called UDP-N-

acetylglucosamine enolpyruvyl transferase (MurA)75,76. Fosfomycins simply exert their 

antibacterial effect on diverse bacteria by a nucleophilic attack on this enzyme77. In the second 

process, a pentapeptide is added to UDP-MurNAc. Three amino acids are first added to form a 

tripeptide, to which D-alanyl-D-alanine dipeptide synthesized from two molecules of D-alanine 

by D-alanyl-D-alanine synthetase is then added78. Alanine racemase catalyses the production 

of D-alanine from L-alanine. Owing to the structural similarity between cycloserine, an oral 

second-line anti-TB agent, and D-alanine, cycloserine outcompetes D-alanine, binds, and 
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inhibits both alanine racemase and D-alanyl-D-alanine synthetase, thereby abrogating cell wall 

synthesis79,80. 

The second stage is associated primarily with the membrane and catalysed by membrane-bound 

enzymes. At this stage, the formed UDP-MurNAc-pentapeptide is fastened to the membrane by 

undecrapenyl phosphate (C55-P) molecule, a lipid carrier already linked to the PG precursor to 

form lipid I. With the addition of GlcNAc, lipid I is transformed to lipid II, which undergoes 

several modifications before being finally translocated across the cell membrane by flippases 

to the periplasm81. Bacitracin, an antibiotic peptide, interacts and forms a complex with 

undecaprenyl pyrophosphate, a precursor of the lipid carrier, consequently preventing the 

transfer of UDP-MurNAc-pentapeptide to nascent PG66,82. 

The third stage of PG synthesis is an extracellular phase that is comprised of polymerization 

and cross-linking events78. The goal of the polymerization process is elongation of the glycan 

chain. In principle, repeating units of the disaccharide precursor, consisting of GlcNAc and 

MurNAc, both of which are part of the lipid II molecule, are linked together in a reaction 

catalysed by transglycosylases. This reaction leads to the formation of glycosidic bonds 

between one GlcNAc of one disaccharide unit and the MurNAc of another, resulting in a long 

glycan chain composed of GlcNAc and MurNAc residues, with the pentapeptide attached to the 

MurNAc83,84. The cross-linking event, on the other hand, ensures the formation of covalent 

bonds between the peptides of adjacent glycan strands. This process is catalysed by 

transpeptidases, a subclass of penicillin-binding proteins (PBPs). These PBPs invariably link 

the terminal D-alanine of one pentapeptide to the amino group of the adjacent pentapeptide. 

This eventually leads to an interconnected network or mesh that gives the cell wall its 

mechanical strength83,84. Many currently used antibiotics target both polymerization and cross-

linking processes. Glycopeptides such as vancomycin kill bacteria by binding to the D-Ala-D-

Ala portion of the pentapeptide, blocking both transglycosylation and transpeptidation reactions 

in the process85. In contrast, beta-lactam antibiotics like penicillin exert their antibacterial effect 

by inhibiting transpeptidases. Consequently, cross-linking of the glycan chains is abrogated, 

leading to weakened cell wall and cell lysis86. In similar manner, moenomycin impedes 

polymerization of glycan chains by inhibiting transglycosylase enzymes87,88. Due to the 

difference in cell wall composition between Gram-positive and Gram-negative bacteria, 

particularly with the presence of an outer membrane in the latter, Gram-negatives tend to be 

more resistant to antibiotics.  
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However, additional cell wall features such as mycolic acid and arabinogalactan, unique to 

mycobacteria have led to the discovery of other cell wall-inhibiting antibiotics, most of which 

are actively relevant in TB therapy today. Both isoniazid and ethionamide represent prodrugs 

that are activated to active metabolites by mycobacterial enzymes, KatG and EthA, 

respectively89,90. These active metabolites inhibit the enoyl-ACP reductase (InhA), which 

directly abrogate mycolic acid synthesis, leading to cell wall disruption and mycobacterial cell 

death80. Other direct or indirect inhibitors of mycolic acid synthesis include pyrazinamide, 

delamanid and pretomanid80. Ethambutol, on the other hand, inhibits arabinosyl transferase, an 

enzyme indispensable in arabinogalactan polymerization. Disruption of this process weakens 

the cell wall, thus making mycobacteria more susceptible to immune attack or other 

antibiotics80,91.  

 

DNA replication 

Chromosomal DNA replication, a fundamental process for the propagation of bacteria, is 

dependent on the efficiency of a complex called the replisome. The bacterial replisome is a 

multi-protein machine composed of several key proteins and enzymes, each with a specific role 

in ensuring that the bacterial genome is copied error-free before cell division92. Among these 

key enzymes, DNA gyrase (topoisomerase II) and topoisomerase IV have shown to be the most 

successful antibacterial targets within the replisome over the years93. Just ahead of the 

replication fork, DNA gyrase introduces negative supercoils into DNA to relieve the torsional 

strain generated during the unwinding of DNA by helicase, a necessary process for DNA 

replication and transcription. Topoisomerase IV, on the other hand, is involved in relaxation and 

decatenation of DNA following DNA replication93. Depending on the compound and bacterial 

type, most fluoroquinolones such as ciprofloxacin, moxifloxacin and levofloxacin, can inhibit 

both enzymes with varying efficiencies. For instance, topoisomerase II is the primary target of 

fluoroquinolones in Gram-negatives, while topoisomerase IV is the predominant target in 

Gram-positives94. Overall, fluoroquinolones exert their mode of action by first forming a 

complex with the topoisomerase, then stabilizing the complex in such a way that it induces 

double-stranded breaks in the bacterial DNA. As a result, bacterial DNA replication and 

transcription are prevented, resulting in not only reduced cell growth, but chromosome 

fragmentation that eventually leads to cell death95,96. 
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RNA synthesis 

Like the fluoroquinolones that interfere with DNA synthesis, rifamycins are a class of 

antibiotics that cause catastrophic effects on bacterial survival and proliferation by impairing 

RNA synthesis. This class of compounds specifically inhibit the bacterial RNA polymerase97. 

Rifamycins bind with high affinity to the β-subunit of an actively transcribing RNA polymerase 

bound to DNA. This binding invariably prevents RNA synthesis from being initiated by 

blocking the formation of the first phosphodiester bond in the RNA chain98. Although 

rifamycins were first isolated in the 1950s from Amycolatopsis mediterranei, mutagenesis of 

this bacterium has led to the emergence of more potent forms of rifamycin99, including 

rifamycin SV and rifampicin that are clinically relevant till date. Rifamycins are broad-

spectrum antibiotics displaying bactericidal effect against many Gram-positives, while being 

bacteriostatic against Gram-negative bacteria. This difference in efficacy against both classes 

of bacteria is not due to the difference in affinity for the β-subunit of the RNA polymerase of 

both Gram-positives and Gram-negatives, but the level of drug uptake between both bacteria100. 

It is important to note that rifamycins are a first-line TB drug used in combination with other 

drugs to prevent resistance. 

 

Protein synthesis  

Protein synthesis is an essential process for bacterial growth and survival. This process, which 

entails translation of mRNA in three successive phases – initiation, elongation, and termination, 

is undertaken chiefly by the ribonucleoprotein machinery consisting of ribosome and varying 

cytoplasmic accessory factors101. The ribosome consists of two ribonucleoprotein subunits: the 

30S and 50S subunits. Although inhibitors of protein synthesis are conventionally divided 

according to the subunits which they target, 30S and 50S ribosomal subunit inhibitors102, some 

of those targeting the same subunit still impair protein synthesis via differing mechanisms103.  

