BIOTIN BIOSYNTHESIS INHIBITORS AS ANTIBIOTIC CANDIDATES



PhD Thesis — R. Gordzevich - McMaster University — Biochemistry and Biomedical Sciences

DISCOVERY AND CHARACTERIZATION OF NATURAL AND SYNTHETIC
INHIBITORS OF BIOTIN BIOSYNTHESIS AS POTENTIAL CANDIDATES
FOR ANTIBIOTIC DEVELOPMENT

By RODION GORDZEVICH, B.Sc.

A Thesis Submitted to the School of Graduate Studies in Partial Fulfillment of the
Requirements for the Degree of Doctor of Philosophy

McMaster University © Copyright by Rodion Gordzevich, July 2023



PhD Thesis — R. Gordzevich - McMaster University — Biochemistry and Biomedical Sciences

McMaster University DOCTOR OF PHILOSOPHY (2023) Hamilton, Ontario
(Biochemistry and Biomedical Sciences)

TITLE: Discovery and characterization of natural and synthetic inhibitors of biotin
biosynthesis as potential candidates for antibiotic development

AUTHOR: Rodion Gordzevich, B.Sc.
SUPERVISOR: Eric D. Brown, Ph.D.
NUMBER OF PAGES: xv; 199



PhD Thesis — R. Gordzevich - McMaster University — Biochemistry and Biomedical Sciences

Foreword
Abstract

The rise of antimicrobial resistance presents a significant public health challenge,
necessitating the discovery of novel therapies. Biotin biosynthesis has been recently
validated as an essential target of bacterial pathogenesis and a new target for
antimicrobial development. Herein, we investigate the clinical potential of synthetic and
natural biotin biosynthesis inhibitors. In Chapter 2, we attempt to develop a more in vivo
potent analog of MAC13772, a synthetic biotin biosynthesis inhibitor. MAC13772 was
previously shown to reduce the bacterial load in Acinetobactebaumanniisystemic
infection murine model with a suboptimal pharmacokinetic profile. We developed several
analogs with improved enzyme and whole-cell potencies, as well as longer half-life in
vitro. While we were unable to identify an analog encompassing all these improved traits,
this work enhanced our understanding of the limitations of the MAC13772 scaffold and
can inform our future medicinal chemistry efforts. In Chapter 3, we continue investigating
biotin biosynthesis inhibitors; however, our focus now shifts to nature. We discovered a
unique super biosynthetic gene cluster found in Streptomycesp. that produces four
distinct natural products (NPs) and streptavidin, all targeting biotin biosynthesis.
Additionally, we demonstrate that two NPs are efficacious in a multidrug-resistant
Escherichia colmurine infection model. Together, these findings highlight a promising
prospect for the development of biotin biosynthesis inhibitors as the next generation of

broad-spectrum antibiotics.
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Chapter I — Introduction
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The history and challenges of antibiotic discovery

The discovery of antibiotics in the early 20" century transformed the way
infectious diseases are treated, saving millions of lives in the process. In addition to their
direct use in treating infections, antibiotics have become an essential component of
modern medicine, accompanying complex therapies such as solid organ transplantation,
cardiovascular surgery, and cancer treatment® 2. Unfortunately, bacterial resistance began
to disseminate as soon as antibiotics began to be used in the clinic. Staphylococcus aureus
was one of the first bacteria to demonstrate antibiotic resistance in a clinical setting, only
one year after the introduction of penicillin in 19413. From that moment onward, an arms
race began between our ability to discover novel antibacterials and the ability of bacteria
to overcome them. Initially, there was plenty of success in finding new antimicrobials.
The period between the 1940s and 1960s was termed the “Golden Era” of antibiotic
discovery, as most antibiotic classes were identified during that time®*. These antibiotics
were discovered via a whole-cell screening platform that evaluated the antimicrobial
efficacy of secondary metabolites derived from soil bacteria®. This technique would later
be known as the Waksman platform, named after its inventor, Dr. Selman Waksman, and
soon became the standard in the field of antibiotic discovery®.

Over time, rediscovery became prevalent, leading to the eventual abandonment of
the Waksman approach. The golden age of antibiotic drug discovery was followed by the
era of medicinal chemistry®. The goal was to chemically modify the existing antibiotic
scaffolds to improve broad-spectrum efficacy and overcome the ever-growing resistance

to available antibiotics. However, these modifications proved insufficient, as the analogs
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were subjected to cross-resistance developed to the antibiotics of the same class’.
Continued lack of success with this approach led to diminishing returns on investment for
large pharmaceutical companies®. As a result, the companies began to gradually shut
down their antibiotic research and development (R&D) facilities. In the 1990s,
advancements in the fields of computation and robotics were initially regarded as
revolutionary for antibiotic discovery®. Several essential and conserved bacterial enzymes
were identified and screened for inhibitors against chemical libraries comprising
thousands of compounds. Unfortunately, despite discovering multiple enzymatic
inhibitors, researchers soon established that in vitro activity did not effectively translate to
whole-cell activity. The inability to identify promising leads for a marketable drug further
dissuaded private investment, leaving small biotech start-ups and publicly funded labs as
the primary driving force in antibiotic R&D°.

With a continuously increasing incidence of antibiotic resistance and failure to
bring new antimicrobial drugs to the market, clinicians are gradually left with fewer and
fewer options to treat drug-resistant infections. Cases of multi- and extensively- drug-
resistant (M/XDR) bacterial infections are becoming more prevalent with each passing
year. Specifically, finding treatments against M/XDR tuberculosis (TB) caused by
Mycobacterium tuberculosand carbapenem-resistant (CR) infections caused by Gram-
negative pathogens is of critical priority'®. Fortunately, governments and regulatory
agencies started to realize that to solve the coming crisis of antimicrobial resistance, new
push (directly lowering the cost of R&D) and pull (improving profitability) incentives

need to be put in place!!. The AMR Action Fund created in 2020 represents a prominent
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push initiative where World Health Organization (WHO), with other agencies, would
invest ~$1 billion into the antibiotic pipeline to bring two to four drugs on the market by
2030'2. Additionally, the United Kingdom announced an innovative pull incentive. The
payment for antibiotics will be provided via a ‘subscription model’, a fixed annual fee for
future access to novel antibiotics that will be kept in reserve®3. A 2022 WHO report on
the current status of the antibiotic clinical pipeline states that 45 mono- and combo-
therapies are in development against priority pathogens®. Encouragingly, six are

M. tuberculosisspecific drugs that meet all four WHO innovation criteria: no cross-
resistance, novel chemical class, novel target, and novel mechanism of action (MOA).
With respect to CR bacteria, currently only two drug-adjuvant combinations meet a single
WHO criterion, where an adjuvant belongs to a novel chemical class. Hopefully, with
reworked support from the government and industry, more innovative treatments will
enter a clinical development stage that would allow us to tackle the spread of antibiotic
resistance.

Exploring bacterial nutrient metabolism as a therapeutic target

In the 1930s, as part of an antibacterial agent screening campaign at Bayer, Dr.
Gerhard Domagk tested a collection of synthetic azo dyes in mice infected with
streptococcal strains'4. He discovered that a compound, KI1-695, was surprisingly
effective in vivobut showed no activity in vitro. Additional modifications to the molecule
yielded KI-730, patented as Prontosil, and by 1936, it began being used to treat human
streptococcal infections'®. At first, the unique activity of Prontosil was attributed to it

being a pro-drug. The azo bond would break after being metabolized in mice, yielding a
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sulfanilamide. However, while sulfanilamide was active in vivo, it still had no effect in
vitro4,

Further research showed that sulfonamide compounds competitively inhibit
dihydropteroate synthase (FolP) by mimicking the natural substrate — para-aminobenzoic
acid (PABA). FolP catalyzes the condensation reaction of PABA with 6-
hydroxymethyl-dihydropterin diphosphate, yielding dihydropteroic acid. This reaction is
required for the synthesis of folic acid, an essential coenzyme for nucleotide and amino
acid biosyntheses®®. Unlike bacteria, mammals lack the biosynthetic pathway for folate
and acquire it through their diet. Therefore, PABA availability in a host is limited during
infection and unable to suppress the activity of sulfonamides. On the other hand, nutrient-
rich media, commonly used for bacterial susceptibility testing, contains sufficient
amounts of PABA that suppresses the inhibitory activity of sulfonamides. If not for direct
testing of sulfonamides in vivo, their antibiotic activity might have never been found.

Prontosil and all the analogs that followed it continue to be an important part of
antibiotic clinical chemotherapy as the first and, currently, the only marketed inhibitors of
bacterial nutrient metabolism?®. Despite the revolutionary discovery of sulfonamides, the
majority of antibiotics that came after were identified via the Waksman platform, which
used nutrient-rich media for susceptibility testing. Thus, the search was limited to
antibiotics targeting processes that are essential for growth in the rich media, such as cell
wall synthesis, protein translation, DNA replication and transcription®. The narrow

spectrum of targets is one of the contributing factors to the rise and spread of



PhD Thesis — R. Gordzevich - McMaster University — Biochemistry and Biomedical Sciences

antimicrobial resistance. Therefore, there is an urgent need to identify chemotherapies
that act via a novel MOA.

The recent rise of transposon insertion sequencing methodology has provided an
opportunity to investigate the dispensability of genes in pathogenic bacteria during an
infection'’. In addition to the expected identification of genes encoding virulence factors
as necessary for pathogenicity, multiple genes involved in nutrient biosynthetic pathways
have also been found to be essential®®. This reliance on de novanutrient biosynthesis can
be attributed to the limited availability of nutrients at the site of infection — a phenomenon
that sulfonamides exploit'®. Carfrae & Brown recently conducted a comprehensive review
that examines the validated essential nutrient pathways for pathogens, inhibitors targeting
these pathways, and the potential of utilizing these inhibitors to treat infections'®. Thus,
expanding our scope by searching for inhibitors of other nutrient biosynthesis pathways
could be a promising avenue for antibiotic development.

Biotin biosynthesis is a promising target for antibiotic development

Biotin is an essential cofactor for carboxylation and decarboxylation reactions
involved in fatty acid synthesis, gluconeogenesis, and amino acid metabolism?. Similar
to folate biosynthesis, mammals lack the biosynthetic pathway for biotin production and
acquire biotin through their diet or gut microbiota?*. However, bacteria can either uptake
biotin from the environment or produce it de novaf the exogenous levels of biotin are
insufficient to support growth. Reliance on biotin biosynthesis is especially prominent in
pathogenic bacteria, which require it to establish an infection. Specifically, biotin

biosynthesis has been validated to be essential in vivo for M. tuberculosisMycobacterium
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abscessyd#cinetobacter baumanniklebsiella pneumoniagnd Pseudomonas
aeruginos&2’. Low biotin levels and the absence of the biosynthetic pathway in humans
make it an attractive target for antibiotic development.

The biotin biosynthetic pathway comprises two stages: the formation of a pimelate
moiety and its subsequent conversion into biotin (Fig. 1A)%°. Based on the current studies
on biotin biosynthesis, which are predominantly conducted in mycobacteria and Gram-
negative bacteria, the synthesis of a pimeloyl-acyl-carrier protein (ACP) starts with the
methylation of malonyl-ACP by malonyl-ACP methyltransferase (BioC) into malonyl-
ACP methyl ester, using S-adenosyl-L-methionine (SAM) as a methyl donor?8. Then, the
ester hijacks the fatty acid chain elongation cycle and, after two cycles, yields pimeloyl-
ACP methyl ester?®. The newly formed ester is then demethylated by pimeloyl-ACP
methy| ester esterase (BioH), producing pimeloyl-ACP and, thus, concluding the first
stage of biotin biosynthesis.

Interestingly, the first stage differs greatly among various bacterial species. To
date, at least six other evolutionary distinct pimeloyl-ACP methyl ester esterases have
been discovered. BioG?°, BioK?, BioJ¥®, BioV®!, BioUh®, and BtsA* are homologues of
BioH which fulfil the same function. In some a-proteobacteria, like Agrobacterium
tumefacienand Brucella abortusp-ketoacyl-ACP synthase 111 (BioZ) catalyzes the
formation of 3-keto-pimeloyl ACP from malonyl-ACP and glutaryl-CoA34. The
intermediate enters fatty acid synthesis, leading to pimeloyl-ACP formation without
needing both malonyl-ACP methyltransferase and pimeloyl-ACP methyl ester esterase.

The model Gram-positive organism, Bacillus subtilis lacks bioC and bioH genes and
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does not rely on fatty acid synthesis to produce the pimelate moiety. Instead, B. subtilis
synthesizes pimeloyl-CoA directly from pimelic acid using pimeloyl-CoA synthetase
(BioW)*>,

In contrast to the synthesis of the pimelate moiety, the assembly of the biotin ring
from the pimelate substrate is a highly conserved process. The first step is the formation
of 7-keto-8-aminopelargonic acid (KAPA) by KAPA synthase (BioF) from pimeloyl-
ACP (or CoA) and L-alanine. In some species, like B. subtilis BioF can only utilise
pimeloyl-CoA%®. Additionally, M. tuberculosisan utilize both L- and D- alanine®’, but it
is rather a unique exception, as D-alanine exhibits an inhibitory effect in other species®®.
The next step of biotin synthesis is the transamination of KAPA to yield 7,8-
diaminopelargonic acid (DAPA). The reaction is catalyzed by DAPA synthase (BioA)
that uses pyridoxal 5’-phosphate (PLP) as a cofactor and SAM as an amino donor. To
date, only B. subtilisBioA is known to use an alternative amino donor, L-lysine®. The
penultimate step of biotin biosynthesis is the formation of dethiobiotin (DTB). The
reaction is catalyzed by DTB synthase (BioD), requiring ATP and CO- to proceed.
Peculiarly, E. coliand Salmonella entericancode an additional DTB synthase — Bid A,
The evolutionary role of this enzyme remains unclear as it is only expressed under
anaerobic conditions and acts as a less-efficient reaction catalyst compared to BioD.
Lastly, biotin is synthesized by biotin synthase (BioB), which uses two equivalents of

SAM for the reaction.
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Figure 1. The canonical illustration of biotin biosynthesis and its transcriptional
regulation. (A) Diagram of the biotin biosynthetic pathway in M. tuberculosisaind most
Gram-negative bacteria. ACP — acyl carrier protein, KAPA - 7-keto-8-aminopelargonic
acid, SAM - Sadenosyl-L-methionine, SAMT - S-adenosyl-4-methylthio-2-
oxobutanoate, DAPA - 7,8-diaminopelargonic acid, DTB — dethiobiotin. The enzymes
conserved in most bacterial species, and reactions that utilize SAM are highlighted in blue
and green, respectively. (B) The organization of the biotin operon and its transcriptional
regulation by BirA-biotinyl-5’-AMP complex in E. coli. The operon responsible for bioH
is located separately on the genome, and its transcription is independent of biotin
concentration®.

Most commonly, the regulation of biotin biosynthesis is under the control of
biotin protein ligases (BPLs), which use biotin as a cofactor for the biotinylation of
biotin-dependent proteins and act as a repressor of the biotin operon. This type of
bifunctional BPL is known as class Il BPL, and BirA in E. coliis the best-studied
member of this class*. Once biotin binds to BirA, it is converted to biotinyl-5’-adenylate
(bio-5’-AMP). The BirA-bio-5’-AMP complex binds the promoter region responsible for
transcriptional regulation of bioABFCDgenes, halting biotin biosynthesis (Fig. 1B).
Alternatively, species like Mycobacteriunsmegmatiand Brucella melitensisncode

only class | BPLs which lack a DNA-binding domain. To compensate for that, these
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species have standalone DNA-binding repressors, BioQ and BioR, respectively*>“3, The
ligands that bind these enzymes and enact their regulatory function have yet to be
discovered. Overall, it takes 20 molecules of ATP and 4 molecules of SAM to produce a
single molecule of biotin, making it crucial for cells to stringently regulate biotin
biosynthesis due to its high energy and nutrient demands**,

Although the first stage of biotin biosynthesis is divergent in bacteria, in critical
pathogens of interest, such as K. pneumoniagA. baumanniiP. aeruginosaand M.
tuberculosisit appears to follow a "canonical” pathway including all steps from BioC to
BioH. Thus, the conservation of both stages in high-priority pathogens is encouraging for

the discovery and development of biotin-targeting antibiotics.
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To date, several natural inhibitors of biotin biosynthesis have been identified —
stravidins, acidomycin (or actithiazic acid), a-methyldethiobiotin (aMDB), a-
methylbiotin (aMB), a-dehydrobiotin (aDB) and sinefungin (Fig. 2A). Stravidins are
found in nature as di- and tri- peptides containing amiclenomycin (Acm), a non-
proteinogenic amino acid*®. Stravidins are broken down by peptidases upon entry into the
cells to release Acm, which inhibits BioA by forming an irreversible Acm-PLP adduct in
its active site*®. The 4-amino nitrogen of Acm displaces the Schiff base between Lys274
and PLP, forming a covalent bond with PLP and aromatizing the cyclohexadiene ring of
Acm in the process (Fig. 3A)*". Acidomycin is a mixed competitive inhibitor of BioB that
prevents the native substrate, DTB, from being converted into biotin*®. Additional
observations suggest that acidomycin could deplete the intracellular pools of SAM, a
cofactor for BioB and multiple other essential enzymes. The exact mechanism of this
depletion is unknown, but it is proposed that acidomycin, unlike DTB, cannot accept an
electron from SAM in its radical form while in the active site of BioB, which, in turn,
leads to unproductive radical termination and accumulation of 5’- deoxyadenosine (Fig.
3B)*8. The latter observation is what prompted the hypothesis of SAM depletion. The
potent activity of acidomycin against M/XDR mycobacterial species prompted its testing
in vivo. Unfortunately, the compound exhibited a short half-life in a rat model,

necessitating further studies to surmount this pharmacokinetic limitation“®.
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Figure 3. Mechanism of action (MOA) of BioA and BioB inhibitors. (A) MAC13772
and amiclenomycin inhibit BioA by forming irreversible adducts with PLP. (B) The
normal function of BioB (top) and inhibition of BioB by acidomycin (bottom). The [2Fe-
2S]* cluster of BioB is highlighted in blue. Atoms and electrons involved in the formation
of the tetrahydrothiophene ring of biotin are highlighted in red.

aMDB is a methylated analog of DTB that inhibits BioB, albeit less potently than
acidomycin®®. Another inhibitor of biotin metabolism, aMB, currently does not have an
elucidated MOA. Despite differing from biotin by only one methyl group, the addition of
aMB to the growth medium had minimal effect on the transcriptional repression of the
biotin operon®’. However, biotin supplementation suppresses aMB activity, suggesting
that it is indeed an inhibitor of biotin metabolism with yet-to-be-clucidated MOA. aDB is
a metabolite of biotin that has been shown to both repress the biotin operon and bind to
apocarboxylases instead of biotin, leading to the formation of inactive carboxylases® %2,
Therefore, aDB is a direct antagonist of biotin and an inhibitor of BPLs. Sinefungin is a

competitive pan-inhibitor of SAM-dependent enzymes that differs from SAM by having
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the methylated sulfonium group substituted with an amino methylene group®3. As such, it
has been observed to inhibit two SAM-dependent enzymes of biotin biosynthesis —
BioC> and BioB®®. Interestingly, in contrast to its inhibitory effect on BioC and BioB,
sinefungin acts as a substrate for BioA. This is due to SAM being an amino donor for
BioA, and sinefungin retains the necessary amino group required for the reaction®. Since
sinefungin is recognized by SAM-dependent enzymes in all domains of life, it is currently
being pursued as an inhibitor of 2'-O-RNA methyltransferase for antiviral therapy against
Zika and COVID-19 viruses®’.

The search for synthetic inhibitors has also been prolific (Fig. 2B). Zlitni et al.
discovered MAC13772, an inhibitor of BioA, by screening a chemical library against
E. coli in a minimal medium deplete of biotin®®. MAC13772 forms an irreversible adduct
MAC13772 — PLP through the same mechanism as Acm (Fig. 3A). Other researchers
also identified hydrazinobenzothiazole as an inhibitor of BioA through a fragment-based
screen. Similarly to MAC13772, hydrazinobenzothiazole forms the same type of adduct
with PLP in the active site of the enzyme. However, unlike the MAC13772 — PLP adduct,
the hydrazinobenzothiazole — PLP adduct can be competitively reversed with SAM®°,
High-throughput screen against M. tuberculosiBioA identified N-aryl, N’-
benzoylpiperazines as novel whole-cell active inhibitors with a yet-to-be-characterized
type of inhibition®. Unfortunately, the discovery efforts for inhibitors of other enzymes
of the pathway have not been as successful. Amino phosphonates, such as 8-amino-7-
0x0-9-phosphonononanoic acid, have been shown to competitively inhibit BioF, albeit

with modest inhibition and lack of whole-cell activity®®. Two competitive inhibitors have
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been identified against E. coliand M. tuberculosiBioD - 6-hydroxypyrimidin-4(3H)-one
and cyclopentyl-propanedioic acid, respectively®® %2, BioC and BioH have no synthetic
inhibitors identified to date. Lastly, disruption of protein biotinylation via inhibition of
BPLs has also been explored. Several molecules that mimic the bioactive form of biotin,
bio-5’-AMP, have been synthesized: BioA-AMS and 5-iodo-1H-1,2,3-triazole analogs®®
%4 The main drawback of developing such inhibitors is the concern for off-target effects
on human BPL - holocarboxylase synthetase (HsHCS); however, the 5-iodo-1H-1,2,3-
triazole analogs show high selectivity against S. aureusBPL in comparison to HSHCS®.
Overall, the continuous progress in this field indicates a determined desire to pursue
inhibitors of biotin biosynthesis as novel antibiotic chemotherapies.

Purpose and goals of this thesis

My thesis work has focused on discovering and characterizing natural and
synthetic inhibitors of bacterial biotin biosynthesis. Chapter 2 explores the
pharmacokinetic profile of the synthetic inhibitor, MAC13772, and the synthesis of novel
analogs designed to improve in vivo efficacy in murine infection models. Chapter 3
describes the discovery of a super BGC from actinobacteria that encodes five subclusters.
Remarkably, all five compounds produced by this cluster inhibit biotin biosynthesis. Four
compounds display potent synergistic interactions with each other. Additionally, two
compounds show efficacy in a murine model with human-like levels of biotin. Chapter 4
discusses the impact of the findings from Chapters 2 and 3 on the potential of exploring
biotin biosynthesis inhibitors for antibiotic development. It also delves into how the

search for novel super BGC can influence the current NP drug discovery platform.
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Chapter Il — Structure-activity relationship study evaluating an acetohydrazide
Gram-negative antibiotic targeting biotin biosynthesis
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Preface

The work presented in this chapter is in preparation for submission and publication:

Gordzevich, R., Sharif, S., Sinha, K., Carfrae, L.A., Buenbrazo, N.T., Scotchburn, K.,
Organ, M.G., and Brown, E.D. Structure-activity relationship study evaluating an
acetohydrazide Gram-negative antibiotic targeting biotin biosynthesis. In preparation

R.G. conducted the main experiments. L.A.C. and N.B. assisted with enzyme assays. S.S.,

K.S. and K.S. performed the synthesis of analogs. Herein, is the first draft of the
manuscript written by R.G and K.S.
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Abstract
MAC13772 is a synthetic acetohydrazide that irreversibly inhibits 7,8-

diaminopelargonic acid synthase (BioA), preventing the production of an essential
vitamin — biotin. It was recently demonstrated that MAC13772 reduced the bacterial load
in a murine model of Acinetobacter baumanrsystemic infection with a suboptimal
pharmacokinetic profile. In this study, we performed absorption, distribution, metabolism,
and excretion studies on MAC13772 to obtain a comprehensive and quantitative insight
into its overall pharmacokinetic profile. We found that liver metabolism was a major
contributor to the short half-life of MAC13772 in vivo, and we showed that pre-treatment
with 1-aminobenzotriazole, a pan-specific cytochrome P450 inhibitor, improves
MAC13772 metabolic stability and in vivoefficacy. To improve the potency of this
compound against bacteria and to enhance its stability in vivo, we synthesized a series of
73 MAC13772 analogs. We discovered that dichloro-substitutions improved the potency
against E. coli BioA up to 90-fold; however, not the activity against whole cells. We also
uncovered that a trifluoromethyl derivative was 4-fold more potent against A. baumannij
and a benzimidazole analog showed 76% greater metabolic stability in vitro. This work
enhanced our understanding of the limitations of the MAC13772 scaffold and can inform

future medicinal chemistry campaigns.
Introduction

The rise of antimicrobial resistance poses a significant public health challenge
leading to a pressing need to develop novel treatment approaches. Currently available

antibiotics primarily target cell wall biogenesis, protein translation, DNA replication and
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transcription®. However, mounting evidence indicates that nutrient biosynthesis,
specifically biotin production, represents another critical process that can be chemically
exploited®. Unlike mammals, bacteria can synthesize biotin denovoand rely on it for

pathogenesis***.

We previously identified MAC13772, an inhibitor of 7,8-diaminopelargonic acid
(DAPA) synthase (BioA)'?. MAC13772 acts by forming an irreversible adduct with
pyridoxal 5’-phosphate (PLP) in the active site of BioA, thus preventing the production of
biotin (Fig. 1A). BioA has been validated as essential for survival of multiple critical
pathogens during an infection, including Mycobacterium tuberculosts Klebsiella
pneumonia® Acinetobacter baumanfiand Pseudomonas aerugind8aEncouragingly,
MAC13772 was recently shown to be efficacious against A. baumanniin a murine

model®.

The in vivoactivity against high-priority pathogens renders MAC13772 a strong
candidate for further preclinical development. Unfortunately, MAC13772 has a poor
pharmacokinetic (PK) profile with a brief half-life (t,) of 0.3 hr®. Here, we carried out
absorption, distribution, metabolism, and excretion (ADME) studies on MAC13772 to
determine the physiological liabilities of the scaffold. Susceptibility to liver metabolism
was identified as a significant contributor to subpar PK. Combining MAC13772 with 1-
aminobenzotriazole (ABT), a cytochrome P450 (CYP450) inhibitor of oxidative liver
metabolism, demonstrated increased efficacy in vivo compared to MAC13772 treatment
alone. Additionally, we synthesized a series of 73 analogs with the goal of improving the

potency and metabolism stability of MAC13772. A trifluoromethyl derivative increased
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the potency of MAC13772 against A. baumanniby 4-fold in vitro; dichloro-substitutions
improved the potency against E. coli BioA up to 90-fold; and a benzimidazole analog
enhanced the metabolic stability in vitro by 76%. However, overall in vivo potency was
not significantly improved with any of the analogs. Despite not finding a derivative of
MAC13772 encompassing all of these improved characteristics, the insights gained from

understanding the drawbacks of the scaffold can guide future research efforts.
Results and Discussion
ADME analysis reveals MAC13772 susceptibility to liver metabolism

To identify the factors contributing to the short t, of MAC13772 in vivo, we
conducted a series of ADME assays*. First, we performed an in vitro bi-directional
permeability assay in Caco-2 cells to predict the intestinal absorption of MAC13772%4,
The assay demonstrated that 89-100% of MAC13772 was recovered in either direction
and that MAC13772 was not a substrate for the P-glycoprotein (P-gp) drug efflux pump
(Extended Data Table 1). The compound recovery fell within a normal range (80-
120%)%°, implying that intestinal metabolism or non-specific binding of MAC13772 did
not occur. Next, we determined the degree of MAC13772 binding to plasma proteins in
vitro by equilibrium dialysis. Our results showed that approximately 55% of the
compound was protein-bound in human plasma, 58% in mice plasma, and 68% in rat
plasma (Extended Data Table 2). More than 50% of FDA-approved drugs have plasma
protein binding above 83%, indicating that our values are favourable for drug distribution

in vivot®. Lastly, we conducted an in vitro metabolic stability assay in rat liver
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microsomes (RLMSs). The majority of drugs undergo metabolism in the liver via CYP450-
mediated oxidation'’. After incubating MAC13772 for 1 hr in RLMs, 56% of it was
recovered, correlating to a ty, of 1.3 hr. A suboptimal ty, in RLMs implied that liver

metabolism could be a contributing factor to the short ty, in vivo.
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Figure 1. MAC13772 is a validated in vivo inhibitor of biotin biosynthesis. (A)
MAC13772 inhibits DAPA synthase (BioA) via the formation of an irreversible PLP
adduct in the active site. (B) The percent of MAC13772 recovered after 60 min
incubation in rat liver microsomes with or without ABT. The data is represented relative
to 0 min control. **p <0.01, non-parametric Mann-Whitney test. (C) ABT pre-treatment
improved in vivo efficacy of MAC13772 against A. baumanniinfection in a murine
systemic model. C57BL/6 mice were pretreated with streptavidin (2 mg/kg, 1 hr prior to
infection) to mimic human biotin levels®. Mice were orally administered ABT (blue; 100
mg/kg) or vehicle (grey) 1 hr prior to infection. All mice were treated with a single
intraperitoneal (IP) injection of MAC13772 (15 mg/kg) 1 hr after infection. Bacterial load
was measured in the blood and organs 6 hr post-infection. Each point represents an
individual mouse, and the line indicates the mean; *p <0.05, non-parametric Mann-
Whitney test. (D) MAC13772 scaffold with highlighted subsections of the molecule
modified in the SAR analysis. Multiple simultaneous phenyl ring substitutions (M1,
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orange), ring replacement or expansion (M2, red), heteroatom substitutions to the
thioether (M3, green), and lengthening of the hydrocarbon chain between the sulfur and
the acetohydrazide moiety (M4, blue) were made to the scaffold.

