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Chapter 1

The increasing threat of antimicrobial resistance

Antimicrobial resistance (AMR) is increasingly recognized as a global public health crisis
that threatens the effectiveness of antibiotics and other antimicrobial agents, which have
long been vital for treating infections, performing surgeries, and managing chronic
diseases.!* AMR occurs when microorganisms — such as bacteria, viruses, and fungi —
evolve to resist the very drugs that once eradicated them or inhibited their growth.>-® This
phenomenon has led to higher medical costs, prolonged hospital stays, and increased
mortality, making AMR one of the leading causes of death worldwide, with the highest
burden in low-resource settings. In 2019, it was estimated that 4.95 million deaths were
associated with drug-resistant bacterial infections, while 1.27 million deaths could be
directly attributed to them (Figure 1).>° By 2050, these figures are projected to rise to
8.22 million deaths annually associated with bacterial AMR, indicating that AMR will
become one of the most significant healthcare challenges of the 21st century. This
alarming forecast implies that we are unlikely to achieve the proposed 10% reduction in
AMR-related mortality by 2030, as outlined in the “10-20-30 by 2030” targets.> The
diminishing availability of effective antibiotics presents a crisis wherein infections due to
multidrug-resistant (MDR) pathogens continue to rise every year, underscoring the urgent

need to explore novel compounds and alternative therapeutic strategies.'%!!

Among Gram-positive pathogens, the mortality rate associated with methicillin-resistant
Staphylococcus aureus (MRSA) has alarmingly doubled over the past three decades, and
continues to exert a substantial burden on global health systems.>'?> The treatment
landscape for infections caused by Gram-positive bacteria has become increasingly
complex, largely driven by the emergence of multidrug-resistant strains, such as MRSA,
vancomycin-resistant S. aureus, and vancomycin-resistant Enterococcus (VRE).'3>!7

However, the most imminent threat, as recently established by the World Health
Organization (WHO), is presented by carbapenem-resistant isolates of Gram-negative
bacteria such as Acinetobacter baumannii or Enterobacterales species, including
Escherichia coli.'® The inherent structural and functional characteristics of this type of
bacteria, particularly their thick outer membrane (OM) and efficient efflux pumps, have
generally proven Gram-negative bacteria to be more resistant than Gram-positive
pathogens.'®?® This complexity poses significant challenges to the development of
effective antimicrobials against Gram-negative pathogens and raises considerable

concern regarding the global rise of multidrug-resistant Gram-negative species.?!??
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Figure 1. Global deaths attributable to and associated with bacterial antimicrobial resistance by pathogen,
2019.2

While the drug-resistant bacteria discussed above present a serious and growing problem,
Mycobacterium tuberculosis remains the greatest global killer among infectious
pathogens. M. tuberculosis is responsible for more than 10 million new cases of
tuberculosis (TB) each year, with an associated >1 million deaths.?® The conventional
treatment regimen for TB typically consists of a multidrug approach administered daily
over extended periods; however, this prolonged treatment duration often results in
suboptimal patient adherence, leading to the emergence of resistant strains of the
pathogen.?*?* The escalating threat posed by extensively drug-resistant strains of TB
amplifies the urgent need for innovative antibacterial therapies and the development of
novel antimicrobials capable of effectively combating this formidable pathogen.?¢?

Without the introduction of novel and efficacious antimicrobials targeting different types
of bacteria, the capacity to manage acute infections, conduct routine surgical procedures,
administer chemotherapy, and treat chronic illnesses will be severely compromised.'®3°
Therefore, there is an urgent need for action to discover and develop new antibiotics,
which, according to current projections, could prevent over 10 million deaths attributable
to AMR between 2025 and 2050.3
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Natural products as antibiotics