Two major antibiotic classes that bind the 30S subunit are tetracyclines and aminocyclitols103. 

Both spectinomycin and aminoglycosides belong to the aminocyclitol class. While 

spectinomycin binds to the 30S ribosomal subunit to prevent the translocation of tRNAs and 

mRNA during translation without causing protein mistranslation104, aminoglycosides bind to 

the 16S rRNA component of the 30S subunit, causing misreading of mRNA and incorporation 

of incorrect amino acids, giving rise to dysfunctional proteins103. Examples of aminoglycosides 

are streptomycin, kanamycin, and gentamicin103. Tetracyclines on the other hand, bind to the 
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same subunit and block the A site from being accessed by the aminoacyl-tRNA, thus preventing 

the addition of new amino acids to the growing peptide chain105. 

The 50S subunit inhibitors are quite broad both in terms of chemotypes and mechanisms. These 

are the macrolides (e.g., erythromycin and azithromycin), the lincosamides (e.g., clindamycin), 

oxazolidinones (e.g., linezolid), amphenicols (e.g., chloramphenicol) and streptogramins (e.g., 

quinupristin/dalfopristin)106,107. Both lincosamides and amphenicols bind to the 50S subunit and 

inhibit peptide bond formation by disrupting the activity of peptidyltransferase108. In contrast, 

macrolides interfere with protein synthesis by blocking peptide chain elongation and 

translocation, thereby halting the production of essential proteins106,108. The streptogramins act 

in synergy. One component binds to the 50S subunit to inhibit peptide chain elongation, and the 

other prevents the extension of the peptide chain107. Lastly, the oxazolidinones inhibit the 

initiation of protein synthesis by binding to the 50S subunit just at the interface with the 30S 

subunit109. It is important to note that apart from the aminoglycosides that exert a bactericidal 

effect, all 30S and 50S ribosome inhibitors are bacteriostatic in their activity103. Till date, 

aminoglycosides are included in a combination therapy as a second-line option to treat MDR-

TB, while linezolid in combination with recently approved BDQ and pretomanid is used for the 

treatment of both MDR-TB and XDR-TB110. 

 

Bioenergetics  

Bacteria rely on bioenergetic processes to produce and regulate energy to power various cellular 

functions fundamental for their survival, growth, and replication. The key bioenergetic 

processes include respiration driven by the electron transport chain, ATP synthesis, and 

maintenance of membrane potential, all of which have recently proven to be attractive targets 

for antibacterial therapy111. Among the inhibitors (BDQ, Q203, ionophores, gramicidin, 

phenazines, and quinones) targeting these processes111, BDQ stands as a ground-breaking drug 

with a novel mode of action specifically targeting the mycobacterial ATP synthase111. BDQ has 

a considerably higher affinity for the mycobacterial ATP synthase compared to its human 

counterpart112,113. In principle, BDQ interacts with the hydrophobic region of the c-subunit of 

mycobacterial membrane-bound F1F0-ATP synthase114, consequently preventing the proton 

motive force (PMF) to produce ATP, leading to a collapse of energy storage, ATP depletion and 

bacterial death114–116. Acting on a target distinct from those addressed by conventional TB 

drugs, BDQ is particularly effective against MDR-TB and XDR-TB110. 
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1.3.2 Mechanisms of antibiotic resistance  

Bacteria often devise means to survive the onslaught of antibiotics in a phenomenon called 

antibiotic resistance. Despite the presence of drugs that should kill or inhibit their growth, these 

bacteria via different mechanisms would survive and multiply. Antibiotic resistance could be 

intrinsic or acquired. A bacterium is said to be intrinsically resistant to an antibiotic when a 

bacterium withstands the assault of the antibiotic due to the innate structural or functional 

features of the bacterium117,118. An example is the intrinsic resistance of some Gram-negative 

bacteria to several antibacterial agents (such as vancomycin) because of the presence of an outer 

membrane that prevents the entry or uptake of these compounds into these bacteria119. By 

contrast, resistance to an antibiotic is said to be acquired by bacteria when resistance is 

developed through mutations or new genetic material acquired from other bacteria118. 

 

 

 

 

 

 

 

 

  

 

Figure 1 Mechanisms of antibiotic resistance120. 

 

Overall, bacteria can develop resistance to antibiotics via different mechanisms (Figure 1). 

These include enzymatic degradation or antibiotic modification, alteration of the target site, 

increased expression of efflux pumps, reduced permeability, and bypass pathways. 
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Antibiotic modification or inactivation 

Many pathogenic bacteria survive the action of an antibiotic by degrading or chemically 

modifying it121. Bacteria achieve this by producing enzymes capable of either function120,121. 

This resistance mechanism is advantageous to the bacterial cell because no mutation or 

alteration of the antibiotic target is involved, hence bacterial cells are less likely to suffer fitness 

costs120. When the antibiotic is inactivated, its structure is damaged or degraded, thereby 

making the antibiotic less effective. An example of antibiotic inactivation is the hydrolysis of 

β-lactam antibiotics by β-lactamases122. β-Lactamases are enzymes that degrade β-lactam 

antibiotics such as penicillins, cephalosporins, by breaking the amide bond in the β-lactam ring, 

thereby degrading these drugs in the process122. Both extended-spectrum β-lactamases and 

carbapenemases also provide resistance to a wide range of β-lactam antibiotics in this 

manner117,120. 

The transfer of a chemical group to an antibiotic by antibiotic-modifying enzymes can also 

render it ineffective. Examples of antibiotics that bacteria have developed resistance against in 

this manner include aminoglycosides, macrolides, lincosamides, rifamycins, streptogramins, 

and phenicols120. For instance, in the case of aminoglycosides, bacteria produce enzymes that 

chemically modify gentamicin and streptomycin, by acetylation, phosphorylation, or 

adenylation, leading to reduced drug binding to the bacterial ribosome123. Similarly, bacteria 

produce ADP-ribosyltransferases, glycosyltransferases, and phosphotransferases to inactivate 

and modify rifamycins124. In principle, both ADP-ribosyltransferases and glycosyltransferases 

modify rifamycin by glycosylating the hydroxyl position at C23, while phosphotransferases 

basically convert rifamycin to inactive phosphorifamycin at C21
125. 

 

Target alteration and protection 

Bacteria also develop resistance against antibiotics by altering the target site of the antibiotic. 

Once the structure of the antibiotic target is altered or protected, the antibiotic can no longer 

bind effectively to it, leading to resistance. A classic example is quinolone resistance. 

Quinolones like moxifloxacin and ciprofloxacin bind topoisomerase II and IV enzymes near 

their active sites to inhibit their functions. Mutations in these target proteins beget lower binding 

efficiency of these drugs, while the enzymes remain functional, leading to resistance. In general, 

altered antibiotic targets often stem from amino acid substitutions. In principle, altered target 

sites may arise from random point mutations that occur during bacterial growth and become 
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dominant when exposed to drug pressure. Alternately, mutant alleles of target genes can be 

frequently produced through recombination between alleles, especially if multiple copies are 

present in the cell. For example, mutation and recombination between homologues of the 23S 

rRNA gene often quickly lead to linezolid resistance in Gram-positive bacteria. 