Pre-treatment with a CYP450 inhibitor improves MAC13772 in vivo efficacy

To enhance the metabolic stability of MAC13772, we investigated whether a pre-
treatment with ABT, a pan-specific CYP450 inhibitor'8, could suppress liver metabolism.
Pre-treatment with ABT has proven to be useful for identifying drug candidates that have
the potential for their metabolic stability to be improved®?L, Pre-incubation of RLMs
with ABT increased the t,, of MAC13772 by 32% (Fig. 1B). Encouraged by the improved
stability in vitro, we decided to test this combination in vivo. Our findings showed that
pre-treatment with ABT resulted in an additional 82-90% reduction in bacterial load in
the blood, spleen, kidneys, and liver, compared to MAC13772 treatment alone (Fig. 1C).
The improved in vivo potency following ABT pre-treatment indicated that developing

analogs with enhanced metabolic stability could be a promising avenue to pursue.
Structure-activity relationship (SAR) studies

Modifying the scaffold to directly improve the potency via increased bacterial cell
permeability and stronger affinity to the enzyme could also enhance the activity in vivo.
The original study of MAC13772 already included a limited SAR analysis of 28
analogs??. Previous efforts yielded no analogs superior to the parent molecule. The
findings indicated that the hydrazine moiety was essential for the activity, while the
phenyl ring was required for target specificity. It was also observed that substitutions on

the ring were tolerable but led to decreased potency. Notably, chloro and methyl

28



PhD Thesis — R. Gordzevich - McMaster University — Biochemistry and Biomedical Sciences

substitutions in place of the 2-nitro group increased the minimum inhibitory
concentrations (MIC) by 2-fold. Nitroaromatic compounds are prone to metabolism via
reduction to aniline??. Accordingly, we hypothesized that replacing the nitro group with
near preservation of potency would be favourable for metabolic stability. Overall, this

work served as a valuable starting point for the new medicinal chemistry endeavour.

Several types of scaffold modifications were not sufficiently explored in the
previous study. These include multiple simultaneous substitutions on the phenyl ring
(M1), ring replacement or expansion (M2), replacement of the thioether moiety (M3), and
varying the alkyl chain length between the sulphur and the acetohydrazide moieties (M4)
(Fig. 1D). Accordingly, we explored the impact of these modifications both individually
and in combination on the potency towards E. coli BioA (EcBioA). Fourteen analogs had
lower half-maximal inhibitory concentration (1Cso) values against EcBioA than the parent
molecule (1, 0.280 uM). Ten of them belonged to M1 modifications — four dichloro (10-
13, 0.003-0.088 pM), four alkyl (19, 22, 26, 28; 0.023-0.223 uM), 2-methoxy (24, 0.241
MM) and 4-CFs3 (32, 0.109 uM) ring substitutions (Table 1); two M2 modifications — 4-
pyridine (40, 0.097 uM) and 2,4-pyrimidine (41, 0.193 uM) replacements of the phenyl
ring; one combination of M1 and M2 modifications — 4-CF3 substitution and 2-pyridine
replacement of the phenyl ring (43, 0.074 uM); and one combination of M1 and M3
modifications — 4-PhF substitution and S to O replacement (14, 0.252 uM). M3
modifications could only be tolerated (<2-fold increase in 1Cso) in combination with M1
modifications — 2,4-Cl with S to O (7, 0.580 uM) and 4-Me with S to CH; (20, 0.362

MM). In summary, dichloro substitutions led to the most dramatic increase in potency —
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up to 90-fold better inhibition of EcBioA compared to MAC13772. Any three or greater
M1 substitutions, ring expansion M2 and all M4 modifications were detrimental to the

enzyme inhibition.

After establishing the most potent inhibitors of EcBioA, we investigated whether
their activities would translate to A. baumanniBioA (AbBioA). MAC13772 had a similar
ICs0 against the enzyme (0.269 vs. 0.280 uM). 13, 28 and 32 all had similarly lower ICso
values against the AbBioA (0.009, 0.018, 0.022 uM). The conservation of potency was
anticipated since the catalytic residues in the active sites of both enzymes are conserved
and previously shown to be a good predictor of activity®. Overall, our medicinal
chemistry campaign revealed that the MAC13772 scaffold is more amenable to

alterations than previously thought.

After identifying potent enzyme inhibitors, we sought to evaluate their whole-cell
activity. Bacterial susceptibility testing of MAC13772 and analogs was performed in
biotin-free and biotin-containing media. Supplementation with biotin was required as a
control for non-specific activity, which was observed with previously synthesized
hydrazides lacking the phenyl group®?. The MICs were determined against wild-type
(WT) A. baumanniATCC 17978 and four strains of E. coliBW25113: WT, an efflux-
deficient strain (AtolC)?3, a hyperpermeable strain constitutively expressing a truncated
version of the FhuA pore (WT-pore)?*25 and a hyperpermeable efflux-deficient strain
(AtolC-pore). We used A. baumanniATCC 17978 because it serves as a model organism
in our systemic infection murine model designed to test inhibitors of biotin biosynthesis®.

Testing hyperpermeable and efflux-deficient E. colistrains allowed us to assess whether
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the newly synthesized analogs are hindered by a permeability barrier or function as

substrates for the AcrAB—TolC efflux pump.

All synthesized analogs had >4-fold higher MICs (>64 png/mL) against E. coliWT
in comparison to MAC13772, with the majority having no activity (Table 1). E. coli
AtolC was susceptible to a broader spectrum of analogs. However, their potency was
equivalent or lower compared to the parent compound. In total, 19 AtolC-active
compounds had MICs <4-fold (16-64 pg/mL) of MAC13772. Eight of them were among
the most potent enzymatic inhibitors. E. coli pore and AtolC-pore showed no
enhancement in susceptibility compared to E. coli AtolC. 46 showed non-specific activity,
evident by the lack of change in MIC with biotin supplementation. Strikingly,
A.baumanniiwas more susceptible to the analogs, with 15 of them having a MIC <4-fold
(<32 ng/mL) of MAC13772. 43, 4-CFs-2-pyridine derivative, was the most potent
compound with a 4-fold lower MIC of 2 pg/mL. Nine analogs were among the most

potent ECBIi0A inhibitors as well.
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Table 1. Antibacterial activities and 1Cso values of MAC13772 and its analogs.

Compound

1: R = 2-NO,, X = S; MAC-13772
2:R=2-N0,, X=0
3:R=2-NO,;, X=NH

4: R =2-NO,, X =CH,
5:R=4-Br,X=0
6:R=2-CLX=0
7:R=24CLX=0
8:R=23456-CLLX=5
9:R=26-CLX=S
10:R=25-Cl,X=8
11:R=35CLX=58

12: R=24-Cl,X=8
13:R=23-CL, X=§

14: R =4-PhE, X =0

15: R=235,6-F, X=8

16: R=34-F, X=5

17: R=2-Me, 4-F; X=0

18: R = 3-F, 4-OMe; X = CH,
19: R=2-iPr,X=§

20: R=4-Me; X =CH,

21: R =2-Me, X = NH
22:R=2-Me,X=8§
23:R=2-Me,X=0
24:R=2-OMe, X =8

25: R =2-OMe, X =S50

26: R=2.5-Me,X=8
27:R=2,6-Me, X =8

28: R=46-Me, X =8§

29: R=246-Me, X =8

30: R = 2-Me, 4-Boc-Piperazine; X =S
31: R =2-Me, 4-Me-Piperazine; X = §
32:R=4-CF;,X=8
33:R=2-CF3,X=8§

34: R =2-CF3, X =80,
35:R=2-CF;, X=S0

36: R=2-CF3, X=0

37: R=2-CF;, X=NH

0
x\)k NH
AN N/ 2
H

R—l /
A. baumannii E. coli BW25113  E. coliBW25113  E. coli BW25113  E. coli BW25113  E.coli  Abaumannii
ATCC 17978 WT WT AtolC pore AtolC-pore  BioAICsy  BioA ICs,
-biotin  +biotin  -biotin  +biotin  -biotin  +biotin  -biotin  +biotin  -biotin  +biotin uM
=256 =256 =256 =256 =256 0.269

256 =256 >256 256 128 =256 >256 =256 >256  >236 5.2

128 >256 256 =256 256 >256 256 =256 256 =256 3

256 =256 256 =256 256 256 =256 =256 >256 256 71.29

256 =256 256 256 256 =256 >256 256 >256  >236 5

256 >256  >256 256 =256 >256  >256  >256 256 256 9.67

64 >256 =256 =256 256 >256 =256 =256 =256 =256 0.58 0.3
=128 =128 =128 =128 64 =128 =128 =128 128 =128 1.9

256 =256 256  >256 128 =256 >256 256 256 =256 0.486
PG -os6 =256 =256 128 256 256 »256 128 256

=256 =256 =256 >256  >256 =256 =256 =256 256 =256
- =256 128 >256 256 64 >256 256

64 =256 128 =256 - 128 128 =256 128

=128  >128 =128 =128 64 128 =128 >128 128

256 >256 256 >256 64 >256 256 >256 256 =256 2.53

128 =256 256 =256 128 =256 256 =256 128 =256 0.485

256 =256 >256 =256 >256  >256  >256  >236 256 =256 12.12

=256 =256 256 =256 128 >256 =256 =256 =256 =256 0.637

128 =256 256 =256 - =256 256 =256 - =128 -

128 =256 256 >256 128 =256 256 >256 128 =256

256 >256 256 =256 256 =256 =256 =256 =256 =236 1483
- =256 256 >256 - 128 128 >256 64 =256 -

256 =256 =256 >256 256 =256 =256 =256 >256  >2356 4.4

64 =256 =256 =256 =256 =256 256 =256 256 =256 -

5256 >256 256 >256  »256 256  >256  >256 256 >256 13.93
- >256 =256 =256 128 >256 =256 =256 128 256

256 =256 256 =256 »256 =256 =256 =256 =256 =256
P a6 s s2s - 128 128 >256 [WIBNN| >256

=256 =256 256 =256 64 256 >256  >256 256 256 0.873

=256 =256 =256 =256 =256 =256 =256 256 -

=256 =256 256 256 =256 256 >256 - 256 0.687

2256 =256 256 256 sas6 256 64 =250 [OMGON 003

- =256 128 >256 =256 128 >256 - =256 0.46 0.095
>256 =256 =256  >256 =256 256  >256 =256  >256 =256 13.36

=256 =256 =256 =256 >256 =256 =256 =256 =256 =256 1000

5256 >256 256 256 256 5256 >256 256 =256 >256 10.65

256 >256 =256 =256 256 >256 =256 =256 256 =256 1.7

Minimum inhibitory concentrations (MICs) are shown in pg/mL. The red gradient
represents lower MIC. The blue and green gradients represent lower ICso. All values are
representative of at least two replicates. n.d. — no detectable enzyme inhibition.
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A baumannii  E. coli BW25113  E. coli BW25113  E. coli BW25113  E. coli BW25113  E.coli  A.baumannii

Compound ATCC 17978 WT WT AwlC pore AtolC- pore BioAICsy  BioAICs
“biotin _ ~biotin _-biotin _ +biotin _-biotin _ +biotin _-biotin _ +biotin _-biotin _ +biotin M
S. :
W Sy 38 256 >256  >256  >256 128 =256 >256  >256 128 256 6101
o
CF;
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(ZYS\)J\:/M 40: X=CH.Y=N,Z=CH >256 256 >256 64  >256 256  >256 128  >256
A 41:X=N,Y=CH,Z=N >256 256 >256 =256 >256  >256  >256 =256  >256
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x Ny
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o
p d 47: R =4-CF; >256 >256 >256 >256 >256 >256 >256 >256 >256 >256 106.8
H
P N
w48 R = 2-CF; >256 >256 >256 >256 >256 >256 >256 >256 =256 >256 4250

2 P
2 \/”\.( 49:X=5 B -6 >256 o5 EEMN 256 256 256 (BN 256 o2

N 50: X=0 128 =256 >256 >256 64 128 >256 >256 128 128 3212

L0 s1 256  >256 256  >256  >256 256  >256  >256 256  >256 1255
0
=
y
N 52 5256 %256 >256  >256 256 >256  >256 256 >256 5256 963
o
o
s\ﬁ)j\ oy S3n=1 128 5256 >256  >256 128 >256  >256  >256 128 256 1392
-
N
O/ ©N san=2 5256 256 >256 256 128 >256  >256 256 128 256 1053
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o
s I w51 x=cH 5256 5256 >256 256 5256 >256 256 256 >256  >256 9485
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XNG

(\lrs\/ﬁ\x/"’*

ot 59 2256 >256 256 >256 256 >256 256 >256 256  >256 2285
/
o
N 5\)]\ P
N N’
i
7: 60 P 26 26 256 256 256 26 256 128 128 149
o
Nﬂw)j\s/"‘;
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o
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A. baumannii E. coliBW25113  E. coliBW25113  E. coli BW25113  E. coli BW25113 E. coli A.baumannii

Compound ATCC 17978 WT WT AtolC pore ArolC- pore BicAICs;  BioAICs,
-biotin ~ +biotin  -biotin  +biotin  -biotin  +biotin  -biotin  +biotin  -biotin  +biotin pM
l N\>_\ 64: X =CH,, Y =CH; =256 =256 =256 =256 =256 =256 =>256 =256 =256 =256 n.d
N
= 5 65: X =N,Y =CH, 128 =256 =256 =256 256 =256 =>256 =256 256 =256 n.d
X ! 66: X=CH, Y=N =256 =256 =256 =256 =256 =256 >256 =256 =256 =256 n.d.
%
\)I\ -~
S
i
67 =256 =256 =256 =256 128 =256 =256 =256 64 =256 0.791
soMe
P ° 68:R=H,X=0 =256 =256 =256 =256 =256 =256 =256 =256 =512 =256 n.d
x\)k A afn‘)‘ R=H,X=8 =256 =256 =256 =256 =256 =256 =256 =256 =256 =256 nd
W
@: " o 70: R=Me, X =5 =256 >256 =256 >256 >256 =256 >256 =256 =256 =256 n.d.
WOy
i Y TI:R=2-F 256 =256 256 =256 256 =256 256 =256 256 =256 19.43
N
= ~
u—: b 72: R = 4-NO, 128 =256 256 =256 128 =256 =256 =256 =256 =256 97.71
==
o Ny
S\A /)\
C{ ¥ HH; 73 >256 >256 =256 >256 >256 =256 ~256 >256 =256 =256 n.d.
no,

Benzimidazole analog has greater metabolic stability in vitro

Nine compounds were active against A. baumanniiwith a MIC < 2-fold compared
to the parent compound. We selected them for in vitro metabolic stability assay in RLMs.
All tested analogs had an equivalent or reduced t,, compared to MAC13772, except for 60
(Fig. 2A). It had a ty, of 2.30 hr, corresponding to a 76% improvement in the t, over the
parent compound. Compound 60 has a methylbenzimidazole group in place of the phenyl
ring. This modification eliminates the nitro group that is susceptible to metabolism, which

could explain the enhanced tv, of the analog.
Best in vitro improved analogs are not superior to MAC13772 in vivo

After the discovery of analogs with better whole-cell potency or metabolic
stability in vitro, we tested a subset of compounds in the A. baumannianimal model. The
compounds did not significantly improve bacterial load reduction compared to

MAC13772. Unfortunately, 43, the most potent analog, and 60, the most stable analog,
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exhibited markedly lower efficacy than MAC13772. While we focused on optimizing the
scaffold to enhance resistance against oxidative liver metabolism, we overlooked the
potential contribution of excretion to the ty, of MAC13772 in viva. It is possible that
excretion plays an equally significant role, and further studies should concentrate on

identifying the mechanisms responsible for renal clearance.
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) ‘ 108-
Sl A. baumannii MIC  In vitro tip
(ng/mL) (hr)
MAC-13772 8 1.30 107
T
: o
26 8 0.82 LL
39 8 137 O .
60 8 229 106+
10 16 0.39
22 16 0.92
32 16 0.62 5
44 16 1.19 10 1

Blood

Figure 2. In vitro metabolic stability and in vivo efficacy of analogs compared to
MAC13772. (A) In vitro t, of MAC13772 and its most potent analogs against A.
baumanniiin rat liver microsomes. The red gradient represents a longer t... (B) Analogs
of MAC13772 show no improvement in bacterial load reduction of A. baumannii
compared to the parent molecule in a murine systemic model. C57BL/6 mice were
pretreated with streptavidin (2 mg/kg, 1 hr prior to infection) to mimic human biotin
levels as previously established®. Subgroups of mice were treated with a single
intraperitoneal (IP) injection of MAC13772 (grey; 25 mg/kg), 10 (blue; 25 mg/kg), 7
(orange; 25 mg/kg), 44 (green; 25 mg/kg), 43 (peach; 15 mg/kg) and 60 (purple; 15
mg/kg) 1 hr after infection. Bacterial load was measured in the blood 6 hr post-infection.
Each point represents an individual mouse, and the line indicates the mean.

Conclusions

MAC13772 is an inhibitor of biotin biosynthesis that showed promising activity

against Gram-negative pathogens in vivo, although its activity is limited by its low
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bioavailability in vivo. In this study, we synthesized a series of analogs in an attempt to
enhance MAC13772 potency and metabolic stability. While we identified multiple potent
enzymatic inhibitors of ECBi0oA, their activities were lost in a whole-cell assay against the
WT strain. Efflux deficiency enabled the activities of analogs, but, unfortunately, their
MICs were not lower than that of MAC13772. In contrast, A. baumannidemonstrated
increased susceptibility to the analogs, particularly 43, which exhibited 4X greater
potency than MAC13772, while 60 showed greater stability against oxidative liver
metabolism compared to the parent compound. However, we were unable to identify an
analog that possessed all the improved properties simultaneously. Nonetheless, our

findings provide valuable guidance for future modifications to the MAC13772 structure.
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Extended Data Tables

Extended Data Table 1. MAC13772 percent recovery from the in vitro bi-directional
permeability assay.

| % Compound Recovery

Test Article A-B B-A A-B B-A

Individual Mean |Individual Mean Individual Mean |Individual Mean
33.9 36.5 43.8 38.8 1.06 95.2 96.4 93.6 93.2

Paop X 10°° cvsec |

Efflux

1 pM MAC-13772

39.1 33.8 95.5 92.7
1M MAC-13772 + 41.0 40.2 35.7 34.7 0.86 87.9 89.3 102.6 97.9

100 UM Ketoconazole  39.3 33.6 90.6 93.1
36.8 38.3 33.1 34.2 0.89 93.0 93.7 96.9 99.9

WOWMMAC-13772 49 35.2 94.3 102.8
10 yM MAC-13772 + 39.6 37.9 34.4 35.9 0.94 91.0 89.6 102.1 1015

100 UM Ketoconazole  36.1 37.2 88.2 100.9
. 41.2 379 35.8 37.9 1.00 86.8 85.3 91.7 92.1

100 M Diazepam ., o 40.0 83.8 925
L 0.09 0.08 0.34 0.64 8.00 92.4 94.4 98.6 98.6

100 uM Ganciclovir 0.06 0.93 96.3 98.6
L 0.69 0.62 13.6 9.5 15.3 89.3 88.5 96.9 96.5

100 M Digoxin 0.54 5.39 87.6 96.1
1 pM Digoxin + 100 2.03 171 241 2.46 1.44 89.7 91.1 94.3 96.1

UM Ketoconazole 1.38 2.51 92.5 97.8
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Extended Data Table 2. Percent of MAC13772 bound to proteins in the rat, mouse,
and human plasma.

Species Nom'”al(fgc;gf;mra"o” Buffer Chanrber (ug/imi) Samp(ﬁ;n':;mber %Bound  Mean sD
3 0.410 1.30 68.5 715 2.68
3 0.361 1.35 73.3
3 0.379 1.40 72.9
10 1.72 457 62.4 68.1 5.07
Rat Plasma 10 1.37 459 70.2
10 131 4.66 71.9
30 4.85 136 64.3 64.6 1.48
30 4.92 13.4 63.3
30 4.63 13.7 66.2
3 0.524 151 65.3 60.9 4.96
3 0.715 1.87 61.8
3 0.743 1.67 55.5
10 1.88 4.66 59.7 57.7 4.87
Mouse Plasma 10 2.38 6.16 61.4
10 2.39 5.00 52.2
30 6.20 135 54.1 53.4 0.70
30 6.51 14.0 53.5
30 6.78 143 52.6
3 0.579 1.36 57.4 56.9 3.88
3 0.609 1.29 52.8
3 0.557 1.41 60.5
10 2.08 4.71 55.8 56.3 1.74
Human Plasma 10 1.85 4.10 54.9
10 1.87 4.48 58.3
30 6.30 138 54.3 54.8 0.51
30 5.98 13.4 55.4
30 6.19 13.7 54.8
Extended Data Table 3. Bacterial strains used in the study.
Strain Source
WT Lab Stock
Escherichia coli At ol C 23
BW25113 pore 25
At o-po@ 25
Acinetobacter baumanni WT Lab Stock

ATCC 17978
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Methods
Chemical reagents

CacoReady™ HTS Transwell®-24 plates consisting of differentiated Caco-2 cells
plated on polycarbonate microporous filters (6.5 mm diameter, 0.33 cm? growth area, and
0.4 um pore size) were purchased from ADMEcell, Inc. (Emeryville, CA). Sprague-
Dawley (SD) rat plasma, CD-1 mouse plasma, and human plasma were purchased from
BiolVT. Pooled SD rat liver microsomes were purchased from Corning. ABT was
purchased from MedChem Express. KAPA hydrochloride was purchased from Cayman
Chemical Company. DAPA dihydrochloride was purchased from Toronto Research
Chemicals. Streptavidin was purchased from Neuromics. M9 minimal medium and DTT
were purchased from Fisher Scientific. All other chemicals used in this study were

purchased from Sigma-Aldrich.

In vitro bi-directional permeability assay

The CacoReady™ plate was placed in a 37 °C incubator for 4 hr to let the
shipping medium liquefy completely after which the shipping medium was replaced with
supplemented DMEM (Dulbecco’s Modified Eagle Medium) and incubated for 72 hr
prior to incubation with MAC13772. On the day of the experiment, the integrity of the
cell monolayer was assessed by measuring the TEER (transepithelial electrical resistance)
value in each well using an epithelial volt-ohm meter (EVOM instrument, World
Precision Instruments). A TEER value greater than 1000 Qcm? indicated that the barrier
system was acceptable for use in the experiment. For apical-to-basal permeability (A-B),

test and control compound solutions were prepared in Hanks’ Balanced Salt Solution
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(HBSS) at pH 6.0 and added to the apical side of the cell monolayer. For basal-to-apical
permeability (B-A), test and control compound solutions were prepared in HBSS at pH
7.4 and added to the basal side of the cell monolayer. Permeability through the cell barrier
was measured by taking aliquots from the receiving compartment - from the basal side
(lower compartment) for A-B permeability and from the apical side (upper compartment)
for B-A permeability.

Incubations with MAC13772 (1 and 10 uM final) were performed in duplicate
wells in each direction (A-B and B-A). Control incubations were performed in single
wells (due to the limited number of wells on the 24-well plate) in both the A-B and B-A
directions. Aliquots (100 puL) were removed from the appropriate compartments at
different time points (30, 60, 90 and 120 min) and transferred to new tubes (MAC13772
samples) or directly into scintillation vials (radiolabeled controls), then replaced with
equal volume of fresh medium. Aliquots were removed from the donor wells at the
beginning and end of each experiment to determine the recovery of MAC13772. Aliquots
collected at each time point were analyzed after the completion of the experiment.
Controls consisted of a) 100 uM diazepam (mix of unlabeled and *C-labeled, 0.25
uCi/ml) for high permeability, b) 100 uM ganciclovir (mix of unlabeled and *C-labeled,
1 uCi/ml) for low permeability, c¢) 1 pM digoxin (mix of unlabeled and *H-labeled, 1
uCi/ml) as a substrate of P-glycoprotein (P-gp), and d) 1 uM digoxin (mix of
unlabeled and ®H-labeled, 1 uCi/ml) with 100 uM ketoconazole, a known inhibitor of P-

gp transport. For incubations in the presence of ketoconazole, a solution containing the
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test or control compound and ketoconazole was prepared in the appropriate transport
buffer and added to either the apical or basal side of the cell monolayer.

Radiolabeled control samples (containing *C-diazepam, **C-ganciclovir and 3H-
digoxin) were analyzed by liquid scintillation counting. MAC13772 samples were diluted
with water/acetonitrile (50:50) containing internal standard into a 96-well plate as
follows: donor samples (0 and 120 min) were diluted 11-fold with 5 ng/mL ethyl
nicotinate; receiving well samples (30, 60, 90 and 120 min) were diluted 2-fold with 5
ng/mL ethyl nicotinate. Diluted samples were analyzed by LC-MS/MS API Sciex 4000™
equipped with CTC-PAL HPLC autosampler in multiple reaction monitoring modes using
positive-ion electrospray ionization.

Plasma protein binding assay

Plasma calibration standards (0.2, 1.5, 3, 6, 15, 20, 35, and 40 pg/mL) and Quality
Control samples (QCs; 0.6, 10, and 30 pg/mL) were prepared in blank plasma as
described below. A separate primary stock solution of 10 mg/mL MAC13772 was
prepared in DMSO. The primary stock was then used to prepare multiple spiking
solutions by diluting acetonitrile (ACN). One volume of spiking solution was added to 99
volumes of blank plasma to attain nominal concentrations of standards and QCs with a
final non-plasma matrix of 1.0%. These calibration standards and QCs were prepared
fresh daily using previously prepared ACN spiking solutions (frozen at -20°C). The
calibration standards were analyzed in duplicate, while QC samples were analyzed in

triplicate on each day of study sample analysis. Plasma samples for the dialysis
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experiments were prepared using the concentrated spiked plasma described above to give
samples at 3, 10 and 30 ug/mL MAC13772.

The plasma samples containing MAC13772 were dialyzed against PBS (pH 7.4)
using the Thermo Scientific Rapid Equilibrium Dialysis (RED) plate system (Pierce,
Rockford, IL). Each unit in this system comprises two side-by-side chambers separated
by an O-ring-sealed dialysis cellulose membrane, which has a molecular weight cut-off of
approximately 8000 Da. The experiment was performed in triplicate for each
concentration. Plasma samples (200 pL) were placed in the sample chamber of the
dialysis unit, and PBS (350 pL) was placed in the adjacent buffer chamber. These
volumes were used according to the manufacturer’s recommendations to prevent changes
to the volumes within the two chambers. All sample wells were covered with sealing tape,
and the equilibrium dialysis unit was incubated at 37°C shaking for 4 hr. Upon
completion of dialysis, 50 uL of the dialyzed plasma was mixed with 50 uL of PBS
before extraction by precipitation with ACN. Similarly, 50 pL of the solution in the
buffer chamber was mixed with 50 pL of blank plasma from the appropriate species for
extraction. All resulting samples were, therefore, 50% plasma by volume.

A control experiment was conducted parallel to the plasma protein binding
assessment to determine whether MAC13772 is freely permeable across the dialysis
membrane in these units. Replicate 0.2 mL aliquots of MAC13772 were spiked into PBS
at the three concentrations tested and placed in the sample chamber, and 0.35 mL
unspiked PBS was placed into the buffer chamber. The wells were covered with sealing

tape, and the unit was incubated at 37 °C for 4 hr. Following incubation, 50 pL of the
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sample chamber contents and the buffer chamber contents were mixed with 50 uL of
blank rat plasma in microfuge tubes prior to extraction. These samples were measured

against the calibration standards prepared in human plasma.