The journey towards the discovery of the first natural antibiotic began in 1928, when
Alexander Fleming made a fortuitous observation that would dramatically change the
course of medicine. While conducting research at St. Mary’s Hospital in London, he
discovered that a mold called Penicillium notatum contaminated one of his petri dishes
and, in the process, eradicated surrounding S. aureus bacteria. This pivotal moment led
to the identification of penicillin (Figure 2), the first natural antibiotic, which
demonstrated a potent ability to combat bacterial infections.?! Despite its revolutionary
potential, the therapeutic application of penicillin was fraught with challenges,
particularly in the areas of purification and mass production. It wasn’t until the early
1940s, amid the context of World War II, that these challenges were systematically
addressed. Thanks to the collaborative efforts of scientists such as Howard Florey and
Ernst Boris Chain, who refined the extraction and production processes, penicillin
became widely available.3>

The success of penicillin heralded the beginning of the "Golden Age of Antibiotics," a
remarkable period that spanned the 1940s to the early 1960s. During this time, the
discovery and widespread use of a myriad of other natural antibiotics further
revolutionized clinical practice, highlighting the profound impact these medications had
on public health.?>-38 The ability to effectively treat bacterial infections not only improved
individual patient outcomes but also transformed public health metrics worldwide,
contributing to longer life expectancies and a reduction in disease prevalence. The most
notable antibiotics discovered and brought to the clinic in their unmodified forms during
this time include: streptomycin, the first aminoglycoside; chlortetracycline, the first
tetracycline; chloramphenicol, the first amphenicol; erythromycin, the first macrolide;
vancomycin, the first glycopeptide; and colistin, the first polymyxin (Figure 2).383
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Figure 2. Structures of penicillin G and several other antibiotics discovered during the “Golden Age”.3%¥
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Despite the remarkable advancements in antibiotic therapy during the “Golden Age”, the
emergence of antibiotic-resistant bacteria has significantly diminished the effectiveness
of these agents, presenting a formidable challenge for contemporary medicine. In addition
to this issue, the introduction of new antibiotics to the market has slowed, with only
daptomycin (Figure 3) emerging as a novel class of natural product antimicrobials
between 2000 and 2020.*° Daptomycin is a lipopeptide antibiotic that was originally
identified in the late 1980s, and its clinical application received regulatory approval in
2003. It is primarily employed for the treatment of serious infections caused by Gram-
positive bacteria, including MRSA strains.*'*** Daptomycin functions by disrupting the
bacterial cell membrane potential and biosynthesis, ultimately leading to cell death.** This
unique mechanism of action distinguishes it from other antibiotics, making it a crucial
option against antibiotic-resistant infections.

Daptomycin

Figure 3. The structure of daptomycin.

When looking for new antibiotics in nature, the growing incidence of rediscovery of
known compounds from established producers has made traditional screening methods
less effective.*>* This trend has prompted the hypothesis that the biosynthetic capabilities
of traditional producers have been thoroughly investigated and potentially exhausted.>>*’
However, recent advancements in sequencing technologies have provided a
comprehensive repository of genomic data.3** Once believed to be fully explored, these
technologies have highlighted a wealth of undiscovered molecules hidden within

biosynthetically capable bacterial genera. 8!

In recent years, bioinformatics tools have
made significant advancements in predicting natural product biosynthetic gene clusters
(BGCs). Tools such as antiSMASH?®? and PRISM>* have become pivotal in the analysis
of BGCs, facilitating the identification of novel clusters and their annotation using
reference data from curated databases, such as MIBiG.’* Beyond mining individual
genomes, large-scale comparative analyses are now possible through tools like BiG-
SCAPE, which enables the grouping of BGCs into gene cluster families (GCFs) based on
sequence similarity and domain architecture.>*® The combined utilization of these
techniques allows for the rapid organization of vast collections of diverse sequences,
enabling the identification of novel compounds. Such discoveries may lead to the
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emergence of entirely new classes of natural products or contribute to the diversification
of existing families of clinically relevant isolates.>”-*8

Notable examples of novel antibiotics discovered through genome mining methodologies
include the glycopeptide corbomycin, the calcium-dependent antibiotic malacidin, as well
as cationic lipopeptides such as brevicidine and laterocidine.>-%! The integration of
genome mining techniques with solid-phase peptide synthesis (SPPS) allows for the
synthesis of peptides encoded within the bacterial genome that are not typically produced
by the organism under standard conditions. A number of discoveries using this approach
have been made by the Brady group and are highlighted by the following molecules:
humimycin A and B, macolacin, and cilagicin, all of which are reported to have potent
activity against MDR pathogens.®>%4