The target of an antibiotic can also be protected from the relevant antibiotic. Mechanisms of 

target protection include the ability of target protection proteins to bind to the antibiotic target 

and physically displace the antibiotic from its binding site. Additionally, the target protection 

proteins can bind to the antibiotic target and trigger allosteric changes, leading to the drug 

dissociation from its target. In some cases, these proteins can bind to the drug target and induce 

conformational changes that enable the target protein to continue functioning despite the 

presence of the drug. Target protection alone may lead to a mild increase in the minimum 

inhibitory concentration (MIC) of the antibiotic. However, when combined with mutations at 

the target site, it can result in significantly higher MICs. This is often observed with the Qnr 

proteins - a family of proteins encoded by plasmid-borne genes found usually in Gram-negative 

bacteria. These proteins protect topoisomerases from quinolone inhibition. The acquisition of a 

qnr gene leads to a mild effect on its own, but quinolone-resistant strains frequently carry a qnr 

gene alongside chromosomal mutations in gyrA, leading to high-level resistance. 

 

Target bypass 

To survive the effect of antibiotics, bacteria can evolve new targets or alternative metabolic 

pathway that perform the same biochemical functions as the original target but are not affected 

by the antimicrobial molecule, allowing them to completely replace or bypass the target site126. 

A very good example is the development of resistance by MRSA to β-lactam antibiotics120. β-

Lactams kill bacteria by disrupting cell wall synthesis through inhibition of penicillin-binding 

proteins (PBPs). To survive the effect of these antibiotics, MRSA produces PBP2a, a modified 

PBP encoded by mecA, that has a low affinity for β-lactam antibiotics126,127. Thus, in the 

presence of these β-lactam antibiotics, PBP2a in cooperation with other native PBPs, are still 

able to complete the peptidoglycan cross-linking and make a functional cell wall126, allowing 

the bacterium to survive.  

Another key example of antibiotic target bypass strategy is vancomycin resistance in 

bacteria120. While glycopeptides like vancomycin inhibit bacterial cell wall synthesis by binding 

to the terminal D-Ala-D-Ala of peptidoglycan precursors, preventing cross-linking, 
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vancomycin-resistant bacteria, particularly enterococci120,126, have developed mechanisms to 

overcome this. These bacteria acquire van gene clusters, which alter peptidoglycan synthesis 

by replacing D-Ala with D-lactate or D-serine and destroying “normal” D-Ala-D-Ala-ending 

precursors to block vancomycin binding126. The D-lactate substitution reduces vancomycin's 

binding affinity by 1,000-fold, while the D-serine substitution affects binding less severely but 

still impairs antibiotic effectiveness, resulting in high-level and low-level resistance, 

respectively128. 

 

Expression of efflux pumps 

Efflux pumps contribute to antibiotic tolerance and the subsequent emergence of antibiotic 

resistance by actively removing antibiotics from the cell, thereby lowering the concentration of 

the antibiotic to sub-lethal levels129. This mechanism is one of the principal ways Gram-

negative bacteria intrinsically develop resistance against drugs efficacious against Gram-

positive bacteria117. Based on structure, molecules transported, as well as energy source 

required, efflux pumps are categorized into different families111,120. Key families include, major 

facilitator superfamily (MFS), ATP-binding cassette (ABC) transporters, resistance-nodulation-

division (RND) family, small multidrug resistance (SMR) family, and multidrug and toxic 

compound extrusion (MATE) family111,130. While ABC transporters depend on ATP hydrolysis 

for active extrusion131,132, other families of efflux pumps depend on an energized membrane 

and PMF133. Based on molecules transported or substrate, some efflux pumps like the Tet pumps 

have a narrow substrate specificity while many, referred to as multidrug resistance (MDR) 

efflux pumps, transport a wide range of structurally and chemically unrelated molecules117,134. 

One of such MDR efflux pumps are the RND pumps that have promoted multidrug resistance 

in clinical isolates135. 

Antibiotic-induced overexpression of efflux pumps is a key survival strategy used by bacteria, 

particularly Gram-negatives, to expel antibiotics before they accumulate to lethal levels. For 

example, the exposure of E. coli to antibiotics such as chloramphenicol, tetracycline, and 

puromycin usually leads to the overexpression of AcrAB-TolC and preferential extrusion of 

these antibiotics, and, as consequence, resistance develops136. Besides antibiotic-induction, 

point mutations in the transcriptional regulators of genes encoding these pumps also promote 

efflux pump overexpression in clinical isolates. For example, point mutations in mtr, the 

repressor of mtrCDE, encoding the only RND pump in Neisseria gonorrhoeae, facilitates 

increased expression of MtrCDE efflux pump, which consequently leads to resistance against 
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diverse antimicrobials including penicillin, azithromycin, and cephalosporins137–139. Similarly, 

mutations in the rv0678 gene, a transcriptional regulator of the MmpL5-MmpS5 efflux system 

in Mtb, give rise to increased resistance to BDQ140.  

Efflux pumps have also been implicated in resistance to several key TB drugs, including a better 

part of the first-line TB drugs. For instance, efflux pump mediating resistance to isoniazid is 

encoded by the efpA gene, while efflux pumps encoded by rv1258c and rv2936 conferring 

resistance to both rifampicin and ethambutol have also been reported in Mtb111. 

 

Reduced permeability 

In addition to efflux pumps, reduced permeability is also a primary mechanism of antibiotic 

resistance in Gram-negative bacteria. These bacteria have a double-membrane structure that 

limits drug entry120. Besides the outer membrane acting as an additional barrier that can prevent 

the entry of hydrophobic and large molecules not limited to antibiotics, another mechanism 

involves changes to the bacterial cell envelope, which decreases or restricts the entry of 

antibiotics reaching their intracellular targets120. For instance, these bacteria can reduce or 

structurally alter the structure of porin channels, thus restricting the entry of antibiotics. For 

example, in Pseudomonas aeruginosa and E. coli, mutations or downregulation of the OprD 

and OmpF porins, respectively, reduce the uptake of β-lactam antibiotics, particularly 

carbapenems141. Gram-positive bacteria, on the other hand, do not have an outer membrane, 

making them inherently more permeable to many antibiotics. However, alterations in the 

composition of the cytoplasmic membrane that affect its fluidity have been shown to play a key 

role in reducing antibiotic permeability, as it is in the case of enterococci against daptomycin142. 

Similarly, mycobacteria produce a thick outer lipid layer and a polysaccharide capsule, which 

block the entry of hydrophilic molecules into the bacilli143. 

 

1.4 Antibiotic crisis 

Antibiotic crisis, a growing global threat posed by the emergence and spread of antibiotic-

resistant bacteria, is undermining the effectiveness of antibiotics. As resistance continues to 

spread, the capacity to cure common infections, perform surgeries, and manage 

immunocompromised patients is increasingly threatened117. An estimate has it that 25,000 

deaths and €1.5 billion in costs are attributable to multidrug-resistant bacterial infections in 
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Europe annually144. In the United states, antibiotic-resistant bacteria cause over 2 million 

infections, and 23,000 deaths145. A key contributor to this crisis is the overuse and misuse of 

antibiotics. For instance, in developing countries, public hospitals are often overcrowded, and, 

in anticipation of high financial costs, patients frequently resort to self-medication in the hope 

that their ailments subside. As a result, there is a high occurrence of patients directly requesting 

for antibiotics, which increases antibiotic usage146.  