Calibration standards were processed in duplicate, and QC samples were
processed in triplicate in 2-mL 96-well plates by mixing 50 pL of plasma standard or QC
with 50 pL of PBS (pH 7.4) to produce a sample consisting of 50% plasma by volume,
similar to the dialysis samples. Separate calibration curves were prepared for each of the
three species examined in this study to measure MAC13772 concentration in the QC and

experimental dialysis samples for that species.

Each of the dialysis samples, calibration standards, and QC samples (sample
volume 100 pL; 50% plasma by composition) received 400 pL of internal standard
solution (25 or 50 ng/mL ethyl nicotinate in ACN, for MAC13772, respectively) and
were vortexed 10 min. These mixtures were then centrifuged at 4000 rpm for 10 min.
After which 50 pL of the supernatant was transferred to a clean 2-mL 96-well plate and
diluted 5-fold with ACN:water (50:50) with 0.1% formic acid. These mixtures were
vortexed briefly and then analyzed using LC-MS/MS API Sciex 4000™ equipped with
CTC-PAL HPLC autosampler in multiple reaction monitoring modes using positive-ion

electrospray ionization.

In vitro rat liver microsomes stability assay

MAC13772 and its analogs at 10 uM were added to pooled SD rat liver

microsomes (active and heat-inactivated at 0.5 mg protein/mL) in 0.1 M PBS (pH 7.4).
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The final concentration of DMSO was 0.3%. For the ABT inhibition experiments,
microsomes were preincubated with 1 mM of ABT for 30 min prior to compound
addition. Midazolam, a known substrate for CYP3A4, was used as a positive control for
oxidative liver metabolism. After the addition of compounds, the reactions were initiated
with a water solution of 2.5 mM NADPH and 3.3 mM MgCl; and incubated at 37 C. At
0, 15, 30 and 60 min, 100 pL was removed and quenched with 200 pL 100% acetonitrile
(ACN). Following 1 min vortexing and 10 min centrifugation at 16,000 x g, the
supernatants were carefully removed and aliquoted into LC/MS sample tubes. The
samples were analyzed on Agilent 6550 iFunnel Q-TOF mass spectrometry equipped
with an inline Agilent 1290 HPLC system using electrospray ionization in positive mode
with a mass scan range of 50-1000 m/z. Calibration curves were prepared for each
compound in the same water-to-ACN ratio (1:2) and DMSO content. All samples were

prepared in duplicate.
A. baumannii systemic mouse infection model

All mouse experiments were performed in the Central Animal Facility at
McMaster University under animal use protocol 20-12-43 as approved by the Animal
Research Ethics Board. Six- to ten-week-old female CD-1 mice were used for all
experiments. Systemic infection with A. baumanniATCC 17978 was established in an
immunocompetent C57BL/6 mouse. Mice were pre-treated with 0.2 mg/kg of streptavidin
dissolved in sterile water per a previous study®. For the ABT pre-treatment experiment, a
subset of mice was orally administered ABT (100 mg/kg). After 1 hr, mice were infected

intraperitoneally with ~1x10° CFU of bacteria suspended in 5% porcine gastric mucin
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PBS solution. One hour post-infection mice were treated intraperitoneally with a vehicle
or a single dose of MAC13772 or its analogs. The vehicle was 5% DMSO, 30% PEG300
and 65% sterile water. The experimental endpoint was defined as 6 h after infection. The
blood (from the facial vein), spleen, kidneys and liver were collected, homogenized,

diluted and plated on LB agar to determine the bacterial load.
Expression of recombinant BioA

E.coli BioA was isolated using the AG1-pCA24N-bioA (JW0757) from the ASKA
library?’. Overexpression of BioA was induced with 0.1 mM isopropyl-B-D-
thiogalactoside when the culture reached an ODeoo of 0.5. Cells were harvested by

centrifugation 3 hr after induction. The cell pellet was frozen at -20 °C.
Purification of recombinant BioA

All steps were carried out at 4 °C; alternatively, protein samples were kept on ice.
Recombinant BioA was purified by nickel-affinity chromatography using a 5 mL HisTrap
HP column (Cytiva Cat. No. 17524802). The column was washed with buffer A (50 mM
HEPES pH 8, 500 mM NacCl, 100 uM PLP and 50 mM imidazole), and the protein was
eluted with a linear gradient of 0-500 mM of imidazole. Fractions were analyzed by
SDS-PAGE, and those containing pure His-tagged protein were pooled and dialyzed with
SnakeSkinTM 10K Dialysis Tubing (Thermo Scientific TM Cat. No. 68100) against final
storage buffer (50 mM HEPES pH 8 and 10% glycerol). Dialyzed protein was
concentrated with Vivaspin 20 MWCO 10 000 (Cytiva Cat. No. 28932360). The

concentration of the protein was analyzed by Nanodrop ND-1000 UV-Vis using the
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protein extinction coefficient of 63,535 calculated by ProtParam-Tool (Expasy) and

stored in 50 pL aliquots at -80 °C.
Standard BioA enzymatic reaction

The reaction catalyzed by BioA was carried out as described previously?®, with
slight modifications. The enzymatic reaction mixture comprised 100 mM HEPES pH 8.5,
1 mM dithiothreitol, and varying concentrations of KAPA and S-adenosyl methionine.
The KAPA and S-adenosyl methionine concentrations were 25 uM and 0.5 mM,
respectively, while the other substrate was varied. The reaction was initiated by the
addition of 200 nM BioA after 2 min of preincubation of the substrate mixture at 37 °C.
To stop the reaction, 150 pL of derivatizing solution comprising o-phthaldialdehyde/2-
mercaptoethanol reagent, 0.26 M sodium borate buffer pH 9.4 and ethanol were added.
The reaction was incubated at room temperature for 2 hr, and the fluorescent signal was
measured at 470 nm with excitation at 410 nm. The concentrations of DAPA were
calculated from a standard curve of DAPA derivatized in the enzymatic assay conditions
without BioA. The initial rates for the steady-state reactions were determined by linear
fits of plots of the quantity of DAPA produced versus time. These initial rates were then
plotted against substrate concentration and fit in the Michaelis—Menten equation to

determine apparent Km and Kcat.
Inhibition of BioA by MAC13772 and analogs

To determine the I1Cso values of MAC13772 and analogs, the BioA enzyme assay

was conducted as described above with 1-20,000 nM of compounds (Table 1). The
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reactions were quenched after 20 min, and DAPA production was determined using a
standard curve. The amount of DAPA formed for each inhibitor concentration was
expressed as a percentage of the DMSO control, and a four-parameter logistic curve was

used to determine the 1Csp.

Minimum inhibitory concentration (MIC) assay

All bacterial strains are listed in Extended Data Table 3. Overnight cultures of
E. coli strains were inoculated with a single colony and cultured in M9 minimal medium
with 0.4% glucose. The bacterial culture was prepared by washing 1 mL of overnight
culture in PBS pH 7.4 (x3), then diluted to ODegoo 0of 0.35 and used to inoculate 1:1000 in
M9 minimal medium with 0.4% glucose in 96-well plates. Compounds were added to 96-
well plates in two-fold serial dilutions. The plates were incubated at 37 °C for 18 hr
stationary, then ODgoo Was measured. The MIC values were determined to be the minimal
concentrations that fully inhibit bacterial growth. A. baumanniATCC 17978 were grown
in identical conditions, except M9 minimal medium was supplemented with 0.6%
succinate instead of glucose. Two biological replicates were performed for each

experiment.

General chemical synthesis procedure

All experiments were carried out under a nitrogen atmosphere in oven-dried or
flame-dried glassware using standard Schlenk techniques unless noted otherwise.
Glovebox manipulations were performed in a MBraun Unilab glovebox under nitrogen

atmosphere. All reagents were purchased from Sigma-Aldrich or Alfa Aesar and were
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used without further purification unless noted otherwise. All the Pd-PEPPSIprecatalysts
were provided by Total Synthesis Ltd (Toronto, Ontario, Canada). THF was distilled
under nitrogen using SPS prior to use. Toluene was distilled under nitrogen using SPS
prior to use. Analytical thin layer chromatography (TLC) was performed on EMD 60
F254 pre-coated glass plates and spots were visualized with UV light (254 nm) or a
staining solution (KMnO4 or CAM). Column chromatography purifications were carried
out using either the flash technique on EMD silica gel 60 (230 — 400 mesh) or the Biotage
Isolera Four with 10 g SNAP cartridges. NMR spectra were recorded on Bruker 300
AVANCE or Bruker 400 AVANCE or Bruker 500 AVANCE or Bruker 600 AVANCE
spectrometer. The chemical shifts for 'H NMR spectra are given in parts per million
(ppm) referenced to the residual proton signal of the deuterated solvent (d = 7.28 ppm for
CDCls); coupling constants are expressed in Hertz (Hz). 3C NMR spectra were
referenced to the carbon signals of the deuterated solvent (d = 76.9 ppm for CDClz). The
following abbreviations are used to describe peak multiplicities: s = singlet, br s = broad
singlet, d = doublet, dd = doublet of doublet, t = triplet, g = quartet, and m = multiplet.
High Resolution Mass Spectrometry (HRMS) analysis was performed by the John L.
Holmes Spectrometry Department at University of Ottawa, Canada.

Specific synthetic procedures

General Procedure A: Sulfur analogs

H,NNH,.H,0 (1.2 equiv.)

(0]
S _NH
QLH )
Methanol, 50°C, 16h

R

o
SH 0o KoCOj3 (1.5 equiv.) or NaH, (1.1 equv.)
S g Ao
o™ DMF, 60°C, 16h

R
R

(1.0 equiv.) (0.95 equiv.)
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Procedure adapted from literature?®33, In a dry 5 mL glass vial, relevant arylthiol
(1 mmol, 1 equiv.) and K>COs (4.5 mmol, 1.5 equiv.) or NaH (60% dispersion in mineral
oil, 3.3 mmol, 1.1 equiv.) were added. The vial was fitted with a screw cap and Teflon
septa, purged, and refilled with N2. Next, 9 mL of DMF was added. The reaction mixture
was stirred at 80°C for 30 min, followed by the addition of ethyl bromoacetate (0.95
mmol, 0.95 equiv.) or ethyl 3-bromopropionate (0.95 mmol, 0.95 equiv.). After stirring
for 16 h, the reaction mixture was diluted with ethyl acetate, the organic layer was
extracted with water (5 x 10 mL) and the mixture washed with brine and dried over
magnesium sulfate (MgSOa). The crude mixture was concentrated under reduced pressure
and purified by flash column chromatography (0 to 20% gradient of ethyl acetate in
hexanes). The purified product was dissolved in methanol (3 mL), and hydrazine hydrate
(5 equiv.) added. The reaction mixture was stirred at 50 °C for 16 h. The solvent was
evaporated under reduced pressure to afford the crude product that was then diluted with
water and washed with ethyl acetate (3 x 10 mL). The combined organic layers were
dried over anhydrous magnesium sulfate and concentrated under reduced pressure to

yield the final product.

Experimental data

0
S _NH
/©/ \)J\N 2
H
FsC

Following General Procedure A, 172.5 mg of 32 (69% yield) was isolated as a

white powder. 'H NMR (400 MHz, DMSO-de): § 9.30 (br s, 1H), 7.59 (d, J = 8.3 Hz,
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2H), 7.49 (d, J = 8.3 Hz, 2H), 4.30 (br s, 2H), 3.68 (s, 2H); *C NMR (100 MHz, DMSO-
de); 6 167.3, 143.0, 127.4, 127.1 (quart, 2Jcr = 43 Hz), 126.0 (quart, 3Jcr= 4 Hz), 123.4

(quart, XJcr= 270 Hz), 33.9.

0

S\)J\N,NHZ
o

CF3

Following General Procedure A, 207.6 mg of 33 (83% yield) was isolated as a
white powder. *H NMR (400 MHz, CDClz): § 7.78 (br s, 1H), 7.65 (d, J = 7.8 Hz, 1H),
7.48 (t, J=7.8 Hz, 1H), 7.40 (d, J= 7.8 Hz, 1H), 7.31 (t, J = 7.8 Hz, 1H), 3.69 (s, 2H),
3.47 (brs, 1H); *C NMR (100 MHz, CDCls); & 167.9, 132.6, 129.9 (quart, 2Jcr = 31 Hz),

129.7 (quart, *Jcr = 24 Hz), 127.2 (quart,3Jce= 4 Hz), 127.0, 126.8 (quart, Jcr = 217 Hz),

124.9, 32.1. (EI-MS) m/z: calculated 250.0388; found 250.0395.

Cl o)
Ejist\N,NH2
H
Cl

Following General Procedure A, 201.7 mg of 9 (81% yield) was isolated as a
yellow powder. *H NMR (400 MHz, DMSO-ds): § 9.17 (br s, 1H), 7.51 (d, J = 8.1 Hz,
2H), 7.35 (t, J= 8.1 Hz, 1H), 4.18 (br s, 2H), 3.41 (s, 2H); **C NMR (100 MHz, DMSO-

de); 6 167.2, 140.9, 132.1, 131.7, 129.4, 36.5.
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0]
S _NH
\)J\N 2
H
Cl

o]
Following General Procedure A, 178.2 mg of 13 (71% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO-ds): & 9.33 (br s, 1H), 7.28-7.37 (m, 3H), 4.30
(brs, 2H), 3.68 (s, 2H); 13C NMR (100 MHz, DMSO-ds); & 166.9, 139.3, 132.4, 128.9,

128.3, 127.1, 125.8, 34.2.

O
S -NH
Soa N
H
O/

Following General Procedure A, 185.5 mg of 24 (77% yield) was isolated as a
fluffy white solid. 'H NMR (600 MHz, CDCls) & 8.06 (s, 1H), 7.30-7.27 (m, 1H), 7.27-
7.24 (m, 1H), 6.94 (td, J= 7.6, 1.2 Hz, 1H), 6.89 (dd, J = 8.2, 1.2 Hz, 1H), 3.91 (s, 3H),
3.87-3.77 (m, 2H), 3.62 (s, 2H); 3C NMR (150 MHz, CDCls) 5 168.99, 157.85, 131.16,
129.14,122.12, 121.70, 111.14, 56.07, 35.90. The spectral data are consistent with those

reported in the literature®.
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(@]
Seah
H

Following General Procedure A, 179.9 mg of 22 (81% yield) was isolated as a
white solid. *H NMR (600 MHz, CDCl3) § 7.80 (s, 1H), 7.25-7.13 (m, 4H), 3.86 (br s,

2H), 3.67 (s, 2H), 2.41 (d, J = 5.4 Hz, 3H).

Cl O
Cl S ~NH
\)J\H 2

Cl Cl
Cl

Following General Procedure A, 242.2 mg of 8 (68% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO-dg): § 9.11 (br s, 1H), 4.19 (brs, 2H), 3.44 (s,
2H); 1*C NMR (100 MHz, DMSO-ds); & 166.9, 138.9, 134.7, 133.9, 131.5, 36.3. The

spectral data are consistent with those reported in the literature®.

]
/©/S\)J\N,NH2
H
F

F

Following General Procedure A, 184.9 mg of 16 (85% yield) was isolated as a
white powder. *H NMR (500 MHz, CDCls): § 7.88 (br s, 1H), 7.24-7.20 (m, 1H), 7.17-
7.09 (m, 2H), 3.83 (br s, 2H), 3.63 (s, 2H); 23C NMR (125 MHz, CDCl3); § 168.3, 151.4

(d,XJcr = 166 Hz, d,2Jcr = 35 Hz), 148.7 (d,Xcr = 166 Hz, d,2Jcr = 35 Hz), 130.7 (d,3Jcr =
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18 Hz), 125.7 (d,2Jce = 24 Hz, d, “Jcr = 12 Hz), 118.7 (d,Jcr = 30 Hz), 118.1 (d,?Jcr= 30

Hz), 36.8.
F 0]
F SQKN,NHZ
H
F
F

Following General Procedure A, 228.8 mg of 15 (90% yield) was isolated as a
white powder. *H NMR (500 MHz, DMSO-d): § 9.18 (br s, 1H), 7.95-7.90 (m, 1H), 4.26
(br's, 2H), 3.53 (s, 2H); *C NMR (125 MHz, DMSO-dg); & 166.8, 146.0 (d,"JcF= 169

Hz), 144.8 (d,"Jcr = 189 Hz), 114.3 (d,2Jcr = 25 Hz), 107.9 (d,2Jcr = 21 Hz), 35.6.

o)
SQJ\N,NH2
H

Following General Procedure A, 193.5 mg of 28 (92% yield) was isolated as a
white powder. *H NMR (500 MHz, DMSO-ds): & 9.20 (br s, 1H), 7.24 (d, J = 7.8 Hz,
1H), 7.03 (s, 1H), 6.98 (d, J = 7.8 Hz, 1H), 4.26 (br s, 2H), 3.50 (s, 2H), 2.27 (s, 3H), 2.24
(s, 3H); 3C NMR (500 MHz, DMSO-ds) 3C NMR (150 MHz, DMSO) & 167.75, 137.07,

135.81, 132.05, 131.23, 128.96, 127.72, 35.33, 20.93, 20.33.
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o
S\)J\N,NHZ
H

Following General Procedure A, 179.4 mg of 19 (80% yield) was isolated as a
white powder. 'H NMR (600 MHz, DMSO) & 9.24 (br s, 1H), 7.38-7.35 (m, 1H), 7.27
(dd, 3=7.5, 1.7 Hz, 1H), 7.21-7.14 (m, 2H), 4.28 (br s, 2H), 3.55 (s, 2H), 1.18 (d, J= 6.8
Hz, 6H). 'H NMR (500 MHz, DMSO-ds):  9.24 (br s, 1H), 8.42-8.41 (m, 1H), 7.65 (t, J
= 6.0 Hz, 1H), 7.34 (d, J = 6.0 Hz, 1H), 7.14-7.11 (m, 1H), 4.27 (br s, 2H), 3.82 (s, 2H);
13C NMR (125 MHz, DMSO-ds); & 167.6, 147.2, 134.6, 128.7, 126.9, 126.7, 125.7, 35.6,

30.1, 23.5.

H
S N.
@ V}( NH,
(@]
CFj

Following General Procedure A, 226.8 mg of 38 (96% yield) was isolated as a
white powder. *H NMR (500 MHz, CDCls): & 9.40 (br s, 1H), 7.64 (d, J = 7.7 Hz, 1H),
7.59 (d, J = 8.0 Hz, 1H), 7.48 (t, J= 7.7 Hz, 1H), 7.28 (t, J = 8.0 Hz, 1H), 3.30 (t, J= 6.8
Hz, 2H), 3.02 (t, J= 7.7 Hz, 2H) ; 3C NMR (125 MHz, CDCls); & 173.6, 150.7, 136.2,
131.9 (quart, 2Jcr = 31 Hz), 129.6 (quart, 3Jcr = 24 Hz), 126.8 (quart,®Jcr = 4 Hz), 125.6,

124.5 (quart,XJcr = 217 Hz), 32.5, 28.8.
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~ S\)J\Nlj

~ N NH2

Following General Procedure A, 146.6 mg of 39 (80% yield) was isolated as a
white powder. *H NMR (500 MHz, DMSO-dg): & 9.24 (br s, 1H), 8.42-8.41 (m, 1H), 7.65
(t, J=6.0 Hz, 1H), 7.34 (d, J= 6.0 Hz, 1H), 7.14-7.11 (m, 1H), 4.27 (br s, 2H), 3.82 (s,

2H); 3C NMR (125 MHz, DMSO-de); & 167.7, 158.1, 149.7, 137.2, 122.0, 120.4, 32.0.

CFs o)

N SQJ\N,NH2
N H

~

Following General Procedure A, 155.9 mg of 44 (63% yield) was isolated as a
white powder. 1H NMR (600 MHz, CDClIs) 6 8.59 (ddd, J=4.9, 1.7, 0.8 Hz, 1H), 8.07
(brs, 1H), 7.88 (ddd, J = 7.8, 1.7, 0.8 Hz, 1H), 7.20 (ddt, J = 7.7, 5.0, 0.8 Hz, 1H), 3.90

(s, 2H). (EI-MS) m/z: calculated 274.0238; found 274.0229.

(0]
Cl S _NH
\@ \)J\N 2
H
Cl

Following General Procedure A, 155.9 mg of 10 (62% yield) was isolated as a
white powder. 'H NMR (500 MHz, CDCls) § 7.72 (s, 1H), 7.31 (d, J = 8.5 Hz, 1H), 7.21
(d, J=2.3 Hz, 1H), 7.14 (dd, J = 8.5, 2.3 Hz, 1H), 3.89 (s, 2H), 3.69 (s, 2H). 13C NMR
(125 MHz, CDCl3) 6 167.6, 135.7, 133.7, 131.5, 130.9, 127.8, 127.7, 34.9. (EI-MS) m/z:

calculated 249.9743; found 249.9732.
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o)
CI\©/S\)J\N,NH2
H

Cl

Following General Procedure A, 132.4 mg of 11 (45% yield) was isolated as a
white powder. *H NMR (500 MHz, CDCls3) & 7.65 (s, 1H), 7.21 (t, J = 1.8 Hz, 1H), 7.17
(d, J=1.8 Hz, 2H), 3.97-3.81 (m, 2H), 3.66 (s, 2H); 1*C NMR (125 MHz, CDCl3) &

167.73, 138.13, 135.88, 127.19, 126.07, 35.53. (EI-MS) m/z: calculated 249.9735; found

249.9755.

0]
S NH
e
H
Cl Cl

Following General Procedure A, 125.4 mg of 12 (42% yield) was isolated as a
yellow powder. 'H NMR (500 MHz, CDCl3) § 7.71 (s, 1H), 7.42 (d, J = 2.2 Hz, 1H), 7.23
(dd, J=8.5, 2.2 Hz, 1H), 7.18 (d, J = 8.4 Hz, 1H), 3.85 (br s, 2H), 3.67 (s, 2H); 1*C NMR
(125 MHz, CDCl3) 6 167.9, 134.3, 133.3, 132.4, 130.0, 129.4, 128.1, 35.2. (EI-MS) m/z:

calculated 249.9738; found 249.9746.

(0]
joasn
H

Following General Procedure A, 198.5 mg of 29 (70% yield) was isolated as a
white solid. *H NMR (400 MHz, CDCls) § 7.16 (br s, 1H), 6.94 (s, 2H), 4.09-3.50 (br s,
2H), 3.29 (s, 2H), 2.49 (s, 6H), 2.26 (s, 3H); *C NMR (100 MHz, CDCls3) § 169.9, 142.8,
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139.3, 129.6, 128.7, 37.7, 21.9, 21.1. (ESI-MS) m/z: calculated 247.0881; found

247.0906.

0]
//\j/s\)J\N,NHz
| H
N~

Following General Procedure A, 125.4 mg of 40 (47% yield) was isolated as a
orange powder. *H NMR (400 MHz, CDCls) & 8.47-8.42 (m, 2H), 7.72 (s, 1H), 7.13-7.09
(m, 2H), 3.91 (s, 2H), 3.72 (s, 2H); *C NMR (100 MHz, CDCls) § 167.5, 149.9, 146.5,

120.5, 33.2.

| YS% _NH,

/

Following General Procedure A, 155.2 mg of 41 (65% yield) was isolated as a
white powder. *H NMR (400 MHz, CDCls) § 8.57 (d, J = 4.8 Hz, 2H), 8.08 (s, 1H), 7.07
(t, J=4.9 Hz, 1H), 3.88 (br s, 2H), 3.80 (s, 2H); **C NMR (100 MHz, CDCl3) & 171.0,

169.9, 157.8, 117.4, 32.9.

&\(sv{k _NH,

Following General Procedure A, 72.6 mg of 57 (18% yield) was isolated as a

orange powder. *H NMR (500 MHz, CDCls3) § 9.75 (s, 1H), 7.02 (d, J = 1.4 Hz, 1H), 6.91

57



PhD Thesis — R. Gordzevich - McMaster University — Biochemistry and Biomedical Sciences

(d, J= 1.4 Hz, 1H), 3.67 (s, 2H), 3.58 (s, 3H); 13C NMR (125 MHz, CDCl3) § 170.2,

142.1, 128.9, 122.7, 34.6, 33.3. (ESI-MS) m/z: calculated 209.0473; found 209.0464.

(@]
N SQK _NH
CY TN

N-N_

Following General Procedure A, 94.1 mg of 58 (28% yield) was isolated as a light
orange powder. 'H NMR (500 MHz, MeOD) 6 8.54 (s, 1H), 3.77 (s, 2H), 3.72 (s, 3H);
13C NMR (125 MHz, MeOD) § 169.4, 151.3, 147.7, 36.1, 31.9, 20.4. (ESI-MS) m/z:

calculated 210.0426; found 210.0442.

Following General Procedure A, 89.8 mg of 62 (28% yield) was isolated as a
orange oil. *H NMR (300 MHz, CDCls) § 7.59 (s, 1H), 7.38 (dd, J = 5.4, 1.3 Hz, 1H),
7.19 (dd, J = 3.6, 1.3 Hz, 1H), 6.99 (dd, J = 5.4, 3.6 Hz, 1H), 3.48 (s, 2H); 13C NMR (100
MHz, CDCl3) 6 168.7, 134.5, 132.2, 130.6, 128.0, 41.2. (ESI-MS) m/z: calculated

210.9976; found 210.9993.

o)
NS L N,
T

NS

Following General Procedure A, 170.8 mg of 60 (18% yield) was isolated as a

purple power. *H NMR (600 MHz, CDCI3) § 9.59 (br s, 1H), 7.65 (m, 1H), 7.29-7.24
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(m, 3H), 3.94 (s, 2H), 3.68 (s, 3H); 13C NMR (150 MHz, CDCls3) § 169.97, 152.00,
142.73, 136.94, 122.54, 122.41, 118.33, 108.78, 33.10, 30.24. (ESI-MS) m/z: calculated

259.0630; found 259.0618.
/ (0]
<Oj\/s\)J\N,NH2
H

Following General Procedure A, 135.8 mg of 63 (41% yield) was isolated as a
white powder. 'H NMR (500 MHz, CDCls) § 7.38 (dd, J = 1.9, 0.8 Hz, 1H), 6.31 (dd, J =
3.2, 1.9 Hz, 1H), 6.21 (dd, J= 3.3, 0.8 Hz, 1H), 3.77 (s, 2H), 3.23 (s, 2H); 3C NMR (125
MHz, CDCl3) 6 169.1, 150.2, 142.8, 110.7, 108.8, 34.1, 29.5. (ESI-MS) m/z: calculated

186.0463; found 186.0483.

o)
s A NH,
H
N
~ I

Following General Procedure A, 80.78 mg of 49 (18% yield) was isolated as a
white powder. *H NMR (600 MHz, DMSO) & 9.34 (br s, 1H), 8.18 (dd, J= 8.7, 0.8 Hz,
1H), 7.93-7.85 (m, 2H), 7.72 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.51 (ddd, J=8.1, 6.9, 1.2
Hz, 1H), 7.42 (d, J = 8.7 Hz, 1H), 4.29 (br s, 2H), 3.98 (s, 2H); *C NMR (150 MHz,
DMSO0) 6 167.72, 158.62, 147.93, 136.66, 130.55, 128.51, 127.91, 126.23, 126.08,

120.94, 32.04. (ESI-MS) m/z: calculated 234.0664; found 234.0643.
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©AS/\)J\”,NH2

Following General Procedure A, 80.78 mg of 56 (76% yield) was isolated as a white
powder. *H NMR (500 MHz, CDCls) § 7.35-7.29 (m, 4H), 7.26 (s, 1H), 3.73 (s, 2H), 2.74
(t, J=7.1Hz, 2H), 2.32 (t, J = 7.1 Hz, 2H). *C NMR (125 MHz, CDCl3) § 172.3, 138.5,

129.1, 128.9, 128.8, 127.5, 36.9, 34.7, 27 .4.