Next-generation sequencing of microbial genomes has also rejuvenated the discovery and
characterization of diverse natural products coming from known producers of
antimicrobial compounds, pointing to the still largely untapped biosynthetic potential of
bacteria.’® A prominent example is the understudied genus Paenibacillus, renowned for
producing polymyxins, which holds promise for antibiotic discovery through modern
genome mining, metabolomics, and fermentation techniques.®*’ In recent decades,
several new classes of active antimicrobials have been identified from this genus,
including the tridecaptins, paenibacterins, octapeptins, polypeptins, and pelgipeptins. The
diversity of novel antimicrobials discovered so far highlights the remarkable biosynthetic
potential of the Paenibacillus genusand supports the idea that many more active
compounds remain to be found.®*% Therefore, we have also searched for new peptides
produced by Paenibacillus spp., with the details of this research presented in Chapter 2
of this thesis.

Another promising new approach to discovering natural products involves screening
previously uncultured bacteria. Historically, the majority of natural antibiotics identified
have originated from species that can be cultivated under controlled laboratory
conditions. Exploring previously inaccessible, uncultured bacteria opens up new avenues
in the search for unique antibiotics, as this technique can avoid the “rediscovery” problem
that arises from screening already well-analyzed species.*>’*”2 Many of these bacteria
rely on specific growth factors, such as siderophores or quinones, produced by
neighboring species.”>’* Cultivating them in their natural environments has led to the
identification of several antimicrobials with unique mechanisms of action. Significant
advancements in this field have emerged from the research conducted in the Lewis group,
leading to the discovery of several antimicrobial natural products with diverse modes of
action (Figure 4).4¢”! Among these are teixobactin and clovibactin, both of which target
Gram-positive bacteria and demonstrate a unique ability to counter bacterial resistance
mechanisms.”>’® Another compound discovered by the Lewis group is darobactin A,
which was identified as the first molecule specifically targeting BamA, a central
component of the B-barrel assembly machinery in Gram-negative bacteria.”” The most
recent addition to Lewis group’s impressive collection of antibiotics derived from
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previously uncultured bacteria is evybactin, which selectively inhibits the growth of M.
tuberculosis. The multifaceted mechanism underlying evybactin’s selectivity is
particularly intriguing: it exploits BacA, a vitamin B transporter unique to M.
tuberculosis, to gain cell entry, after which it effectively inhibits DNA gyrase.”® A
comprehensive exploration of the synthesis and structure-activity relationship (SAR) of
evybactin is detailed in Chapters 3 and 4 of this thesis.
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Figure 4. Structures of the compounds discovered from the isolates of the previously uncultured bacteria.’”>
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The history of natural product antibiotics serves as a powerful testament to their
transformative effect on public health. Notable milestones, such as the discovery of
penicillin and the subsequent “Golden Age of Antibiotics”, revolutionized the treatment
of bacterial infections, significantly enhancing life expectancy and disease management.
However, the emergence of antibiotic resistance highlights the pressing need for ongoing
research and discovery. The introduction of advanced sequencing technologies and the
investigation of previously uncultured bacteria present exciting new opportunities for
identifying novel natural antibiotics to bolster our defenses against resistant infections.
By leveraging such innovative strategies, the medical community can continue to develop
new antimicrobial agents and effectively combat infectious diseases.

The use of synthetic methods in the natural product field

The total synthesis of complex natural products has long been one of the most challenging
tasks in synthetic organic chemistry, driving the evolution of the field.” Representative
publications in this field remain among the most highly read articles in chemistry-focused
journals.®® The realm of natural product antibiotics is no exception, with multiple total
syntheses reported to date.®' In many instances, the synthetic approach serves as the only
viable means for structural identification and confirmation, making total synthesis
essential for a comprehensive understanding of molecular structures, particularly when
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spectroscopic and analytical methods fail to provide clear answers.?? As a result, total
synthesis has facilitated numerous structural reassessments of natural products across
various fields.333* Several antibiotic structures have also been revised following total
synthesis investigations. For example, the structure of glabramycin B, which
demonstrated moderate activity against Streptococcus pneumoniae, was recently
corrected through total synthesis, leading to the accurate determination of the
stereochemistries at two stereogenic centers (Figure 5).35 Similarly, the synthesis of
aspergillomarasmine A, an inhibitor of metallo-B-lactamases (MBLs), enzymes that
contribute to bacterial antibiotic resistance, revealed that several essential stereocenters
had initially been misassigned (Figure 5).8%%” Additionally, extensive NMR analysis and
total synthesis helped clarify uncertainties regarding the structure of kasarin, a marine
antibiotic previously believed to be a B-lactam but was later reclassified as containing a
pyrazin core instead.®®