The tendency to misuse antibiotics transcends beyond patients, and extends to drug 

manufacturers, distributors, and healthcare providers in developing and developed nations. 

Owing to pharmaceutical industry promotions, competition among drug manufacturers, all of 

which are profit-driven, patients and healthcare providers are often swayed to use newer drugs, 

even when standard treatments remain effective147. This, in addition to the prescription of 

broad-spectrum antibiotics for viral infections like common cold or flu by healthcare providers, 

mostly influenced by laborious or lack of diagnostic tests, potentially accelerates the 

development of resistance. Non-compliance with proper antibacterial therapy is another major 

factor contributing to antibiotic resistance148. This includes the prolonged use of antibacterials 

beyond cure, skipping doses, and premature discontinuation of treatment148. An explicit 

example is the treatment of TB, where patients failing to complete their full course therapy has 

given rise to MDR- and XDR-TB, the dangerous forms of TB.  

Another significant contributory factor to the antibiotic resistance crisis is the widespread use 

of antimicrobials in livestock production, where over half of global antimicrobial production is 

used to promote growth and prevent infections in animals149. This practice, involving extended 

or endless administration of low doses of antibiotics to animals, accelerates the emergence of 

antibiotic resistance. While the overall goal of the farmers is to reduce production costs, analysts 

believe that withholding growth-promoting antimicrobials actually boost the net value of these 

animals150,151. This practice has been banned in the European Union since 2006152. However, in 

some countries like the USA and Australia, especially Australia where 78% of antimicrobials 

are used for animal production, antimicrobials are still permitted for livestock, with some 

farmers treating entire herds during disease outbreaks instead of selective treatment, further 

fueling antimicrobial resistance (AMR)148,151. This misuse of antimicrobials in agriculture 

increases the transmission of resistant organisms to humans, particularly through contaminated 

meat and direct contact, posing serious health risks to vulnerable populations151,153. 

The role the environment plays in promoting antibiotic crisis, particularly as reservoir or 

hotspot, cannot be understated, as the excessive use of antimicrobial agents in both healthcare 
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and livestock production invariably lead to their accumulation in the environment154. Excess 

antimicrobials and their metabolites from the community, healthcare and agricultural settings 

find their ways into the environment through poorly treated wastewater, sewage, agricultural 

runoff, hospital effluents and landfills155. Despite adequate treatment, some of these 

environmental antimicrobial deposits, either in sediments or liquid, remain non-biodegradable 

and resistant to heat156. Humans and animals get exposed to these deposits overtime, thereby 

fueling the emergence of antimicrobial resistance. For instance, just as a small quantity of the 

antibiotic neomycin found in eggs remains resistant to typical cooking temperatures151, 

ciprofloxacin and ampicillin have also been reported to be present at concentrations similar to 

the MIC for sensitive bacteria in hospital effluents157. Paradoxically, chlorination, a standard 

treatment method for potable water and wastewater, reduces the overall bacterial count, while 

significantly increasing the levels of antimicrobial-resistant bacteria158. Additionally, the 

discharge of pharmaceutically active compounds into the environment as effluents from 

antibiotic production facilities exacerbates the problem, with inadequate water treatment 

regulations focusing on bacterial counts but not on antimicrobial concentrations, allowing 

resistant microbes to thrive151. 

Amidst several other factors contributing to antibiotic crisis including poor infection control 

and hygiene, global spread and travel, inadequate regulation and surveillance159, of great 

concern is the slow development and lack of new antibiotics. Over the years, the number of 

antibiotics-inclined pharmaceutical companies have reduced drastically. This is due to the fact 

that not only are these pharmaceutical companies stiffened by regulatory barriers, the return on 

investment is also somewhat discouraging since antibiotics are used relatively for a short period 

of time before resistance is developed against them, unlike medications meant for the 

management of chronic ailments like diabetes and mental disorders with continuous patronage 

and profits160. With the ongoing arms race seemingly being won by bacteria, and for mankind 

not to revert to the pre-antibiotic era, the search for the killers of these pathogens must be 

continued. As a matter of fact, if there is no action today, there might be no cure tomorrow, 

hence the aim of this study.  
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1.5 Aim of this study 

The growing threat of antimicrobial resistance has intensified the need for novel therapeutic 

strategies to combat bacterial infections, particularly those caused by Mtb and S. aureus. This 

cumulative thesis aims to address this challenge by contributing to the identification and 

characterization of new antibacterial compounds with translational potential. 

A key aim of this work is to identify novel, non-cytotoxic lead compounds through the synthesis 

and screening of two distinct chemical classes. These include naturally occurring macrocyclic 

callyaerins and the synthetic (di)azine-bridged bisindoles inspired by natural scaffolds. Both 

classes were chemically modified to enhance their potency against clinically relevant 

pathogens, with a particular focus on MRSA and drug-resistant Mtb. Emphasis was placed on 

achieving low micromolar to sub-micromolar activity while minimizing toxicity to mammalian 

cells, thereby aiming to establish a favorable therapeutic window. 

The antibacterial activity of selected compounds was further evaluated in functional infection 

models. These included a murine skin infection model for S. aureus and an intracellular 

macrophage infection system for Mtb. This aimed to assess the in vivo and ex vivo efficacy of 

the agents under biologically relevant conditions. 

Synergistic potential with clinically relevant antibiotics was also systematically investigated 

through combination assays. These studies aimed to determine whether the identified 

compounds could improve therapeutic outcomes, reduce effective doses, and potentially delay 

the emergence of resistance. 

In parallel, this thesis aimed to uncover the molecular targets and pathways affected by these 

agents. These mechanistic investigations were aided by mutant screens, whole-genome 

sequencing, chemical proteomics, biochemical, and genetic studies. 

Taken together, this thesis aims to (i) identify structurally novel, biologically active antibacterial 

agents, (ii) evaluate their efficacy in infection-relevant models, (iii) explore pharmacological 

synergy with existing drugs, and (iv) elucidate their molecular targets and resistance 

mechanisms. By integrating medicinal chemistry, microbiology, and in vivo pharmacology, this 

work proposes viable strategies to advance lead compounds into preclinical development and 

address the ongoing antibiotic resistance crisis. 
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5 Discussion 

These findings represent substantial advances in drug discovery. However, they also highlight 

limitations and possibilities for future research, which are explored in detail in this section. 

 

5.1 Nature-Inspired (di)Azine-Bridged Bisindole Alkaloids with Potent 

Antibacterial In Vitro and In Vivo Efficacy against Methicillin-Resistant 

Staphylococcus aureus 

We demonstrated that (di)azine-bridged bisindole alkaloid derivatives, inspired by natural 

products, show promise for further development as antibacterial agents. Indole alkaloids, 

particularly those derived from plants and sponges, are a class of compounds with diverse 

bioactivities, including antitumor, antifungal, antiviral, antimicrobial effects. Alocasin A and 

Hyrtinadine A isolated from Alocasia macrorrhiza and Hyrtios sp., respectively, are classic 

natural examples of this compound class. Although both natural products reportedly lacked 

antibacterial effect, as confirmed in this study, synthetic modifications of these compounds, 

achieved via an optimized Masuda borylation-Suzuki coupling (MBSC) sequence, birthed a 

library of 21 natural product-derived and non-natural (di)azine-bridged bisindole derivatives 

that enabled structure-activity relationship studies.  