H
Ty
)

Following General Procedure A, 162.3 mg of 55 (76% yield) was isolated as a
white powder. 1H NMR (500 MHz, CDCl3) § 7.35-7.30 (m, 2H), 7.29-7.25 (m, 3H), 3.74
(s, 2H), 3.14 (s, 2H); 3C NMR (125 MHz, CDCls) 5 169.49, 137.01, 128.91, 128.54,
127.28, 36.89, 33.13. The spectral data are consistent with those reported in the

literature®,
H
S N.
W NH,
7
Following General Procedure A, 155.2 mg of 54 (73% yield) was isolated as a
brown powder. *H NMR (500 MHz, CDCls) § 3.79-3.08 (br s, 2H), 2.81 (td, J=7.2, 1.2
Hz, 2H), 2.64 (tt, J = 10.6, 4.0 Hz, 1H), 2.42 (td, J=7.2, 1.4 Hz, 2H), 1.97-1.88 (m, 2H),
1.80-1.66 (m, 2H), 1.63-1.54 (m, 1H), 1.36-1.14 (m, 5H); **C NMR (125 MHz, CDCls) §

172.22, 43.69, 34.86, 33.46, 25.91, 25.63, 25.55.
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0
O/SQJ\N,NHZ
H

Following General Procedure A, 140.5 mg of 53 (71% yield) was isolated as a
yellow powder. *H NMR (400 MHz, CDCls) & 5.14-3.45 (br s, 2H), 3.26 (s, 2H), 2.67 (s,
1H), 1.93 (s, 2H), 1.73 (s, 2H), 1.61 (d, J = 10.0 Hz, 1H), 1.36-1.17 (m, 5H); 13C NMR
(125 MHz, CDCl3) 6 170.17, 49.79, 44.44, 33.13, 32.74, 32.40, 25.83, 25.56. The spectral
data are consistent with those reported in the literature®’.

Synthesis of 25, 34, 35

(I? O
S -NH
v
H
O/

After the first step of General Procedure A, the purified product was dissolved in
2:1 H,0:MeOH (2mL:1mL) and NalOs4 (1.2 mmol, 1.2 equiv.) was added. Reaction was
stirred at RT for 16 h at which time the solid was filtered out, and the aqueous phase was
washed with DCM (3 x 10mL). The combined organic layers were dried over anhydrous
MgSOs and concentrated under reduced pressure. The final product was dissolved in
MeOH (3 mL), hydrazine hydrate was added (5 equiv.), and the reaction was stirred at 50
°C for 16 h. The solvent was evaporated under reduced pressure to afford the crude
product after which it was diluted with water and washed with ethyl acetate (3 x 10 mL).
The combined organic layers were dried over anhydrous magnesium sulfate (MgSQO4) and
concentrated under reduced pressure. A white powder of 25 was isolated with a yield of

142.8 mg (40% yield). *H NMR (500 MHz, CDCls) § 8.21 (br s, 1H), 7.69 (dd, J = 7.7,
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1.7 Hz, 1H), 7.48 (ddd, J= 8.2, 7.4, 1.7 Hz, 1H), 7.17 (td, J = 7.6, 1.0 Hz, 1H), 6.94 (dd,
J=8.3,0.9 Hz, 1H), 3.90 (s, 3H), 3.83 (d, J = 14.1 Hz, 1H), 3.66 (d, J = 14.1 Hz, 1H);
13C NMR (125 MHz, CDCls) § 165.0, 155.2, 133.0, 128.2, 125.4, 121.8, 111.1, 56.0,

53.9. (ESI-MS) m/z: calculated 228.0569; found 228.0582.

Following above procedure, 113.2 mg of 35 (42% yield) was isolated as a yellow
powder. *H NMR (400 MHz, DMSO-de): & 9.34 (br s, 1H), 8.14-8.16 (m, 1H), 7.94-7.96
(m, 1H), 7.76-7.85 (m, 2H), 4.41 (br s, 2H), 3.63 (d, J= 3.2 Hz, 1H) 3.50 (d, J = 3.2 Hz,
1H); 13C NMR (100 MHz, DMSO-ds); & 163.1, 144.2, 134.5, 132.5, 127.0 (quart, 3Jcr =
5.0 Hz), 125.9 (quart, “Jcr = 21.0 Hz),125.6, 122.5 (quart, 1Jcr = 272 Hz), 62.3. (ESI-MS)

m/z: calculated 289.0235; found 289.0232.

(T
o O
S\)NHNHZ

()//

Following above procedure, 121.8 mg of 34 (43% yield) was isolated as a white
powder. .*H NMR (400 MHz, DMSO-ds): § 9.40 (br s, 1H), 8.15-8.13 (m, 1H), 7.94 (t, J
=7.5Hz, 1H), 7.84-7.82 (m, 1H), 7.68-7.50 (m, 1H), 4.17 (br s, 2H), 3.52 (s, 2H); (ESI-

MS) m/z: calculated 305.0184; found 305.0159.
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Synthesis of 69 and 70

o]
o)
oot
H 0o

NO,

Using the General Procedure A, the starting material was prepared and then the
hydrazide product was stirred in glacial acetic acid (6 mL) with succinic anhydride or
methyl succinic anhydride at 110°C for 16 h. The reaction mixture was diluted with H-O,
then washed with EtOAc (3 x 10mL). The combined organic phases were washed with
brine, dried over anhydrous magnesium sulfate (MgSQO4) and concentrated under reduced
pressure. A yellow powder of 69 was isolated with a yield of 196.07 mg (53% yield). *H
NMR (400 MHz, DMSO) 6 10.88 (s, 1H), 8.25-8.19 (m, 1H), 7.75-7.67 (m, 2H), 7.44
(ddd, J=8.4, 6.5, 2.0 Hz, 1H), 4.06 (s, 2H), 2.76 (s, 4H); **C NMR (100 MHz, DMSO-
ds) 6 173.9, 166.3, 145.4, 135.6, 134.3, 127.7, 125.9, 125.8, 33.6, 26.3. (EI-MS) m/z:

calculated 309.0419; found 309.0429.
o}
0
oAy
H o
NO,

Following above Procedure, 182.9 mg of 70 (36% yield) was isolated as a white
powder. *H NMR (500 MHz, CDCls) § 8.53 (s, 1H), 8.28 -8.22 (m, 1H), 7.67 (ddd, J =
8.5,7.4,1.4 Hz, 1H), 7.50 (dd, J=8.2, 1.2 Hz, 1H), 7.38 (ddd, J= 8.4, 7.3, 1.2 Hz, 1H),

3.87 (s, 2H), 3.05-2.92 (m, 2H), 2.46-2.35 (m, 1H), 1.37 (d, J = 7.0 Hz, 3H); 13C NMR
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(125 MHz, CDCl3) 6 176.4, 172.3, 166.0, 134.68, 134.3, 127.3, 126.4, 126.4, 35.1, 34.8,

33.4, 16.8. (ESI-MS) m/z: calculated 323.0576; found 323.0574.

Synthesis of 73

@S\)J\N/)\NHZ
NO,

Using the General Procedure A, the starting material was prepared. Guanidine
hydrochloride (1.7 mmol, 5 equiv.) was stirred at RT with KOtBu (1.7 mmol, 5 equiv.) in
MeOH (2 mL) for 1 h. The mixture was filtered, and the filtrate added to a vial containing
(2-nitro-phenylsulfanyl)-acetic acid ethyl ester (0.3 mmol, 1 equiv.). The reaction was
stirred at RT for 30 min, diluted with H20, washed with EtOAc (3x10mL), then the
combined organic phases were washed with brine and dried over anhydrous magnesium
sulfate (MgSO4) and concentrated under reduced pressure. An orange powder of 73 was
isolated with a yield of 84.09 mg of 73 (35% yield). 'H NMR (500 MHz, acetone-ds) &
8.18 (dd, J=8.2, 1.5 Hz, 1H), 7.82 (dd, J=8.2, 1.2 Hz, 1H), 7.65 (ddd, J=8.4,7.2,1.5
Hz, 1H), 7.35 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 3.72 (s, 2H); 13C NMR (125 MHz, acetone-
ds) 6 205.4, 179.6, 145.9, 138.6, 133.7, 127.9, 125.5, 124.5, 41.1. (ESI-MS) m/z:

calculated 277.0371; found 277.0348.
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Synthesis of 30 and 31

Pd(OAc), (15 mol%), o
Br o DPEPhos (30 mol%), DIPEA (2.0 equiv.)
JOURETS s Ao
cl o™ dioxane, 110°C, 16h
Cl

(1.0 equiv.) (1.2 equiv.)

A 20 mL round-bottom flask was oven dried, loaded with a magnetic stir bar,
sealed with a rubber septum and subjected to three cycles of purging with nitrogen gas to
create an inert atmosphere. Pd(OAc)2 (0.45 mmol, 0.15 equiv.) and DPEPhos (0.9 mmol,
0.3 equiv.) were added into the dry flask. Six millilitres of dioxane and DIPEA (6 mmol,
2 equiv.) were added, and the flask was heated to 110 °C. Once the temperature reached
110 °C 2-Bromo-5-chlorotoluene (3 mmol, 1 equiv.) and ethylthiogylcolate (3.6 mmol, 1
equiv.) were added to the reaction mixture and stirred for 16 h, after which it was filtered
through a pad of celite and washed with Et.O. The crude reaction mixture was
concentrated under reduced pressure and purified by flash column chromatography (0 to

5% gradient of EtOAc in hexanes) to afford the 5-chloro cross-coupling product.

Cs,CO3 (3.0 equiv.)

o H
N
sl . []
N dioxane, 90°C, 16h
Cl [

Boc

Pd-PEPPSI-IPent® (5 mol%), 9 o
/©/\S\)J\O/\ H,NNH,.H,0 (5.0 equiv.) /@f\AN,NHz
- . H
N Methanol, 50°C, 16h N
N _N
Boc ™ e

(1.0 equiv.) (1.2 equiv.)

In a new 10 mL glass vial, PEPPSI-IPent® (0.05 mmol, 0.05 equiv.), Cs2COs (3
mmol, 3 equiv.), and N-Boc piperazine or N-methyl piperazine (1.2 mmol, 1.2 equiv.)
were added and then purged and backfilled with N». (5-Chloro-2-methyl-phenylsulfanyl)-
acetic acid ethyl ester (1 mmol, 1 equiv.) was dissolved in 6 mL of dioxane, and this

entire amount was added to the reaction, after which it was heated at 90 °C for 16 h. The
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crude reaction mixture was filtered through celite and washed with Et,0, then
concentrated under reduced pressure. The crude product was purified via flash column
chromatography (0 to 20% gradient of EtOAc in hexanes). The purified product was
dissolved in MeOH (3 mL), hydrazine hydrate was added (5 equiv.), and the reaction was
stirred at 50 °C for 16 h. The solvent was evaporated under reduced pressure to afford the
crude product after which it was diluted with water and washed with ethyl acetate (3 x 10
mL). The combined organic layers were dried over anhydrous magnesium sulfate

(MgSO0s) and concentrated under reduced pressure.

(0]
/EIS\)J\N,NHZ
H
ﬁN

N

Boc

Following above procedure, 275.2 mg of 30 (34% yield) was isolated as a grey
powder. *H NMR (400 MHz, CDCl3) & 7.20 (d, J = 8.5 Hz, 1H), 6.77 (d, J = 2.8 Hz, 1H),
6.70 (dd, J = 8.6, 2.8 Hz, 1H), 3.56 (t, J = 5.1 Hz, 4H), 3.48 (s, 2H), 3.12 (t, J= 5.1 Hz,
4H), 2.39 (s, 3H), 1.47 (s, 9H); 13C NMR (100 MHz, CDCl3) & 169.21, 154.80, 150.83,
140.38, 132.22, 123.11, 118.54, 114.83, 80.13, 49.01, 37.20, 28.54, 21.05, 14.32. (ESI-

MS) m/z: calculated 403.1780; found 403.17806.
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SQJ\N,NH2
Weas

Following above procedure, 198.5 mg of 31 (35% yield) was isolated as a light

C

brown powder. *H NMR (600 MHz, CDCl3) § 7.74 (s, 1H), 7.19 (d, J = 8.6 Hz, 1H), 6.75
(d, J= 2.8 Hz, 1H), 6.68 (dd, J = 8.6, 2.7 Hz, 1H), 4.00-3.52 ((br s, 2H), 3.45 (d, J= 1.7
Hz, 2H), 3.18 (t, J= 5.0 Hz, 4H), 2.53 (t, J= 5.0 Hz, 4H), 2.38 (s, 3H), 2.32 (d, J = 1.2
Hz, 3H); 13C NMR (150 MHz, CDCls) & 169.30, 151.05, 140.47, 132.59, 122.10, 117.83,
114.22, 55.05, 48.56, 46.21, 37.39, 21.08. (ESI-MS) m/z: calculated 295.1593; found

295.1602.
Synthesis of 49

A 20 mL screwcap vial was loaded with 2-chloroquinoline (3 mmol, 1 equiv.),
ethyl thioglycolate (3.6 mmol, 3 equiv.) and K.COs (6 mmol, 2 equiv.) and DMF (10
mL). The reaction was stirred at 110 °C for 16 h where upon it was diluted with EtOAc
and washed with water (5 x 10mL) and brine (1 x 10mL). The organic phase was dried
over anhydrous magnesium sulfate (MgSO.), filtered, and then the solvent was removed
under reduced pressure. The crude product was purified via flash column chromatography
(0 to 10% gradient of EtOAC in hexanes). The purified product was dissolved in MeOH
(3 mL), hydrazine hydrate was added (5 equiv.), and the reaction was stirred at 50 °C for
16 h. The solvent was evaporated under reduced pressure to afford the crude product after

which it was diluted with water and washed with ethyl acetate (3 x 10 mL). The
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combined organic layers were dried over anhydrous magnesium sulfate (MgSOa) and

concentrated under reduced pressure.

o)
@NJ/SQJ\N,NW
H
=

Following above Procedure, 120.7 mg of 49 (33% yield) was isolated as a pale
yellow power. *H NMR (400 MHz, CDCl3) & 8.82 (br s, 1H), 7.96 (td, J = 8.5, 0.9 Hz,
2H), 7.77 (dd, = 8.1, 1.4 Hz, 1H), 7.71 (ddd, J = 8.3, 6.9, 1.5 Hz, 1H), 7.50 (ddd, J =
8.1, 7.0, 1.2 Hz, 1H), 7.27 (d, J = 8.6 Hz, 2H), 3.96 (s, 2H), 3.87 (s, 2H); 3C NMR (100
MHz, CDCl3) 6 136.51, 130.50, 127.98, 127.70, 126.19, 120.73, 31.66. (ESI-MS) m/z:

calculated 233.0623; found 233.0601.

General Procedure B: Nitrogen analogs

« o Pd-PEPPSI-IHept® (3 mol%), e _ H\)OL "
- N\)k Cs,CO3 (3.0 equiv.) N\)ko/\ H,NNH,.H,0 (5.0 equiv.) n-NH2
2 O/\ H
R toluene, 90°C, 16h Methanol, 50°C, 16h
Hel R R
X=BrorCl

(1.0 equiv.) (1.3 equiv.)

Procedure adapted from literature®. A dry Schlenk flask, equipped with a stir bar,
was charged with Pd-PEPPSHHept® (3 mol %), followed by the addition of Cs,COs (3
mmol, 3.0 equiv.) and glycine ethyl ester hydrochloride (1.3 mmol, 1.3 equiv.). If the aryl
halide was in solid form, it was added at this point (1 mmol, 1 equiv.). The flask was then
evacuated and backfilled with nitrogen three times. If the aryl halide was in liquid form, it
was added via a microliter syringe after the evacuation and backfilling process. Toluene

(6 mL) was added to the flask, and the resulting mixture was stirred for five min at room
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temperature. The reaction mixture was then stirred with heating (90°C) for 16 h after
which it was allowed to cool to room temperature and filtered through a small pad of
Celite, washing with diethyl ether. The filtrate was evaporated, and the residue was
purified by silica gel column chromatography. The purified product was dissolved in
methanol (3 mL), hydrazine hydrate (5 equiv.) was added, and the reaction was stirred at
50 °C for 16 h. The solvent was evaporated under reduced pressure to afford the crude
product after which it was diluted with water and washed with ethyl acetate (3 x 10 mL).
The combined organic layers were dried over anhydrous magnesium sulfate (MgSQO4) and

concentrated under reduced pressure to yield the final product.

Experimental data

h 0
N _NH
EZ&N |
H
NO,

Following General Procedure B, 162 mg of 3 (90% yield) was isolated as a white

powder.

e
SO
H

Following General Procedure B, 152.4 mg of 21 (88% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO-ds): § 10.30 (br s, 1 H), 6.98-6.96 (m, 2H),
6.52-6.47 (m, 1H), 6.35 (t, J= 7.2 Hz, 1H), 4.91 (br s, 2H), 4.06 (d, J=5.6 Hz, 1H), 3.78

(d, J=5.6 Hz, 1H), 2.08 (s, 3H); $3C NMR (100 MHz, DMSO-ds); 5 171.8, 146.3, 130.2,
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127.3,121.9, 116.5, 109.8, 46.2, 17.8. The spectral data are consistent with those reported

in the literature®®.

H 0]
N _NH
©i \)J\N 2
H
CF3

Following General Procedure B, 139.9 mg of 37 (60% yield) was isolated as a
yellow powder. *H NMR (500 MHz, CDCls): § 9.50 (br s, 1 H), 7.50 (d, J = 7.7 Hz, 1H),
7.42 (t, J=7.7 Hz, 1H), 6.77 (t, J=7.7 Hz, 2H), 5.61 (br s, 2H), 4.28 (s, 2H); 1°C NMR
(500 MHz, CDCls); & 171.3, 144.8, 133.2 (quart, 2Jcr = 31 Hz), 126.7 (quart, 3Jcr= 24

Hz), 124.6 (quart,Jce = 4 Hz), 116.0, 112.6, 112.1 (quart,}Jcr = 217 Hz), 44.8.

'H NMR (400 MHz, DMSO-ds) & 7.96 (d, J= 9.5 Hz, 1H), 7.73 (dd, J=7.9, 1.6
Hz, 1H), 7.55 (ddd, J= 8.7, 7.4, 1.8 Hz, 1H), 7.25 (dd, J = 8.2, 6.0 Hz, 2H), 6.64 (dd, J =
9.5, 1.8 Hz, 1H), 5.29 (s, 1H), 5.05 (br s, 1H); *C NMR (150 MHz, DMSO) § 167.04,
161.67, 140.32, 131.14, 129.32, 122.45, 121.37, 120.72, 115.04, 105.51, 43.58. The
spectral data are consistent with those reported in the literature. (ESI-MS) m/z: calculated

186.0463; found 186.0483.
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H
N.
= N/\[( NH,
o)
o)

Following General Procedure A, 80.78 mg of 52 (18% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO) & 8.19 (ddt, J=8.1, 1.4, 0.7 Hz, 1H), 7.77 -
7.62 (m, 2H), 7.50 (ddd, J=8.2, 6.9, 1.4 Hz, 1H), 7.41 (dd, J= 7.4, 2.9 Hz, 1H), 6.61
(dd, J=7.3, 5.4 Hz, 1H), 5.01 (s, 2H); 3C NMR (100 MHz, DMSO-ds) 5 168.2, 160.6,
136.7, 133.6, 131.7, 126.3, 125.8, 125.5, 124.7, 103.8, 49.2. (ESI-MS) m/z: calculated

263.0463; found 263.0483.

General Procedure C: Oxygen analogs

o
o .
OH o) KoCOj (1.2 equiv.) PN HaNNH3.H20 (5.0 equiv.) O%NfNHz
DTS N oo .
o} THF, 60°C, 16h Methanol, 50°C, 16h

R 4 R
(1.0 equiv.) (1.0 equiv.)

Procedure adapted from literature®®*2, In a dry 5 mL glass vial, the appropriate
aryl alcohol (1 mmol, 1 equiv.) and K2COs (1.2 mmol, 1.2 equiv.) were added. The vial
was fitted with a screw cap and Teflon septum, then purged and refilled with N> after
which 3 mL of THF were added. The reaction mixture was stirred at 60 °C for 30 min,
after which ethyl bromoacetate (1 mmol, 1 equiv.) was added. Following a 16 h stirring
period, the reaction mixture was diluted with ethyl acetate, and the organic layer extracted
with water (5 x 10 mL). The mixture was then washed with brine, dried over anhydrous

magnesium sulfate (MgSQOs), concentrated under reduced pressure and the crude product
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purified by flash column chromatography (0 to 20% gradient of ethyl acetate in hexanes).
The purified product was dissolved in methanol (3 mL), hydrazine hydrate (5 equiv.) was
added, and the reaction was stirred at 50 °C for 16 h. The solvent was evaporated under
reduced pressure to afford the crude product; then diluted with water and washed with
ethyl acetate (3 x 10 mL). The combined organic layers were dried over magnesium

sulfate and concentrated under reduced pressure to yield the final product.

Experimental data

0

OQJ\N,NH2
o

CF;

Following General Procedure C, 199.0 mg of 36 (85% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO-ds): § 9.09 (br s, 1H), 7.58 (d, J = 7.7 Hz,
2H), 7.13 (d, J= 8.4 Hz, 1H), 7.08 (t, J = 7.7 Hz, 1H), 4.60 (s, 2H), 4.35 (br s, 2H); *3C
NMR (100 MHz, DMSO-ds); & 166.6, 156.3, 134.6, 127.2 (quart, 3Jce = 5Hz), 121.3,

120.5 (quart, *Jcr = 229 Hz), 117.5 (quart, 2Jce= 30 Hz), 114.3, 67.1. The spectral data

are consistent with those reported in the literature®.

O
NP
JO I
Br

Following General Procedure C, 227.9 mg of 5 (93% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO-ds): § 9.33 (br s, 1 H), 7.41 (d, J= 9.0 Hz,
2H), 6.89 (d, J = 9.0 Hz, 2H), 4.45 (s, 2H), 4.30 (br s, 2H); 3C NMR (100 MHz, DMSO-

de): 0166.8, 157.6, 132.5,117.4, 113.1, 66.8.
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(e}
o L nh,
D
Cl

Following General Procedure C, 182.0 mg of 6 (91% yield) was isolated as a
white powder. *H NMR (500 MHz, DMSO-ds): § 9.23 (br s, 1H), 7.43 (dd, J= 9.5, 6.3
Hz, 1H), 7.30-7.27(m, 1H), 7.05(dd, J = 9.5, 6.3 Hz, 1H), 7.00-6.97 (m, 1H), 4.60 (s, 2H),
4.38 (brs, 2H) ; 3C NMR (125 MHz, DMSO-ds) & 166.7, 153.9, 130.5, 128.7, 122.6,

121.9, 114.5, 67.3. The spectral data are consistent with those reported in the literature®*,

(0]
(@] _NH
/@ \)J\N 2
H
Cl Cl

Following General Procedure C, 206.8 mg of 7 (88% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO-ds): § 9.22 (br s, 1H), 7.53 (d, J = 2.4 Hz,
1H), 7.33 (dd, J = 8.8, 2.4 Hz, 1H), 7.03 (d, J = 8.8 Hz, 1H), 4.56 (s, 2H), 4.32 (br s, 2H);
13C NMR (100 MHz, DMSO-ds); 5166.4, 153.0, 129.8, 128.4, 125.5, 122.9, 115.7, 67.5.

The spectral data are consistent with those reported in the literature®.

0
OQJ\N,NH2
H

Following General Procedure C, 166.4 mg of 17 (84% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO-ds): § 9.28 (brs, 1 H), 7.00 (d, J= 9.2 Hz, 1H
), 6.82-6.84 (m, 1H), 6.72-6.76 (m, 1H), 4.39 (s, 2H), 4.29 (br s, 2H), 2.15 (s, 3H); **C

NMR (100 MHz, DMSO-ds); § 167.1, 157.1 (d, YJcr = 233 Hz), 154.2 (d, “Jcr = 2 H2),
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125.4 (d, 2Jcr = 19 Hz), 117.8 (d, 3Jcr = 4.7 Hz), 115.7 (d, 2Jcr = 24 Hz), 113.6 (d, 3Jcr =

8 Hz), 67.2, 14.8 (d, *Jcr = 3 H2).

0
O OQKN,NHZ
H

L

Following General Procedure C, 239.8 mg of 14 (92% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO-ds): § 9.38 (br s, 1 H), 7.57-7.60 (m, 2H),
7.53 (d, J=8.8 Hz, 2H), 7.20 (t, J = 8.8 Hz, 2H), 7.0 (d, J = 8.8 Hz, 2H), 4.51 (br s, 2H),
4.35 (s, 2H); *C NMR (100 MHz, DMSO-de); 5 167.1, 163.2 (d, *Jcr = 242 Hz), 157.9,
136.7 (d, *Jcr= 3 Hz), 132.6, 128.6 (d, *Jcr= 8 Hz), 128.1, 116.2 (d, 2Jcr= 21 Hz),

115.6, 66.8.

0
N OQJ\N,NH2
i | N H

Following General Procedure C, 73.4 mg of 42 (40% yield) was isolated as a
white powder. 'H NMR (400 MHz, DMSO-d6): § 9.28 (s, 1 H), 8.02 (s, 1H), 7.66-7.62
(m, 1H), 6.91-6.88 (m, 1H), 4.63 (s, 2H), 4.22 (br s, 2H); 3C NMR (100 MHz, DMSO-
d6); 8 167.6, 158.9, 154.6 (d,*Jcr = 189 Hz), 133.2 (d,?Jcr = 25 Hz), 127.9 (d,2Jcr= 21
Hz), 112.7 (d,%Jcr = 5 Hz), 63.9. The spectral data are consistent with those reported in

the literature?®.
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0
FaC OQKN,NHZ
WC( N

_N

Following General Procedure C, 140.2 mg of 45 (59% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO-dg): & 10.46 (s, 1 H), 7.82 (t, J = 4.8 Hz, 1H),
6.74 (s, 1H), 6.47 (t, J = 4.8 Hz, 1H), 4.95 (s, 2H), 4.67 (s, 2H); **C NMR (100 MHz,

DMSO-ds); § 168.3, 163.4, 161.1, 143.4, 116.7, 116.8, 100.4, 50.9.
N
CO o
~
N o/ﬁ( “NH,
0

Following General Procedure A, 135.3 mg of 50 (38% yield) was isolated as a
white powder. *H NMR (400 MHz, DMSO) & 9.35 (br s, 1H), 8.31-8.23 (m, 1H), 7.89 (dt,
J=7.9, 2.3 Hz, 1H), 7.76-7.63 (m, 2H), 7.45 (ddd, J = 8.1, 6.9, 1.4 Hz, 1H), 7.11 (d, J =
8.8 Hz, 1H), 4.89 (s, 2H), 4.31 (s, 1H); 3C NMR (100 MHz, DMSO-ds) 5 166.9, 160.6,

1455, 139.4, 129.8, 127.7, 126.7, 126.0, 124.4, 113.1, 63.2.
General Procedure D: Carbon analogs
Preparation of organozinc reagent

Zn (1.5 equiv.), LiCI (1.0 equiv.),

e} 1,2-dibromoethane (2.5 mol%) o)
Br ™ BrzZn
v\)J\o/\ TMSCI (5 mol%), I, (5 mol%), THF, Mo/\
50°C, 16h 0.67 M in THF
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Procedure adapted from literature*”#°. A 10 mL round-bottom flask was oven
dried, sealed with a rubber septum and subjected to three cycles of purging with nitrogen
gas to create an inert atmosphere. Under high vacuum, the flask was heated with a heat
gun for 15 min. Lithium chloride (LiCl, 217.35 mg, 5.13 mmol, 1 equiv.) and zinc
powder (Zn, 516.50 mg, 7.9 mmol, 1.5 equiv.) were added to the round-bottom flask
under an inert atmosphere. The flask was then sealed and again purged with nitrogen gas
3X after which THF (4.5 mL) was added via syringe. The mixture was heated at 60 °C
with stirring for 10 min, after which 1,2-dibromoethane (11 uL, 0.13 mmol, 0.025 equiv.)
was added dropwise. Heating was continued for an additional 10 min or until the
appearance of bubbling. The reaction mixture was then allowed to cool to room
temperature. Trimethylsilyl chloride (TMSCI, 32.5 uL 0.25 mmol, 0.05 equiv.) was added
to the flask, followed by the addition of iodine solution (65 mg, 0.25 mmol, 0.05 equiv.)
in THF (0.63 mL) via syringe. The reaction mixture was stirred at RT for 20 min and
ethyl 4-bromopropionate (1 g, 5.127 mmol, 1 equiv.) was added dropwise to the reaction
mixture over 5 min. The mixture was then heated at 50 °C with stirring for 16 h where
upon it was cooled to room temperature and allowed to stand without stirring for 24 h.
The concentration of the organozinc solution was determined by iodometric titration of

the resulting supernatant using Knochel’s procedure.
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General Procedure for Negishi Cross-Coupling of Aryl Halides with organozinc

reagents
(C! 9 H,NNH;.H,0 (1.2 equiv.) H
X o) Pd-PEPPSI-IHept*' (3 mol%) o~ 2 2-H2 . g m “NH,
+
Ban\/\)LO/\ toluene, 50°C, 16h m Methanol, 50°C, 16h o
R 0.67 M in THF R R
X=BrorCl

(1.0 equiv) (1.2 equiv)
An oven-dried Schlenk flask, equipped with a stir bar, was charged with Pd-
PEPPSHHept (0.03 mmol, 0.03 equiv.), If the aryl halide was in solid form, it was
added at this point (1 mmol, 1 equiv.). The flask was then evacuated and backfilled with
nitrogen three times. If the aryl halide was in liquid form, it was added via a microliter
syringe after the evacuation and backfilling process. Toluene (2 mL) was added to the
flask, and the resulting mixture was stirred for 5 min at RT. A THF solution of the
organozinc reagent (1.2 mmol, 1.2 equiv.) was added and the reaction mixture was then
heated and stirred at 50 °C for 16 h after which it was allowed to cool to RT and was then
filtered through a small pad of Celite, washing with diethyl ether. The filtrate was
evaporated, and the residue was diluted with water and washed with ethyl acetate (3 x 10
mL). The combined organic layers were dried over magnesium sulfate and concentrated
under reduced pressure. The purified product was dissolved in methanol (3 mL), and then
hydrazine hydrate (5 equiv.) was added. This reaction was stirred at 50°C for 16 h. The
solvent was evaporated under reduced pressure to afford the crude product; then diluted
with water and washed with ethyl acetate (3 x 10 mL). The combined organic layers were
dried over magnesium sulfate (MgSO4) and concentrated under reduced pressure to yield

the final product.