Glabramycin B Glabramycin B

(proposed structure) (revised structure)
I/m NN h

Aspergillomarasmine A Aspergillomarasmine A
(proposed structure) (revised structure)

OH

Figure 5. Recent stereochemical revisions of glabramycin B and aspergillomarasmine A achieved through a
h.85—87

comprehensive total synthesis approac
A particularly notable achievement in the field of synthetic organic chemistry is the total
synthesis of penicillin, first accomplished by John Sheechan.?® While not useful for the
industrial production of penicillin, this groundbreaking work demonstrated the feasibility
of synthesizing complex natural products as well as the production of semisynthetic
analogues starting from 6-aminopenicillanic acid, a readily available intermediate
obtained by enzymatic hydrolysis of penicillin itself. This led to the development of a
variety of derivatives such as ampicillin and amoxicillin, both of which exhibit broader
activity and improved pharmacological properties than penicillin.*

In some cases, natural product antibiotics serve as a starting point for development rather
than reaching the clinic in their original form. One such example is the naturally occurring
cephalosporin C, a B-lactam antibiotic that was discovered in 1948 and then rediscovered
again in 1955.°%2 Its first total synthesis was achieved by Robert B. Woodward in 1965,
and it was presented in his Nobel lecture before being published in 1966.%3 Although
cephalosporin C did not become a clinical agent, its structure inspired numerous synthetic
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efforts, resulting in the development of various analogues.’**> The majority of these
derivatives were facilitated by the discovery of 7-aminocephalosporanic acid, a product
of the hydrolysis of cephalosporin C.*®°7 This discovery enabled the creation of
cephalosporin analogues through semisynthetic modifications, eliminating the need for
total synthesis. This led to the emergence of potent antibacterial drugs, with cephalothin

being the first cephalosporin antibiotic approved for clinical use (Figure 6).°%%
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Cephalothin
(antimicrobial agent
brought to the market)

Cephalosporin C
(discoverd natural product)

Rifamycin SV
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(discovered natural product)

Rifampicin
(further improved antibiotic)

Figure 6. Examples of antibiotics that were initially discovered in natural sources but subsequently underwent
synthetic modifications prior to their clinical application.®!%

A semisynthetic approach also paved the way for the development of rifampicin, a vital
antibiotic used to treat infections caused by M. tuberculosis and other diseases caused by
Gram-positive pathogens.!%%!! Rifampicin is part of the macrolactam antibiotic group
known as rifamycins, with the first members reported in 1959, including the prominent
example of rifamycin B.!°>!% The bactericidal effect of rifamycins stems from their
ability to inhibit bacterial DNA-dependent RNA polymerase, thereby disrupting protein
biosynthesis.!**1% Although the naturally occurring rifamycin B did not advance to drug
status, partially due to its low antimicrobial activity, a modified semisynthetic version,
rifamycin SV, received approval as a clinical antibacterial agent and is particularly
effective against TB.!% Further research yielded improved and orally active derivatives,
with rifampicin (Figure 6) emerging as a key component of the standard drug regimen
for treating TB still used today.!%%1%

Another significant milestone in the field of organic chemistry is the total synthesis of
vancomycin, a glycopeptide antibiotic that plays a crucial role in combating infections
caused by Gram-positive bacteria. The first successful total synthesis of the aglycon of
vancomycin was achieved simultaneously by the Evans and Nicolau groups in 1998,
followed by the synthesis of vancomycin itself by Nicolau’s group in 1999.107-111
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Subsequently, numerous analogues of glycopeptide antibiotics with enhanced activity
were generated using semisynthetic approaches, most notably telavancin, dalbavancin,
and oritavancin, which were each approved for clinical use between 2009 and 2014.!!2
Our research group has also contributed to the development of new vancomycin
analogues with improved activity, among which EVG7 (Figure 7) has emerged as
particularly promising. This compound demonstrates superior efficacy compared to
vancomycin against Gram-positive pathogens and can even inhibit the growth of

vancomycin-resistant strains of S. aureus and E. faecium.'’