While unsubstituted bisindoles displayed no antibacterial activity, halogenation of the indole 

moieties proved crucial for the antibacterial activity of the derivatives, with 5,5´-chloro 

derivatives- 4j and 4n (front-runner compounds), exhibiting the most impressive activity 

against MRSA and other Gram-positive pathogens with MICs ranging from 0.20 to 0.78 µM. 

However, none of these compounds were active against Gram-negative bacteria chiefly due to 

the presence of an outer membrane (absent in Gram-positives) that makes these bacteria 

intrinsically resistant to several antibiotics. With 4j and 4n displaying moderate cytotoxicity 

against human cells, administering them to mouse wounds infected with S. aureus promoted 

wound healing. Moreso, the in vitro bactericidal effect of both compounds was also replicated 

in vivo by drastically reducing the bacterial burden in these wounds. Contrary to reports 

mapping the target of bisindole-alkaloids to bacterial pyruvate kinase and despite the structural 

similarity to these reported bisindoles, the antibacterial activity of 4j and 4n is independent of 

pyruvate kinase. Instead, these compounds target the bacterial membrane, causing membrane 

permeabilization leading to cellular efflux of low-molecular-weight molecules.  
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Although significant progress was made during this investigation, several important gaps 

abound that require further research. These include the cytotoxicity and solubility issues of the 

compounds, identifying additional structural components critical for antibacterial activity, 

unraveling the exact molecular target(s), and understanding how these molecules interact with 

the membrane. Most of these gaps were addressed in a follow-up study. 

 

5.2 Synthesis of Bisindole Alkaloids and Their Mode of Action against 

Methicillin-Resistant Staphylococcus aureus 

We further showed in a subsequent study described in chapter 3 that bisindole compounds are 

promising candidates for future drug development against drug-resistant S. aureus strains. By 

exploring a modified one-pot MBSC protocol, several undescribed N-tosyl-protected 

bisindoles, derivatives without a bridging unit, as well as derivatives with novel substitutions 

were synthesized in addition to the previously reported compounds. Increasing the library size 

in this manner pointed out clearly that not only halogenation, especially chlorination of the 

indole moieties, but heterocyclic bridge presence and deprotection of the indole cores are also 

essential for the antibacterial activity of these molecules in the sub-micromolar range. It must 

however be stated that despite varying different structural components of bisindoles, the current 

optimization campaign did not result in a better derivative in terms of antibacterial potency than 

the front-runner molecules 4j and 4n in chapter 2, renamed 5c and 5f in chapter 3. To extend 

the in vivo studies of these compounds beyond the excellent efficacy demonstrated in the mouse 

wound infection model, additional infection models such as pneumonia or sepsis should be 

explored. The sepsis model previously failed, presumably due to the poor solubility of the 

compounds in aqueous buffers. Therefore, an elaborate optimization campaign should be 

embarked upon.  

The goal of the campaign should not only be to chemically modify bisindole compounds to 

enhance their antibacterial potency, but also to improve their solubility and reduce their 

cytotoxicity significantly. Moreover, these modifications would be a pedestal to uncover 

additional structural features pivotal for their antibacterial activity. Besides this, investigating 

the level of interaction of bisindole alkaloids with clinically relevant antibiotics might reveal 

synergistic effects of these compounds on currently used antibiotics. Potentially, this translates 

to in vivo clearance of MRSA and other Gram-positive pathogens with lower doses of these 

compounds, thus, resulting in minimal side effects and negligible likelihood of resistance 
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emergence of both bisindoles and the synergizing antibiotics. For instance, Swift et al. 

demonstrated that exebacase (CF-301), a novel antistaphylococcal lysin, synergized with 

daptomycin in vitro, resulting in 64-fold reduction in the MICs of daptomycin against both 

MSSA and MRSA1. This synergy was replicated in a murine model of staphylococcal 

pneumonia, where the combination of exebacase and daptomycin resulted in 70% survival 

compared to 50% and 0% survival in exebacase- and daptomycin-alone mice, respectively1. 

Likewise, in a recent study, laurocapram, a widely used transdermal enhancer, potentiated the 

antibacterial activity of cephalosporins against MRSA2. Compared to laurocapram- and 

cefixime-alone treatment groups, the combination treatment not only remarkably reduced the 

degree of pulmonary edema in pneumonia-laden mice, but also drastically reduced the bacterial 

burden in the mice lung tissues by 4 log magnitude2. 

Resilience of infection is a common place in the management of MRSA infections. One of the 

contributory factors to this is drug resistance endowed by mutations3. The difficulty 

encountered in raising resistant mutants to bisindoles despite several attempts and methods, 

means that bisindoles overcame this first factor to an extent. However, pathogen survival 

strategies like biofilm formation, is another contributory factor. This factor, which is deployed 

by MRSA, increasingly poses apprehension in the medical field. These biofilms routinely 

possess extracellular polymeric substance (EPS) matrix that acts as a physical protective barrier, 

limiting antibiotic penetration and shielding from immune defenses or surveillance3. 

Considering that most membrane-active antistaphylococcals often display antibiofilm 

property4–8, it will be worthwhile to screen these compounds for such potential. For this, 

biofilm-forming S. aureus strains, preferably strong biofilm formers such as NCIM 5021 are 

required. To assay for the antibiofilm property of bisindoles, a cell density of 1 × 106 CFU/mL 

of the strain should be employed to initiate biofilm formation in the presence and absence of 

these compounds in 96, 48 or 24-well plates. After 24 hours, the planktonic cells should be 

removed, the formed biofilms washed with PBS and stained with crystal violet for 15 minutes 

before quantifying the mass of the biofilms by measuring absorbance at 590 nm. In addition, 

the compounds should also be investigated for their capacity to disrupt preformed biofilms. To 

visualize the direct effect of bisindoles on formed biofilms and perhaps determine live and dead 

populations within such biofilms, samples should be stained using the BacLight live/dead 

viability kit and subsequently imaged under a confocal microscope. 

Upon uncovering the membrane-permeabilizing properties of bisindole alkaloids, we further 

demonstrated that these compounds interfere with the lipid II biosynthetic cycle, interact 
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promiscuously with lipid II and membrane phospholipids while also depolarizing bacterial 

membrane. However, detailed mechanistic insights into how exactly these compounds interact 

with membrane lipids or bacterial membrane remains to be determined. One advanced 

technique that would provide deeper understanding of these interactions is molecular dynamics 

(MD) simulation9,10. To achieve this, first, accurate models of both the compound and the 

bacterial membrane should be prepared using appropriate tools like CHARMM-GUI11,12. For 

accurate molecular representation, based on documented experimental findings13,14, the 

membrane composition must reflect the lipid characteristics of staphylococcal membrane, such 

as the combination of 250 lipids, each being a phosphatidylglycerol (PdG), lysyl-

phosphatidylglycerol (Lysyl-PdG) or cardiolipin15. Subsequently, the compound modelled 

using the CHARMM General Force Field (CGenFF)16 should be integrated into the membrane 

model, and simulation parameters such as temperature, pressure, varying compound 

concentrations and boundary conditions should be defined. Upon integration and parameter 

definition, simulation should be run using NAMD17.  By this, the mode(s) of action of a couple 

of bacterial membrane-active agents have been resolved in detail15,18,19. This includes a study 

by Kumari et al. where this technique revealed how a strong interaction between a quaternary 

ammonium-substituted pullulan (CP-4) and DOPG lipids in S. aureus membranes is driven by 

electrostatic forces, leading to lipid clustering and the formation of PdG-rich domains that alter 

membrane properties18. These interactions increase membrane fluidity and permeability, with 

CP-4 primarily engaging with polar lipid head groups rather than penetrating deeply into the 

membrane core18. 