77



PhD Thesis — R. Gordzevich - McMaster University — Biochemistry and Biomedical Sciences

Experimental data

o]

_NH
/@/\)J\N 2
H

Following General Procedure D, 89.1 mg of 20 (50% yield) was isolated as a
white powder. *H NMR (500 MHz, DMSO-ds): & 8.91 (brs, 1 H), 7.03 (s, 4H), 4.12 (br s,
2H), 2.72 (t, 2H, J= 9.2 Hz), 2.24 (t, 2H, J = 9.2 Hz), 2.21 (s, 3H); $3C NMR (500 MHz,

DMSO-ds); 6 171.3, 138.6, 135.2, 129.3, 128.5, 35.7, 31.1, 21.1.

)
_N
N N
O,N

Following General Procedure D, 181.9 mg of 72 (73% yield) was isolated as a
white powder. 'H NMR (500 MHz, DMSO-d6): 5 10.0 (br s, 1 H), 8.12-8.08 (m, 2H),
7.49-7.45 (m, 2H), 2.94 (t, 2H, J = 9.6 Hz), 2.54 (t, 2H, J= 9.6 Hz), 1.84 (d, 3H, J=10.0
Hz), 1.76 (d, 3H, J = 10.0 Hz); 3C NMR (500 MHz, DMSO-d6); 5 173.4, 167.6, 150.6,
146.3, 130.1, 123.8, 34.9, 31.1, 25.6, 17.4.

0]
-NH
N 2
H

F
Following General Procedure D, 108.2 mg of 18 (51% yield) was isolated as a
white powder. *H NMR (500 MHz, DMSO-ds): § 8.91 (s, 1H), 7.02-7.00 (m, 2H), 6.90

(d, 1H, J = 11 Hz), 4.12 (br s, 2H), 3.75 (s, 3H), 2.70 (t, 2H, J= 10 Hz ), 2.25 (t, 2H, J =
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10 Hz); 1*C NMR (500 MHz, DMSO-de); & 171.1, 152.9 (d,}Jcr = 242 Hz), 145.7, 134.6

(d,Jcr= 6 Hz), 124.6,116.2 (d,?Jcr = 18 Hz), 114.2, 56.4, 35.4, 30.4.

-NH
@\)J\N 2
H
NO

Following General Procedure A, 162.0 mg of 4 (68% yield) was isolated as a
orange powder. 'H NMR (600 MHz, DMSO-ds) & 8.98 (br s, 1H), 7.92 (dd, J=8.1, 1.3
Hz, 1H), 7.64 (td, J = 7.6, 1.4 Hz, 1H), 7.51-7.44 (m, 2H), 4.16 (s, 2H), 3.04 (dd, J = 8.4,
6.9 Hz, 2H), 2.38 (dd, J = 8.3, 7.0 Hz, 2H); 3C NMR (150 MHz, DMSO-ds) & 170.66,
149.62, 135.94, 133.82, 132.30, 128.17, 124.83, 34.36, 28.16. The spectral data are
consistent with those reported in the literature®.

Synthesis of compound 66

Starting material was acid hydrolyzed. The reaction mixture was refluxed for 2 h.
After cooling, solvent was concentrated and residue was subjected to purification with

DCM/MeOH to give 66 as yellow solid (2.3 g, 80%).

~
LN

+ N
/s H307, reflux | \>‘NH2
;k X S
N 2h |
NH _N
Oa><

Following General Procedure®!, 148.8 mg of 66 (84% yield) was isolated as a yellow

powder. 'H NMR (500 MHz, DMSO-ds): 8 7.46 (d, 1H, J = 5.5 Hz), 7.77-7.76 (m, 2H),
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7.23-7.21 (m, 2H), 7.01 (br s, 2H); 3C NMR (125 MHz, DMSO-ds); 5169.0, 150.3,

152.7,149. 7, 137.7, 122.9, 120.7, 106.1.
Synthesis of compound 64

(3.0 g, 15.05 mmol) was added to a suspension of thiourea (1.4 g, 18.10 mmol) in
ethanol. The reaction mixture was refluxed for 8h. After cooling, solvent was
concentrated and residue was subjected to purification with DCM/MeOH to give 64 as

yellow solid (2.3 g, 80%).

N
Cl
H5N S ethaol, reflux | \>“NH
S 2

+ >

NH, 8h

Following General Procedure®?, 130.2 mg of 64 (74% yield) was isolated as a
yellow powder .*H NMR (500 MHz, Acetone-d6): & 7.80 (d, 2H, J = 7.5 Hz), 7.36 (t, 2H,
J=75Hz),7.25 (t, 1H, J= 7.5 Hz), 7.08 (s, 2H), 6.99 (s, 1H); *C NMR (125 MHz,

Acetone-d6); 6 184.4, 168.7, 150.3, 135.4, 128.9,127.6, 126.0, 101.9.
Synthesis of compound 65.

Take a 250 mL eggplant-shaped bottle, add 9.43 g thiourea, 1.7 g triethylamine
hydrochloride, 15.7 g iodine, 10 g 3-acetylpyridine, add 10 mL tetrahydrofuran, and stir
at room temperature for 6h. After the reaction was completed, the solvent was removed
by concentration under reduced pressure, 100 mL of ethanol was added and stirred at 40

°C for 1 hour, suction filtered while it was hot, the filter cake was retained, and the filter
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cake was rinsed with 30 mL of absolute ethanol to obtain 11.74 g of a yellow solid with a

yield of 80 %.

Following the above Procedure, 125.8 mg of 65 (71% yield) was isolated as a white
powder. *H NMR (500 MHz, Acetone-ds): & 9.00 (brs, 1H), 8.41 (dd, 1H, J = 1.8, 4.0 Hz)
,8.07 (dd, 1H, J= 2.3, 4.6 Hz), 7.33 (dd, 1H, J = 4.0, 4.6 Hz), 7.19 (br s, 2H), 7.13 (s,
1H); 3C NMR (500 MHz, Acetone-ds): & 169.2, 148.5, 147.4, 147.3, 133.1, 130.9, 124.1,

103.6.
Synthesis of compound 61.

A mixture of ethyl H-benzo[d]imidazole-2-carboxylate (1, 3.80 g, 20 mmol), and
hydrazine monohydrate (3 mL, 61.5 mmol) in EtOH (5 mL) was refluxed for 3 h. After
cooling the formed precipitate was filtered off, washed with water (5 x 10 mL) dried and

used without further purification.

§ N o
N 0] Hydrazine hydrate

b4 I
N 0 N /NH

ethaol, reflux, 3h
_\ HoN

Following the above procedure®®, 181.9 mg of 61 (90% yield) was isolated as a white
powder. *H NMR (500 MHz, DMSO-d6): & 13.21 (br s, 1H), 10.17 (br s, 1H), 7.66 (d,
1H, J=9.5Hz), 7.13 (d, 1H, J = 9.5 Hz), 7.26-7.21 (m, 2H), 4.66 (br s, 1H); *3C NMR

(500 MHz, DMSO-ds); 6158.2, 145.5, 143.0, 134.7, 124.3, 122.9, 120.3, 112.9.
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Chapter 111 — A conserved super BGC from Streptomyceproduces five distinct
inhibitors of biotin biosynthesis
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Abstract
Antibiotic resistance is an urgent and growing global health threat that results in

millions of deaths every year. Given the rapid and inevitable development of antibiotic
resistance, there is a dire need for novel therapeutic breakthroughs, particularly for Gram-
negative pathogens. Using a genome mining approach, we identified a unique super
biosynthetic gene cluster (BGC) from StreptomycesThis super BGC includes four
subclusters producing acidomycin, dapamycin, stravidins, and a-Me-KAPA that are
bounded by genes encoding a high-affinity biotin-binding protein, streptavidin.
Remarkably, streptavidin and the four natural products work synergistically to suppress
bacterial growth by inhibiting biotin biosynthetic enzymes conserved among various
bacteria. Our study identifies the first super BGC of such complexity and sets the stage
for in silico discovery of higher-order super BGCs that could be exploited to combat

drug-resistant infections.

Introduction
The increasing incidence of antibiotic resistance is limiting the efficacy of

clinically approved antibiotics, leaving few to no treatment alternatives. As we enter the
‘post-antibiotic’ era, there is an urgent need to propel the discovery of antibacterial
therapies with novel targets®. Most antibiotics used in the clinic are derived from natural
products (NPs)?; however, no new antibiotic classes have been approved for clinical use
for decades. Fortunately, recent technological and scientific advancements are revitalizing

the NP drug discovery pipeline®.
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Rapid progress in DNA sequencing technologies and our improved understanding
of NP biosynthesis has led to the exploitation of genomic information for NP discovery,
termed genome mining?, which revolutionized drug discovery. To date, genome mining
has been successful at identifying single-component antimicrobials*®. However, an
underexplored application of this sequence-informed approach is the discovery of new
co-produced secondary metabolites that synergistically enact their antibacterial effect®. To
our knowledge, only 18 types of bacterial co-produced synergistic pairs have been
identified thus far®!, Synergistically acting NPs may reveal cryptic interactions between
bacterial cells in the environment and have the potential to be translated into new

combination therapies'? 3,

More than half of the identified co-produced metabolites are encoded by super
BGCs which are typically composed of two directly adjacent BGCs®. In this study, we
report the discovery of the first super BGC that consists of four adjacent BGCs, flanked
by two protein-coding genes. Remarkably, the super BGC is conserved in the genomes of
at least 37 Streptomycesp. and composed of four subclusters responsible for the
biosynthesis of acidomycin, 2-amino-5,7-dienenonanedioic acid (dapamycin), stravidins
and 2-methyl-7-keto-8-aminopelargonic acid (a-Me-KAPA) that are bounded by two
streptavidin coding genes. Stravidins and acidomycin are known inhibitors of bacterial
biotin biosynthesis that target 7,8-diaminopelargonic acid synthase (BioA) and biotin
synthase (BioB), respectively*®, Here, we show that dapamycin and o-Me-KAPA also
inhibit the biotin biosynthetic pathway with yet-to-be-elucidated targets. Since biotin

biosynthesis has been validated as an antibiotic target in mycobacteria and Gram-negative
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pathogens'’-2!, we explored the antibacterial potential of these molecules against critical-
priority pathogens. We found that monotherapies with stravidin S2 and a-Me-KAPA
significantly decreased the bacterial load of a multi-drug resistant Escherichia coli
clinical strain in mice with human levels of biotin. We hypothesize that, in nature, the
four distinct NPs and streptavidin produced by the super BGC work synergistically to
block the conserved biotin biosynthetic enzymes and sequester free biotin from the

environment, forming a multi-dimensional synergy system.
Results

Identification of a conserved super BGC in Streptomyces

The recent discovery of the BGC responsible for stravidin production and the high
reported potency of these NPs against a broad spectrum of pathogens prompted us to
purify stravidins for in vivo testing®® 22, Intriguingly, upon closer inspection of the
stravidin BGC (svnBGC), we observed that it is co-localized with multiple polyketide
synthase (PKS) and non-ribosomal peptide synthase (NRPS) coding genes, and other
genes frequently seen in NP BGCs, including those coding for ketoacyl reductase,
cytochrome P450, an acyl carrier protein (ACP), phosphopantetheinyl transferase,
thioesterase, ketoacyl synthase, and acetyltransferase (Fig. 1 & Table S4). We speculated
that these additional genes belong to BGCs for related small molecule NPs. Accordingly,
we retrieved a total of 37 svnBGCs from the GenBank database using the
aminodeoxychorismate synthase gene, svnN as the bait, and extended from both sides of
svnBGC to analyze their boundary sequences using CORASON. Remarkably, we

observed a striking conservation of the svnBGCs across all Streptomycestrains, and 30
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out of 37 strains demonstrated a nearly identical gene organization for the boundary
sequences (Fig. 1). It appeared that the svnBGC is only one of the subclusters forming a
super BGC. The subgroup of seven strains that lack four genes upstream of the svnBGC

seemed to form a mini-PKS/NRPS hybrid subcluster.

Interestingly, all identified super BGCs are flanked by two streptavidin-coding
genes that appear to be the super BGC’s boundary. Since stravidins are known for
blocking biotin biosynthesis by inhibiting BioA and streptavidin specifically binds biotin,
we hypothesized that this putative super BGC encodes additional compounds that disrupt
the biotin biosynthetic pathway. Additionally, we speculated that the super BGC might
harbour a subcluster for the biosynthesis of acidomycin, a BioB inhibitor. This
speculation was based on the observation that acidomycin was isolated from

Streptomyces viginia@, which possesses the identified super BGC.
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Figure 1. Phylogenetic tree of the ADSK super BGC. CORASON phylogenetic
reconstruction with svnN(*) as the query gene and the super BGC from Streptomycesp.
WACO05950 as the query gene cluster. Genes are coloured as: white, unknown; aqua,
streptavidin; blue, transporter; red/maroon, core biosynthesis; dark green, DAHP
synthase; purple, peptide ligase; pink, aminotransferase; brown, acetyltransferase; yellow,
methyltransferase; royal blue, 4-amino-4-deoxychorismate mutase; almond, deacetylase;
medium sea green, aminodeoxychorismate synthase. Stravidin BGC is labelled on the top.

ADSK super BGC embraces four subclusters

To test if the super BGC produces multiple biotin biosynthesis inhibitors, we
created a construct containing the full BGC spanning 65,808 bp from the genome of
Streptomycesp. WAC05950 using yeast-based transformation-associated recombination
(TAR)?4. In parallel, we created a construct containing the reported svn BGC and
refactored it under the control of the constitutive ermBp* promoter® (Fig. 2A, Fig. S1).
Both constructs were mobilized into the surrogate host, S.coelicolorM1154%, for
heterologous expression through E. coli-Streptomycesiterspecies tri-parental mating?’
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After expression, we conducted comparative metabolic profiling using mass spectrometry
that indicated the standalone svnBGC is sufficient to produce a variety of stravidin
analogs (a-n) (Fig. 2B, Fig. S4). Although stravidins’ MS peaks dominate in the total ion
chromatogram (TIC) of S.coelicolorM1154/pADSK expressing the full BGC, we can
still observe other differential peaks (A, a, B, vy, & & *) from the base peak chromatogram
(BPC) while comparing to the BPC of S.coelicolorM1154/pSvn-ermEp* expressing the
svnBGC (Fig. 2B). The molecular weight of the peak * ([M+H]+=218.0850, observed)
matched the theoretical molecular weight of acidomycin ([M+H]+=218.0845, calculated).
The MS/MS fragmentation of a commercially available acidomycin standard also
matched the fragmentation of the peak *, confirming the compound as acidomycin (Fig.
S5). The identification of the acidomycin subcluster (aci BGC) further supported the

hypothesis that the super BGC could produce additional inhibitors of biotin biosynthesis.

Knowing the organization of the svnBGC, we attempted to disassemble the super
BGC and correlate each subcluster with a NP. We performed extensive target gene
deletion on the pADSK plasmid carrying the super BGC using A-red mediated PCR
targeting®® (Fig. S2), followed by mobilization of all truncated versions of the plasmids
into S.coelicolorM1154 for heterologous expression. Meanwhile, the disassembled
BGCs were also refactored to support the constitutive expression of each BGC in
S.coelicolorduring the plasmid engineering process. Eventually, the super BGC was
deconstructed into four subclusters (Fig. 2A, S3A). Comparative metabolic profiling
using liquid chromatography coupled with high-resolution quadrupole time-of-flight mass

spectrometry (LC-HR-QTOF MS) revealed that mass peaks a-n in the BPC were
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produced by the svn BGC, peaks A-C by the mini-PKS/NRPS hybrid BGC (named as
dapBGC), the peak * by the aci BGC, and peaks a-06 by the last BGC (named as kap

BGC) (Fig. 2B & S3B).

Having successfully isolated these BGCs, we attempted to characterize the
structures of all corresponding NPs. We were able to purify stravidin S2 (a), O-Me-
stravidin S2 (a"), stravidin S4 (j), and stravidin S5 (1) from the culture broth of
S.coelicolorM1154/pSvn-ermEp*. We confirmed their structures using one-/two-
dimensional nuclear magnetic resonance (1D-/2D- NMR) spectrometry (Fig. 2C, S8-S27,
Table S5-S6). Structures of the rest of the stravidin analogs were determined using

MS/MS spectrometry (Fig. S4). Acidomycin (*) was also purified from the culture broth

of S.coelicolorM1154/pAci-kasOp* and confirmed using the combination of MS/MS
and 1D-/2D- NMR spectrometry (Fig. 2C, S29-S32, Table S7). S.coelicolor
M1154/pDap-kasOp* produced three compounds, A ([M+H]*=200.0918, observed), B
([M+H]"=271.1292, observed), and C ([M+H]*=287.1237, observed), when grown in
SMM (Fig. S6A), correlating to predicted molecular formulae of CoH13NO4
([M+H]"=200.0917, calculated), C12H18N20s ([M+H]"=271.1288, calculated), and
C12H18N206 ([M+H]"=287.1238, calculated). MS/MS fragmentation indicated that B and
C are alanine and serine adducts of A, respectively. (Fig. S6B). A and B were purified
and determined to be 2-amino-5,7-dienenonanedioic acid (dapamycin A) and 2-N-alanyl-
5,7-dienenonanedioic acid (dapamycin B) using the combination of MS/MS and 1D-/2D-
NMR spectrometry (Fig. 2C, S33-S42, Table S8). As the coupling constants of 3Jus, 1,

8Jne, 7 and 3Ju7, ws are 15.1 Hz, 10.9 Hz and 15.3 Hz, the conjugative double bond was
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determined to be in E form. The molecular weights of compounds a, B, y, and & produced
by the last BGC determined on the HR-ESI-QTOF MS were 202.1440, 339.2279,
244.1544, and 365.2432, correlating to predicted molecular formulae of C10H19NO3
([M+H]=202.1438, calculated), C1sH30N204 ([M+H]"=339.2278, calculated), C12H21NO4
([M+H]=244.1543, calculated), C20H32N204 ([M+H]"=365.2435, calculated). MS/MS
fragmentation indicated that compound vy is likely to be an acetylated derivative of a, and
compounds B and 6 are analogs with a consistent mass difference of 26 Da across all
product ions (Fig. S7). Compounds a, B, and & were purified from the culture broth of
S.coelicolorM1154/pADSKAsvn and determined to be 2-methyl-7-keto-8-
aminopelargonic acid (a-Me-KAPA), 2,5-di-(2-methylhexanoic acyl)-3-methylimidazole,
and 2,5-dimethyl-3,6-di-(2-methylhexanoic acyl) pyrazine using the combination of
MS/MS and 1D-/2D- NMR spectrometry (Fig. 2C, S7B, S43-S57, Table S9-S10).
Compound y was determined to be N-acetyl-a-Me-KAPA by MS/MS spectrometry (Fig.
S7B). Compounds bearing a-keto and B-amine groups, like KAPA and a-Me-KAPA, are
labile and tend to form pyrazine through self-condensation under basic or anhydrous
conditions 2%, Compound & is derived from a-Me-KAPA through spontaneous
dimerization and dehydration followed by aromatization. Compound p is also derived

from a-Me-KAPA spontaneously, possibly through compound 6.
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Figure 2. The super BGC possesses four subclusters producing four different sets of
natural products. (A) Schematic of the refactored subclusters. Genes are coloured as in
Figure 1. The dashed lines represent deleted regions from pADSK. (B) Metabolic
profiling of refactored subclusters heterologously expressed in S.coelicolorM1154.
Compounds a-n are produced from svnBGC, A-B from dap BGC, * from aci BGC, and
a-6 from the kapBGC. (C) Structurally characterized compounds produced by the four
subclusters. MS/MS data and NMR data can be seen in Figures S4-S7 and Tables S5-
S10.

NPs produced by the super BGC inhibit bacterial biotin biosynthesis

The minimum inhibitory concentrations (MICs) of stravidin S2, acidomycin,
dapamycin A/B and a-Me-KAPA were determined against E. coli, Klebsiella
pneumoniagAcinetobacter baumanniPseudomonas aeruginoaad mycobacterial
strains in MOPS minimal or biotin-free media (Table 1). Dapamycin A was only active
against mycobacterial species, and no compounds showed activity against P. aeruginosa
Methylated stravidin (O-Me-S2) and acetylated stravidins (S4 and S5) demonstrated
markedly lower potency compared to stravidin S2 and were omitted from further
investigation in this study (Extended Data Table 2). The model organism E. coli
BW25113 was chosen for most downstream experiments because its biotin biosynthetic
pathway is well-characterized, and, apart from dapamycin A, we observed potent
inhibition by the NPs tested. The MICs of stravidin S2, acidomycin, dapamycin A,
dapamycin B, and a-Me-KAPA against E. coliBW25113 were 8 ng/mL, 16 pg/mL, >128

pg/mL, 8 pg/mL, and 32 pg/mL, respectively.
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Table 1. Minimum inhibitory concentrations (MICs) of stravidin S2, acidomycin,
dapamycin A/B and a-Me-KAPA against Gram-negative bacteria and mycobacteria
in biotin-deplete media.

Strain MAICH D)
Stravidin S2 Acidomycin Dapamycin A DapamycinB  a-Me-KAPA
E. coli BW25113 0.008 16 >128 8 32
E. coli C0244 0.004 32 >128 128 32
K. pneumoniaeVIKP103 0.064 >128 >128 >128 >128
K. pneumoniaeATCC 43816 0.064 32 >128 >128 8
A. baumanniiATCC 17978 16 64 >128 >128 128
P. aeruginosaPA01 >128 >128 >128 >128 >128
M. smegmatisnc2155 0.004 2 >128 4 32
M. fortuitum ATCC6891 >64 8 >128 >128 64
M. abscessue\TCC19977 >64 >128 >128 >128 128
M. tuberculosisH37Ra 8 2 64 >128 8
M. bovis BCG Pasteur ATCC35734 4 1 16 8 8

Stravidins are di- and tripeptides that release the warhead — amiclenomycin
(Acm), a non-proteinogenic amino acid, upon entry into the cells!®. Acm binds BioA and
forms a covalent bond between the 4-amino group and the C4” carbon of the pyridoxal 5-
phosphate (PLP) cofactor, yielding an irreversible Acm-PLP adduct'4. Acidomycin is a
competitive inhibitor of BioB that prevents the native substrate, DTB, from being
converted into biotin'®. Dapamycin A and B are novel NPs discovered in this study, and
their molecular targets leading to growth inhibition are unknown. a-Me-KAPA was
previously isolated from Streptomyces diastaticusut its antibacterial activity was not

evaluated3! Given the structural similarity of dapamycin A/B and a-Me-KAPA to the

intermediates in the biotin biosynthesis pathway, 7,8-diaminopelargonic acid (DAPA)
and KAPA, respectively, we speculated that they may also function as antimetabolites

inhibiting biotin biosynthesis.
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To test this hypothesis, we investigated the impact of supplementing biotin and
intermediates from its biosynthetic pathway into the media on the antibacterial activity of
the tested NPs. The nutrient supplementation approach was successful in a previous study
at identifying a synthetic inhibitor of BioA%2, First, we established the suppression profile
for the known inhibitors of biotin biosynthesis - stravidin S2 and acidomycin. As
expected, stravidin S2 activity was suppressed >16-fold by biotin and metabolites
downstream of its target, BioA - DAPA and D-dethiobiotin (DTB) (Extended Data Fig.
1B-D)™. Lack of suppression by KAPA, the natural substrate for BioA, was also
anticipated due to its inability to enter the enzyme’s active site, which is blocked by the
irreversible amiclenomycin-PLP adduct (Extended Data Fig. 1A)*. Acidomycin activity
was suppressed >16-fold by biotin and the competing native substrate for BioB — DTB
(Extended Data Fig. 2C, D). Surprisingly, DAPA also suppressed its activity but at a 16-
fold higher concentration than stravidin S2 (Extended Data Fig. 2B). Acidomycin is a
reversible inhibitor of BioB; therefore, it is possible that DAPA is getting converted into
DTB and suppressing the inhibition. We found that KAPA suppressed the activity of
acidomycin as well but only to 4-fold (Extended Data Fig. 2A). The reduced suppression
could result from the upstream position of KAPA with respect to DAPA in the biotin
biosynthetic pathway, which would require two enzymatic reactions to yield DTB for
suppression. We observed that the antibacterial activity of dapamycin B was suppressed
>16-fold by biotin, DTB, and DAPA (Extended Data Fig. 3B-D). As there was no
observed suppression by KAPA, we reasoned that dapamycin B might target one of

BioADB enzymes (Extended Data Fig. 3A). The antibacterial activity of a-Me-KAPA
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was suppressed >16-fold by biotin, DTB, DAPA and KAPA (Extended Data Fig. 4). It is
the only isolated compound strongly suppressed by KAPA, indicating that it likely targets
BioF or BioA. Altogether, the four NPs and streptavidin are speculated to target the

conserved enzymes of biotin biosynthesis and sequester free biotin (Fig. 3A).
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Figure 3. Pairwise interactions of four inhibitors of biotin biosynthesis produced by
the super BGC. (A) Ureido-tetrathiophene heterobicyclic ring formation stage of biotin
biosynthesis with NPs, produced by the super BGC, inhibiting the known and proposed
targets. (B) Checkerboard microdilution assays of combinations between stravidin S2,
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acidomycin, dapamycin B and a-Me-KAPA. Red regions represent higher cell density.
Checkerboard data are representative of at least two biological replicates.

NPs produced by the super BGC display potent synergy

Prior studies on amiclenomycin showed it to be synergistic with acidomycin
against M. smegmatign a minimal medium?3. Likewise, we found that stravidin S2 and
acidomycin exhibit a highly potent synergistic interaction against E. coli, K. pneumoniae
and A. baumanni(FIC; = 0.047-0.379; Fig. 3B, Extended Data Fig. 5). The activities of
the less potent stravidins isolated in our study, S4 and S5, were also strongly potentiated
by acidomycin (Extended Data Fig. 6). Given the intriguing synergy between stravidins
and acidomycin, we investigated combinations with the other isolated NPs. Interestingly,
we found that dapamycin B only synergized with acidomycin in E. coli (FICi=0.31; Fig.
3B). Stravidin S2 appeared to have an antagonistic interaction with dapamycin B
(FICi=9.00, Fig. 3B). As stravidin S2 and dapamycin B are both dipeptides, we
hypothesized that the observed antagonism is due to competition for the same transporter.
To test this, MICs of stravidin S2 and dapamycin B were determined against E. coli
peptide transporter single-gene knockout strains (Extended Data Table 2). Indeed,
deletion of the dipeptide ABC transporter periplasmic binding protein (dppA increased
the MIC of stravidin S2 by 64-fold and completely abolished the antibacterial activity of
dapamycin B, suggesting that they both enter the cells through the same transporter. o-
Me-KAPA and dapamycin B displayed an indifferent interaction in combination, further
contributing to the puzzling presence of dapamycin B in the super BGC (FIC; = 3.00; Fig.
3B). Notably, a-Me-KAPA synergized with both stravidin S2 and acidomycin (FICi=0.19

and FICi= 0.38, respectively; Fig. 3B). The presence of at least one synergistic pair for
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each tested NP creates many possibilities for combination therapies targeting clinically

significant pathogens.