In addition, our group has also developed several total syntheses of various peptidic
natural product antibiotics and conducted SAR studies, which in many cases also enabled
us to enhance their properties (Figure 7). A notable example of this approach is the work
done on the natural antibiotic bacitracin. While the first total synthesis of this peptide was
accomplished in 1996,''* studies in our group led to the improved synthesis of this
peptide, providing insights into the crucial role of the thiazoline group in bacitracin’s
activity.!'> Reliable synthesis, combined with SAR investigations, also led to the
development of improved analogues featuring longer lipid chains at positions 3 and 8,
demonstrating over 32-fold enhanced activity against E. faecium strains compared to
bacitracin.!'®

HaN

Modified vancomycin
(EVG7)

Modified polymyxin

Figure 7. Some of the modified analogues of natural products developed in the Martin group; modifications are
highlighted in red.!'*!1¢122
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In collaboration with the Cochrane group, we also synthesized two recently discovered
antimicrobial nonribosomal lipopeptides, brevicidine and laterocidine. With a robust
synthetic route established, we undertook extensive SAR studies that yielded several
analogues with enhanced properties, with a macrolactam analogue of laterocidine
standing out as the most prominent.''”!!* Subsequently, we carried out a similar synthesis
of another antimicrobial peptide, relacidine, that shares structural similarities with
laterocidine and brevicidine. Here, the amide version, relacidamide, preserved the activity
of the natural product while exhibiting improved stability in serum. '?°

Our group has also made contributions in the area of polymyxin analogues, focusing
primarily on strategies to mitigate nephrotoxicity without compromising antimicrobial
activity. By employing a reductively labile disulfide bond, we demonstrated that such
semi-synthetically modified polymyxin analogues remain active in vitro while exhibiting
reduced toxicity toward kidney cells due to their ability to be reductively degraded within
the cytoplasm. 21122

These and many more examples show that the landscape of natural antibiotics continues
to evolve, driven by the application of advanced synthetic methodologies aimed at
exploring and modifying these medically important compounds. From a practical
standpoint, synthetic methods can help overcome challenges in producing natural
products, in some cases ensuring sustainable and reliable access to them and their
modified analogues. This progress highlights the creativity of modern chemistry and
represents a crucial step in designing molecules capable of tackling antimicrobial
resistance, one of the most pressing challenges in contemporary medicine.

“Trojan horse” antibiotics

As previously noted, infections caused by Gram-negative bacteria are particularly
difficult to treat, primarily due to the complexity of their cell envelope.'*?? Unlike Gram-
positive bacteria, Gram-negative bacteria feature a hydrophobic outer membrane (OM)
that encloses the peptidoglycan layer, along with an interstitial space known as the
periplasm. The OM’s lipid bilayer consists of phospholipids on the inner leaflet and
glycolipids, predominantly lipopolysaccharides, in the outer leaflet. This extra layer
protects Gram-negative bacteria against potentially toxic compounds, including several
antibiotics, rendering them ineffective.!>'> However, the OM’s protective nature also
affects crucial cellular functions, particularly nutrient uptake, which is facilitated by
various embedded translocation systems that allow for selective entry. Such systems can
be classified into outer membrane receptors, porins, specific diffusion channels, or
energy-dependent transmembrane transport systems, including efflux pumps and TonB-
dependent transporters.'?® Of particular interest are the TonB-dependent transporters,
which are outer membrane proteins specific to bacteria that bind and transport a variety
of compounds across the OM, including siderophores (Figure 8 A) — small molecules that
exhibit a high affinity for iron. Bacteria produce these compounds to secure iron from
environments where this essential resource is scarce, such as in mammalian hosts.
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Siderophores also play a role in the transport of non-iron metals, signaling, protection
from oxidative stress, immunomodulation, biofilm formation, and virulence.!?’-!3
Among the more than 500 different siderophores identified and characterized to date, five
primary iron-binding motifs have been recognized: catecholate, hydroxamate, phenolate,
carboxylate, and a-hydroxy carboxylate. Those motifs are the fundamental components
of natural siderophores (Figure 8B), exemplified by enterobactin and aerobactin
produced by E. coli and K. pneumoniae, pyochelin generated by P. aeruginosa, and