With particular attention to the binding and influence of bisindoles on membrane properties, 

simulations should be run, and trajectories analyzed to observe compound-membrane 

interactions over time. Building on our published data, key analyses should include 

investigating potential electrostatic interactions, as well as hydrogen bonding between 

bisindoles and the lipids. Additional analyses should cover how these compounds potentially 

induce lipid reorganization or randomness, and influence on membrane permeability and 

integrity.  

To buttress the membrane-perturbing mechanism of action of bisindoles, obtaining direct 

information or physical evidence of the alterations caused by bisindoles on the membrane 

would be ideal. An ideal methodology to this effect is atomic force microscopy (AFM)20,21. For 

this, S. aureus cells should be exposed to varying sub-lethal and lethal concentrations of 

bisindoles for certain periods: 0.5, 1, 5 and 24 h, after which the cells should be prepared for 
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AFM. Compared to cells not exposed to bisindoles, changes on the bacterial surface not limited 

to vesiculation, membrane carpeting, surface roughness, thickness reduction, and loss of 

membrane structure are not unexpected. By employing this technique, Barbosa et al. reported 

the significant alterations in the surface roughness and morphology of S. aureus caused by the 

lantibiotic lichenicidin, leading to bacterial cell damage and lysis over time22. Alternatively, 

electron microscopy (EM) may be employed, but AFM should be preferred since AFM requires 

minimal sample preparation in near-native conditions, resulting in a three-dimensional output 

rich in a sample´s surface details, texture, and height. 

 

5.3 The anti-tubercular callyaerins target the Mycobacterium 

tuberculosis-specific non-essential membrane protein Rv2113 

We demonstrated that callyaerins are a promising antitubercular agent differing from all 

currently used TB drugs with an unprecedented molecular target. Characterized by their unique 

cyclic peptide structures and an unusual (Z)-2,3-diaminoacrylamide (DAA) unit, callyaerins 

were originally isolated from Callyspongia aerizusa, a marine sponge of Indonesian origin. So 

far, a total of 14 callyaerin types have been identified, but only five have been reported to 

possess antitubercular activity. To know whether the other nine types possess activity against 

Mtb and perhaps represent a better starting point for TB drug development, coupled with the 

limited supply of resources, time- and cost-intensive, and laborious purification processes often 

accompanying natural products, we developed and employed a straightforward synthesis 

protocol. This protocol, a slight modification of those reported by the Brimble group23 and Yates 

et al24, facilitated not only the synthesis of 13 of the 14 callyaerin types, but also ensured, 

together with alanine scan, a seamless structure-activity relationship (SAR) investigation that 

was pivotal in uncovering the structural determinants essential for their antitubercular activity. 

These revealed that the macrocyclic ring size of 8 amino acids, the presence of the unusual 

DAA unit, and hydrophobicity of the amino acids are all crucial for activity. In agreement with 

Daletos et al25, CalA and CalB are the most potent of the callyaerin types. Importantly, 

modifications enabled by this protocol yielded more potent derivatives than the parent CalB. 

Notably, callyaerins display bacteriostatic effect, effectively inhibiting the growth of Mtb, 

including extensively drug-resistant (XDR) strains, while demonstrating an encouraging low 

cytotoxicity profile against human cell lines. 
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Through a combination of mutant screens and chemical proteomics approaches, we identified 

Rv2113, a non-essential, Mtb-specific integral membrane protein, as the direct molecular target 

of callyaerins. However, the exact molecular mechanism by which callyaerins bind and inhibit 

this protein remains unclear. Detailed structural studies employing techniques such as X-ray 

crystallography and, or cryo-EM of Rv2113 alone and in complex with callyaerins may be 

critical in providing insights into the interactions, as well as the binding mechanism between 

callyaerins and Rv2113. Moreover, these insights may later prove crucial in guiding the rational 

design of more efficacious callyaerin derivatives. By employing these techniques, interactions 

and binding mode of several antibiotics to their molecular targets have been investigated. For 

instance, by exploiting X-ray crystallography alone, Batt et al. identified that while 

benzothiazinone (BTZ), an Mtb inhibitor in clinical trials, forms a covalent bond with Cys387, 

the conserved residue in the active site of the mycobacterial membrane-bound DprE1, some 

BTZ derivatives also form a stable non-covalent complex with DprE1, highlighting the 

trifluoromethyl group of these inhibitors as a key determinant for binding26. Similarly, using 

cryo-EM, Zhang et al. revealed that ethambutol, a clinically relevant TB drug, targets and binds 

the active sites of the membrane-embedded EmbB and EmbC proteins, inhibiting their cell-free 

arabinosyltransferases (AraTs) in the process27. 

While the aforementioned techniques should be employed to demystify the biochemical 

function and interaction partners of Rv2113, as well as the binding mechanism between Rv2113 

and callyaerins, challenges associated with characterizing such a protein may not be unexpected 

since it is a protein embedded in quite a unique, lipid-rich mycobacterial cell envelope. Such 

proteins require a stabilizing agent outside a lipid bilayer, and detergents are widely used for 

this purpose28. This, however, does not come without a cost. They tend to disrupt hydrophobic 

interactions, potentially destabilizing protein structure28. In cryo-EMs for instance, the use of 

detergents often results in density artefacts, disruption of native-like interactions, ultimately 

leading to inaccurate or less precise representation of protein structure and lower resolution. 

These issues, particularly density artefacts were witnessed by Zhang et al while resolving the 

interaction and binding between ethambutol and the membrane-embedded Emb proteins27. To 

mitigate the challenges posed by detergents, the use of nanodiscs or peptidiscs is highly 

recommended. Like nanodiscs, peptidiscs are amphipathic peptides with the advantages of 

preserving a membrane protein in its native lipid environment, long-term stability, and a 

uniform environment, facilitating high resolution for studies like cryo-EM28. 



370 
 

Through proteomics studies, we further demonstrated that the binding of callyaerins to Rv2113 

triggers a complex dysregulation of the Mtb proteome. An interaction of callyaerins with 

Rv2113 leads to a global downregulation of pathways involved in lipid biosynthesis, cell 

division, DNA repair, and replication. While this widespread disruption hampers Mtb´s ability 

to proliferate, it begs two salient questions. The first is: what is the exact biochemical function 

of Rv2113? So far, all that is known about this protein is that it is a membrane protein consisting 

of 387 amino acids and, according to Alphafold prediction, harbors eight transmembrane 

helixes without any known catalytic domain. To understand the biochemical role of Rv2113, 

structural databases like DALI server29 should be utilized to conduct a structural similarity 

search with the 3D structure of Rv2113 obtained via X-ray crystallography or cryo-EM. By 

comparing the structure to known protein structures, hits are generated that would ultimately 

reveal potential active sites (if Rv2113 is an enzyme- which is less probable following the 

revelation of absence of catalytic domains by Alphafold prediction), substrate- or ligand-

binding sites, and function. By conducting structural similarity search, Mosior et al. confirmed 

PptH encoded by rv2795c, to most closely resemble a metallophosphoesterase, particularly in 

the conserved metal-binding active site, likely utilizing a metal-associated solvent as the 

catalytic nucleophile30. These predictions were later confirmed experimentally and the 

biochemical role of PptH was demonstrated in removing the phosphopantetheine (Ppt) group 

from holo-acyl carrier proteins, which is essential for fatty acid and mycolic acid biosynthesis31. 