Exploring in vivo efficacies of NPs produced by the super BGC

The absence of biotin biosynthesis in humans, coupled with low concentrations of
biotin in blood and organs, has made the development of antibiotics inhibiting biotin
biosynthesis an area of interest. Recently, we developed a mouse model to test such
inhibitors by humanizing mice with streptavidin pre-treatment to mimic biotin levels
found in the human body?'. We used the clinical multi-drug resistant E. coliisolate C0244
for the animal study because this strain exhibited the highest susceptibility in vitro to the
four NPs. Mice were infected by intraperitoneal injection with a lethal dose of E. coliand
treated with a single dose of compounds 1-hour post-infection. In single-dose
monotherapy treatments, stravidin S2 and a-Me-KAPA reduced bacterial load in the
blood, spleen, kidneys, and liver by 97-99% and 95-99%, respectively, compared to a
vehicle (Fig. 4). Despite lack of efficacy for acidomycin and dapamycin B, we speculate
their activity could be revealed in combination with other NPs targeting biotin
biosynthesis. Overall, the efficacy of S2 and a-Me-KAPA in murine infection models

indicates a promising start toward the clinical development of these compounds.
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Figure 4. In vivo efficacy of compounds produced by the super BGC. Bacterial load
measured in blood and organs following compound treatment of an E. coli C0244
systemic infection in CD-1 mice pre-treated with streptavidin (2 mg/kg, 1 hr prior to
infection). Groups of mice were treated by a single intraperitoneal (IP) injection of
vehicle (grey), stravidin S2 (50 mg/kg, red), acidomycin (50 mg/kg, blue), dapamycin B
(50 mg/kg, green) or a-Me-KAPA (50 mg/kg, orange) 1 hr after infection. The infection
progressed for 6 hours. Each point represents an individual mouse, and the line indicates
the mean; “p <0.01, ““p <0.001, non-parametric Mann-Whitney test. LOD stands for a

limit of detection.
Discussion

New antibiotic therapies are urgently needed to combat antimicrobial resistance.
NPs have historically played a crucial role in the antibiotic pipeline. However, searching
for novel candidate compounds has become challenging due to the frequent re-discovery

of known NPs3. Fortunately, exploiting unconventional targets combined with recent
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advances in genome mining techniques has made it more feasible to uncover BGCs that

produce novel NPs®,

In this work, we discovered a biotin-targeting arsenal encoded by the first-of-its-
kind super BGC bounded by two streptavidin genes. The super BGC comprises a diverse
set of NPs, including acidomycin, dapamycins, stravidins, and a-Me-KAPA, that we
suggest targets the conserved steps of biotin biosynthesis. We found that streptavidin
promotes the action of the four compounds by sequestering any free form of biotin in the
environment. Apart from stravidin S2, which exhibits a highly potent antibacterial
activity, other identified inhibitors demonstrate moderate antibacterial activity in MOPS
minimal and biotin-free media. However, combinations of stravidins, acidomycin,
dapamycin B and a-Me-KAPA act synergistically to inhibit the growth of E. coli, thus

overcoming the moderate individual potency of the latter three compounds.

We hypothesize that synergistic interactions between these compounds are caused
by the simultaneous depletion of substrates of multiple enzymes from the same metabolic
pathway, which is achieved through the inhibition of these enzymes® %, We observed
that the upstream metabolites of acidomycin’s target, BioB, — KAPA, DAPA and DTB —
suppress the activity of this compound. Therefore, using the synergy between stravidin S2
and acidomycin as an example, we can speculate that subinhibitory concentrations of
stravidin S2 would cause less DAPA, the product of BioA, to be produced. The decreased
pool of DAPA would lead to reduced production of DTB, a substrate competitor for
BioB, thus lowering the MIC of acidomycin. Previous work suggests that acidomycin, in

addition to inhibiting BioB, could deplete the intracellular pool of S-adenosyl-methionine
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(SAM), a cofactor for BioCAB enzymes*®. Consequently, subinhibitory concentrations of
acidomycin would reduce BioA activity, thereby lowering the required concentration of
stravidin S2 for inhibition. Identifying enzymatic targets for dapamycin B and a-Me-
KAPA will be the crucial next step toward understanding the interactions of all four

compounds.

All NPs purified in this study are known or hypothesized BioFADB enzyme
inhibitors** 16, These enzymes comprise the second stage of biotin biosynthesis, the
formation of the ureido-tetrathiophene heterobicyclic ring®’. Since this stage is highly
conserved across most bacterial species, including critical pathogens of interest®’, NPs
described here hold promise for the development of next-generation broad-spectrum
antibiotics. This notion is further supported by the reliance of pathogenic bacteria on the
biotin biosynthetic pathway to establish an infection®. We observed that a single-dose
treatment of stravidin S2 and a-Me-KAPA in combination with streptavidin was
sufficient to significantly reduce bacterial load in mice infected with multi-drug resistant
E. coli. To further enhance their effectiveness, it would be beneficial to conduct
pharmacokinetic studies on these compounds, aiming to optimize the dosing and improve
their activity. Additionally, given the synergy with other biotin NPs in vitro, multiple
combinations could be tested in vivo. Drug combinations offer multiple advantages, such
as an increased potency and potential reduction of the onset of resistance in a clinical

setting, as in the case of co-produced streptogramins'?.

The super BGC identified in this study is unique because it contains an unusually

high number of enclosed subclusters. All 10 bacterial super BGCs identified to date only
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comprise two BGCs®* % while the super BGC we discovered contains four BGCs and a
protein, streptavidin. However, the limited number of previously identified super BGCs
raises the question of whether the super BGC from our study is exceptional or if other
similar super BGCs are simply challenging to find. Although super BGCs have been
primarily characterized in bacteria, recent studies show they are also present in fungal
genomes. Most fungal super BGCs are composed of two BGCs as well, except for the
super BGC from Metarhizium robertsf?. It contains three BGCs that produce four
antimicrobial compounds, assisting fungi in defence against bacteria. The existence of a
higher-order super BGC in fungi is promising for the field of super BGC discovery.
Perhaps, as genome mining continues to advance, the identification of new and complex

super BGCs might become more ubiquitous.

Overall, our study characterizes a super BGC comprising four subclusters flanked
by two streptavidin-encoding genes. We studied each subcluster separately and connected
it to the corresponding NP. We found that all purified NPs are inhibitors of biotin
biosynthesis and have synergistic interactions with at least one of the four purified NPs.
We were able to exploit their activity against antibiotic-resistant E. coli in vivo.This
super BGC is conserved in the genomes of multiple Streptomycesuggesting that
synergism is an overlooked driving force for NP BGC evolution. As more super BGCs
are detected in the sequenced genomes®* % we believe that more synergistic
combinations of NPs may be identified, with our study setting the stage for the discovery

of novel natural combination therapies.
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Extended Data Figures and Tables
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Extended Data Figure 1. Biotin and intermediates of its biosynthetic pathway
antagonize stravidin S2 activity in E. coliBW25113 in MOPS minimal medium.
Checkerboard metabolite suppression assays with (A) KAPA, (B) DAPA, (C) DTB, and
(D) Biotin. Red regions represent higher cell density. Checkerboard data are
representative of at least two biological replicates.
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Extended Data Figure 2. Biotin and intermediates of its biosynthetic pathway
antagonize acidomycin activity in E. coli BW25113 in MOPS minimal medium.
Checkerboard metabolite suppression assays with (A) KAPA, (B) DAPA, (C) DTB, and
(D) Biotin. Red regions represent higher cell density. Checkerboard data are

representative of at least two biological replicates.
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Extended Data Figure 3. Biotin and intermediates of its biosynthetic pathway

antagonize dapamycin B activity in E. coli BW25113 in MOPS minimal medium.
Checkerboard metabolite suppression assays with (A) KAPA, (B) DAPA, (C) DTB, and
(D) Biotin. Red regions represent higher cell density. Checkerboard data are

representative of at least two biological replicates.
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Extended Data Figure 4. Biotin and intermediates of its biosynthetic pathway
antagonize a-Me-KAPA activity in E. coliBW25113 in MOPS minimal medium.
Checkerboard metabolite suppression assays with (A) KAPA, (B) DAPA, (C) DTB, and
(D) Biotin. Red regions represent higher cell density. Checkerboard data are

representative of at least two biological replicates.
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Extended Data Figure 5. Acidomycin and stravidin S2 synergize in Gram-negative
pathogens in MOPS minimal medium. Checkerboard assays in (A) E. coliC0244 (FIC;
=0.187), (B) K. pneumoniadTCC 43816 (FICi = 0.047), (C) A. baumanniATCC
17978 (FICi = 0.379). Red regions represent higher cell density. Checkerboard data are

representative of at least two biological replicates.
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Extended Data Figure 6. Acidomycin synergizes with other stravidins in E. coli
BW25113 in MOPS minimal medium. Checkerboard assays of acidomycin with (A) O-
Me-S2 (FICi = 0.188), (B) S4 (FIC; = 0.188), (C) S5 (FICi = 0.157). Red regions
represent higher cell density. Checkerboard data are representative of at least two

biological replicates.
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Extended Data Table 1. Minimum inhibitory concentrations (MICs, pg/mL) of
stravidin analogs produced by the super BGC against Gram-negative bacteria in

MOPS minimal medium.

Strain O-Me-S2 S4 S5
E. coliBW25113 0.16 >128 50
E. coliC0244 0.16 100 25
K. pneumoniadKP103 1.56 >128 128
K. pneumoniadTCC 43816 3.13 >128 >128
A. baumanniATCC 17978 100 >128 >128
P. aeruginos@®A01 >128 >128 >128

Extended Data Table 2. Minimum inhibitory concentrations (MICs, pg/mL) of
stravidin S2 and dapamycin B against peptide transporter knockouts in E. coli
BW25113 in MOPS minimal medium.

Strain Stravidin S2 Dapamycin B
Wild-type 0.016 8
AdppA 0.5 >128
AdtpA 0.016 8
AOppA 0.016 8
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Materials and Methods

Oligonucleotides, strains, plasmids, and reagents: Oligonucleotides and gBlocks were
synthesized by Integrative DNA Technologies (Coralville, 1A, USA) and listed in Table
S1. All plasmids and strains used in this work are listed in Table S2 and S3. Sanger
sequencing and Illumina genome sequencing were performed at the McMaster Genomics
Facility (McMaster University). Long-read genome sequencing was performed on an in-
house MinlON platform (Oxford Nanopore Technologies). Dreamtag Master Mix (2x)
and Phusion Hi-Fidelity DNA polymerase (Thermo Fisher Scientific) were used for PCR
screening and high-fidelity PCR amplification. GeneJet plasmid miniprep kit (Thermo
Fisher Scientific) was used for general plasmid purification. pADSK and its truncated
derivative plasmids were purified using the alkaline lysis method. Restriction enzymes
were purchased from Thermo Fisher Scientific. 5-Fluoroorotic acid monohydrate (5-
FOA) was purchased from Cedarlane. Zymolyase 20T was purchased from Bioshop
Canada. KAPA hydrochloride was purchased from Cayman Chemical Company. DAPA
dihydrochloride was purchased from Toronto Research Chemicals. Streptavidin was
purchased from Neuromics. CD-1 mouse serum and normal human serum were purchased
from Innovative Research. MOPS minimal medium was purchased from Teknova. All

other chemicals used in this study were purchased from Sigma-Aldrich.

Growth conditions: E. colistrains were grown in LB broth (Bioshop Canada) and
incubated at 37 °C, 250 rpm. When culturing E. coli EPI300 strains with captured or
refactored plasmids carrying NP BGCs for plasmid isolation, 1 mM of L-arabinose was

added to induce plasmid copy number®°. S. cerevisia®/L6-48N** was grown in YPD (10
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g yeast extract, 20 g peptone, 20 g dextrose, ddH20 1 L) liquid or agar medium
supplemented with 100 pg/mL adenine for spheroplast cells preparation and SD-Trp-5-
FOA medium (182 g sorbitol, 20 g glucose, 20 g agar, 100 mL 10x yeast nitrogen base,
100 pg/mL adenine, 1 mg/mL 5-FOA, ddH20 1 L) for selection. 10x yeast nitrogen base
(100 mL): 1.7 g yeast nitrogen base w/o amino acids and ammonium sulfate (BD Difco),
5 g (NH4)2S04, 0.832 g amino acids mix w/o tryptophan, 100 pg/mL adenine; 100x
adenine (10 mg/mL), and 100x 5-FOA (100 mg/mL) were added to SD-Trp medium after
autoclave. Yeast transformants were grown in SD-Trp liquid medium (182 g sorbitol, 20
g glucose, 100 mL 10x yeast nitrogen base, 100 pg/mL adenine, ddH20 1 L) for plasmid
DNA extraction. Streptomycestrains were grown in TSBY medium (30 g tryptone soy
broth, 5 g yeast extract, ddH20 1 L) and incubated at 30 °C, 250 rpm for genomic DNA
isolation and seed culture preparation. When preparing genomic DNA, 0.5% glycine was
added to the TSBY culture. Soy flour medium (SFM, 20 g soya flour, 20 g b-mannitol, 20
g agar, ddH20O 1 L, pH 7.2-7.4) was used for Streptomycesporulation and conjugation
(supplemented with 20 mM MgCl>). Streptomycesntibiotic activity medium (SAM, 15 g
glucose, 15 g soytone, 5 g NaCl, 1 g yeast extract, 1 g CaCO3, 2.5 mL glycerol, ddH20 1
L, pH 6.8), YBP medium (10 g glucose, 2 g yeast extract, 2 g beef extract, 4 g peptone, 1
g MgSOg, 15 g NaCl, ddH20 1 L, pH 7.2-7.4), and Streptomyceminimal medium
(SMM, 5 g (NH4)2S04, 0.5 g KoHPO4, 0.2 g MgSO4+ 7H20, 0,01 g FeSO4+7H20, 10 g
glucose, 2 g CaCOg3, ddH20 1 L, pH 7.0) were used for fermentation. Antibiotics were

added as required for selection (100 pg/mL ampicillin, 50 pg/mL kanamycin, 50 pg/mL
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apramycin, 25 pg/mL chloramphenicol, 25 pug/mL nalidixic acid, and 50 pg/mL

trimethoprim).

Closing the gaps of ADSK super BGC: The whole genome sequence of Streptomyces
sp. WAC 05950 has been deposited into Genbank under the accession number
RQJB00000000.1. The full ADSK super BGC was located onto two different contigs.
svn-gF/svn-gR primers were used to amplify the 143 bp gap region and confirmed by

Sanger sequencing.

TAR cloning of the ADSK super BGC and svnBGC: Annotation of the ADSK super
BGC was shown in Table S4. TAR cloning was performed according to the standard
protocol?*, Capturing hook sequences were designed as previously described 2. ADSK-
gbk possessing the capturing hooks targeting the ADSK super BGC was inserted into the
pCGW plasmid between the Ndd/Xhd sites using Gibson assembly. pADSK-cap
plasmid was linerized by Pmd digestion and purified through a PCR clean-up kit for
transformation into yeast spheroplast cells. High-quality genomic DNA of WAC05950
was prepared using a salting out procedure*® followed by RNase A treatment to remove
RNA. gDNA was treated with ECoORV/Spd digestion to release the ADSK super BGC and
then purified through sodium acetate precipitation. Linerized pADSK-cap plasmid (~500
ng) and digested gDNA (~2 pg) were mixed and co-transformed into S. cerevisia®/L6-
48N spheroplast cells and then plated onto SD-Trp-5-FOA medium for selection. After
incubating at 30 °C for 3-5 d, yeast transformants were picked into SD-Trp liquid medium
and grown for 24 h at 30 °C. Yeast cells were harvested for plasmid extraction using the

alkaline lysis method and screened for positive transformants through PCR using svn-
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dF/svn-dR as screening primers. Positive hits were selected and re-transformed into E.
coli EPI1300 cells through electroporation and further confirmed through restriction
digestion. svnBGC was cloned and refactored using the same procedure. ermEp*-svnN-
svnA-fd terminator-gbk was used to capture svnBGC from pADSK carrying the super
BGC. ermEp*-svnN-svnA-fd terminator-gbk was inserted into pCGW plasmid between
the Ndd/Xhdl sites using Gibson assembly, generating pSvn-cap plasmid. pADSK was
digested with ECoR/Nsil digestion to release the svnBGC and then purified through
sodium acetate precipitation. Pmel linerized and purified pSvn-cap plasmid (~500 ng) and
digested pADSK plasmid (~2 pg) were mixed and co-transformed into S. cerevisia&/L6-

48N spheroplast cells for selection of pSvn-ermEp* plasmid.

Refactoring of pADSK plasmid: A-red mediated PCR targeting?® was used to determine
the boundary of each subcluster and refactor each subcluster accordingly. kasOp**4-T7
terminator-aac(3)IV-ASK-gbk and aac(3)1V-T7 terminator-kasOp*-kap-gbk (Table S1)
were synthesized and introduced into pUC18 between EcoR/HindllI sites to provide
editing templates for refactoring each subcluster. Error-free editing templates were
confirmed by Sanger sequencing using M13F/R primers. Schematics of pADSK plasmid

editing are shown in Fig. S2. Genotypes of the refactored plasmids are listed in Table S2.

p A D S K Msvu-IR primers were used to amplify the aac(3)IVresistant
cassette from pCGW, followed by gel purification (Table S1). The purified aac(3)IV
cassette (1 pg) was transformed into E. coliBW25113/pKD46/pADSK competent cells
(100 pL) through electroporation, plated onto LB agar medium supplemented with 50

pug/mL apramycin and then incubated at 37 °C overnight. The transformants from the agar
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plate were screened using Asvn-dF/dR primers by colony PCR. Plasmid DNA was
extracted from the positive transformant and then re-transformed into E. coli EP1300 cells
through electroporation to purify clean knockout mutant, resulting in
pADSKAsvn::aac(3)IV plasmid. pADSKAsvn::aac(3)IV plasmid was then purified
through alkaline lysis and digested with Avrll to remove the aac(3)IVmarker. Avrll
treated pADSKAsvn::aac(3)IV plasmid was purified through sodium acetate precipitation
and re-circularized by self-ligation using T4 DNA ligase, resulting in pADSKAsvn.
pADSKAsvn2, pADSKAsvn3, pADSKADS, and pAci were generated using an identical
procedure except for the primers used for amplifying aac(3)IVresistant cassette and

colony PCR screening (Table S1).

pAD-kasOp*: ASK-F/R primers were used to amplify the kasOp*-T7 terminator-
aac(3)1VV-ASK-gbk synthetic cassette from pUC18-k*TaSK, followed by gel purification.
The purified synthetic cassette (1 pg) was transformed into E. coli
BW25113/pKD46/pADSK competent cells (100 uL) through electroporation, plated onto
LB agar medium supplemented with 50 pg/mL apramycin and then incubated at 37 °C
overnight. The transformants from the agar plate were screened using ASK-dF/dR primers
by colony PCR. Plasmid DNA was extracted from the positive transformant and then re-
transformed into E. coli EP1300 cells through electroporation to purify clean knockout
mutant, resulting in pADSKASK::aac(3)IV-kasOp* plasmid. pADSKASK::aac(3)IV-
kasOp* plasmid was then purified through alkaline lysis and digested with Ndd to

remove the aac(3)IVmarker. Ndd-treated pADSKASK::aac(3)IV-kasOp* plasmid was
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purified through sodium acetate precipitation and re-circularized by self-ligation using T4

DNA ligase, resulting in pAD-kasOp*.

pDap-kasOp*:dap-F/R primers were used to amplify the aac(3)IVresistant
cassette from pCGW, followed by gel purification. The purified aac(3)IVresistant
cassette (1 pg) was transformed into E. coliBW25113/pKD46/ pAD-kasOp* competent
cells (100 pL) through electroporation, plated onto LB agar medium supplemented with
50 pg/mL apramycin and then incubated at 37 °C overnight. The transformants from the
agar plate were screened using dap-dF/dR primers by colony PCR. Plasmid DNA was
extracted from the positive transformant and then re-transformed into E. coli EP1300 cells
through electroporation to purify clean knockout mutant, resulting in pAD-
kasOp*AA::aac(3)IV plasmid. pAD-kasOp*AA::aac(3)IV plasmid was then purified
through alkaline lysis and digested with Avrll to remove the aac(3)IVmarker. Avrll
treated pAD-kasOp*AA::aac(3)IV plasmid was purified through sodium acetate
precipitation and re-circularized by self-ligation using T4 DNA ligase, resulting in pDap-

kasOp*.

pAcikasOp*:aci-F/R primers were used to amplify the kasOp*-T7 terminator-
aac(3)IV-ASK-gbk synthetic cassette from pUC18-k*TaSK, followed by gel purification.
The purified synthetic cassette (1 pg) was transformed into E. coliBW25113/pKD46/
pAci competent cells (100 pL) through electroporation, plated onto LB agar medium
supplemented with 50 pg/mL apramycin and then incubated at 37 °C overnight. The
transformants from the agar plate were screened using dap-dF/dR primers by colony

PCR. Plasmid DNA was extracted from the positive transformant and then re-transformed
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into E. coli EPI300 cells through electroporation to purify clean knockout mutant,
resulting in pAci::aac(3)1V-kasOp* plasmid. pAci::aac(3)IV-kasOp* plasmid was then
purified through alkaline lysis and digested with Ndd to remove the aac(3)IVmarker.
Ndd treated pAci::aac(3)IV-kasOp* plasmid was purified through sodium acetate
precipitation and re-circularized by self-ligation using T4 DNA ligase, resulting in pAci-

kasOp*.

pKapkasOp*:kap-F/R primers were used to amplify the aac(3)IV-T7 terminator-
kasOp*-kap-gbk synthetic cassette from pUC18-aTk*K, followed by gel purification. The
purified synthetic cassette (1 pug) was transformed into E. coliBW25113/pKD46/ pADSK
competent cells (100 pL) through electroporation, plated onto LB agar medium
supplemented with 50 pg/mL apramycin and then incubated at 37 °C overnight. The
transformants from the agar plate were screened using kap-dF/dR primers by colony
PCR. Plasmid DNA was extracted from the positive transformant and then re-transformed
into E. coli EPI300 cells through electroporation to purify clean knockout mutant,
resulting in pADSKAADS::aac(3)IV-kasOp* plasmid. pADSKAADS::aac(3)IV-kasOp*
plasmid was then purified through alkaline lysis and digested with Xhad to remove the
aac(3)IVmarker. Xhd treated pADSKAADS::aac(3)IV-kasOp* plasmid was purified
through sodium acetate precipitation and re-circularized by self-ligation using T4 DNA

ligase, resulting in pKap-kasOp*.

Heterologous production of NPs: All plasmids were introduced into S. coelicolor
M11542 strain for heterologous expression using an identical procedure?’. Using pADSK

as an example, the procedure is described in the following way. pADSK was
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electroporated into E. coliET12567 cells, followed by mobilizing into S. coelicolor
M1154 through E. coliStreptomycemterspecies tri-parental mating using E. coli
ET12567/pADSK as the donor strain, E. coliET12567/pR9406 as the helper strain, and S.
coelicolorM1154 as the recipient strain. E. coliET12567/pADSK and E. coli
ET12567/pR9406 cells were grown to ODeoo = 0.6-1.0; 0.1 mL of each culture was
harvested in 1.5 mL microcentrifuge tubes. The E. colicultures were then washed twice
with an equal volume of fresh LB and resuspended with 0.1 mL of fresh LB ready for
use. S. coelicoloMM1154 spores were collected from the SFM sporulation plates and
resuspended into 2xYT medium (10 g yeast extract, 16 g tryptone, 5 g NaCl, ddH.0 1 L),
followed by heat activation at 50 °C for 10 mins. The resuspended E. colicells and heat-
activated Streptomycespores (equilibrated to room temperature) were combined and
plated onto SFM (supplemented with 20 mM MgCl;) agar medium. After 16-20 h
incubation at 30 °C, the conjugation plate was flooded with 1 mL of kanamycin (1.5
mg/mL) and trimethoprim (1.5 mg/mL) and incubated for another 3-5 d at 30 °C.

Resistant exconjugants were selected to prepare the seed culture for fermentation.

Metabolic profiling of the NPs: For small-scale metabolic analysis, Streptomycestrains
were grown in 16 mL test tubes containing 3 mL TSBY medium with three glass beads (5
mm) at 30 °C, 250 rpm for 2 d. Antibiotics were added as needed for selection. 150 pL
seed cultures were then inoculated into 3 mL of SAM medium (5% inoculum) in 24-well
plates (CR1424, EnzyScreen BV, NL) and grown at 30 °C, 250 rpm for 4-7 d. The
condition medium was centrifuged, and 2 pL of each sample was analyzed on an Agilent

6550 iFunnel Q-TOF mass spectrometry equipped with an inline Agilent 1290 HPLC
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system using Xselect CSH C18 column (130 A, 5 pm, 4.6 mm x 100 mm [Cat no.
186005289, Waters]). HPLC gradient used was: t= 0-0.5 min, 2% B; t=15 min, 20% B;
t=22-25 min, 95% B; t=26-30 min, 2% B; at a flow rate of 0.6 mL/min, 30 °C with H2O
(0.1% formic acid [FA], A) and ACN (0.1% FA, B) as mobile phases. The QTOF system

was performed in positive mode with a mass scan range of 50-1000 m/z.

Production and purification of NPs: S. coelicoloMM1154 strains carrying different
expression plasmids were grown in 100 mL TSBY medium in 250 mL Erlenmeyer flasks
(x6) containing 15 glass beads for 3 d at 30 °C, 250 rpm as the seed culture. The seed
cultures (35 mL) were then inoculated into 2.8 L Thomson ULTR YIELD flasks (x10)
containing 700 mL of respective fermentation medium and cultured at 30 °C, 250 rpm for
4-7 d. S. coelicoloM1154/pSvn-ermEp* strain was grown in YBP medium for 4 d for
the production and purification of stravidins. S. coelicolomM1154/pAci-kasOp* strain
was grown in SAM medium for 7 d for the production and purification of acidomycin. S.
coelicolorM1154/pDap-kasOp* strain was grown in SMM medium for 4 d for the
production and purification of dapamycins. S. coelicoloM1154/pADSKAsvn strain was
grown in SMM medium for 4 d for the production and purification of a-Me-KAPA and in
SAM for 7 d for the production and purification of 2,5-di-(2-methylhexanoic acyl)-3-

methylimidazole and 2,5-dimethyl-3,6-di-(2-methylhexanoic acyl)pyrazine.

Purification of stravidin 8, O-Me-S2, S4 and S%Btreptomycesulture filtrate (6
L) was extracted with 5% (w/v) HP-20 (Diaion) resin twice. The resin was eluted with 1
mM NH4HCO3 (pH=8, 1 L), 50% MeOH in water (v/v, 3 L), and 100% MeOH (2 L) to

yield three fractions S1 to S3. The active fraction S2 was loaded on an Amberlite C-120
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strong cation exchange resin (H* form) column and then eluted with MeOH (500 mL),
water (500 mL) and 0.5 M NaCl + 0.1 M NaHCOs (2 L) to give three subfractions S2-1
to S2-3. The active subfraction S2-3 was applied to a silica gel vacuum liquid
chromatography (VLC) column eluted with EtOAc (3 column volumes [cv]),
EtOAc/MeOH (8:2, 0.1% AcOH, 3 cv), EtOAc/MeOH (1:1, 0.1% AcOH, 5 cv), and
MeOH/water/acetic acid 9:1:0.3 (v/v/v, 8 cv) to yield four fractions S-2-3-1~4.
Subfraction S2-3-3 was subjected to reverse-phase CombiFlash ISCO (RediSep Rf C18,
Teledyne) and eluted with Water-ACN isocratic gradients (5%, 8%, 11% and 15%
acetonitrile(ACN) supplemented with 0.1% FA, 3 cv each concentration) to yield
stravidin S4 (280 mg) and S5 (71 mg). Subfraction S2-3-4 was subjected to reverse-phase
CombiFlash ISCO (RediSep Rf C18, Teledyne) and eluted with Water-ACN isocratic
gradients (5% and 8% ACN supplemented with 0.1% FA, 3 cv each concentration) to

yield stravidin S2 (59 mg) and O-Me-S2 (91 mg).