acinetobactin synthesized by 4. baumannii.'>-13*
A.
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Figure 8. A. The mechanism of siderophore import in Gram-negative bacteria (E. coli) (adapted from '*?). B.
The structural diversity of siderophores synthesized by Gram-negative bacteria.'>!!3

Certain microorganisms have evolved molecular defense strategies against bacteria
wherein they synthesize and secrete compounds featuring siderophores that are covalently
linked to a toxic moiety. This adaptation allows these molecules to be actively taken up
by the target bacterial species, ultimately leading to the release of the toxic agent within
the cell, resulting in the competitor’s death. Hijacking bacteria’s own iron-uptake
mechanisms and utilizing them to deliver antibiotics that can act on intracellular targets
is often referred to as a “Trojan horse” strategy (Figure 9A). Natural products that employ
this strategy belong to the type of antibiotics known as sideromycins, with albomycin
(Figure 9B) being a notable example.!3%!33136 Discovered in 1947 during a screening of
a Streptomyces griseus strain collection for antibacterial substances, albomycin exhibits
activity against a broad spectrum of Gram-positive and Gram-negative bacteria, including
clinically significant staphylococci, streptococci, and various enterobacteria.'>”!3® The
iron-chelator component of the molecule serves as a vehicle for delivering the albomycin
warhead into both Gram-positive and Gram-negative bacterial cells via the ferrichrome-
specific transporter system. Once inside the bacterial cell, the siderophore part is cleaved,
releasing the toxic nucleoside analogue payload.'>’

Inspired by the “Trojan horse” approach, researchers began to investigate different
conjugation strategies that would facilitate the transport of previously membrane-
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impermeable molecules into bacterial cells.'?”-13%140 A notable success in this area is
cefiderocol (Figure 9B), the first siderophore-antibiotic conjugate to receive FDA
approval for clinical use.'"*! Cefiderocol is a modified cephalosporin that shares
similarities with both ceftazidime and cefepime, which are classified as third- and fourth-
generation cephalosporins, respectively.”®!#? The key structural feature that distinguishes
cefiderocol from other B-lactams is the presence of a chlorocatechol group, which
promotes the formation of chelated complexes with ferric iron, thereby facilitating
siderophore-like transport across the outer membrane of Gram-negative bacteria.'*!"!43 In
contrast, most other B-lactams penetrate the outer membrane of Gram-negatives through
passive diffusion via porin-mediated channels.'** Cefiderocol’s distinct mechanism of
action arises from two key characteristics: 1) it utilizes a siderophore-like approach for
cell entry, which leads to high drug concentrations at the target site, and 2) it shows
remarkable stability against hydrolysis from nearly all B-lactamases.'*>'%3 These factors
combined account for cefiderocol’s superior antimicrobial efficacy when compared to
carbapenems, B-lactam/p-lactamase inhibitor combinations, and advanced-generation
cephalosporins, establishing it as one of the few viable options for treating multidrug-
resistant Gram-negative pathogens.'*'47 Motivated by the success of cefiderocol, we
explored designing antibiotic-siderophore conjugates using rifampicin as the core
antimicrobial, which is discussed in Chapter 5 of this thesis.
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Figure 9. A. General idea of the “Trojan horse” strategy (generated using BioRender). B. Structures of the
siderophore-containing natural antibiotic albomycin and the synthetically developed FDA-approved
antimicrobial agent cefiderocol.'*>!4!