Accordingly, based on the prospective results of the Rv2113 structural similarity search, 

experiments should be designed and performed to unravel the biochemical function of Rv2113.  

The second key question is: what are the interaction partners of Rv2113? One of the techniques 

to address this is co-immunoprecipitation (co-IP), a method that has the capacity of capturing a 

protein´s interaction partners in vivo, followed by protein identification using tandem mass 

spectrometry (MS/MS). Although a model organism like M. smegmatis would have been ideal 

for this experiment because of its non-pathogenic nature and faster doubling time compared to 

Mtb, the lack of a Rv2113 homolog in M. smegmatis necessitates that this work would be done 

using the non-virulent M. bovis or in Mtb most preferably. To do this, Rv2113 should be cloned 

encoding a FLAG tag for detection and isolation. Lysates from large cultures of the FLAG-

tagged Mtb should then be subjected to co-IP using anti-FLAG beads to isolate Rv2113-FLAG 

along with any interacting proteins. With Mtb cultures expressing only a FLAG vector as a 

control, MS/MS analysis should then be used to analyze the protein complexes captured to 

identify the peptides corresponding to potential Rv2113 interaction partners. Considering that 

pull-down assay was attempted at some point in this study to achieve similar goal, however 
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without any concrete outcome, it is quite important to pay attention to the result of the Rv2113 

3D structure similarity search. Based on this, the cultures for the co-IP experiments can be 

stimulated accordingly so that the pathway toward which Rv2113 and its interacting partners 

are functioning are better expressed for significant co-IP capture. By this, de Miranda et al. 

identified IrtB, MmpL5, MmpS4, MmpS5, and EccE3 as partners of FecB interacting to play a 

role in apo-siderophore export and ferric-siderophore import32.  

Without doubt, providing experimentally validated answers to these two key questions is vital 

to understanding how callyaerins interfere with the function of Rv2113. Since characterizing a 

protein of unknown function can sometimes be likened to searching for a needle in a haystack, 

additional approaches are necessary. Considering Rv2113 is a membrane protein, and the 

membrane hosts approximately a third of the proteome´s proteins and serves as the site for vital 

processes, including nutrient and waste transport, respiration, proton motive force generation, 

ATP synthesis, and cell-to-cell communication within biofilms33,34, it may be worthwhile to 

investigate the role of Rv2113 in these processes. Having demonstrated that Rv2113 does not 

mediate the uptake of callyaerins, the possibility of transporting vital molecules cannot be 

entirely ruled out. To investigate the role of Rv2113 in molecule transport, both Mtb wildtype 

and rv2113 gene deletion mutant strains should be subjected to membrane permeability assay. 

If the gene deletion mutant shows a reduced membrane permeability phenotype compared to 

the wildtype, then Rv2113 is most likely involved in molecule transport. In like manner, both 

strains should be used to investigate the role of Rv2113 in respiration, proton motive force 

generation, ATP synthesis, and cell-to-cell communication within biofilms. This approach will 

eventually be helpful in narrowing down the search for the exact biochemical function of 

Rv2113. 

The identification of Rv2113, a non-essential protein, as a drug target in this study is an 

unprecedented feat that challenges the conventional dogma of drug discovery that focuses 

mainly on essential proteins as drug targets. While targeting non-essential yet functionally 

significant proteins like Rv2113 by callyaerins offers a novel strategy to combat Mtb, the 

likelihood of quicker resistance emergence compared to targeting essential proteins is a 

limitation that should not be overlooked. To address this, callyaerins should be combined with 

other drugs to delay or prevent resistance emergence. Interestingly, callyaerins showed no 

antagonistic interaction, but an additive effect with bedaquiline, rifampicin, isoniazid, 

ethambutol, and delamanid. While this interaction is beneficial in terms of the prospect of 

administering callyaerins in a combination therapy, a synergistic interaction would be more 
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beneficial. Not only will this delay resistance emergence, but there might also be a chance of 

achieving sterility from Mtb. Thus, in search of synergistic interaction, in a checkerboard assay, 

callyaerins should be tested in combination with other clinical TB drugs (such as linezolid, 

fluoroquinolones, pretomanid, pyrazinamide, ethionamide, cycloserine, streptomycin, and 

amikacin) and agents currently in clinical trials. With the tolerability of position C4 of CalB 

that yielded compound 87, the most potent derivative with an MIC90 of 25 nM in mind, it might 

be possible to conjugate callyaerin and the TB drug to which it synergizes with, in one molecule. 

When such conjugate is synthesized, the cytotoxicity profile should be ascertained against a 

host of human cell lines. If not cytotoxic, this may pave way for a dual targeting anti-TB agent 

with a low likelihood of resistance emergence.  

Finally, while valuable insights into the efficacy and molecular target of callyaerins have been 

gained through in vitro findings, the absence of in vivo data currently limits their translational 

relevance. To address this, preclinical studies in animal models should be conducted to evaluate 

the pharmacokinetics, pharmacodynamics, efficacy and safety profiles of callyaerins. Based on 

the outcome, the chemical structure of callyaerins should be optimized with the flexible 

synthesis protocol accordingly. Not only is extending this study to clinical trials critical for 

bolstering TB treatment options, but it may also pave way for innovative approaches to fight 

other infectious diseases. 

 

5.4 Strategies to mitigate the antibiotic crisis 

The search for new antibacterial agents remains a means to fight bacterial infectious diseases, 

but there exists a compounding problem in antibiotic resistance. The rate at which drug-resistant 

strains emerge and spread currently outpaces global antibacterial drug discovery efforts. In fact, 

recently, an in-depth analysis of antimicrobial resistance estimated that over 39 million people 

are bound to die from antibiotic-resistant infections between now and 205035,36. In the face of 

this gloomy future painted by Naddaf, the same analysis also forecasted that about 92 million 

lives could be saved between 2025 and 205036, however, not until certain strategies are in place 

to mitigate antibiotic resistance crisis. These strategies include, but are not limited to, 

implementing proper infection control measures and antibiotic stewardship programs, 

improved diagnostics, and the development of novel and alternative therapeutics.  

Alleviating the current antibiotic crisis should not be limited to the development and usage of 

new antibiotics but rather be initiated by ensuring proper infection control measures are in 
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place. Hand hygiene is a critical strategy to curb antibiotic resistance, as it prevents microbial 

transmission during patient care and reduces healthcare-associated infections, thus limiting 

antibiotic use. As far back as 2009, the World Health Organization (WHO) released the 

guidelines for the implementation of Multimodal Hand Hygiene Improvement Strategies which 

borders around 5 moments before and after contact with patient, aseptic operations, and 

patient´s environment37,38. If implemented, hand hygiene can prevent 50% of avoidable 

infections including drug-resistant ones that may occur during healthcare39. Despite the need 

and obvious benefit, implementing hand hygiene remains challenging. Although significant 

improvement in hand hygiene adherence was observed among healthcare workers during the 

first wave of the COVID-19 pandemic40,41, adherence has since waned42. To improve hand 

hygiene compliance among healthcare workers, monitoring and providing feedback on its 

implementation must be ensured.  