Purification of acidomycinStreptomycesulture filtrate (6 L) was extracted with
5% (w/v) HP-20 (Diaion) resin twice after adjusting its pH to 4.0. The resin was eluted
with 15% MeOH in water (v/v, 0.1% FA, 3.8 L) and 90% MeOH in water (v/v, 0.1% FA,
3 L) to yield two fractions Al and A2. The fraction A2 was applied to a silica gel VLC
column eluted with Hexanes/EtOAc (4:1, 3 cv), EtOAc (0.1% AcOH, 3 cv), and
EtOAc/MeOH (1:1, 0.1% AcOH, 5 cv) to yield three fractions A2-1~3.The subfraction
A2-2 was loaded on reverse-phase CombiFlash ISCO (RediSep Rf C18, Teledyne) and
eluted with a Water-ACN linear gradient (5-95% ACN, 0.1% FA) to give 51 fractions

A2-2-1to A2-2-51. The subfractions A2-2-26~29 were eluted with 50% to 52% ACN,
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combined and reloaded on reverse-phase CombiFlash ISCO (RediSep Rf C18, Teledyne)
and eluted with a Water-MeOH linear gradient (40-100% MeOH, 0.1% FA) to give 71

fractions A2-2-26-1 to A2-2-26-71. The subfractions A2-2-26-27~30 were combined and
passed through a Sephadex LH-20 column (35 mm x 500 mm, 460 mL column volume),

eluting with 85% MeOH, to yield pure acidomycin (52 mg).

Purification of dapamycin AStreptomycesulture filtrate (4 L) was loaded on a
strong cation exchange (Dowex 50WX8, H* form) column after adjusting its pH to 4.0.
The resin was eluted with MeOH (0.1% AcOH, 3 cv), water (0.1% AcOH, 3 cv), and 2%
NH4OH (v/v, 10 cv) to yield three fractions DA1-DA3. The fraction DA3 was applied to
a silica gel VLC column eluted with EtOAc/MeOH (9:1, 0.1% AcOH, 3 cv),
EtOAc/MeOH (v/v 8:2, 0.1% AcOH, 3 cv), and MeOH (0.1% AcOH, 5 cv) to yield three
fractions DA3-1~3. The subfraction DA3-3 was recrystallized in MeOH to yield white
amorphous powder. The white powder was further purified with isocratic elution on
reverse-phase CombiFlash ISCO (RediSep Rf C18, Teledyne) using 5% ACN (0.1% FA)

as the mobile phase to yield pure dapamycin A (160 mg).

Purification of dapamycin BStreptomycesulture filtrate (4 L) was loaded on a
strong cation exchange (Dowex 50WX8, H* form) column after adjusting its pH to 4.0.
The resin was eluted with MeOH (0.1% AcOH, 3 cv), water (0.1% AcOH, 3 cv), and 2%
NH4OH (v/v, 10 cv) to give three fractions DB1-DB3. The fraction DB3 was applied to a
silica gel VLC column eluted with EtOAc/MeOH (9:1, 0.1% AcOH, 3 cv), EtOAc/MeOH
(v/v 8:2,0.1% AcOH, 3 cv), and MeOH (0.1% AcOH, 5 cv) to yield three fractions DB3-

1~3. The subfraction DB3-3 was recrystallized in MeOH to yield white amorphous
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powder. The white powder was further purified with isocratic elution on reverse-phase
CombiFlash ISCO (RediSep Rf C18, Teledyne) using 5% ACN (0.1% FA) as mobile

phase to yield pure dapamycin B (122 mg).

Pur i f i c-MeKABA Streptomyeesulture filtrate (6 L) was extracted with
5% (w/v) HP-20 (Diaion) resin four times after adjusting its pH to 4.0. The resin was
eluted with 15% MeOH in water (v/v, 0.1% FA, 3.8 L) and 90% MeOH in water (v/v,
0.1% FA, 3 L) to yield two fractions, KA1 and KA2. The active fraction KA1 was passed
through a Sephadex LH-20 column (35 mm x 500 mm) and eluted with 85% MeOH to
yield 60 subfractions (KA-1-1 to KA-1-60, 10 mL each). The active subfractions KA1-25
to 29 were combined, subjected to reverse-phase CombiFlash ISCO (RediSep Rf C18,
Teledyne) and eluted with a linear gradient of 5-20% ACN (0.1% FA) to give 68 fractions
KA1-25-1 to KA1-25-68. The active subfractions, eluted with 7% to 12% ACN, were
combined and reloaded on reverse-phase CombiFlash ISCO (RediSep Rf C18, Teledyne)
and eluted with a linear gradient of 5-30% ACN (0.1% TFA) to yield pure a-Me-KAPA

(67 mg).

Purification of 25-di-(2-methylhexanoic acy}-methylimidazole and 255
dimethyt3,6-di-(2-methylhexanoic acyl)pyrazin8&treptomycesulture filtrate (6 L) was
extracted with 5% (w/v) HP-20 (Diaion) resin twice after adjusting its pH to 4.0. The
resin was eluted with 15% MeOH in water (v/v, 0.1% FA, 2 L) and 100% MeOH (0.1%
FA, 3 L) to yield two fractions, KB1 and KB2. The fraction KB-2 was applied to a silica
gel VLC column eluted with Hexanes/EtOAc (4:1, 3 cv), EtOAc (0.1% AcOH, 3 cv),

EtOAc/MeOH (1:1, 0.1% AcOH, 5 cv) and MeOH (0.1% AcOH, 4 cv) to yield four
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fractions KB2-1~4. The subfraction KB2-2 was subjected to reverse-phase CombiFlash
ISCO (RediSep Rf C18, Teledyne) and eluted with a linear gradient of 50-100% MeOH
(0.1% FA) to give 68 fractions KB2-2-1~68. The subfractions KB2-2-23~29 were
combined and reloaded on reverse-phase CombiFlash ISCO (RediSep Rf C18, Teledyne)
and eluted with a linear gradient of 40-50% ACN (0.1% FA) to yield pure 2,5-dimethyl-
3,6-di-(2-methylhexanoic acyl)pyrazine (38 mg). The subfraction KB2-3 was subjected to
reverse-phase CombiFlash ISCO (RediSep Rf C18, Teledyne) and eluted with a linear
gradient of 30-100% MeOH (0.1% FA) to give 64 fractions KB2-3-1~64. The
subfractions KB2-3-24~41 were combined and reloaded on reverse-phase CombiFlash
ISCO (RediSep Rf C18, Teledyne) and eluted with a linear gradient of 15-55% ACN

(0.1% FA) to yield pure 2,5-di-(2-methylhexanoic acyl)-3-methylimidazole (13 mg).

Structural characterization of NPs: HR-MS of all compounds were recorded on an
Agilent 6550 iFunnel Q-TOF mass spectrometry equipped with an inline Agilent 1290
HPLC system using electrospray ionization in positive mode with a mass scan range of
50-1000 m/z. Tandem MS/MS was performed on the same instrument using a step
gradient of collision-induced dissociation (CID) energy of 5, 10, 15, 20, and 25 eV. 1-/2-
D NMR experiments were performed on a Bruker AVIII 700 MHz instrument equipped
with a cryoprobe. All NMR data are shown in Figure S8-S57 and summarized in Table

S5-S10.

MIC determination assays: Overnight liquid cultures of E. coli, K. pneumoniaand P.
aeruginosastrains were inoculated with a single colony from a freshly streaked agar plate

of the corresponding bacterial strain and cultured in MOPS minimal medium with 0.4%
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glucose. The bacterial culture was prepared by washing 1 mL of overnight culture in PBS
pH 7.4 (x3), then diluted to ODsoo 0f 0.35 and used to inoculate 1:1000 in MOPS minimal
medium with 0.4% glucose in 96-well plates. Compounds were added to 96-well plates in
two-fold serial dilutions. The plates were incubated at 37 °C for 18 hr at 250 rpm, then
ODeoo was measured. The MIC values were determined to be the minimal concentration
that fully inhibits bacterial growth. A. baumannistrains were grown in identical
conditions, except MOPS minimal medium was supplemented with 0.6% succinate
instead of glucose. M. tuberculosisind M. boviswere cultured from working stocks in
biotin-free 7H9 media (Middlebrook 7H9 containing 0.2% glycerol, 10% OADC, and
0.05% Tween-80, but lacking biotin), washed once in saline, and cultured an additional 2
days in biotin-free 7H9 media. M. smegmatigM. fortuitumand M. abscessuwere grown
on LB plates before culturing in biotin-free 7H9 media. All cultures were diluted to a
final CFU/mL of ~5 x 10° cells/mL. CFU totals were confirmed to be within the range of
3-8 x 10° cells/mL by plating of dilutions of the inoculum on Middlebrook 7H10 (Becton
Dickenson) agar, containing 0.5% glycerol and 10% OADC. Plates were incubated
stationary at 37 °C for 3 days (M. smegmatis, M. fortuiturapd M. abscessysor 7 days
(M. tuberculosisaind M. bovig, then ODeoo Was measured. M. tuberculosisand M. bovis
were incubated with 30 pg/mL resazurin for one additional day to identify any effect on
growth where compound solubility was limiting. Two biological replicates were

performed for each experiment.

Checkerboard microdilution assays: Bacteria were prepared identically as for MIC

experiments. Each compound was two-fold serially diluted at eight concentrations in an 8
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by 8 matrix in a 96-well plate. The fraction inhibitory concentration (FIC) for each
compound was determined to be a fraction of MIC for a compound divided by its MIC in
combination. The FIC indices (FICi) were calculated as the sum of two FIC values for
each compound in the combination. FICi values <0.5 were interpreted as synergistic. Two

biological replicates were done for each combination.

E. coli C0244 systemic mouse infection model: All mouse experiments were performed
in the Central Animal Facility at McMaster University under animal use protocol 20-12-
43 as approved by the Animal Research Ethics Board. Six- to ten-week-old female CD-1
mice were used for all experiments. Systemic infection with E. coli C0244 was
established in an immunocompetent CD-1 mouse. Mice were pre-treated with 0.2 mg/kg
of streptavidin dissolved in sterile water in accordance with a previous study?!. After 1 h,
mice were infected intraperitoneally with ~5x107 CFU of bacteria suspended in 5%
porcine gastric mucin PBS solution. 1 h post-infection mice were treated intraperitoneally
with vehicle or a single dose (50 mg/kg) of acidomycin, stravidin S2, dapamycin B or a-
Me-KAPA. The vehicle for acidomycin was 5% DMSO, 30% PEG300 and 65% sterile
water. The vehicle for the rest of the compounds was sterile water. The experimental
endpoint was defined as 6 h after infection. Spleen, kidneys and liver were collected and
homogenized in PBS. The blood was collected from the facial vein. Resulting samples

were diluted and plated on LB agar to determine the bacterial load.
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Supplementary Figures and Tables
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Figure S1. TAR cloning of the ADSK super BGC and svnBGC.
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Figure S2. Refactoring of the ADSK super BGC. (A-G) Schematic of pADSK plasmid
engineering and refactoring through A-red mediated PCR targeting. (H) DNA agarose gel
of the PCR products amplified from pADSK and its derivative plasmids.
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Figure S3. Metabolic profiling of truncated ADSK super BGC. (A) Schematic of the
engineered and refactored pADSK plasmids. Each subcluster was colored accordingly for
clarity to describe the deletion region. The dashed lines indicate the deleted regions from
the pADSK plasmid. Aci BGC* in pADSKAsvn2 indicates the presence of an impaired
aci BGC. (B) BPC profile of S. coelicoloiVi1154 strain expressing pADSK derivatives.
Each compound was labelled according to the BPC as: A: dapamycin A; a: a-Me-KAPA;
B: kapamycin C; y: N-Acetyl-kapamycin A; 6: kapamycin B; and *: acidomycin.
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Figure S4. MS/MS determination of stravidin analogs. (A) Extracted ion
chromatograms (EICs) of stravidins produced by S. coelicoloiM1154/pADSK. (B)
MS/MS fragmentation analysis of stravidins (CID=5 eV). The blue arrows indicate the
daughter ions produced by breaking two bonds in the compounds, and the blue dashed
arrows indicate the daughter ions produced by breaking three bonds in the compounds.
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MS/MS fragmentation of acidomycin (CID =5 eV).
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Figure S7. MS/MS determination of a-Me-KAPA and its analogs. (A) EICs of a-Me-
KAPA and its analogs produced by S. coelicoloiM1154/pADSK. (B) MS/MS
fragmentation of a-Me-KAPA (a, CID = 10 eV), 2,5-di-(2-methylhexanoic acyl)-3-
methylimidazole (B, CID =30 e¢V), N-acetyl- a-Me-KAPA (y, CID = 5¢V), and 2,5-
dimethyl-3,6-di-(2-methylhexanoic acyl)pyrazine (5, CID =30 eV)
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Figure S8. *H NMR of O-Me-stravidin S2 in D20.
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Figure S9. 13C DEPTQ NMR of O-Me-stravidin S2 in D20.
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Figure S10. 'H-'H COSY NMR of O-Me-stravidin S2 in D20.
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Figure S11. *H-*C HSQC NMR of O-Me-stravidin S2 in D20.
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Figure S12. 'H-13C HMBC NMR of O-Me-stravidin S2 in D20.
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Figure S13. *H NMR of stravidin S2 in D20.
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Figure S14. 13C DEPTQ NMR of stravidin S2 in D20.
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Figure S15. 'H-'H COSY NMR of stravidin S2 in D20.
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Figure S16. *H-*C HSQC NMR of stravidin S2 in D20.
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Figure S17. *H-*C HMBC NMR of stravidin S2 in D20.
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Figure S18. 'H NMR of stravidin S4 in D20.
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Figure S19. 13C DEPTQ NMR of stravidin S4 in D20.
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Figure S20. 'H-'H COSY NMR of stravidin S4 in D20.
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Figure S21. 'H-3C HSQC NMR of stravidin S4 in D20.
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Figure S22. *H-*C HMBC NMR of stravidin S4 in DMSO-d6.
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Figure S23. 'H NMR of stravidin S5 in D20.

210 200 180 180 170 160 150 140 130 120 110 100 S0 80 70 80 50 4o 30 20 10 0 o
11 (ppm)

Figure S24. 13C DEPTQ NMR of stravidin S5 in D20.

148



PhD Thesis — R. Gordzevich - McMaster University — Biochemistry and Biomedical Sciences

N
§
¢4
— oo b
q Las
- %; ) E
4 B T (402
Las
ﬁ =] @
@ 50
= ﬁ% ; °°
e 60
Les
7.0
[l

L7s

7.5 7.0 6.5 6.0 55 5.0 45 40 35 3.0 2.5 2.0 1.5 1.0 0.5
f2 (ppm}

Figure S25. *H-'H COSY NMR of stravidin S5 in D20.
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Figure S26. H-*C HSQC NMR of stravidin S5 in D20.
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Figure S27. 'H-13C HMBC NMR of stravidin S5 in D20.
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Figure S28. 'H NMR of acidomycin in DMSO-d®6.
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Figure S29. 13C DEPTQ NMR of acidomycin in DMSO-d®6.
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Figure S30. 'H-'H COSY NMR of acidomycin in DMSO-d®6.
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Figure S31. H-*C HSQC NMR of acidomycin in DMSO-d6.
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Figure S32. 'H-13C HMBC NMR of acidomycin in DMSO-d6.
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Figure S33. *H NMR of dapamycin A in D20.
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Figure S34. 13C DEPTQ NMR of dapamycin A in D20.

154



PhD Thesis — R. Gordzevich - McMaster University — Biochemistry and Biomedical Sciences

2 - =

%
&
1 {ppm)

T T T T T T T T T T T T T T T T T T T T T T 1
12‘.5 12‘.0 11‘.5 1.0 105 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 10 05 00
f2 {ppm)

Figure S35. *H-'H COSY NMR of dapamycin A in D20.
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Figure S36. 'H-13C HSQC NMR of dapamycin A in D20.
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Figure S37. 'H-13C HMBC NMR of dapamycin A in D20.
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Figure S38. 'H NMR of dapamycin B in DMSO-d6é.
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Figure S39. 13C DEPTQ NMR of dapamycin B in DMSO-d6.
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Figure S40. *H-'H COSY NMR of dapamycin B in DMSO-d6.
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Figure S41. 'H-13C HSQC NMR of dapamycin B in DMSO-d6.
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Figure S42. *H-*C HMBC NMR of dapamycin B in DMSO-d6.
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Figure S43. 'H NMR of a-Me-KAPA in D20.
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Figure S44. 13C DEPTQ NMR of a-Me-KAPA in D20.
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Figure S$45. 'H-'H COSY NMR of a-Me-KAPA in D20.
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Figure S46. H-*C HSQC NMR of a-Me-KAPA in D20.

L

oo =
Li1o &
Li2o
L1ao
L1ao
L1so
L1eo
Li7o

200

65 60 55 50 45 40 a5 30 25 20 15 10 s 00
f2 (ppm)

Figure S47. *H-1*C HMBC NMR of a-Me-KAPA in D20.
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Figure S48. *H NMR of 2,5-dimethyl-3,6-di-(2-methylhexanoic acyl)pyrazine in
DMSO-d6.
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Figure S49. 13C DEPTQ NMR of 2,5-dimethyl-3,6-di-(2-methylhexanoic
acyl)pyrazine in DMSO-d6.
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Figure S50. H-'H COSY NMR of 2,5-dimethyl-3,6-di-(2-methylhexanoic
acyl)pyrazine in DMSO-d6.
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Figure S51. *H-3C HSQC NMR of 2,5-dimethyl-3,6-di-(2-methylhexanoic
acyl)pyrazine in DMSO-d6.
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Figure S52. 'H-13C HMBC NMR of 2,5-dimethyl-3,6-di-(2-methylhexanoic
acyl)pyrazine in DMSO-d6.
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Figure S53. 'H NMR of 2,5-di-(2-methylhexanoic acyl)-3-methylimidazole in DMSO-
dé.
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Figure S54. 13C DEPTQ NMR of 2,5-di-(2-methylhexanoic acyl)-3-methylimidazole
in DMSO-d6.
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Figure S55. *H-'H COSY NMR of 2,5-di-(2-methylhexanoic acyl)-3-methylimidazole
in DMSO-d6.
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Figure S56. 'H-13C HSQC NMR of 2,5-di-(2-methylhexanoic acyl)-3-
methylimidazole in DMSO-d6.
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Figure S57. *H-1*C HMBC NMR of 2,5-di-(2-methylhexanoic acyl)-3-
methylimidazole in DMSO-d6.
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Table S1. Primers, gblocks and sgRNA guide sequences used in this study.

Primers Sequence (5'-3") Descriptio
n
svn-gF tgttctcggacatgttcg
svn-gR gtggtgatgcggatgac
pCGW-sF atccatgcttcctgaagattcc
pCGW-sR attccttggtggtacgaacatc
svn-dF actcttcacgatcagcac
svn-dR acgacttcatctgcttcc
Asvn-F gttgccgtgcatcgggtcgcacatccagaccacgggatgcccCCTA
GGtgcagctcacggtaactgat Avrll site
Asvn-R cttctcgtagacaactatgactcctacacgtggaacctcttcCCTAG
Gaggaacttatgagctcagcc
Asvn2-F gotgttggccggeggetggecgtcgaggaagegetccggacgCCT
AGGtgcagctcacggtaactgat Avrll site
Asvn2-R cttctcgtagacaactatgactcctacacgtggaacctcttcCCTAG
Gaggaacttatgagctcagcc
Asvn3-F gttgccgtgcatcgggtcgcacatccagaccacgggatgcccCCTA
GGtgcagctcacggtaactgat Avrll site
Asvn3-R gacagtgtggacctgttcgaccaggggtatgcgctggacccgCCTA
GGaggaacttatgagctcagcc
ADS-F ccgcagcgggatcagcaggacgatcececggegceccgecagcacCC
TAGGtgcagctcacggtaactgat Avrll site
ADS-R cttctcgtagacaactatgactcctacacgtggaacctcttcCCTAG
Gaggaacttatgagctcagcc
ASK-F cggtccgegceagag Amplified
ASK-R cgtctcacaggagtttcttc from
pUC18-
k*TaSK
ADSK-F ccgcagcgggatcagcaggacgatcececggegceccgecagcacCC
TAGGtgcagctcacggtaactgat Avrll site
ADSK-R gacagtgtggacctgttcgaccaggggtatgcgctggacccgCCTA
GGaggaacttatgagctcagcc
aci-F ggtgatgtgatcatggcgcaaaacctctgttggectgcaact CATAT  Amplified
Gtgcagctcacggta from
aci-R tgcgaacgctccgagegegagcegtcgagatcettgecgcaacacaactce  pUC18-
cccagtectg k*TaSK
dap-F acgagcggctacgtcgtcaccggtgtgctgecgeagetgagcCCT
AGGtgcagctcacggtaactgat Avrll site
dap-R cttgtagaccgcctccttcgcacagaacagcagccggtcccaCCTA
GGaggaacttatgagctcagc
kap-F ttgctttgccgatgttactt Amplified
kap-R gacacgtccagttcacc from
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Asvn-dF
Asvn-dR
Asvn2-dF
Asvn2-dR
Asvn3-dF
Asvn3-dR
ADS-dF
ADS-dR
ASK-dF
ASK-dR
ADSK-dF
ADSK-dR
aci-dF

aci-dR

dap-dF

dap-dR

kap-dF

kap-dR
pUC18-k*TaSK-F
pUC18-k*TaSK-R
pUC18-aTkk*-F
pUC18-aTk*k-R

pUC18-
aTk*k
gcacatccagaccacy
acagggatgcatattcgg
gaggggatcagcgtca
tcggaagtgtcagaactg
catgttggtccatctcgg
ctcacagggtttcttccc
tgatcaggtacatgttgtgc
acagggatgcatattcgg
cagaccggccttgagta
cgtctcacagggtttcttc
tgatcaggtacatgttgtgc
cgtctcacagggtttcttc
cggatcgtcacccagt
gcgatgatgagcggtc
gttgtgggagtgtggaac
gccggatcgaacgtga
ctctctcgctttectcat
gctgatgacaaagccgt
gacgcgtctcgtgcggacgaattcgtaatcatggtcatagetg
gcggaccgtccgtcgaccgaattcactggecgtegttttac
cggtgaactggacgtgtcgaattcgtaatcatggtcatagetg
atgaggaaagcgagagagaattcactggccgtcgttttac

M13F gtaaaacgacggccagt

M13R caggaaacagctatgac

Synthesized

gblocks

ADSK-gbk cctcccatggtataaatagtgggccagcagcetgatccgcaagecc Pmd site
tccccaagcccgcetccccgagacgdttfaaaccgcatccacgaga
acaacaagttctgcaagggcaacagccgtctccccgacaaaaatgt
cgaaagctacatataagga

ermep*- - cccatggtataaatagtggcggtaccagceccgacccgageacgegee  Pmd site

SVnA- ggcacgcctggtcgatgtcggaccggagttcgaggtacgeggcettgea

-gbk

ggtccaggaaggggacgtccatgegagtgtecgttcgagtggeggctt
gcgceccgatgetagtcgeggttgatcggegategeaggtgeacgeggt
cgatcttgacggctggegagaggtgcggggaggatctgaccgacgeg
gtccacacgtggeaccgegatgetgttgtgggceacaategtgecggtty
gtaggatcgtctagaacaggaggccccat
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gccaccagggcctggccctcgcecttcggcggggacgtgegecacge
gccggagaccgtgcacgggcagaccagcgggatcacccacaccgg
gaccggcgtcttcgccggcatcccgcagggcttccgegeggtgegcta
ccactccctcaccgtcaccgagcecgcetgccggagceacctcgaggega
ccgcctggtccgaggacggcegtectgatgggectgegecaccgegaa
cgccccctgcacggegtgcagttccatcccgaatcggtggacagega
gtacggcgaggagatcgtcgccaacttcctgggceatcacgeccgegct
ccgetggagegaaGTTTAAACatcggggcegggccttectcte
ctcgacgcactggccctggatcggcgaacgcacccgctcecgeccgtg
gcgeccacgtacgactgctcgccacggtggacaacccggtcgectge
aaggtcgggccgacgatgaccccggeggagctgetggagetgtgeg
gcctgetggaccecggagcggcageccgggceggctcaccctcatcgec
cgccagggggcecggcegceggtgeggegcaaccttcccgegcetegtgg
agtgcgtacgccgggcecgggcatccegtggtctggatgtgegacceg
atgcacggcaacaccgtcaccaccccggccggecgcaagacccgec
tcgtcgaggaggtcgtccgecgaggtccggggcttccggcaggecgtg
gagggcgecggegggaccgecggggggctgcacctggaggecacg
ccggacgaggtgcetggagtgcgtggecgacgecgacggcatcgecg
ggctcgacgggcggcccagaccgctctgcgacccccggctgaacctg
gagcaggccgccacggcecgtgtccgectggegcatctgagegecge
caaccacctctcaccagetggoaiacaatiaaaggeicciitigoagect
[ g goatgtcgaaagctacatataa

kasOp*-17/ ggtcgacggacggtccgegcagagegeggaccgtetggtcggecat  Ndd site

terminator- gttggtccataactccecccagtcctgcacgctgtegtattctcctggeca

aac(3)IV-ASK-gbk  cgactttacaacaccgcacagcatgttgtcaaagcagagaccgttcgaa
tgtgaacaggatcccgceggatatagttcctectttcagcaaaaaaccect
cangaccegiilagaggecceaaggogiialociagttattgetcageg
gtggcagcaCATATGaggaacttatgagcicagccaatcgactog
cgagcggcatcgcattcttcgcatcececgcectctggcggatgcaggaag
atcaacggatctcggcccagttgacccagggctgtcgccacaatgtcg
cgggagcggatcaaccgagcaaaggcatgaccgactggaccttccttc
tgaaggctcttctccttgagccacctgtccgecaaggcaaagcegcetcac
agcagtggtcattctcgagataatcgacgcgtaccaacttgccatcctga
agaatggtgcagtgtctcggcaccccatagggaacctttgccatcaact
cggcaagatgcagcgtcgtgttggcatcgtgtcccacgccgaggagaa
gtacctgcccatcgagttcatggacacgggcgaccgggcttgcaggceg
agtgaggtggcaggggcaatggatcagagatgatctgctctgectgtg
gccccgctgecgcaaaggcaaatggatgggegctgegctttacatttg
gcaggcgccagaatgtgtcagagacaactccaaggtccggtgtaacg
ggcgacgtggcaggatcgaacggctcgtcgtccagacctgaccacga
gggcatgacgagcgtccctcccggacccagcgcagcacgcagggec
tcgatcagtccaagtggcccatcttcgaggggccggacgctacggaag
gagctgtggaccagcagcacaccgccgggggtaaccccaaggttga
gaagctgaccgatgagctcggcttttcgccattcgtatigcacgacattg
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cagtcgatcatagcacgatcaacggcact
gttgcaaatagtcggtggtgataaacttatcatccccttttgcttatggage
tgcacatgaacccattcaaaggccggcattttcagcgtgacatcattctgt
gggccgtacgctggtactgcaaatacggcatcagttaccgtgagctgca
CATATGtcgacggtaccaagtcgccatgatcacgctgaatacc
agccggggaagaaaccctgtgagacgcgtctcgtgcggac
- ctctctegcetttectcattcggegctecccttecgegtcteattggtett  Xha site
-kasOp*-  ccgctecgtttttgctttgccgatgttacttggggagaggtgcgataa
kap-gbk tcctttcgcaaaaactcggtttgacgcectcccatggtataaatagtg
gcCTCGAGtgcagctcacggtaactgatgccgtatttgcagtacca
gcgtacggcccacagaatgatgtcacgctgaaaatgccggcctttgaat
gggttcatgtgcagctccataagcaaaaggggatgataagtttatcacca
ccgactatttgcaacagtgccgttgatcgtgctatgatcgactg

gctcataagttcctCTCGAGtgctgecacc
gctgagcaataa
ctgaaaggaggaactatatccgcgggatcctgticacatt
cgaacggtctctgctttgacaacatgctgtgcggtgttgtaaagtcgtgg
ccaggagaatacgacagcgtgcaggactgggggagttatgccccac
aaggtgattctggcgcttctcgcaatcggctectttgecgteggeac

ggacggctttgtcatcagcgggattcttccgegeategecggtgaac
tggacgtgtc
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Table S2. Plasmids used in this study.