Siderophore-antibiotic conjugates have been designed and developed as innovative
antimicrobial therapeutics for decades, and with the recent success of cefiderocol, the
field is gaining more traction. To date, most advanced work on such conjugates has
focused on utilizing B-lactam antibiotics. However, there remains considerable potential
in exploring alternative antibiotics and other generally toxic moieties as active
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components. When combined with variations in linker strategies and types of
siderophores, the breadth of variety embodied by this class of antimicrobial therapeutics
becomes apparent, showing the infinite possibilities for designing novel antibiotics. In
the future, the advancement in the development of multiple siderophore-antibiotic
conjugates for clinical use may provide a critical piece of the puzzle in addressing the
antimicrobial resistance crisis.

Outline of the thesis

The central theme of this thesis is the exploration of multiple approaches to address the
urgent threat posed by antimicrobial resistance. This includes the discovery and synthesis
of novel natural products, as well as the implementation of synthetic modifications and
conjugation strategies to enhance the properties of previously identified natural product
antibiotics. Through a comprehensive investigation of both natural and synthetically
modified compounds, this research endeavors to contribute new insights and innovative
solutions to the ongoing public health crisis posed by antimicrobial resistance.

Chapter 2 is organized into two sections, 2A and 2B. The first section focuses on the
isolation and structural elucidation of the lipopeptides paenilipoheptin A and B, produced
by Paenibacillus spp. Although one compound from this class, paenilipoheptin A, had
been previously reported, it had never been isolated and fully characterized. Through our
efforts to isolate a sufficient quantity of material for detailed NMR studies and Marfey’s
analysis, we successfully elucidated the structure of paenilipoheptin A, as well as reported
the structure of a novel compound from the same class, paenilipoheptin B. In section 2B,
we further explored the stereochemistry of the unnatural B-amino acid and developed
methods for its synthesis. With the protected amino acid in hand, we carried out the total
synthesis of paenilipoheptin A, which enabled us to definitively establish its
stereochemical framework and confirm the structure of this natural product. Additionally,
the synthetic route developed allowed us to synthesize enough material for a
comprehensive evaluation of the biological activity of paenilipoheptin A.

Chapter 3 focuses on the development of the total synthesis of evybactin, a cyclic
depsipeptide natural product recognized for its selective activity against M. tuberculosis.
This peptide has been shown to inhibit DNA gyrase, with its selectivity largely attributed
to its ability to enter the cell through the unique mycobacterial transporter, BacA. During
our synthetic studies, we uncovered a misassignment in the previously proposed structure.
By collaborating with the Lewis group, where evybactin was initially discovered, we
successfully revised the published structure. This advancement also enabled us to design
a reliable synthetic route, with which we were able to produce the natural product in
multi-hundred-milligram quantities.

In Chapter 4, we leverage our optimized synthesis of evybactin to create a series of
analogues, thoroughly investigating the SAR of this promising natural product. To assess
the contributions of individual amino acid residues to evybactin’s antibacterial activity,
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we conducted an alanine scan of the peptide. Additionally, we explored the significance
of charged amino acids in greater detail and examined how modifications to the N-
terminus and the cyclic scaffold impact the potency of evybactin.

Chapter 5 presents a detailed exploration of the design and synthesis of rifampicin-
siderophore conjugates characterized by enhanced efficacy against Gram-negative
bacteria. Rifampicin, a well-established therapeutic agent for treating tuberculosis and
infections caused by Gram-positive bacteria, suffers from limited effectiveness against
Gram-negative infections due to its inability to penetrate the outer membrane of these
bacteria. To address this fundamental challenge of antibiotic resistance, we employed the
“Trojan horse” strategy, leveraging siderophores to exploit bacterial iron transport
systems as a means of delivering antibiotics intracellularly. To achieve this, we designed
and synthesized various rifampicin-siderophore conjugates, focusing on the critical roles
played by the linker and catechol moieties in modulating the activity of final compounds.
Using the most active conjugate identified, we further investigated its mechanism of
action and performed a comprehensive activity screen against an array of Gram-negative
bacterial strains, including isolates exhibiting high levels of resistance to known
antibiotics.

Finally, the major findings of this thesis are comprehensively summarized in Chapter 6,
where we also discuss potential future developments and the implications of the results
reported.
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