Sanitation and vaccines are other infection control measures that can play crucial roles in 

addressing the root causes of infectious diseases from different angles. Proper sanitation, 

including clean water and hygienic waste disposal, reduces the spread of infectious diseases, 

whereas vaccines prevent infections that would otherwise require antibiotic treatment by 

providing immunity. With stronger hand hygiene adherence, improving sanitation and 

expanding vaccine coverage, the spread of infections can be reduced, and the over-reliance of 

antibiotics can be curbed. 

Indeed, the global issue of antibiotic resistance has placed us in a critical situation that demands 

us to effectively reduce antibiotic consumption. Some of the activities leading to this dire 

situation include unregulated over-the-counter sales of drugs resulting in self-medication, 

patient´s failure to complete prescribed antibiotic regimen as is often the case with TB patients, 

overuse of antibiotics in agriculture for disease prevention and growth promotion. To restrict 

this inordinate use of antibiotics, strict implementation of antibiotic stewardship programs 

(ASPs) is necessary in healthcare settings. With ASPs, not only are healthcare providers 

educated on ensuring that antibiotics are prescribed and used only when necessary and 

appropriate, but also antibiotic prescription, dosage, duration, and choice are monitored43.  

Moreover, in general, implementing a framework that addresses the interconnected factors 

among humans, animals, and the environment contributing to resistance is key. Such a 

framework exists in the One Health approach44. The contributions of this initiative include 

developing risk analysis guidelines for foodborne antibiotic resistance; implementing integrated 

surveillance across human, animal, environmental sectors to address sources of resistance 
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through pollution control; and monitoring antibiotic use across various sectors44. It also fosters 

global collaboration among health science professionals across related disciplines and 

institutions to achieve optimal health for humans, domestic animals, wildlife, plants, and the 

environment45. By enforcing ASPs and the One Health initiative, judicious use of antibiotics is 

guaranteed to an extent, thus slowing down the fast pace of antibiotic resistance evolution. 

Pivotal to the implementation of ASPs and mitigation of antibiotic crisis at large are improved 

diagnostics. In many low- and middle-income countries, the lack of appropriate diagnostic and 

clinical tools leads to high rates of inappropriate antibiotic use. Basic diagnostic assays, such 

as blood cultures, urinalysis, and radiographs, are crucial for medical decision-making but are 

often unavailable or too costly in these nations. Without these diagnostic assays, and sometimes 

due to time constraints, clinicians tend to prescribe antibiotics as a safeguard against severe 

infections, even when not necessary, consequently leading to antibiotic misuse and overuse. 

Studies have shown that about 50% of current antibiotic use could be prevented without adverse 

effects to patients if proper diagnostic tools were available46. Nonetheless, with advanced 

diagnostic tools that enable rapid differentiation between bacterial and non-bacterial infections, 

as well as identification of specific pathogens with their antibiotic susceptibility profiles, 

precision of antibiotic use could be enhanced, and the effectiveness of currently used antibiotics 

could be preserved. 

Another strategy to preserve the effectiveness of the once heralded miracle drugs is the 

widespread adoption of alternative therapeutics. With this, there will be less consumption 

pressure on antibiotics. Examples of alternative therapeutics are bacteriophages, bacteriocins, 

and monoclonal antibodies (mAbs). Bacteriophages, also called phages, are viruses that infect 

bacteria and are not inherently toxic to human hosts. Two forms of phages exist- temperate and 

lytic phages. The latter is preferred in phage therapy primarily because of its strict lytic cycle 

resulting in immediate host (bacteria) cell death. Historically, phage therapy has been around 

since the early 1900s with the first reported use as a therapeutic in 192147,48. However, with the 

increasing threat posed by MDR amidst dwindling antibiotics, phage therapy has made a return 

to the forefront as a potential treatment option to alleviate the antibiotic crisis. While no single 

naturally-occurring phage has all the features required to be an ideal therapeutic agent, targeted 

genome engineering of phage isolates with the desired criteria have been instrumental in 

modeling phages as therapeutics for MDRs49. In comparison to antibiotics, phage therapy offers 

specificity that spares beneficial microflora, auto-dosing at infection sites, minimal side effects, 

and compatibility with antibiotics for enhanced treatment50. Just recently, Braunstein et al. 
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employed phage-antibiotic therapy to successfully treat an MDR Pseudomonas aeruginosa 

implant-associated infection in a Siamese cat51. Moreso, several phage therapy candidates have 

reached phase III trials and may be in the market within the next five years52. However, 

challenges like bacterial resistance to phages, complex pharmacokinetics, regulatory hurdles, 

potential immune responses may hinder its widespread adoption50. Despite these obstacles, 

phage therapy holds tremendous potential for addressing the antibiotic crisis. 

Another alternative to conventional antibiotics that is gaining interest is bacteriocin. These are 

ribosomally synthesized antimicrobial peptides that are secreted by bacteria to inhibit closely 

related species by disrupting their plasma membranes via pore formation. Found in about 99% 

of bacteria, they exhibit significant diversity. This diversity could be exploited for therapeutic 

purposes53. A prominent example is nisin A produced by lactic acid bacteria, widely used as 

food preservative and adaptable for medical applications54. For instance, bacteriocins have 

shown efficacy against 29 strains of vancomycin-resistant Enterococcus (VRE), while sparing 

other pathogens55, illustrating their very little to no propensity for off-target effect and anti-

dysbiosis nature. However, challenges include the potential for resistance development under 

prolonged exposure, degradation of larger bacteriocins by environmental stresses, and their 

narrow spectrum, which limits their range of targets56. While bacteriocins are promising 

alternatives to antibiotics, careful implementation is required to address these limitations for 

broader therapeutic use. 

mAbs are another viable option that could reduce the pressure on antibiotics. mAbs are highly 

specific proteins designed to target antigens on pathogens, offering an alternative to antibiotics 

by neutralizing pathogens or provoking immune responses without inducing resistance57. They 

bypass traditional antibiotic mechanisms, offering specificity, reduced risk of resistance by 

targeting non-essential virulence factors, longer half-lives, safety, and efficacy, while 

preserving the microbiota57. While three antibacterial mAbs neutralizing the endotoxins of 

Bacillus anthracis (Raxibacumab and Obiltoxaximab) and Clostridium difficile 

(Bezlotoxumab) have received FDA approval so far, giant stride is also being made to target 

other important pathogens58,59. Just recently, Simonis et al. discovered a highly neutralizing 

mAb with broad antibiotic-like in vivo activity against MDR strains of P. aeruginosa, targeting 

the type III secretion system (T3SS) needle-tip protein PcrV60. However, mAbs are not without 

limitations. These include high production costs, challenges in accessing target antigens due to 

biofilms or capsules, and a narrow spectrum of activity57. Despite these challenges, the future 
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looks bright for mAbs to emerge as a worthy alternative to traditional antibiotics, to mitigate 

the current antibiotic crisis. 

It is quite important to note that antibiotics cannot be entirely replaced, and that in addition to 

the aforementioned strategies, tremendous drug discovery efforts will constantly be required to 

curb the current antibiotic crisis. Thus, in a local drug discovery effort, this thesis successfully 

characterized experimental drugs against two notorious bacterial pathogens, one against 

MRSA, and the other against Mtb, eventually increasing the number of potential TB drug 

targets combined with the identification of a novel mode-of-action. 
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