Plasmids Description Source
puUC18 blarep(pMB1)lacZ, general cloning  Addgene
vector
pCGW aac(3)IVura3 cen/ARS trpl sopABC( Lab stock
repE ori2 oriV cat neo tradriT
attP-into c 3, FAR cloning vector
pR9406 bla, pUB307 derived E. coli 45
Streptomycesi-parental conjugation
helper plasmid
pKD46 gam bet exo\-red recombination 28
plasmid
pADSK-cap pCGW inserted with ADSK-gbk This study
between Ndd/Xhd sites, ADSK
BGC capture plasmid
pSvn-cap pCGW inserted with ermEp*-svnN-  This study
svnA-fd terminator-gbk between
Ndd/Xhd sites, svn BGC capture
plasmid
pADSK pCGW carrying ADSK BGC This study
pSvn-ermEp* pCGW carrying svn BGC driven by  This study
ermEp* promoter
pUC18-k*TaSK kasOp*-T7 terminator-aac(3)IV- This study
ASK-gbk inserted into pUC18 vector
between Hindlll/EcoR sites
pUC18-aTk*k aac(3)IV-T7 terminator-kasOp*-kap-  This study
gbk inserted into pUC18 vector
between Hindlll/EcoR sites
pADSKAsvn::aac(3)IV pADSK AsvnAswnN:: aac(3)IV This study
pADSKAsvn pADSK AsvnAsvnN This study
pADSKAsvn2::aac(3)IV pADSK AaciD-svnN:aac(3)IV This study
pADSKAsvn2 pADSK AaciD-svnN This study
pADSKAsvn3::aac(3)IV pADSK AsvnAkapF:aac(3)IV This study
pADSKAsvn3 pADSK AsvnAkapF This study
pADSKADS::aac(3)IV pADSK AdapT-svnA:aac(3)IV This study
pADSKADS pADSK AdapT-svnA This study
pADSKASK::aac(3)IV- pADSK A svnAkapF:kasOp*-T7 This study
kasOp* terminator-aac(3)IV
pAD-kasOp* pADSK AsvnAkapF:kasOp*-T7 This study
terminator
pAD-kasOp*AA::aac(3)IV pADSK AsvnAkapF:kasOp*-T7 This study

terminator AaciT-aciE:aac(3)IV
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pDap-kasOp* pADSK AsvnAkapF:kasOp*-T7 This study
terminator AaciT-aciE
pADSKADSK ::aac(3)IV pADSK AdapT-kapF:aac(3)IV This study
pAci pADSK AdapT-kapF This study
pAci::aac(3)IV-kasOp* pADSK AdapT-kapFA12121- This study
12222::aac(3)I\FT7 terminator-
kasOp*?
pAci-kasOp* pADSK AdapT-kapFA12121- This study
12222::T7 terminator-kasOp*
pADSKAADS::aac(3)IV- pADSK Aorf-9-svnA:aac(3)I\VT7 This study
kasOp* terminator-kasOp*®
pKap-kasOp* pADSK Aorf-9-svnA:T7 terminator-  This study
kasOp*

a, Intergenic region between avdand aciT spanning from 12121 bp to 12222 bp on pAci
plasmid was deleted and replaced with aac(3)I\:T7 terminator-kasOp* cassette.

b, 9 genes upstream of avd (orf-9) to svnAregion on pADSK was replaced with aac(3)I\+
T7 terminator-kasOp* cassette.
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Table S3. Strains used in this study.

Strains

Description

Source

E. coliTopl10

E. coli TransforMax EP1300

E. coliET12567

E. coliBW25113

E. coliBW25113
E. coliWwCC C0244

S. cerevisia®/L6-48N

S.sp. WAC05950

S. coelicoloM1154

S. coelicoloM1154/pADSK

Fmcr A -AddRMSmMcrBC)
@80l aczZzAM15
ar abD1 3 9euXqo9agalgls
galK16 rpsL(Stf)

cloning strain

Fmcr A -AgdRMSmcrBC)
©80dl aczZzAM15
endAl ar abD1)3637 A(
gal U gmsl (8F) AupG trfA
tonA host strain for inducible
propagation of pCGW derived

plasmids

F dam13::Tn9 dcm6 hsdM hsdR
zjj-202::Tn10 recF143 galK2 galT2:
ara-14 lacY1 xyb leuB6 thil
tonA31 rpsL136 hisG4 tsk8 mttl
gInV44 E. colihost strain for E. colr
Streptomycemiating

Wild-type strain
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Table S4. Annotation of acidomycin-dapamycin-stravidin-a-Me-KAPA super BGC.

Gene  Protei Homologs Proposed functions
S n
(aa)
orf-2 64 Hypothetical protein Unknown
orf-1 521 Hypothetical protein Unknown
avd 191  Streptavidin Avidin
aciT 382  Major facilitator superfamily transporter ~ Transporter
Aral
aciA 280  SDR family NAD(P)-dependent Oxidoreductase
oxidoreductase
aciB 1564 NRPS Peptide synthase
aciC 569  AMP-binding protein Acyl-CoA ligase
aciD 451  Cytochrome P450 P450
aciE 235  4'-phosphopantetheinyl transferase PptT ~ PPTase
dapT 422  Major facilitator superfamily transporter ~ Transporter
dapC 250 o/ fold hydrolase GrsT Thioesterase
dapB 1805 Type | PKS Polyketide synthase
dapA 1700 NRPS Peptide synthase
svnA 405  3-deoxy-D-arabino-heptulosonate 7- DAHP synthase
phosphate synthase
svnB 423  Major facilitator superfamily transporter ~ Transporter
svnC 456  Glutathione synthase RimK Peptide ligase
svnD 302  Branched chain amino acid Aminotransferase
aminotransferase IIVE
svnE 355  Isocitrate/isopropylmalate 3-isopropylmalate
dehydrogenase LeuB dehydrogenase
svnF 675  3-isopropylmalate dehydratase Isopropylmalate
isomerase
svnG 415  GNAT family N-acetyltransferase Acetyltransferase
svnH 257  Class | SAM-dependent Methyltransferase
methyltransferase
svnl 386  Isopropylmalate/homocitrate/citramalate  2-isopropylmalate
synthases LeuA synthase
svnJ 195 Hypothetical rotein Unknown
svnK 106  Type Il chorismate mutase 4-amino-4-
deoxychorismate mutase
svnL 312  Histone deacetylase Deacetylase
svnM 162  GNAT family N-acetyltransferase Acetyltransferase
svnN 669  Aminodeoxychorismate synthase Aminodeoxychorismate
synthase
kapT 408  Major facilitator superfamily transporter  Transporter

Aral
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kapA
kapB
kapC

kapD
kapE
kapF
avd
orf+1
orf+2

80
393
387

513
399
414
186
1281
120

Acyl carrier protein
pB-ketoacyl-ACP synthase Il FabF
8-amino-7-oxononanoate synthase BioF

AMP-binding protein

Acetyl-CoA C-acetyltransferase
Cytochrome P450

Streptavidin

WD40 domain repeat containing protein
Hypothetical protein

ACP

Ketosynthase
8-amino-7-oxononanoate
synthase

Acyl-CoA ligase
Acetyltransferase

P450

avidin

Unknown

Unknown
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stravidin S2 O-Me-stravidin S2

Table S5. IH and 13C NMR data of stravidin S2 and O-Me-S2 in D20.

Stravidin S2 O-Me-Stravidin S2
No. OH oc OH oc
1 177. 173.
0 4
2 4.27 (m) 55.1 4.53 (dd, J=5.1, 9.0 Hz) 53.2
3 1.86 (m), 1.74 (m) 27.9 1.97 (m), 1.83 (m) 27.0
4 1.60 (2H, m) 29.5 1.65(2H,dt,J=7.7,83Hz) 295
5 2.90 (m) 345 2.94 (m) 34.4
6, 6.11 (2H, brdd, J=105,11.2 135. 6.14 (2H, brdd, J=104,11.2 135.
6’ Hz) 5 Hz) 2
7, 5.85 (2H, brd, J=10.5 Hz) 120. 5.88 (2H, brd, J=10.4 Hz) 120.
vk 5 6
8 4.41 (m) 44.9 4.44 (m) 44.9
10 167. 167.
2 9
11 3.78 (d, J=5.7 Hz) 67.1 3.82 (d, J=5.8 Hz) 66.9
12 2.25 (dsept, J=5.8,7.2Hz) 29.9 2.30 (d sept, J=5.8,6.9 Hz) 29.9
13 1.09 (3H,d, J=7.2 Hz) 17.8 1.13 (3H,d, J=6.9 Hz) 17.6
14 1.02 (3H,d, J=7.2 Hz) 17.4 1.06 (3H, d, J=6.9 Hz) 17.0
15 2.69 (3H, s) 32.2 2.72 (3H, s) 32.1
16 3.79 (3H, s) 52.9
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stravidin S4

stravidin S5

Table S6. 'H and 13C NMR Data of stravidin S4 and S5 in D20.

Stravidin S4 Stravidin S5
No. OH oc OH dc
1 177. 177.
5 6
2 4.24 (dd, J=5.0, 8.1 Hz) 55.6 4.22 (dd, J=5.2, 7.6 Hz) 55.7
3 1.82 (m), 1.70 (m) 27.7 1.82 (m), 1.70 (m) 27.9
4 1.55 (2H, m) 29.7 1.53 (2H, m) 29.6
5 2.83 (m) 34.0 2.83 (m) 34.0
6, 5.88 (2H, brdd,J=9.2,9.6  131. 587 (2H, brdd,J=9.4,95 131
6’ Hz) 8 Hz) 8
7, 5.70 (2H,brd,J=9.2Hz) 124, 5.70 (2H,brd, J=9.4Hz)  124.
7 5 4
8 4.81 (m, overlapped) 435 4.81 (m, overlapped) 435
10 166. 166.
9 8
11 3.74 (d, J = 6.0 Hz) 67.2 3.81 (d, J=5.7 Hz) 66.4
12 2.25 (d sept, J=6.0,6.7 Hz)  29.8 2.01 (m, overlapped) 36.1
13 1.09 (3H, d, J=6.7 Hz) 17.6 1.30 (m), 1.60 (m) 24.7
14 1.03 (3H, d, J=6.7 Hz) 17.4 1.00 (3H,d, J=7.0 Hz) 13.8
15 2.69 (3H, s) 32.0 2.69 (3H, s) 32.1
16 173. 172.
0 6
17 1.99 (3H, s) 21.9 1.99 (3H, s) 21.9
18 0.95 (3H, t, J= 7.4 Hz) 10.5
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Acidomycin

Table S7. 'H and 3C NMR data of Acidomycin in DMSO-ds.

No. OH & No O &

1 1745 6 1.55 (m), 1.72 (m) 38.3

2 2.19 (2H,t, J=7.3 Hz) 335 7 4.63 (dd, J=6.1, 6.2 Hz) 56.9

3 148 (2H,quint, J=7.3Hz) 244 9 3.36 (br d, J =15.5 Hz) 31.4
3.41(dd,J=1.7,15.5 Hz)

4 1.27 (2H, m, overlapped)  28.1 10 173.3

5 1.35 (m), 1.28 (m) 24.4 |1\11H 8.61 (brs)
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Dapamycin A Dapamycin B

Table S8. 'H and 3C NMR data of Dapamycin A in D20 and Dapamycin B in

DMSO-ds.
Dapamycin A Dapamycin B

No. OH & OH dc
1 171.9 173.4
2 4.06 (dd, J=6.4,6.3Hz) 55.6 4.13 (m) 52.6
3 2.13 (m), 2.05 (M) 28.7 1.84 (m), 1.69 (m) 30.8
4 2.37 (2H, m) 27.6 2.16 (2H, m) 28.7
5 6.24 (dt, J=15.1,6.8 Hz) 1424 6.16 (dt, J=15.1,5.6Hz) 142.7
6 6.37 (dd, J=15.1,109 Hz) 1295 6.23 (dd, J=15.1, 10.7 Hz) 128.9
7 7.31(dd, J=15.3,109 Hz) 146.7 7.11(dd, J=15.4,10.7 Hz) 144.1
8 5.89 (d, J= 15.3 Hz) 118.9 5.79 (d, J = 15.4 Hz) 1211
9 171.2 168.0
10-NH 8.43 (d, J= 8.1 Hz)

11 169.6
12 3.87 (g, J= 6.9 H2) 48.2
13 1.33(3H,d, J=6.9Hz) 175
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o-Me-KAPA

Table S9. IH and 13C NMR data of a-Me-KAPA in D20.

No. UH Uc No UH Uc
1 181.8 6 2.52 (dt, J=17.8, 7.0 Hz) 37.7
2.43 (dt, J=17.8, 7.1 Hz)
2 2.31 (sext, J=7.0Hz)  39.0 ! 208.9
3 1.27 (m, overlapped) 325 © 4.06 (g, J= 7.4 Hz) 54.6
1.41 (m, overlapped) 9
4 1.12 (2H, m) 25.6 1.36 (3H,d, J=7.4 Hz) 145
10

5 1.41 (2H, m, overlapped) 22.2 0.94 (3H,d, J=7.2 Hz) 16.1
2,5-dimethyl-3,6-di-(2-methylhexanoic acyl pyrazine 2,5-di-(2- methylhexanmc acyl)-3-methylimidazole

Table S10. 'H and *C NMR Data of 2,5-dimethyl-3,6-di-(2-methylhexanoic
acyl)pyrazine and 2,5-di-(2-methylhexanoic acyl)-3-methylimidazole in DMSO-ds.

2,5-dimethyl-3,6-di-(2- 2,5-di-(2-methylhexanoic acyl)-3-
methylhexanoic acyl) methylimidazole
pyrazine
No. On o No. On oc
L1 17 1
7.3
2,2 2.29 (sext,J=6.2Hz) 38. 2 2.30 (m) 38.6
7
3,3 1.36 (m, overlapped) 33. 3 1.34 (m, overlapped) 32.8
1.58 (m, overlapped) 1 1.54 (m, overlapped)
4,4 132 (2H, m, overlapped) 26. 4 1.24 (2H, m) 25.9
7
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5,5> 158 (2H, m, overlapped) 27. 5 1.52 (2H, m, overlapped) 28.4
8
6,6’ 2.65(2H,t,J=76Hz) 33. 6 2.52 (2H, m, overlapped) 22.6
5
7,7 15 7 127.5
0.9
8,8’ 14 8 123.3
7.4
9,9 2.39 (3H, s) 20. 9 2.15 (3H, s) 8.5
7
10, 1.03(d, J=7.1 Hz) 17. 10 1.03 (d, J=6.7 Hz) 17.0
10° 0
I 177.4
2’ 2.30 (m) 385
3’ 1.34 (m, overlapped) 32.8
1.54 (m, overlapped)
4 1.24 (2H, m) 25.9
5 1.66 (2H, quint, J=7.6 Hz) 26.7
6’ 2.80 (2H,t, J=7.6 Hz) 25.0
7 145.0
10° 1.03 (d, J=6.7 Hz) 17.0
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Chapter 1V — Conclusions
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Summary

The work presented in this chapter highlights the potential of pursuing inhibitors
of biotin biosynthesis as candidates for antibiotic development. In Chapter 2, our goal
was to develop a more in vivo potent analog of MAC13772, a validated inhibitor of biotin
biosynthesis. To do so, we investigated the PK limitations of MAC13772 and conducted
SAR studies on its scaffold. Our findings reveal its susceptibility to liver metabolism and
that a pre-treatment with the CYP450 inhibitor, ABT, can enhance MAC13772 efficacy
in vivo. Furthermore, we synthesized multiple analogs to explore alternative approaches
for improving the compound’s efficacy. While we identified several enzymatic inhibitors
with higher potency, their activity either failed to translate to whole-cell activity or
remained similar to that of the parent compound. However, our work provides valuable
insight and highlights areas for further research that could improve the efficacy of this
compound. In Chapter 3, we investigated NPs inhibiting biotin biosynthesis, identifying a
novel super BGC that produces streptavidin and four inhibitors of the biosynthetic
pathway. Notably, stravidin S2 and a-Me-KAPA were efficacious in a murine infection
model, further expanding the arsenal of in vivovalidated biotin biosynthesis inhibitors.
Here, | discuss future directions for synthetic and natural biotin biosynthesis inhibitors, as

well as the strategies to incorporate super BGC searches in NP drug discovery.
Could MAC13772 be a drug?
In Chapter 2, we determined that liver metabolism was a significant contributing

factor to the brief half-life of MAC13772 in viva. To address this limitation, we
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conducted a SAR analysis, resulting in the successful synthesis of analogs with higher
enzyme and whole-cell potencies, as well as better in vitro metabolic stability. However,
we were unable to translate these findings into improved in vivoefficacy. Despite two
SAR campaigns, including the original study, MAC13772 remains our best drug

candidate.

Going forward, there are two paths for the preclinical development of
MAC13772. The first one is to focus on the unmodified compound. It can be achieved by
exploring alterations to dosing or by combining MAC13772 with metabolism inhibitors.
Although MAC13772 has a brief half-life of 15 min, proper dosing regimen design can
potentially overcome this limitation!. For instance, some B-lactam antibiotics, like
nafcillin and oxacillin, have a similarly short half-life but are successfully dosed at a
continuous infusion of 500 mg per hour?. By switching to a more frequent dosing

regimen, we may drastically enhance the in vivoefficacy of MAC13772.

In our study, we focused on the oxidative component of liver metabolism.
However, glucuronidation is another major aspect of liver metabolism, a process where
glucuronic acid is conjugated to a compound via UDP-glucuronosyl transferases
(UGTSs)3. The reaction yields a more water-soluble compound, aiding in its excretion.
Similar to the use of microsomal CYP450 assay in assessing the role of oxidative
metabolism, an in vitro microsomal glucuronidation assay can assess the extent of
MAC13772 susceptibility to UGTs®. Understanding whether excretion occurs through
direct or conjugated elimination can provide guidance in determining the relevance of

using glucuronidation metabolism inhibitors. In Chapter 2, we reported that pre-treatment
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with ABT significantly improved MAC13772 efficacy in vivo. While ABT is only used
for clinical development studies to evaluate the contribution of liver metabolism to the
overall efficacy of the compound, ritonavir* and probenecid® have been used in treatments
for HIV/AIDS and gonococcal infections. Ritonavir and probenecid are repurposed drugs
that act as inhibitors of CYP450 and UGTs, respectively, and although they inadvertently
cause side effects, their benefits outweigh the risks when it comes to saving the life of a

patient.

The second path for the preclinical development of MAC13772 is another SAR
campaign. From the two SAR studies, we learned that the phenyl group of MAC13772 is
amenable to modifications, and we identified 14 inhibitors with higher potency against
EcBioA. Future SAR analysis could delve into expanding the series of M1 and M2
phenyl ring modifications. The nitro group proved to be dispensable for enzymatic
inhibition, as chloro and alkyl replacement of it enhanced the activity of the compound.
The six-membered aromatic ring is crucial to activity, but its replacement by
heterocycles, like in the pyridine or pyrimidine analogs, showed preserved or improved
potency against EcBioA. Substituting the para position with the fluorophenyl ring also
enhanced potency. This suggests that increasing the size of the compound in the para

direction does not pose a limitation in terms of fitting into the active site of the enzyme.

The major drawback of the second approach is that the potency against an enzyme
is a poor predictor of whole-cell activity. In our case, most of the synthesized analogs
were hindered by the permeability barrier. Thus, combinations of analogs with outer

membrane (OM) disruptors (polymyxins®, pentamidine®, peptide SLAP-S257, etc.) could
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be a potential avenue to pursue®. Overall, numerous opportunities remain to be explored

with MAC13772, which may one day lead to its development as a clinical drug.
Nature chooses biotin

In Chapter 3, we discovered a first-of-its-kind super BGC producing four
inhibitors of biotin biosynthesis and streptavidin. We predict that streptavidin enables the
activity of stravidins, acidomycin, dapamycins and a-Me-KAPA in nature by
sequestering free biotin, allowing them to act synergistically to kill competing bacteria.
Characterizing such a complex synergy system could broaden the understanding of the
evolutionary forces behind the acquisition or exclusion of BGCs. One of the current
theories behind the formation of super BGCs is the strive by bacteria for the co-
production of synergistic compounds. It is supported by the tendency for super BGCs to
be co-regulated®!. Simultaneous gene expression enables the produced NPs to interact in
a temporally coordinated manner, leading to the effective utilization of synergy between

them.

However, there is at least one other evolutionary reason for co-production —
contingency*2. Contingently acting NPs fulfill the same biological role but under distinct
conditions. An example of such interaction is the co-production of multiple structurally
distinct siderophores that are produced selectively, depending on whether the competitor
can uptake a particular siderophore or not'2. When Poetsch et al 2 first discovered
stravidins, they identified tripeptides in addition to dipeptides. Their evaluation of

compound susceptibility against a broad spectrum of bacterial species revealed that,
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unlike dipeptides, tripeptides were active against Pseudomonaspecies but at the sacrifice
of potency against other organisms'®. The complementary coverage of a spectrum of

activity by analogous molecules could fit the definition of contingency.

We wondered whether the other NPs produced by the super BGC also have dual
roles. The presence of streptavidin in the cluster appears to be straightforward — ensuring
that the competing bacteria solely depend on de novadbiosynthesis to acquire biotin.
Although we saw only moderate activity for acidomycin (1-64 pg/mL MIC), a previous
study showed that its MIC could be as low as 0.02 ng/mL against some mycobacterial
strains4, which is comparable to the potency we observed for stravidins against Gram-
negative organisms. The synergistic interaction between acidomycin and stravidins could,
on its own, be a contingency against a competitor where both compounds demonstrate
low potency individually. As for newly discovered compounds, dapamycins and o-Me-
KAPA, few conclusions can be drawn about their function until their targets are
elucidated. The observed antagonism between dapamycin B and stravidin S2 in E.coli
was initially surprising. However, we demonstrated that they both compete for the same
transporter, dppA suggesting that perhaps dapamycin B was meant to interact with
tripeptide stravidins instead. Alternatively, dapamycin B and stravidin S2 could utilize

different transporters in other species.

In our study, we created a phylogenetic tree based on the similarity to the svn
BGC. Conducting a more extensive phylogenomic study using newly identified BGCs,
aci BGC, kapBGC and dapBGC, as the points of reference could help us understand the

evolution of the full cluster'®. As was described in Chapter 1, there are other, less-studied
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NP inhibitors of biotin biosynthesis — methylated antimetabolites, a-Me-DTB and a-Me-
biotin. From our genome mining, the sequenced Streptomyceproducer strain of these
NPs does not contain the identified super BGC. Discovering the BGC origin of our
methylated antimetabolite, a-Me-KAPA, could possibly be the bridge that will connect

the two evolutionary pathways for biotin biosynthesis inhibition.

The preliminary in vivoactivities of stravidin S2 and a-Me-KAPA show
promising clinical potential. These compounds are water-soluble and demonstrate no
signs of toxicity. A complete ADME analysis, similar to that of MAC13772, should be
conducted to identify liabilities for the in vivo use of these compounds. One area for
improvement that we are particularly interested in is increasing in vivo potency of
stravidins via semi-synthesis. We observed that longer incubation times of the
S.coelicolorharbouring the svnBGC led to almost total conversion of stravidins, S2 and
S3, into the acetylated forms, S4 and S5. The acetylation of stravidins is likely a self-
resistance mechanism to avoid auto-toxicity for the producing strain, similarly to what is
observed in edeine'® and apramycin'’ producers. The additional reason for acetylation of
the 4-amino group of the amiclenomycin (Acm) warhead could be to protect the
cyclohexadiene ring from spontaneous aromatization, which would render the compound
inactive® 1°. Interestingly, the svnBGC possesses a putative deacetylase gene, svnl, that
we hypothesized would reverse the acetylation. In our preliminary work, we observed that
overexpression of svnLin S. coelicoloy harbouring the svnBGC, significantly increased
the accumulation of deacetylated stravidins, S2 and S3. These results suggest that the svn

BGC producer employs the same strategy as Sreptomycegattleyain producing
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thienamycin. The thienamycin BGC includes both an acetyltransferase and a deacetylase

that are proposed to protect the reactive primary amine®® 2%,

Concurrently, we wondered what the supplementation of stravidin S4 into the
culture of S. coelicoloronly expressing svnLwould yield. We observed that stravidin S4
was almost entirely broken down into Acm and N-Me-Val. The effective deprotection of
stravidins could be a promising avenue for the derivatization of the Acm scaffold with a
minimized risk for degradation. Alternatively, we could synthesize known stravidins for

in vivotesting, bypassing laboursome fermentation and purification steps.
Super BGCs as part of NP drug discovery platform

The recent advancements in DNA sequencing, combined with continuously
evolving BGC detection and annotation software such as PRISM?? and antiSMASH?,
offer a wealth of opportunities to uncover novel NPs?* 24, With numerous potential
antibiotic BGCs being identified, there is a growing need for new prioritization
approaches. One of these approaches involves targeted mining for genes that facilitate
self-resistance mechanisms in antibiotic-producing strains?. These genes code for
antibiotic-inactivating enzymes, efflux pumps, target modification, and target
duplication?. The presence of these genes could inform on the known or hypothesized
MOA of encoded antibiotics?®. The targeted approach significantly decreases the list of
candidate BGCs to follow up on and already led to several discoveries of novel

antibiotics?"%,
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We propose that a search for any putative super BGC could be an alternative
prioritization approach3. Although only 11 bacterial super BGCs! 32 33 have been
identified, they all produce synergistic metabolites, which makes further exploration
particularly intriguing. By studying these metabolites, we can gain insights into the
evolutionary driving force behind the co-production of NPs. Moreover, synergistic
metabolites hold promise for the development of combination therapies. For example,
streptogramins, synergistic inhibitors of the ribosome, have shown a low frequency of
resistance even after 60 years since their clinical approval®*. Clavulanic acid, a -
lactamase inhibitor co-produced with B-lactam antibiotics, extended the use of
amoxicillin and ticarcillin by decades®. The current antibiotic clinical pipeline seems to
have been greatly influenced by the success of the latter example since a third of therapies
in development are B-lactam/B-lactamase inhibitor combinations®. Thus, the clinical use
of co-produced synergistic NPs should inspire us to increase our search efforts for novel

super BGCs.

Taking the super BGC identified in Chapter 3 as an example, at least two
strategies could be worth exploring. The biotin super BGC is flanked by two streptavidin
genes. Our genome mining revealed that these genes were exclusively present in all
identified super BGCs producing biotin biosynthesis inhibitors. Potentially, the conserved
presence of gene duplicates in close proximity to BGCs could be another hallmark of a
super BGC. Additionally, an untargeted phylogenomic approach could look for a co-
localization of any combination of BGCs in all Streptomycesequenced genomes. In the

biotin super BGC, we observe an almost identical BGC organization across all strains.
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The order of BGCs in the super BGC remains consistent, with or without dapBGC
present. Therefore, we can hypothesize that if a similar type of BGC organization is
encountered across genomes of multiple strains, there could be a high likelihood of them

comprising a super BGC that encodes synergistic NPs.

Once a putative super BGC is identified, there is a multitude of approaches that
could help ‘extract’ NPs from the cluster. The techniques would be similar to the
characterization of a standalone BGC. Depending on the number of super BGCs
identified, the follow-up on the encoded NPs could be either a ‘traditional’ isolation, in
silico prediction or a combination of both. The purification of NPs can be a time-
consuming and challenging process. However, it ultimately yields purified compounds
that can be directly utilized to elucidate the MOA. On the other hand, in silico
characterization offers a faster and higher throughput alternative but is constrained by the
training dataset and may yield inaccurate predictions. Nonetheless, machine learning has
recently proven to be successful in predicting activity based on the BGC sequence®’ or the
chemical structure®-4°, Together, these techniques have the potential to streamline the
annotation and characterization of elusive super BGCs, thereby uncovering novel

antibiotics and aiding in the battle against antimicrobial resistance.
Concluding remarks

The rise of antimicrobial resistance, combined with an insufficient number of
novel treatments in development, presents a significant public health challenge. One

promising chemotherapeutic approach to address this issue is the development of biotin
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biosynthesis inhibitors. These inhibitors have shown to be efficacious in animal models
and hold great potential for clinical translation. Furthermore, advancements in our
techniques for NP discovery, particularly genome mining, can usher us into a new era of
antibiotic discovery. The growing support from governments, public organizations and
pharmaceutical companies could further accelerate the introduction of novel
antimicrobials into the clinic. The current outlook is inspiring, and hopefully, in the not-

so-distant future, we will always stay one step ahead of our long-standing adversary.
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